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PREFACE 

This symposium, "Ferroelectric Thin Films IX," held November 26-30 at the 2000 MRS 
Fall Meeting in Boston, Massachusetts, was the ninth in a series of highly successful MRS 
symposia on this topic. Understanding ferroelectric thin films through use of novel and 
sophisticated characterization methods was an important theme in this edition of the 
symposium series.   Both oral and poster presentations at the symposium described recent 
advances in scanning probe imaging methods and analysis techniques, electrical 
characterization methods, and x-ray and TEM-based probes of ferroelectric thin films.  In 
addition, several presentations reviewed progress in the technology of ferroelectric thin films 
for use in semiconductor memories, piezoelectric devices, and other applications.  The 
technical quality of the contributed presentations was evidenced by the awarding of Poster 
Awards by the 2000 Fall Meeting chairs to two posters in this symposium, a rare honor. 

As has been the case in previous years, the symposium was noted for its mix of excellent 
presentations from academia, industry, and national laboratories, and from North America, 
Europe, and Asia.   Both the oral and poster presentations were well-attended (approximately 
200 attendees were present for many of the oral sessions), and the number of abstracts 
submitted (-160) was similar to past symposia in this series.  Important new results on thin 
film ferroelectrics were also presented in symposia at this MRS Meeting on high frequency 
dielectrics and domain structures (Symposia DD and BB, respectively), and joint sessions were 
held with these two symposia. 

The strong and increasing interest in ferroelectric thin films, both domestic and 
international, indicates the growing technological importance of these materials and the 
fascinating scientific problems associated with them that remain to be resolved.  This 
proceedings volume presents the latest technical information on ferroelectric thin films 
reported by researchers in academia, government laboratories and industry.  It also provides 
insight into the emerging trends of this exciting new technology. 

Paul C. Mclntyre 
Stephen R. Gilbert 
Yoichi Miyasaka 
Robert W. Schwartz 
Dirk Wouters 

April 2001 
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ABSTRACT 

Ferroelectric random access memories (FeRAMs) are new types of memories 
especially suitable for mobile applications due to their unique properties such as non- 
volatility, small DRAM - like cell size, fast read and write as well as low voltage / low power 
behavior. Although standard CMOS processes can be used for frontend and backend / 
metallization processes, FeRAM technology development has to overcome major challenges 
due to new materials used for capacitor formation. In this paper, advantages and 
disadvantages of different ferroelectric materials and major development issues for high 
density applications are discussed. Results of a 0.5pm ferroelectric process using SrBi2Ta209 
(SBT) as ferroelectric layer, Pt as electrode material, and 2-layer tungsten / aluminum 
metallization are discussed. 

INTRODUCTION 

In recent years ferroelectric memories (FeRAMs) have attracted considerable attention as 
a possible next generation nonvolatile memory technology [1 ]. This is due to the fact that 
FeRAMs promise to combine DRAM benefits like small cell size, low voltage and fast access 
time with a nonvolatile data storage (see table I). Up to now only low density products have 
appeared in the market. For high density applications some major technological issues remain 
to be solved. An overview of these problems is given in the following sections. 

Table I. Comparison of FeRAM with DRAM, Flash and SRAM 

FeRAM:l DRAM  Flash       SRAM 

Read cycles 1012(101S) 1015 10'5 1015 

Write cycles 1012(1015) 1015 106 1015 

Access time 100ns (20ns) 40-70ns 40-70ns 6-70ns 

Write time 100ns (20ns) ns us Ns 

Relative cell size 2x-5x (lx) lx lx >4x 

Data retention 10 years None 10 years None 

"The numbers in parentheses refer to the prognosticated values for further generations. 
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Table II. Comparison of PZT and SBT as ferroelectric layer in FeRAMs 

Coercive 
Voltage 

Read/Write 
Cycles 

Leakage Current 
Density (A/cm2) 

Switched 
Polarization 

(uC/cnr) 

Processing 
Temperature 

<°C) 

PZT 2V @ 50nm 1012 10"7-10"6@4Vand 
200nm 

30-60 550-700 

SB'l 2V@200nm >10'4 10-9-10-8@6Vand 
200nm 

15-25 650-800 

Either Pb(Zr,Ti)03 (PZT) or SrBi2Ta209 (SBT) is used in current applications. SBT offers the 
benefits of low fatigue and low voltage operation while PZT offers seemingly easier 
integration scheme due to its lower processing temperature and higher polarization values (see 
table II for details). 
Ferroelectric memories can be operated in a 2T / 2C (2 transistor / 2 capacitor) or in a IT / 1C 
(1 transistor / 1 capacitor) mode. The 2T / 2C mode offers the benefit of one reference 
capacitor for each cell and therefore an increased reliability margin. However, for high 
density applications a IT / 1C approach is essential. 
The simplest way to integrate a ferroelectric capacitor is to contact top and bottom electrode 
via metal lines resulting in a so called offset cell (figure lb). A smaller bitcell can be obtained 
when the capacitor is arranged on top of the transistor resulting in the stacked cell structure 
shown in figure la. For high density applications the stacked cell is indispensable, but 
introduces additional process complexity. 

2. INTEGRATION OF A SBT CAPACITOR INTO A HALF MICRON CMOS 
PROCESS 

In this work a 0.5pm, 3.3V CMOS process with 2 layers of metallization was used as a 
basis to integrate SBT capacitors. The base process uses LOCOS isolation, and retrograde 
twin wells in the frontend of line and an Al metallization with W contacts and vias as well as 
CMP planarization in the backend of line. The process described in the following refers to the 
fabrication of stacked cells. The used test chip allows the evaluation of stacked and offset 
cells. A summary of the process flow is given in figure 2. After the formation of the 
transistors and deposition and planarization of the first interlayer dielectric (BPSG), poly 
plugs are formed to connect the transistor to the capacitor in the stacked cells. Then the 
oxygen barrier is deposited and structured, followed by the deposition and structuring of the 

Figure 1. Principle approaches to integrate a ferroelectric capacitor a) stacked cell b) offset cell 
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Figure 2. Process flow for the integration of a SBT capacitor into a 0.5um CMOS process. 

bottom electrode (Ptl). Subsequently SBT is deposited by CSD (chemical solution 
deposition) and subjected to a high temperature crystallization anneal. After deposition of the 
top electrode (Pt2), capacitors are formed by two mask layer lithography and RIE process for 
Pt2 and SBT layer respectively. In this way both offset and stacked cells can be characterized 
on the same chip. An isolation oxide is now deposited and planarized by CMP. After contact 
holes to Pt and diffusion / poly are etched, the standard BEOL processing as used in the 
CMOS base process can continue. In figures 3a and 3b SEM cross sections of a typical offset 
and a typical stacked cell are shown. 

The device parameters of the CMOS base process are nearly unaffected. There is slightly 
increased diffusion as well as some deactivation of dopants [2] resulting from the additional 
anneals. For 0,5pm technology used here, these effects are negligible. As an example in figure 
4, the transfer characteristics of a NMOS transistor after processing of the SBT module and 
metallization is compared to the transfer characteristics of a reference transistor without SBT 
module. Only a slight difference is seen between the two curves. For feature sizes below 
0.2um, however, these effects are expected to become more pronounced. 

Figure 3. SEM cross section of a) offset cell and b) stacked cell) 
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Figure 4. Transfer characteristic of NMOS device with and without ferro module 

3. LOW TEMPERATURE SBT PROCESSING 

In order to make the requirements for the oxygen barrier as relaxed as possible and in 
order to minimize the impact of ferroelectric capacitor processing on FEOL results, the 
processing temperature of the ferroelctric layer has to be kept as low as possible. In figure 5 
the hysteresis curves and 2Pr values of our standard SBT process (before optimization) are 
given as a function of SBT annealing temperature. For temperatures below 650°C no 
ferroelectric behavior is observed. As can be seen from figure 5 a processing temperature of 
700°C is necessary to achieve a 2Pr value above 10uC/cm2. Reducing the film thickness 
increases the 2Pr value in the useful temperature regime. At low processing temperature [3] an 
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Figure 5. Hysteresis curves and 2Pr values of SBT as a function of processing temperature 
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2Pr@ 1.8V 
2Pr@3V 

Figure 6. Results from SBT processed at 650°C with an additional RTP step in the 
temperature range from 700°C to 850°C compared to a 700CC result using standard SBT 
processing. Note that no further optimization was done in SBT processing. 

optimized SBT stoichiometry also improves the 2Pr values a little bit. We found another 
helpful way to increase the 2Pr value by introducing an RTP step before doing the 
crystallization anneal. Li figure 6, a 650°C process with additional RTP steps performed at 
different temperatures is compared to the results obtained by 700°C processing. It can be 
clearly seen that the higher the RTP temperature the higher is the 2Pr value. Since the RTP 
step is very short compared to the crystallization anneal, the total thermal budget is more 
favorable compared to a SBT process with higher crystallization temperature. Another way to 
increase 2Pr values at low processing temperatures is to use niobium doped SBT (usually 
referred to as SBTN). In figure 7 our best process using conventional SBT is compared to our 
best results using SBTN. In this experiment all SBT optimizations were combined and 
therefore higher 2Pr values are obtained as compared to the figures given earlier in this 
chapter. The results from the optimized SBT process are comparable to the results using 
SBTN were we have done no further optimization. SBTN on the other hand has the drawback 
of a higher coercive voltage, making this material less favorable for low voltage applications. 
In table III our best results using SBT and SBTN are compared to the best low temperature 
SBT results reported in the literature. Note that our results were obtained using a integrated 
process, where bottom electrode, SBT and top electrode were structured. In contrast the other 
results were obtained on unstructured layers using shadow masks to define the capacitor. The 

Table III. Comparison of various low-temperature SBT processes 
Company            Sharp                    Symetrix            Infineon                          Infineon 
Material SBT (200nm) SBTN (90nm) SBTN (90nm) SBT (90nm) 
Electrode Pt / Ta / Si02 / Si Pt / Si02 / Si Pt / Ti / Si02 / Si Pt/Ti/Si02/Si 
Process 600°C, 30min, 02 

600°C, 30min, 
5 Torr 02 

650°C, 2h, 02 

Structured Electrodes 
and SBT 
RTP = 800°C, 10s, 02 

650°C, 90min, 02 

Structured Electrodes 
and SBT 
RTP = 800°C, 10s, 02 

650°C, 90min, 02 

Electrical 
characterization 
(5V) 

2Pr=17uC/cm^ 
Vc= 0.6V 
lL= 1 x10"7 A/cm 

2Pr = 15uC/cm'! 

VC = 1.2V 
lL=1x10"7A/cm 

2Pr = 12uC/cm'! 

Vc = 0.9V 
lL=1x10"6A/cm 

2P,= 12uCW 
Vc = 0.6V 
lL=1x10"5A/cm 

Reference [4] [51 
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Figure 7. Best 650°C SBT process compared to a non optimized 650°C SBTN and a 
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lowest thermal budget was reported in [4]. A 600°C process was achieved by using a low 
pressure SBT anneal. This results in a bismuth loss during annealing and therefore reduces the 
crystallization temperature of SBT. It will be interesting to see whether these results can be 
applied to integrated processes. Up to today the authors are not aware of any other results at 
such low temperatures. The results reported in [5] show higher 2Pr values than our results. On 
the other side a longer annealing time is used and the results were obtained on non integrated 
SBT. 

4. HYDROGEN BARRIER 

One of the major integration challenges for ferroelectric films is their hydrogen sensitivity [6- 
8]. In order to obtain sufficient ferroelectric properties after BEOL processing a barrier layer 
has to be introduced to avoid the direct contact of the ferroelectric with hydrogen during 
subsequent temperature steps. A number of barrier materials are proposed in the literature. 
Table IV gives an overview of these materials. We have applied a novel LPCVD (low 
pressure chemical vapor deposition) SiN layer to our SBT capacitor. The drawback of this 
approach is that LPCVD SiN deposition contains hydrogen compounds like NH3 and SiHt by 
itself. We have used two approaches to solve this problem. First a SiÜ2 buffer layer was 
introduced and second the SiN deposition itself was modified to give as little damage to the 
capacitor as possible [8]. Figure 8 shows hysteresis curves after capacitor formation, after 

Table IV. Comparison of various hydrogen barrier layers 
1 Company                 Samsung Samsung               NEC Infineon 
Material Ti02 (50nm) Al203 (8 -10nm) 03 - TEOS - 

SiO2(300nm) / PE - 
SiON(60nm)/O3- 
TEOS- 
SiO2(200nm) 

Si02/ SiN 

Anneal in Hydrogen 
including ambience 

300°C, 30min 450°C, 30min 400°C, 20min, 
ambience with 50% 
H2 

430°C, 30min, N2/ 
H2(5%) 

Reference mi [6] m [81 
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Figure 8. Hysteresis curves after capacitor formation, after hydrogen barrier deposition and after 
forming gas anneal. 

deposition of the SiN hydrogen barrier layer and after an additional forming gas anneal. Even 
after the forming gas anneal only a very small damage to the capacitor remains. In contrast to 
other materials like T1O2 or AI2O3, our approach offers the benefit of using only materials that 
are well established in CMOS production. The hydrogen barrier approach discussed in [7] 
looks similar but the SiON is deposited by PECVD (plasma enhanced chemical vapor 
deposition) at lower temperatures. The approach is for PZT capacitors compared to SBT 
capacitors in our approach [8], 

5. OXYGEN BARRIER 

For high density applications a stacked capacitor cell (see figure la and figure 3b) is 
necessary. In order to maintain a stable contact between the transistor and the bottom 
electrode after annealing of the ferroelectric layer, a barrier layer has to be introduced. This 
barrier layer has to prevent the oxidation of the plug material (in our case polysilicon) and has 
to prevent reactions between the bottom electrode material and the plug material. Also all 
reactions between the barrier material itself and either the plug or the bottom electrode have to 
be avoided. Table V gives an overview of different oxygen barriers proposed in the literature. 
Besides the barrier approach with Pt-Rh alloys [12], IrC>2 based barriers are used, if the 
annealing temperature is higher than 600°C in oxygen ambience. It will be interesting to see 
weather the Pt-Rh alloy results can be applied to integrated processes. In the case of Ir02 

Table V. Comparison of various oxygen barrier stacks 
Company Sharp Tl Samsung Infineon Sharp / University 

of Virginia 
Ferroelectric SBT PZT PZT SBT PZT 
Top electrode Pt Ir02 Ir02 / Ir Pt Pt 
Barrier + bottom 
electrode 

Poly - Si / 
TaSiN/lr/ 
Ir02/Pt 

W / TaAIN / Ir Ir / Ir02 / Pt Ir/Ir02/Pt Poly - Si / Pt - Rh 
- O» / Pt - Rh / Pt 
- Rh - Ox 

Temperature 700°C < 600°C 700°C 700°C, 45min, 
o2 

650°C 

Contact 
resistance 

200 - 400O / 
plug(0O.5um) 

100-2000/ 
plug (00.5pm) 

100-200Q/ 
plug (00.5pm) 

500 - 700O / 
plug (00.6pm) 

1.5kO/plug 
(00.6pm) 

Reference [91 [10] [111 [12] 
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based barriers, IrC>2 has the function of the oxygen barrier and Ir prevents the reduction of 
IrC>2 by the plug material during annealing. Besides the barrier layer itself we have observed 
that the contact layer system used between plug and barrier layer is of great importance. This 
is illustrated in figure 9 where yield and resistance values of contact resistance chains 
containing 100 plugs are given for different contact layers after 675°C anneals and after 
700°C anneal respectively. A non conducting contact hole chain was considered as non 
yielding. The Ti contact layer already shows a largely reduced yield after a 675CC anneal. Ti 
does not act as a plug material diffusion barrier. As a result interdiffusion with the Ir layer 
occurs. Depending on time and process temperature the barrier stack is destroyed. TiN, TaN 
and TaSiN are well known diffusion barriers for the plug material. Low contact resistances 
after 45minutes at 700°C were obtained. With these results the oxygen barrier stack could be 
integrated into our stacked capacitor process. Figure 10 shows the results of a hysteresis 
measurement performed between bottom and top electrode and one performed between Plug 
and top electrode. This shows, that SBT capacitors can be integrated into stacked capacitor 
cells. In addition functional stacked capacitor cells were also obtained using this barrier[13]. 

Contact Chains 
100 plugs (dla. 0.6um), Pt / Ir01 / Ir / ... / Poly - SI, Annealing: 45mln, O 

800000- ■ Minimum 

-    Mean - Std. 

2500- 

2000- 

1500- 

■    Mean 

-    Mean + Std. 

Maximum 
■ 

■ 

1000- 

500- 
I i      i ■ 

0- 22% 100% 100%  100%  100% 100% 100% 

i 1                 1 1 e.°b 

Yield 

,,^.<^<>i;<v° \\^'- <JV* ^' \$ \1r'     \ly* 

Figure 9. Oxygen barrier yield and contact resistance for different contact layers 
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6. SUMMARY AND CONCLUSIONS 

In this paper an overview of the technological issues associated with the development of high 
density ferroelectric memories were discussed. The three mayor issues are: low temperature 
processing of the ferroelectric film, hydrogen barriers and oxygen barriers for stacked 
capacitor cells. For all of these problem fields promising solutions were demonstrated. A low 
temperature SBT process with processing temperature as low as 650°C was demonstrated. A 
novel LPCVD SiN hydrogen barrier resulted in excellent capacitor properties after forming 
gas anneal and an Ir/Ir02 based oxygen barrier shows stability for 45 minutes at 700°C in 
oxygen. Combining all these processes, stacked capacitors with good hysteresis curves as well 
as functional stack cells were demonstrated. This opens the path to the production of high 
density FeRAMs. If FeRAM wants to compete with DRAM and Flash technology, the 
technology has to rapidly scale into the sub 0,2um region. To maintain a sufficient read 
signal, 3-dimensional capacitors will be necessary to achieve this goal. Additional basic 
development work with respect to very thin ferroelectric films as well as very thin electrodes, 
a conformal deposition of ferroelectrics and electrode e.g. by MOCVD processe etc. has to be 
carried out. 
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ABSTRACT 

The requirements for future ferroelectric non-volatile memories (FRAM) include lower 
operating voltages, higher densities and tighter design rules. In order to achieve these 
requirements the key component of the FRAM device, viz., the PbZrxTii.x03 (PZT) thin film 
capacitor must be scaled dimensionally to obtain reduced film thickness and capacitor area. This 
paper presents the ferroelectric performance of RF magnetron sputtered PLZT thin films with 
thickness scaled down to 1000A. The switching performance of the thickness scaled PLZT thin 
films meets the requirements of 1.8V FRAM device. Though PLZT ceramic thin films, of which 
the fatigue is often a concern, are utilized as non-volatile component, excellent fatigue 
performance was observed. The scaled PLZT thin film capacitors are fatigue free up to 10 
fatigue cycles (E=200kV/cm). The scaled 1000Ä PLZT thin films also showed good imprint 
performance. The opposite-state charge after 10 years baking at 150°C was still above the 
sensing level. The thickness scaled PZT thin films, showing dramatically improved ferroelectric 
performance, can be applied to the manufacturing of low voltage FRAM products. 

INTRODUCTION 

Ferroelectric non-volatile memories (FRAM), which possess the merits of a fast write speed 
and low power consumption, have been mass-produced for approximately a decade. FRAM 
memory density has increased and the CMOS design rule for FRAM memory has decreased 
exponentially since 1988. The primary component for data storage in current FRAM products, 
such as 64kbit and 256kbit memories, is the ferroelectric capacitor. The core of this capacitor 
consists of doped (Pb,La)(Zr, Ti) 03 (PLZT) deposited by RF magnetron sputtering. PLZT and 
doped PZT ceramic thin films exhibit properties such as high switchable polarization, 
crystallographically textured growth, and low processing temperatures, which facilitate scaling 
for higher densities and lower operating voltages. PLZT and doped PZT thin film materials 
provide a clear path for the development of future generations of FRAM products. 

In order to meet the requirements for future ferroelectric non-volatile memories (FRAM), 
such as lower operating voltages, higher densities and tighter design rules, PLZT thin film 
capacitors must be scaled down with respect to thickness and area. Scaling in terms of thickness 
is one of the most interesting topics as the reduction in PLZT thin film thickness can effectively 
lower the ferroelectric switching voltage. To achieve higher densities and tighter design rules, a 
reduced capacitor stack height is also necessary in order to facilitate the etching of the PLZT thin 
film capacitors with smaller lateral dimension. However, scaling requires process modification 
otherwise degraded ferroelectric performance will be obtained. 
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Fatigue, defined as the loss of switchable polarization during continuous ferroelectric 
switching, has been a common concern for PZT based capacitors used in FRAM applications. 
Extensive technical literature is available on the topic of fatigue for both un-doped and doped 
PZT thin films [1-5]. It is well established that PZT capacitors with Pt top electrode exhibit 
severe fatigue [6,7,8]. Replacing the Pt top electrode with Ir metal or oxide electrodes such as 
IrOx, Ru02, SrRu03 and Lao.5Sro.5CoC>3can significantly improve the fatigue [9-12]. But a 
simple replacement of the electrode material cannot fully eliminate fatigue without sacrificing 
other performance metrics, e.g., retention, that are required for product performance. In fact the 
improvement of the IrOx electrode become less evident as the PZT film thickness is reduced 
indicating a modification on PLZT thin film processing is more important than the alternation of 
electrode materials. 

This paper presents the ferroelectric performance of PLZT thin films with thickness 
downscaled to 1000 Ä. Applying an improved PLZT thin film processing, the scaled PLZT thin 
films showed not only excellent switching, and fatigue performance but also very good retention 
and imprint properties. 

PROCESSING AND FERROELECTRIC METRIC TERMINOLOGY 

2.1 Process description 

ULVAC Ceraus ZX-1000 sputtering system is utilized for electrodes and PLZT thin film 
deposition. The Ti adhesion layer, Pt bottom electrode (BE) and top electrode (TE) as well as 
IrOx top electrode were DC magnetron sputtered. The Ca and Sr doped PLZT (3/40/60) thin 
films were RF magnetron sputtered. Rapid thermal annealing technique (RTA) was used to 
crystallize PLZT thin films. The annealing temperature was 550°C ~ 750°C. The discrete 
(50x50|im) capacitors were formed using photolithographic/etching technique. 

2.2 Ferroelectric metric terminology 

Qsw:        The average pulse switched charge density (switachable charge), which 
approximately equals twice the remanent polarazation (2Pr) for a dynamic hysteresis loop 
measurement. The standard 4-pulse sequence used to measure the charge components of the 
capacitor consists of pulses with a 1 |is pulsewidth and Is delay between pulses. Qsw data were 
collected from 3 sites, top, center, and flat sites, of each 6" wafer. 

V<m%:       Electrical potential applied to the capacitor that induces 90% of the saturated Qsw 
value. V.x)a data were collected from 3 sites, top, center and flat sites, of each 6" wafer. 

Qss-' Same-state charge remaining after a memory state is baked at 150°C and read at 
room temperature. Qss (10 years) = extrapolated same-state charge post 10 year baking at 150°C. 
Qss reflects the data retention capability of the thin film capacitor. Qss data were collected from 
3 sites, top, center and flat sites, of each 6" wafer. 

Qos:        Opposite-state charge remaining after a memory state is baked at 150°C, reset to 
the opposite-state and read after a time delay. Qos (10 years) = extrapolated opposite state charge 

cc 1.2.2 



post 10 years baking at 150°C. Qos reflects the imprint performance of the thin film capacitor. 
Qos data were collected from 3 sites, top, center and flat sites, of each 6" wafer. 

RESULTS AND DISCUSSION 

To achieve low operating voltage and high density, the thickness of the PZT capacitor 
needs to be reduced so that the ferroelectric capacitor stack height will not be too high and 
hopefully V9o% can be reduced if a simple reduction in thickness does not affect the switching 
characteristics such as switchable charge and coercive field. Figure 1 shows switchable charge 
(Qsw) and Ym% as a function of PLZT thin film thickness. The reduction in PLZT thin film 
thickness involves no process modification and the structure of the PLZT thin film capacitor is 
Pt BE / PLZT/Pt TE. The thin film processing was optimized for 2200 Ä PLZT films. It can be 
seen that Vgn% does decrease with the thickness of the PZT thin film but only to certain thickness 
such as around 1700Ä. Further reducing the thickness leads to increase in VlÄ* indicating that 
the switching characteristic of the PLZT thin films is changed. Therefore, a re-optimization of 
PLZT thin film processing is required. 

Figure 2 shows the switching performance of scaled PLZT thin films prepared using an 
improved thin film processing. The thickness of the scaled PLZT thin film is 1000Ä. Compared 
with 1000 Ä PLZT thin film without process modification, the improved 1000Ä PLZT thin films 
showed much better switching property. Vgm, reduced from 3.6 V to 1.8 V, and Qsw at 1.8 V 
increased 50% (from 15 uC/cm2 to 23 uC/cm2). The error bars in the graph not only reflect the 
variation across a 6" wafer but also include wafer-to-wafer variation as the data were collected 
from two 6" wafers processed using the same condition. Figure 3 illustrates the fatigue 
performance of the scaled PLZT thin films stressed under 5 V and 3V fatigue cycles (up to 109 

cycles). Since the thickness of the PLZT thin film is 1000 Ä, the applied electric fields during 
fatigue process are 300kV/cm (for 3V) and 500kV/cm (for 5V). Under 5V fatigue stress, the 
switchable charge decreases with increasing fatigue cycles. At 5V 109 cycles, the switchable 
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Figure 1. Switchable charge and Vm as a function of PLZT thin film thickness, showing that, without process 
optimization, a degraded switching performance for thickness downscaled PLZT thin film capacitors is obtained. 
PLZT thin film capacitor structure: Pt BEIPLZTlPt TE 
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Applied Voltage (V) 

Figure 2. Switchable charge as a function of applied 
voltage, showing excellent switching performance of the 
scaled PLZT thin films. Conventional: Pt BEIPLZTIPt 
TE structure. Improved: Pt BE/PLZT/IrO.x TE structure. 
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Figure 3. Swichable charge as a function of3V and 5V 
fatigue cycles, showing that the scaled PLZT thin film 
can stand high electrical field fatigue stress. 
Pt BEIPLZTIlrOx TE structure. 

charge (Qsw) lost about 10% compared with its initial value. The fact that no electrical 
breakdown occurs during 5V (500kV/cm) fatigue process suggests that the quality of the scaled 
1000 A PLZT thin film is very high. Under 3V fatigue stress, the scaled PLZT thin films are 
fatigue free up to 109 cycles. As a matter of fact, the switchable charge even gained about 3.6% 
after 3V 109 fatigue cycles. Since the 1000 Ä PLZT thin films discussed here are for 1.8V 
application, 3V fatigue stress is a rather severe fatigue condition. According to the voltage 
acceleration fatigue model [13], the scaled PLZT thin films should be fatigue free at least up to 
10" cycles at 1.8V. 

Figure 4 shows switchable charge as a function of 2V fatigue cycles. It can be seen that, as 
predicted from the voltage acceleration model, the 1000 Ä PLZT thin film is indeed fatigue free 
up to 1011 fatigue cycles when the film is stressed at 2V (E=200kV/cm). The improved fatigue 
performance is attributed to the optimization of Pb concentration [14] and crystallization 
temperature of PZT thin films. Figure 5 compares the 3V fatigue performance of PLZT thin 
films prepared with and without process optimization. Even though IrOx thin film is applied as 
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Figure 4. 2Vswitchable charge as a function of2V 
fatigue cycles, showing that the scaled PLZT thin film 
is fatigue free up to 10" fatigue cycles. 
Pt BEIPLZTIlrOx TE structure. 
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Figure 5. 3V swichable charge as a function of 3Vfatigue 
cycles, showing the effect of process optimization on PLZT 
thin film capacitors with IrOx TE. Pt BEIPLZTIlrOx TE 
structure. 

CC1.2.4 



top electrode, without PLZT thin film process optimization, the switchable charge (Qsw) lost 
about 15% after \(f fatigue cycles. Whereas PLZT thin film capacitors prepared using optimized 
process showed no loss in Qsw, indicating that a carefully optimized PLZT thin film processing 
is essential for improved fatigue performance. 

For FRAM applications, a good switching and fatigue properties of PLZT thin films is not 
enough. Retention performance, which is defined as the ability to maintain a stored data state 
between the time of a write pulse and a subsequent read, is another critical performance metric. 
S.D. Traynor et al. introduced a measurement technique to quantitatively evaluate the retention 
performance, both same-state and opposite-state, of ferroelectric thin film capacitors, allowing 
the determination of the usability of the ferroelectric thin film in integrated ferroelectric memory 
[15]. Figure 6 shows the 1.8V retention performance of same-state charge (Qss)- Qss is very 
stable with increasing baking time at 150°C. The extrapolated Qss post 10 years baking at 150°C 
is 18 nC/cm2, which is much higher than the sensing level. Figure 7 shows the aging 
performance of 1.8V opposite-state charge (Qos). Though Qos decreases with increasing baking 
time at 150°C, the extrapolated Qos post 10 years baking at 150°C is 8.0 u,C/cm2, which is still 
higher than the sensing level of 6.0 |lC/cm2. This indicates that the 1000 Ä PLZT thin film 
capacitors is ready for next generation FRAM device such as low operating voltage FRAM. 
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Figure 6. Same-state charge (Qss) as a function of baking 
time at 150°C, showing stable Qss over long time baking 
at high temperature.   Pt BEIPLZT/IrOx TE structure. 
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Figure 7. Opposite-state charge (Qos) as a function of 
baking time at I50"C, showing Qos still above sensing 
level after 10 years baking at 15(fC. Pt BE/PLZTIIrOx 
TE structure. 

CONCLUSIONS 

Excellent ferroelectric performance including switching, endurance and data retention 
performance was obtained on RF magnetron sputtered PLZT thin films with thickness scaled 
down to 1000Ä. Low voltage switching property (V9o% =1.8V) with decent switchable charge 
(1.8V Qsw = 20-24 uC/cm2) was obtained. The scaled PLZT thin films were fatigue free up to 
10" fatigue cycles at 200kV/cm electrical stress field. Good retention performance was obtained 
on the 1000Ä PLZT thin films. After 10 years baking at 150°C, the opposite-state charge, a 
metric that reflects the imprint performance, was still higher than the sensing level of FRAM 
device. 
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ABSTRACT 

Focused ion beam milling was used to fabricate ferroelectric islands in Pb-Zr-Ti-O 
thin films. The islands ranged in size from 200umx200|im to 0.3u.mx0.3um. The inverse 
piezoelectric effect was studied in these islands as a function of their size by tracking the 
surface displacement of the top electrode of the island (under an applied electric field) 
using an atomic force microscope (AFM). It was found that there was a substantial 
increase in the piezoresponse as the size of the island decreased below 100|imxl00|xm. 
This increase was attributed to the elastic deformation of the substrate. 

INTRODUCTION 

Ferroelectric (FE) films are increasingly being used as micro-actuator elements in 
micro-electromechanical systems (MEMS). In such applications it is desirable to get the 
maximum surface displacement in the ferroelectric film-substrate couple for a given 
applied electric field. Constraints induced by the substrate generally decrease the 
piezoresponse of films [1,2]. This is true if one considers the electrically induced strains 
in the film. However, it is possible to get surface displacement of the film-substrate 
couple, which is comparable or larger than that of a free-standing film. This is due to the 
elastic deformation of the substrate and its contribution to the film-substrate surface 
displacement. 

EXPERIMENTAL DETAILS 

Experimental evidence of the important role of a substrate follows from atomic 
force microscopy (AFM) investigation of the piezoresponse of delineated islands of a 
ferroelectric film as a function of its in-plane size. Pbi.o(Nbo.o4Zr0.28 Tio.68 )Ü3 (PNZT) 
thin films with a thickness of 1600Ä and grain size of -1000 Ä were deposited by sol- 
gel processing onto platinized Si wafers with a bottom electrode of the conducting oxide, 
La-Sr-Co-O. The films had a symmetric electrode structure with top electrodes of Pt on 
La-Sr-Co-O. A strong structural orientation with the preferred c-axis along the normal to 
the films was observed. Test capacitor structures in the size range of 200n,m -0.3u.m were 
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fabricated by focused Ga ion beam milling [3,4]. This structure in which the ferroelectric 
layer surrounding it was milled out to produce an island like geometry is shown in figure 
1. As a comparison, structures with similar size but with only the top electrode patterned 
by focused ion beam milling were produced, as illustrated in figure 2. 

Figure 1. Scanning ion beam image of ferroelectric PNZT island milled by focused ion beam milling (size 
of islands: (a) 0.8/Jm x 0.8flm, (b) 0.4 lim x 0.4/um, (c) 025\m x 0.25/Jm and (d) 0.07{im x 0.07lim)- 

An accelerating voltage of 50kV, dose of 8x 1017 ions/cm2 and a beam size of 6-20nm 
(MICRION 2500) was used to delineate the structures. As milled structures showed ion- 
beam induced damage but a 650 °C anneal for 30 minutes recovered the properties. 

*m 
Figure 2. (a) Scanning ion beam image of ferroelectric PNZT island milled by focused ion beam milling 
(size of island: 0.8ßm x 0.8/im) (b) Scanning ion beam image of a structure with only the top electrode 
milled by focused ion beam milling. 

The AFM technique to measure piezoresponse has been described elsewhere [4,5]. 
The technique is based on the detection of the piezoelectric response of a ferroelectric 
thin film when probed using an alternating current (ac) field. The amplitude and phase of 
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the film vibration give an estimate of the magnitude and sign of the piezoelectric 
coefficient and hence that of the local polarization. A direct current (dc) voltage is 
applied to the top electrode through the AFM tip to write the domain state. In our 
experiments a small ac field was superimposed on the dc field to read the domain states. 
Thus a hysteresis loop is traced out by plotting the tip vibration signal as a function of the 
write voltage (figure 3). It is important to note that the AFM piezoresponse technique 
measures the dynamic surface displacement under a constant dc bias. By normalizing this 
displacement with the thickness of the FE film one can arrive at the d33 values under a 
constant probing ac field. 

Discrete 
Continuous   * 

.10 -s -e J   -2   0    2    4 
DC Bas (V) 

8    8    10 

Figure 3. Typical piezoresponse loop of a structure with island geometry (labeled 'discrete') as compared 
to a structure with only top electrode milled (labeled 'continuous'). Size of structures: OJjim x 0.3/Jm 

The piezoresponse of the ferroelectric structures was studied as a function of the size of 
the island and this is plotted in figure 4. As a comparison, the piezoresponse of structures 
with only the top electrode patterned (figure 2) but with the ferroelectric layer continuous 
was also studied as a function of the electrode size. While in this case the piezomodulus 

10'1        10°        101 10' 10° 
Lateral Size of Islands (urn) 

Figure 4. Piezoresponse (d31(pmlV)) as a function of the lateral size of the island (M). Also shown is the 
data for structures with only top electrode milled out (♦). 
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showed only a small decrease as the size of the patterned top electrode decreased, the 
piezomodulus d33 of the constrained film, in which the ferroelectric has been milled down 
all the way till the lower Pt/LSCO interface, shows a step-like dependence on the in- 
plane size of FE islands. 

DISCUSSION 

The fact that d33 increases by more that 35% as the island size decreases from 
200|j.m to ~ lOOum cannot be explained by the change of stress state in the film. The in- 
plane dimension of the film is much larger than its thickness (1/h > 100). Therefore, the 
relaxation of stress near the film edge does not change the average strain in the film. To 
understand this effect we have analyzed the elastic response of the substrate to the 
piezodeformation in the film [6]. It is possible to show that for a thin film on a thick 
substrate, the d33 as measured through the strain in the film is given by 

2sF 
dS=d33—rfTd13 ...(1) 

where di3=d23 and d33 are the components of piezomodulus of the tetragonal FE crystal. 
Su,s*2 and s^ are the components elastic compliance of the tetragonal ferroelectric film; 

and s* and ss
l2 that of the substrate layer. The d33 as measured through the surface 

displacement of the film-substrate couple is given by 

d^=dn--^-da 
1       J12 .(2) 

Thus the specific increase in the piezoresponse due to the elastic deformation of the 
substrate is given by 

*d = d£-d£=-£kTda ...(3) 
Su +X|2 

For 4 =-2.1xlO-12m2Ar', s[t + s£ =6xl0-12m,ATI and dn = 59xlO-'2/n/V [7], 

Ad = 4].3x\0~'2m/V . The deformation of the substrate becomes essential if the in-plane 
dimension of the film, 1, becomes smaller than the substrate thickness. Then the elastic 
field does not reach the boundary of the substrate and the effect of external clamping of 
the substrate becomes unimportant. However, d™ approaches d£ for island sizes 
comparable to or larger than the substrate thickness. 

CONCLUSIONS 

Thus, we obtain the explanation for the substantial increase in the piezoresponse of a 
thin ferroelectric film on a thick substrate as a function of decreasing in-plane size of the 
film. This effect is a manifestation of the elastic substrate response to the 
piezodeformation of a constrained ferroelectric film. The film surface displacement under 
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electrical field depends on in-plane size of the film as well as on elastic properties and 
external clamping of a substrate while the piezostrain of the film does not depend on 
these parameters if the substrate is much thicker than the film. Finally, it is important to 
note that the electromechanical responses of the thin piezoelectric film can be 
significantly altered by changing the lateral dimensions of the film in contact with the 
substrate. Indeed, in recent studies, we have observed that 90° domain walls, which 
typically do not move in thin films, can actually move when the in-plane dimensions are 
in the sub-micron range. These results therefore have very significant implications for 
MEMS devices as well as sub-micron memory devices. Clearly, considerable further 
research is necessary. 
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ABSTRACT 
PZT thin films with a thickness of 70 nm were successfully fabricated using a modified solution 

combined with PbTi03 seed layer. Throughout various approaches, we found that the 

microstructure of PZT thin film plays an important role in determining the electrical properties 
such as hysteretic properties and leakage currents, particularly when the thickness is below 100 

nm. We modified the precursor system to improve the microstructure in PZT thin film. In 

addition, we also adopted a thin PbTi03 seed layer to enhance the initial nucleation density. 
Finally, we could obtain good electric properties similar to those obtained from 240 nm thick PZT 

film. The hysteretic properties is excellent enough to operate at a low voltage (2V) for a high 

density FRAM application. 

INTRODUCTION 
PZT is one of the well-known ferroelectric material for the non-volatile memory application 

due to the high remnant polarization value. A wide variety of preparation techniques have 
employed to produce PZT thin films. Among these methods, the CSD(chemical solution 
deposition) process offers several advantages, including low processing temperature, composition 

control, uniform homogeneity, ease of fabrication over large areas, and low cost.[l-3] 

Recently, 4Mbit FRAM was successfully fabricated using PZT thin film, in which about 200 nm 

thick PZT film was applied for 3.3V operation.[4] However, as for the higher density FRAM, it 
is necessary to reduce the PZT film thickness due to not only the process issue but also the 
operating voltage. In spite of such requirements, there were only limited efforts addressed to 

reduce PZT film thickness. 
Generally, it is hard to fabricate PZT thin film with the thickness below lOOnm. Meng et. al. 

varied thermal annealing route with different single-annealed-layer in thickness from the same 

precursor solution.    They found that the degree of (111) orientation in films increases as the 
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thickness of single-annealed-layer decrease. They could make PZT thin film with the thickness 

of 40 nm, but the hysteretic properties seemed to be very leaky. [5] Soyama et. al. deposited 

PZT thin films with thickness of 90 nm by increasing the initial nucleation density of PZT 

precursor gel film using modified sol-gel solutions.[6] Similarly, Wouter et. al. demonstrated a 
75 nm thick PZT film using modified CSD solution. 

In this study, we deposited PZT thin films with the thickness around lOOnm, by using three 

different methods. Firstly, PZT thin films were prepared with a conventional method by just 

changing the spin-coating parameter and diluting solution concentration.[7] Secondly, we 
utilized etch-back and wet cleaning technology to reduce PZT film thickness.[8] Finally, we 

modified the sol-gel solution to control the network structure. In an effort to enhance 
microstructural properties, we employed PbTi03 (PTO) seed layer. 

EXPERIMENTAL PROCEDURES 

The sol-gel solutions were prepared from lead acetate trihydrate, titaniun tetra-iso-propoxide, 

zirconium tetra-n-propoxide, acetic acid and n-propanol.[7] In order to suppress the formation 

of secondary phases, 15% excess Pb precursor was added. Compositional Zr/Ti ratio was 52/48 

and PTO seed layer was used to enhance the crystallization of PZT films. PZT films were 

deposited onto Pt(270nm)/Ti(30nm)/SiO2(250nm)/Si(100) substrate. For the etch-back and wet 
cleaning experiment, 240nm thick PZT films were utilized and detailed process is described 

reference 7. After depositing the top Pt electrode with a thickness of lOOnm, top Pt and PZT 

films were consecutively etched by Tegal® 6540 dry etcher with the gas mixture of Ar-Cl2- 
CF4.[9]    The size of patterned capacitors were 100 x 100 um2. 

The physical properties of the films were characterized using X-ray diffraction and field 
emission scanning electron microscope (FE-SEM). Electrical properties including ferroelectric 

characteristics were evaluated using Radiant Technologies RT66A system and Kiethely I-V 
measurement system. The thickness of PZT films were measured by Nanometrics. 

RESULTS AND DISCUSSION 

At first, we tried to reduce the PZT film thickness either by increasing rpm of the spin coater or 

by using the diluted solution. As shown in the figure 1, for the thickness below 130 nm, all of 

the images obtained using FE-SEM give secondary phases at the surface or at the grain 
boundaries. The hysteresis loops of those samples are given in the figure 2. The loops were 

measured with 3V triangular signal. However, the hysteresis loops were not measurable with 

5V signal due to the high leakage current. The obtained results indicated that the conventional 

approach yields a poor crystallinity and unsaturated hysteresis loop. Since we believe the 

microstructure plays an important role in determining the electrical properties of the PZT thin 
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film, we need to find an alternative approach which can improve the microstructure. Therefore, 

we tried a different approach, namely, etch-back and wet cleaning method to improve the 

microstructure even for the thin PZT. A blank etch using ICP and then followed wet cleaning 

yields a reduced thickness of PZT thin film. By applying a multiple procedure, we can obtain a 

desired thickness from the original thickness. The surface image after etch-back and cleaning is 

given in the figure 3. The surface is clean without showing any secondary phases. The 

electrical properties shown in figure 4 clearly indicated better electrical properties in terms of 
leakage current and Q-V response compared with those obtained from the conventional method. 

Fig. 1 FE-SEM images of PZT(52/48) films with Various thickness 
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Fig. 2 Hysteresis Loops of PZT (52/48) films with various thickness 
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After Surface Cleaning 

Fig. 3 The FE-SEM images of PZT Etch-back And surface cleaning process 
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The saturation  tendency in  the  Q-V behavior improved but the  leakage current in  I-V 

characteristics is still high enough to modify the hysteresis loop, which is particularly serious 

when the thickness of the PZT film is reduced around 70 nm (refer to figure 4 ). 

The etch-back and surface cleaning approach gives a good surface morphology but still problem 

incorporated with the high leakage current.    That means the additional improvement in the 
crystallinity is necessary to suppress the leaky behavior. 
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Fig. 4 Electronic properties of PZT films with etch-back and surface cleaning process 
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Fig. 5 Hysteresis Loops of PZT films with Etch-back and Surface cleaning process 

Here remind us is to use PTO seed layer in order to control the initial nucleation stage. It is well 

known that the presence of a seeding layer strongly affects the crystallization temperature, 
microstructure, and the texture of the films. Ishikawa et al. applied PTO seed layer to provide a 
nucleation site for PZT crystallization [10]. They found that the introduction of the seeding 
layer lowers the crystallization temperature and makes it possible to obtain films composed of 

very fine grains. Similarly, Cattan et. al. studied the role of PTO seed layer as a function of the 

thickness. They insisted the gradual evolution of the lattice parameters in the nucleation stage 
of PTO films. They found that the PZT layers that grew on PTO buffer layers were dramatically 
influenced by the plane orientations at the surface of PTO. [9]    When we studied the role of PTO 
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seed layer on the PZT thin film, we found a improved microstructure and a leakage behavior. At 
present, it is not clear yet why the presence of PTO seed layer yielded the better response in the 
hysteresis loop and Q-V curve. However, one possible explanation is a increase in Ti/Zr ratio 
due to the out-diffusion of Ti from PTO layer. The other explanation is attributed to the fact that 
the presence of PTO seed layer would modify the nucleation stage by enhancing the nucleation 
sites. Since the vacancy caused by volatile Pb and out-diffused Pb to Pt electrode, PZT thin film 
below lOOnm thickness would be hard to exhibit good ferroelectric properties. 

The final approach to obtain ultra thin PZT film for the thickness below 100 nm is done by 
modifying solution. XRD patterns given in the figure 6 indicates that (100) intensity is 
dramatically suppressed in PZT film made using the modified solution compared to that made 
using the normal solution. Such a variation in a microstructure due to the solution change is 
similar to that due to the presence of PTO seed layer. That means the new solution would play a 
similar role as the PTO seed layer did during the initial nucleation. The electrical properties 
such as hysteresis loop, Q-V and I-V are given in the figure 7. The hysteresis loop was able to 
measure even with 5V without any distortion because of the low leakage currents 
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Fig. 7 Electronic Properties of PZT(52/48) on PTO seed layer 

In addition, the multiple measurement varying applied voltage from 2 V to 5V indicates the 
early saturation in the polarization at 2V. The Q-V response in terms of the switching charge 
shows a quick response as well as the higher value of switching charge. The results indicate 
that we can obtain ultra thin PZT with the thickness of 70 nm by combining PTO seed layer with 
the modified solution. 

CONCLUSION 

In order to deposit sub-100nm PZT thin film, we have tried three methods. In conventional 

method with varying solution concentration, we could not obtain secondary phase free PZT film. 
By performing etch-back and wet cleaning process, secondary phases were completely removed 

but PZT films were not applicable because of high leakage currents. In order to improve 
microstructural properties, PTO seed layer and modified solution were attempted. From this 

approach, we could finally obtain excellent ferroelectric properties of PZT thin film with the 
thickness of 70nm. Hysteretic properties, and leakage currents is sufficient for low voltage 
FRAM operation 
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ABSTRACT 

Epitaxial thin films of bismuth layer-structured ferroelectrics (BLSF) with different 
m-numbers, i.e., Bi2V055 (BVO) (m=l), SrBi2Ta209 (SBT) (m=2), and Bi4Ti3012 (BIT) (m=3), 
were grown by metalorganic chemical vapor deposition (MOCVD). (OOl)-oriented films were 
deposited on (100)SrTiO3. (U4)-oriented BVO, (116)-oriented SBT, and (118)-oriented BIT 
films were deposited on (110)SrTiO3. Moreover, (102)-oriented BVO, (103)-oriented SBT, and 
(104)-oriented BIT films were deposited on (Hl)SrTi03. On (100), (110), and (Hl)SrTi03 

substrates, c-axis of the deposited films was tilted about 0°, 45°, and 56°, respectively, against 
perpendicular to the surface of the substrates irrespective of m-number. This suggests the growth 
of crystallographic equivalent orientation. The distinctive surface morphology originated to the 
feature of the film orientation was observed. The dielectric constant and the leakage current of 
c-axis-oriented film was smaller than that of non-c-axis-oriented one, indicating smaller 
dielectric constant and leakage current along c-axis than a- or b-axes. A larger ferroelectric 
anisotropy was ascertained for SBT and BIT films. Furthermore, the evaluated spontaneous 
polarization along a- and c- axes of BIT from the data of the epitaxially grown BIT films well 
agreed with the reported one for the single crystal. This suggests the ferroelectric property was 
not strongly affected by the strain in the films. 

INTRODUCTION 

Thin films of bismuth layer-structured ferroelectrics (BLSF) have been investigated for a 
ferroelectric random access memory (FeRAM) application because of its good ferroelectric 
properties, especially high fatigue endurance. We have already reported that the epitaxially 
grown SrBi2Ta209 (SBT) and Bi4Ti3Oi2 (BIT) films have high fatigue endurance [1, 2]. However, 
BLSF thin films with different m-number have not been systematically investigated. The 
understanding of the common feature of BLSF is essential to find out suitable BLSF material for 
FeRAM applications. In this study, epitaxial Bi2V055 (BVO) (m=l), SBT (m=2), and BIT (m=3) 
films with c- and non-c-axis-orientations were systematically grown and characterized to find out 
the common feature of crystal growth and the electrical property. 
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EXPERIMENTAL DETAILS 

About 200-nm thick BVO, SBT, and BIT films were deposited by metalorganic chemical 
vapor deposition (MOCVD) at 500-880 °C using an apparatus having a vertical cold-wall type 
reaction chamber. Trimethyl bismuth [Bi(CH3)3] was commonly used as Bi source. Triethoxy 
vanadium oxide [VO(0-C2H5)3], strontium bis-hexaethoxy tantalate {Sr[Ta(0-C2H5)6]2}, and 
tetra-isopropoxy titanium [Ti(Oi-C3H7)4] were also used as source materials for BVO, SBT, and 
BIT film preparation, respectively. O2 gas was introduced into the reactor as an oxidant gas. 
The details are described in elsewhere [1-3]. SrTi03 (STO) single crystals with various 
orientations , (100), (110), and (111) orientations, were used as substrates. A 100 um(D Pt was 
used as a top electrode and the epitaxially grown CaRu03 and SrRu03 films were grown on STO 
substrates by MOCVD to be used as bottom electrode: (100)cCaRuO3//(100)STO, 
(100)cSrRuO3//(100)STO, (110)cSrRuO3//(110)STO, and (lll)cSrRu03//(lll)STO [4,5], The 
voltage step and the wait duration for the I-V measurement with the top electrode at positive bias 
were 10 mV and 20 ms, respectively. 

RESULT AND DISCUSSION 

Epitaxial films were grown on (100), (110), and (lll)STO substrates irrespective of the 
m-number by adjusting the deposition condition. Figure 1 shows the example of the XRD 
reciprocal space mapping of BIT films deposited on STO substrates with different orientations. 
(001)-, (118)-, and (104)-oriented films were epitaxially grown on (100), (110), and (lll)STO 
substrates, respectively. Moreover, it was also ascertained that one, two and three oriented 
domains were observed along in-plane direction for (001)-, (118)-, and (104)-oriented films, 
respectively, from the analysis of Fig. 1. 

Figure 2 shows the cross-sectional TEM image of the (OOl)-oriented BVO film grown on 
(lOO)STO substrate. A stack structure corresponding to (Bi202)

2+ and (VO5.5)2" layers were 
clearly observed parallel to [011]STO, suggesting an epitaxial growth of BVO film. Table 1 
summarizes the orientation of the epitaxial films. An equivalent epitaxial relationship between 
the film and the substrate was obtained irrespective of m-number [1-3]. 
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Figure    1        XRD    reciprocal    space    mappings    of    (a)    (001)BIT//(100)STO,    (b) 
(118)BIT//( 110)STO, and (c) (104)BIT//( 111 )STO. 
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Figure 2   Cross-sectional TEM image of the (OOl)BVO film grown on (lOO)STO substrate. 

Table 1    Crystal growth relationship between epitaxial BLSF films and STO substrates. 

m 
■——-^___^^ Substrate 

Film        -—._^__ 
(100)SrTiO3 (110)SrTiO3 (Hl)SrTi03 

3 Bi4Ti3012 (001) (118) (104) 

2 SrBi2Ta20(, (001) (116) (103) 

1 Bi2V05.5 (001) (114) (102) 

Tilting angle of c-axis -0° -45° -55° 

No. of in-plane domain orientation 1 2 3 

Figure 3 shows the AFM images of the (001)-, (118)-, and (104)-oriented BIT films deposited 
on bottom oxide electrodes. In the case of the (OOl)-oriented BIT film, a plate like morphology 
was observed and the root mean square of the surface roughness (Ra) was 0.547 nm. Figure 4 
shows the cross section of the same film shown in Fig. 3(a). The gap of the height of each 
plate-like region was about 1.6 nm corresponding to the half of c-axis lattice parameter. On the 
other hand, the columnar grains growing to one direction and triangular grains were observed for 
the (118)- and (104)-oriented films, respectively. The Ra was 3.4 nm for the (118)-oriented film 
and that of (104)-oriented film was 55.5 nm. The roughness of the BIT film surface increased in 
the following order: (001)-, (118)-, and (104)-orientation. These tendencies were also observed 
for BVO and SBT films with different orientations [3]. Therefore, it was concluded that the 
surface roughness is the character originated to the film orientation based on the fact that the 
flatness of the substrates were basically the same. 

Figure 5 shows the relative dielectric constant (er) of (a) (OOl)-oriented BVO, SBT, and 
BIT films and (b) (114)-oriented BVO, (116)-oriented SBT, and (118)-oriented BIT films, 
non-c-axis-oriented films as a function of a measurement frequency with amplitude of 20 mV in 
the range from 1 kHz to 1 MHz. Exact electrical property of (102)-oriented BVO, (103)-oriented 
SBT, and (104)-oriented BIT was not obtained due to the large leakage current. All s, were 
independent of the frequency. As the m-number increased, the sr increased irrespective of the 
film orientation. Moreover, non-c-axis-oriented films showed higher sr than c-axis-oriented BVO, 

CCl.9.3 



Figure 3    AFM images of the (a) (001)-, (b) (118)-, and (c) (104)-oriented BIT films. 
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Figure 4   AFM cross section of the same film as shown in Fig. 3(a). 

SBT, and BIT films. This is common feature of the BLSF materials and indicates that c-axis has 
smaller sr than a- and b- axes in good agreement with the reported data for the single crystal [6]. 

Figure 6 shows the leakage current density for the BVO, SBT, and BIT films with 
equivalent orientation. Non-c-axis-oriented films showed larger leakage current density than 
c-axis-oriented ones. A. Fouskova et al. reported that the leakage current along a-axis is 30 times 
larger than that along c-axis for BIT single crystal [7]. This can be explained by the high 
resistivity of the (Bi202)2+ layer. On the other hand, the leakage current density also increased in 
the following order: SBT, BIT, and BVO. This is the reason that the polycrystalline SBT film has 
been most widely investigated as a practical FeRAM material. However, it is usually the case 
that leakage currents across perovskite thin films are generally pointed out to be limited by the 
electrode interface properties or by carrier trapping phenomena near the electrode, so the further 
investigation is essential. 

Figure 7 shows the P-E hysteresis loops of (a) c-axis-oriented SBT and BIT and (b) 
(116)-oriented SBT and (118)-oriented BIT films measured by using triangular wave with the 
frequency of 5 kHz and 20 Hz for SBT and BIT, respectively. The ferroelectricity of the (001)- 
and (114)-oriented BVO film was confirmed by scanning nonlinear dielectric microscope, but its 
remanent polarization was less than 1 uC/cm2 in good agreement with the reported value for 
BVO single crystal [8]. A large ferroelectric anisotropy was confirmed for SBT and BIT films as 
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Figure 5    Relative dielectric constant (er) of (a) (OOl)-oriented BVO, SBT, and BIT (b) 

(114)-oriented BVO, (116)-oriented SBT, and (118)-oriented BIT films. 
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Figure 6    Leakage current density of (a) c-axis-oriented films and (b) (114)-oriented BVO, 

(U6)-oriented SBT, and (118)-oriented BIT films. 

shown in Fig. 7. Furthermore, as predicted from the crystal structure, BIT (m=3, odd) showed 
ferroelectricity but SBT (m=2, even) along c-axis. The estimated spontaneous polarization (Ps) 
values along a- and c-axes were 0 and 22 uC/cm2 for the SBT film and 4.0 and 48.4 uC/cm2 for 
the BIT film, respectively. As a result, the Ps value of BLSF film almost agreed with those of 
single crystal and the calculation from the crystal structure [6, 9], suggesting a small contribution 
of a strain remained in the film. In fact, the lattice constants of the epitaxial SBT film were found 
to be almost the same as reported ones for SBT powder [10]. The films, although epitaxial, are 
apparently not coherently strained to match the lattice spacing of the STO substrates. Therefore, 
these strain-free characters of BLSF film are suitable for a multi-stack structure in FeRAM 
devices. 

CONCLUSION 

c-axis- and non-c-axis-oriented BLSF films with different m-number, i.e., BVO, SBT, and 
BIT thin films, were epitaxially grown on STO substrates by MOCVD. Three kinds of epitaxial 
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Figure 7    P-E hysteresis loops of (a) (OOl)-oriented SBT and BIT (b) (116)-oriented 

SBT and (118)-oriented BIT films. 

films with equivalent orientation were obtained for all materials. The surface morphology of the 
films depended not on substances but strongly on the orientation of the films. 6r increased as the 
m-number increased and was smaller for c-axis-oriented-film than non-c-axis-oriented films, 
indicating the smaller sr along c-axis. Furthermore, a large ferroelectric anisotropy depending on 
the film orientation and m-number dependence of ferroelectricity along c-axis was ascertained. 
The estimated Ps values along the a- and c-axes were 22.0 and 0 pC/cm2 for the SBT film and 
48.4 and 4.0 uC/cm2 for BIT film, respectively. These estimated Ps values were almost the same 
as the reported values for the calculation from the SBT powder and BIT single crystal. 
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ABSTRACT 

Ir films were prepared on SiO^Si at 275-500°C by MOCVD (Metalorganic Chemical 
Vapor Deposition) using a new IT precursor, Ir(EtCp)(cod) (iridium(ethylcyclopentadienyl) 
(1,5-cyclooctadiene) : Ir(C2H5C5H4)(l,5-Ci<Hl2). Ir films prepared at 275-300°C showed 
highly reflecting surfaces with Rrms roughness (root-mean-square roughness) of 1.4-10nm. 
At 500°C, Ir and Ir02 mixture-oriented films were grown. Ir films deposited at 300°C on 
patterned SiO^Si substrates with aspect ratios of 0.3-2.0 showed good step coverage of 
70-85%. Auger analysis revealed that Ir film had no incorporation of carbon and oxygen, and 
that Ir films performed well as a diffusion barrier in PZT/Ir/SiOz/Si structure. 

INTRODUCTION 

A variety of metal and conductive oxide materials has been reported for electrode and 

barrier materials of non-volatile ferroelectric random access memories (FeRAMs) and high 

density dynamic random access memories (DRAMs). The choice of electrode materials is 

one of most important key issues because electrical properties are strongly influenced by 

electrode materials. Among many materials, Ir and Ir02 have been extensively investigated 

since the report on fatigue free PZT capacitors with Ir/Ir02 composite electrodes in 1994 

[1,2]. Good diffusion barrier properties, good electrical conductivity and high resistance to 

hydrogen atmosphere make them promising candidates for electrode and barrier materials 

[3-6]. 
In general, Ir and Ir02 films have been prepared by the sputtering method due to its 

convenience and commercial-based production. However, for the realization of future 

FeRAMs and DRAMs with a three dimensional stack structure, metalorganic chemical vapor 

deposition (MOCVD) technique will be indispensable because of its highly conformal growth, 

high growth rate, relatively low deposition temperature and compatibility of LSI process. 

There have been several reports on the MOCVD of Ir films. A variety of Ir precursors 

were used in these reports to prepare Ir films, such as IrCp(cod) (Cp : cyclopentadienyl, cod : 

1,5-cyclooctadiene) [7], Ir(MeCp)(cod) (Me : CH3) [7-9], Ir(acac)3 (acac : acetyacetonate) 

[10-13], Ir(thd)(cod) (thd : 2,2,6,6-tetramethyl-3,5-heptanedionate) [13,14], These precursors 

are solid and have a low vapor pressure. Therefore, the sublimation method [7,10-14] and 

liquid delivery method [8] were used. 

In this study, we used a new Ir precursor, Ir(EtCp)(cod) (Ir(C2H5C5H4)(L5-C8Hi2)), to 
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prepare Ir and IrÜ2 films. This precursor is liquid at room temperature and has a higher vapor 

pressure than those Ir precursors mentioned above. Crystalline properties, surface 

morphology, step coverage and diffusion barrier characteristics of MOCVD-Ir films are 
described. 

EXPERIMENTS 

In our experiments, a new Ir precursor, Ir(EtCp)(cod), was used [15,16], This precursor 

is a yellowish liquid at room temperature. Melting point is 14°C, and vapor pressure is 

O.lTorr at 105°C, which is considerably higher than that of previous solid Ir precursors. 

Therefore, Ir vapor was introduced into the reactor using conventional bubbling method. 

Figure 1 shows the schematic diagram of MOCVD equipment used for Ir and Ir02 films. The 

CVD reactor was made of quartz and the substrate susceptor was heated by IR lamp. Argon 

and oxygen were used as a carrier gas and co-reactant gas, respectively. The substrate used 

was SiO^/Si. Growth conditions are summarized in Table I. 

Crystalline structure was examined by the X-ray diffraction method (XRD). Surface 

morphology and cross sectional view were observed using scanning electron microscopy 

(SEM) and scanning probe microscopy (SPM). Film composition and diffusion barrier 

properties were analyzed using Auger electron spectroscopy (AES). 

N On/Off valve 

Needle valve 

Pressure gauge 
Healed line 

Ir source 

Fig.l       Schematic diagram of MOCVD equipment for Ir and IrOi films. 

Table I Growth conditions of Ir films. 

Substrate temperature 275-500°C 

Reactor pressure 2Torr 

Carrier gas flow rate (Ar) lOOsccm 

Reacting gas flow rate (O2) 10, 20sccm 

Precursor temperature 100°C 

Substrate SiCVSi 
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RESULTS AND DISCUSSION 

IT films were prepared on SiCVSi at substrate temperatures ranging from 275 to 500°C. 

Small amount of oxygen (10 or 20%) was introduced as a co-reactant to assist the pyrolysis 

of lr precursor [7-9,11,12]. X-ray diffraction patterns of films obtained at various substrate 

temperatures and at an oxygen concentration of 20% are shown in Fig.2. (Ill)- oriented lr 

films were successfully grown at substrate temperatures higher than 275°C. When the 

substrate temperature was 500°C, Ir02 peak was observed. Ir02 and lr mixture-oriented films 

were also grown at oxygen concentration of 10% at 500°C. 

Grain size of lr films increased as deposition temperature increased as shown in Fig.3. 

Surface roughness (root mean square roughness : Rrms) increased from 10 to 35nm as the 

substrate temperature increased from 300 to 500°C. Ir films prepared at 275 and 300°C 

showed highly reflective surfaces and Rrms of 1.4-10nm. Fig.4 shows SPM image of the 

O 
500°C   - 

o o 
c\j, 

03 

Q2. 

C 

O o 
CJ 

450°C 

400°C i . A 

350°C . 1 A 

300°C A 

275°C A 
. 

20 50 30 40 
26 [deg.] 

Fig.2   X-ray diffraction patterns of Ir films prepared at various temperatures (O2 concentration : 20%). 

^^^S"4r^; 

Fig.3      SEM microphotographs of the surface of lr films prepared at (a) 30(fC, (b) 400"C and (c) 
50CPC, respectively (O2 concentration : 20%). 
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Fig.4       SPM image ofIr film prepared at 300"C (02 concentration : 10%). 

surface of Ir film with Rrms of 1.4nm prepared at 300°C and at an oxygen concentration of 
10%. 

Growth rates of Ir films deposited at 275°C with oxygen concentrations of 10 and 20% 

were 0.3 and 5.0nm/min, respectively. They were considerably lower than those of Ir films 

prepared at 300°C with oxygen concentrations of 10 and 20%, 3.3 and 6.6nm/min, 
respectively. 

Step coverage characteristic of Ir films on various patterned substrates with aspect ratios 

of 0.3-2.0 was observed by SEM. Figure 5 shows cross sectional SEM photographs of Ir 

films deposited on patterned substrate with an aspect ratio of 1.5 by MOCVD and sputtering. 

MOCVD-Ir films on various patterned substrates showed good step coverage of 70-85%, 

which was considerably higher compared with 20-25% of sputtered-Ir films. 

In order to examine the incorporation of impurities into Ir films, Ir film prepared at 

300°C was analyzed using AES. From depth profile of AES analysis, as shown in Fig.6, no 

signal from C and O was observed in the film. Diffusion barrier characteristics for 

PZT(200nm)/Ir(50,100nm)/SiO2/Si structure were also examined using AES. Fig.7 shows the 

depth profiles of PZT/Ir/SiO^Si for different thicknesses of Ir. Both PZT and Ir were 

Fig.5 SEM photographs of Ir films deposited on patterned substrate with an aspect ratio of 1.5 by (a) 
MOCVD and (b) sputtering. 
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Fig.6      AES depth profile of Ir film prepared on SiOiISi at 300"C. 
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AES depth profiles of PZT/IrlSiOi/Si multi structure with Ir thicknesses of (a) 50nm and (b) 

prepared by MOCVD at 560 and 300°C, respectively. This Auger analysis indicates that 

MOCVD-Ir films act as a good diffusion barrier against elements of PZT. 

CONCLUSIONS 

Ir films were successfully prepared by MOCVD using Ir(EtCp)(cod) as a new Ir 
precursor. Surface roughness and grain size of films increased as deposition temperature 
increased. Ir films prepared at 275 and 300°C had metallic mirror surfaces with Rrms 
roughness of 1.4-10nm. Ir films prepared at 300°C showed good step coverage of 70-85% 
and acted as a good diffusion barrier in a PZT/Ir/Si02/Si structure. Preparation of single 
phase Ir02 films are now under investigation. 
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ABSTRACT 

Materials requirements for electrodes and barriers in high density dynamic random access 
memory (DRAM) and ferroelectric random access memory (FERAM) are reviewed, and some 
approaches to barrier materials and device geometries are described. Electrode/barrier topics 
covered in more detail include Pt reactivity with Si-containing barriers and dielectric overlayers, 
the application of a Bragg-Brentano x-ray diffraction technique to quantitatively probe Pt and Ir 
electrode morphology and thickness changes during ferroelectric processing, the stability of 
metal oxide electrode materials in reducing ambients, electrode patterning techniques (including 
Pt electroplating), and electrical properties of 3-D capacitors in 256k arrays as a function of top 
electrode annealing treatments. 

INTRODUCTION 

The conditions used for the deposition and processing of high-epsilon (HE) dielectric and 
ferroelectric (FE) materials in high density DRAM and FERAM devices place severe demands 
on the electrode and barrier materials. FE/HE materials are typically deposited and/or processed 
in oxidizing environments in the temperature range 550 - 700°C on "oxygen stable" electrodes 
that can withstand these conditions without forming insulating oxides. In particular, the electrode 
surfaces must remain free of low-epsilon oxides to avoid reducing the effective capacitance of 
the FE/HE layer. In addition, low resistance electrical contacts must be maintained between the 
electrode and underlying devices. These requirements have led to the general integration strategy 
of using electrode materials of noble metals and/or conductive noble metal oxides, with 
oxidation-resistant diffusion barriers between the electrode and underlying (silicon) contact plug. 

Electrode/Barrier Requirements 

Favored oxygen-stable electrode materials include the noble metals Pt, Ir, and Ru, alloys 
of these noble metals, and the conducting noble metal oxides RuÜ2 and Ir02. All of these 
materials have relatively high work functions (4.7-5.8 eV), and do not form insulating oxides 
when exposed to oxygen at elevated temperatures. 

The diffusion barrier material (between the electrode and underlying contact plug) must 
be conductive, resistant to the formation of an insulating oxide, a barrier to diffusion of oxygen 
and (silicon) plug material, and stable with respect to reaction with the electrode material. Fig. 1 
shows two geometrical approaches for incorporating barriers into FE/HE device structures: a 
non-recessed barrier geometry (Fig. la), and a recessed barrier geometry (Fig. lb). 
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Some failure modes for barrier 
layers are illustrated in Fig. 2 for the 
case of a simple stack electrode, silicon 
contact plug, and recessed barrier. 

Approaches to Barrier Materials 

Stack (bottom) Plate (top) 
electrode       , electrode 

Perovskite 
Recessed 

dielectric PHJlPi / barrier 

Plug 

Non-recessed 
barrier < 

B 
Figure 1. Two barrier geometries: (a) recessed; 

(b) non-recessed. 

S\ fS\  Ä 51! 
A. Plug        B. Surface SiO* c. High D. Roughening, 
oxidation     formation; lower contact de,amination 

(0 diffusion) effective epsilon resistance _ 
(Si diffusion) Barrier 

1   v   ' Barrier reaction 
Barrier allows O or Si      oxidation with electrode 

diffusion 

Figure 2. Barrier failure modes: (a) O diffusion; (b) 
Si diffusion; barrier (c) oxidation; (d) reaction. 

Barrier materials are typically 
deposited (rather than in-situ formed). 
Of the deposited barrier materials used 
for FE/HE applications, the metal 
nitrides are among the most common, 
including TiN, TaN, TiAIN, and TaSiN 
[1]. TiAIN [2] and TaSiN are more 
oxidation-resistant than TiN or TaN. 
TaSiN is of particular interest because it 
is amorphous (and thus lacking fast 
diffusion paths along grain boundaries) 
over a wide temperature and 
composition range. 

A variety of TaSiN compositions 
have   been   investigated   for   use   as 
oxidation- resistant barrier materials [3, 4, 5]. The range of optimum compositions for FE/HE 
barrier applications is identified in the ternary Ta-Si-N phase diagram of Fig. 3 excerpted from 
Ref. 5: Ta(20-25 at.%)-Si (20-45 at.%)- N(35-60 at.%). Qualitatively, the Ta content must be 
high enough for sufficient electrical conductivity, the SiN content must be sufficient for Si- and 
O-barrier function, and the N content must be sufficient to tie up the barrier's Si and prevent it 
from reacting with the electrode. 

In-situ formed barriers have been proposed 
as alternatives to deposited barriers [6]. In this 
approach, an in-situ M-O-Si barrier layer 
comprising metal M from the electrode and Si from 
the plug is formed during the initial phases of a 
silicidation reaction which is stopped by pileup of 
oxygen incorporated from the annealing ambient. 
The main concern with this approach is the 
conductivity of the M-O-Si barrier. 

A more radical approach to the problem of 
integrating a suitable barrier is illustrated 
schematically in Fig. 4, which shows a process flow 
for a "bottom-electrode-last" capacitor [7]. In 
contrast to conventional processing, where the 
bottom electrode and its contact to the underlying 
plug must survive FE/HE deposition without the 
formation of low-k oxides, the bottom electrode is 
put  on  last,  after FE/HE  deposition.  The  key 

Figure 3. Ternary phase diagram 
showing optimum TaSiN composition 
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plug structure. electrode material       and electrode        deposit FE/HE       4  sidewall deposition and 
and dielectric cap.       material. layer. /    spacer etch,    patterning 

Key to Processing: PLUG CAN BE CLEANED PRIOR TO CONTACT ELECTRODE DEPOSITION 

Figure 4. Process flow for "bottom electrode last" capacitor. 

advantage of the bottom-electrode-last process flow it that it allows the plug contact surface to be 
cleaned prior to bottom electrode deposition, although this comes at the cost of restricting the 
FE/HE layer area to the plate electrode sidewalls. Additional concerns are the requirement for a 
sidewall spacer etch of the FE/HE material, and the need for a sufficiently gap-filling bottom 
electrode deposition process. 

EXPERIMENT 

Deposition of Electrodes and Barrier Materials 

TaSiN was deposited on room temperature substrates by reactive sputtering from a TaSi2 

target using a N^Ar working gas (36% N2) having a total flow of 50 seem, and a power of 1000 
W. The Pt films were sputter-deposited on heated (350°C) substrates from a Pt target, using an 
Ar working gas and powers of 300 W (for the 10 nm films) or 1000 W (all others). The Ir films 
were sputter-deposited on heated (250°C) substrates from an Ir target, using an Ar working gas 
and a power of 1000 W. The Ir02 was deposited on heated (250°C) substrates by reactive 
sputtering from a Ir target, using a CVAr working gas (50% 02) having a total flow of 50 seem, 
and a power of 500 W. 

Deposition of FE/HE and Passivating Dielectrics 

The PbZrxTiLxOä (PZT) films used in the thickness fringe study were prepared by 
chemical solution deposition (CSD) from a mixture of zirconium and titanium butoxyethoxides 
and lead ethylhexanoate dissolved in butoxyethanol. The Bao^SrcusTiOi (BSTO) films used in 
the capacitors fabricated for the electrical measurements were formed by metal-organic chemical 
vapor deposition (MOCVD) [1] at 650°C. The 80 nm-thick passivating A1203 and SiNx layers 
deposited on the Ir02 films were formed by either room temperature reactive sputtering from an 
A1203 target in CVAr, or by a 250°C plasma-enhanced chemical vapor deposition (PECVD) 
process using SiH4/NH3/N2. PECVD conditions for other Si02 films deposited on Pt are 
described in the text. 

Analysis and Sample Treatments 

Rapid thermal anneals (RTAs) of 5 min duration were performed on sample pieces -2x2 
cm2 in size in 760 Torr of N2 or 02 in an AG Heatpulse using a ramp rate of 35 °C/sec. Longer 
(15-20 min) anneals in N2 and forming gas (5% H2 in Ar) were performed in a quartz tube 
furnace. 
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Rutherford Backscattering Spectroscopy (RBS) for composition analysis was performed 
with 2.3 MeV 4He ions, and the Bragg-Brentano 6-26 x-ray diffraction scans were performed 
with a Philips PW1729 diffractometer using Cu Ka radiation and a 29 range of 20-70°. 

RESULTS AND DISCUSSION 

Reactions of Pt Electrodes with Si-containing Dielectrics and Barriers 

Pt layers on clean silicon readily react to form silicides (e.g., PtSi, Pt2Si) during low 

temperature (ä350-400°C) annealing in inert ambients. Here we describe (i) how TaSiN layers 
with nominally suitable compositions for barrier use can react with Pt overlayers, and (ii) how 
PtSix formation can occur when Si-containing PECVD dielectric overlayers are deposited on Pt 
(presumably through reactions of the Pt with Si-containing radicals in the deposition plasma). 

Fig. 5 shows data for a 100 nm-thick Pt film sputter-deposited on a TaSiN barrier layer 
having an RBS-determined Ta-Si-N composition of 22-31-47. The substrate temperature for the 
Pt depositions was 350°C, and the depositions were either in situ (Pt deposited on TaSiN without 
an intervening air exposure) or cx-situ (Pt deposited on TaSiN after a 3-day air exposure). No Pt- 
Si reaction peaks are seen in the as-deposited film (Fig. 5a) or in the air-exposed film (Fig. 5c) 
after a 650°C/5 min anneal in N2. However, this same anneal produces strong Pt3Si peaks in the 
in-situ deposited film. RBS data indicates low levels (1.5 at.%) of silicon throughout the Pt, 
suggesting that the Pt^Si phase is dispersed throughout the Pt and not confined to a surface layer. 
Overall, these results suggest that a thin native oxide is formed at the Pt-TaSiN interface in the 
air-exposed samples, and that TaSiN layers not being exposed to air may require higher- 
nitrogen-content compositions to prevent reactions with Pt. 

Platinum silicide formation may also occur during the deposition of PECVD dielectric 
overlayers. This is illustrated in Fig. 6, which shows the x-ray diffraction spectra of three Pt 

i—i—i—r   . 
PtOOOnm)A°SiN(100oX)/Si02/Si 

(a) in-situ, os-dep 

"i—T 

(b) in-situ, 650°C/5 r ^^K^. 
(c) oir break, 650°C/5 min N2 

PtaSi 

Pt<111> 
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Mosk/Pt/SiOj/Si 
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2G (DEGREES) 

Figure 5. X-ray diffraction spectra ofPt(100 
nm) films on TaSiN: (a) Pt in-situ deposited, no 

anneal; (b) Pt in-situ deposited, followed by 
650"C/5 min N2; (c) Pt ex-situ deposited (after a 
3-day air break), followed by 650"C/5 min N2. 

Note peaks from the PtjSi phase in (b). 

32   36   40   44   48 

20 (DEGREES) 

Figure 6. X-ray diffraction spectra of Pt 
films on Si02 (a) as-deposited Pt(40 nm), 
(b) Pt(100 nm) after deposition of 750 nm 

"silane" Si02; (c) Pt(50 nm) after 
deposition of 200 nm "ozone TEOS" Si02. 
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films deposited on SiCVSi substrates. Fig. 6a shows a reference spectrum for an as-deposited 40 
nm-thick Pt film with no overlayer; Fig. 6b shows the spectrum for a Pt(100 nm) film after the 
deposition of a 750 nm thickness of a 400°C silane oxide (from SiH4/N20/N2); and Fig. 6c shows 
the spectrum of a Pt(50 nm) film after the deposition of 200 nm of a 400°C ozone TEOS (from 
TEOS/O3/O2). The suicide peaks after ozone TEOS deposition were again identified as Pt3Si. 
Again, the Pt3Si phase appears to be distributed throughout the thickness of the Pt film, based on 
the fact that the relative intensity of the Pt3Si peaks (relative to Pt) was not changed by a CF4/O2 
reactive ion etch used to remove the top half of the Pt film. 

These results indicate that Si can be incorporated into Pt electrodes from both overlayers 
and underlayers, and that this factor should be considered in any integration scheme. However, a 
certain amount of dielectric-Pt reaction may be desirable, since anecdotal evidence indicates that 
dielectric overlayers showing PtSix peaks have better adhesion to the underlying Pt. 

n—1—m    1    1    r 
PttlOnmJonSiOjorToSN 

Thickness Fringe Probe of Pt and Ir Electrodes 

Here we describe the technique of Bragg-peak thickness fringe analysis and show how it 
can be used to probe thin (10-20 nm) Pt and Ir electrode layers on a variety of substrates [8,9]. 
Thickness fringe analysis is normally restricted to single crystal films since polycrystalline films 
typically lack the necessary structural coherence (such as might be realized with a collection of 
identically oriented grains whose lateral dimensions greatly exceed the film thickness). In 
addition, thickness fringe analysis 
normally requires high-resolution 
diffractometers to resolve fringes in the 
film thickness range of interest (e.g., 50 - 
500 nm for silicon-on-insulator (SOI) 
applications [10]). However, thin Pt and Ir 
films deposited by physical vapor 
deposition are usually highly textured 
(with a strong 111 orientation) and, after a 
post-deposition grain growth anneal, can 
have a grain size many times the film 
thickness. This allows thickness fringes to 
be observed with Bragg-Brentano x-ray 
diffraction using normal resolution [8,9]. 
The fringe contrast (or modulation 
amplitude) provides a qualitative measure 
of film roughness, and the spacing of the 
thickness fringes provides a quantitative 
measure of film thickness. Film thickness 
is approximately equal to X/[h2Q * cos 
9B], where X is the x-ray wavelength 
(0.154 nm for Cu Ka), 9B is the Bragg 
angle (equal to 26/2, where 26 is the 
location of the intensity maximum in a 6- 
28 scan), and A26 is the fringe spacing in 

40    41 
26 (DEGREES) 

Figure 7. The 111 reflection from Pt(10 nm)/Si02 

films (a) as-deposited; (b) after 450"CI5 min N2; 
after 650"CI5 min in N2 (c) or 02 (d). Same as (c), 

except for TaSiN substrate. 
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Figure 8. The 111 reflection from lr(10 nm) 
films: (a) as-deposited; (b) after 450"C/5 min 

N2; after 650"CI5 min in (c) N2 or (d) 02. 
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Figure 9. The 111 reflection from lr(10 nm) 
films (a) before and after 650"C/1 min 02; 

(b) before and after PZT crystallization 
(700"O 5 s + 650"C!60 min 02). 

29 space [11], although more exact expressions (derived by Zolotoyabko using an extended 
kinematical approach [11,8]) were employed to obtain the thickness values used here. 

Figs. 7 and 8 show x-ray diffraction data for nominally 10 nm-thick sputter-deposited Pt 
(Fig. 7) and Ir (Fig. 8) films after a variety of annealing treatments. No fringes were observed in 
the as-deposited films (Figs. 7a and 8a). In Pt, fringes are clearly present after annealing in N2 at 
450°C for 5 min (Fig. 7b), and substantially stronger after annealing in N2 at 650°C for 5 min 
(Fig. 7c). Oxygen annealing at 650°C for 5 min produces fringes nearly identical to those 
produced by the same anneal in N2 (Fig. 7d), indicating the absence of Pt oxidation, and Pt 
deposited on air-exposed TaSiN/Si02 (nominal Ta-Si-N composition 20-30-50) also showed 
strong fringes after N2 annealing at 650°C for 5 min. 

In contrast to the results for Pt, only hints of fringes can be seen in Ir after the 450°C/5 
min N2 anneal (Fig. 8b). However, the fringes are quite strong after N2 annealing at 650°C for 5 
min (Fig. 8c). The absence of fringes in the sample annealed in 02 at 650°C for 5 min suggests 
that the Ir02 formation disrupts the ordering and grain growth of the Ir film (Fig. 8d). 

Fig. 9 shows two examples of how changes in Ir fringe spacing can be used to 
quantitatively determine the amount of Ir consumed by oxidation during different types of 
processing. The films for both experiments were first given a fringe generation anneal in N2 at 
650°C. Figs. 9a - 9b show data for a bare Ir film before (Fig. 9a) and after (Fig. 9b) thermal 
oxidation in an atmosphere of 02 at 650°C for 5 min, and Figs. 9c - 9d show data for an Ir film 
coated with a chemical solution deposited PZT(230 nm) layer, before (Fig. 9c) and after (Fig. 9d) 
PZT crystallization in an atmosphere of 02 (700"C/5 s + 650°C/60 min). The bare Ir film had an 
initial thickness of 12.6 nm, 2.4 nm of which was consumed by oxidation, and the PZT-coated 
film had an initial thickness of 12.4 nm, 1.2 nm of which was consumed by oxidation. The PZT 
film clearly had a protective effect, since less Ir was consumed for a much longer anneal. A more 
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Figure 10. Schematic Ellingham plot. 

At temperature A, decomposition of the 
more stable Af02 is prevented by a poi 

of 10 mTorr, whereas 1 Torr is 
required for the less stable MOj. 

complete description of these experiments can be found in Ref. 9, and applications of this 
technique to the detection of Ir lattice damage induced by reactive ion etching can be found in 
Ref. 8. 

Stability of IrO? in Reducing Ambients 

The conductive metal oxides Ru02, Ir02, 
and PtOx can lose oxygen in reducing 
environments. The partial pressure of oxygen 
required to prevent decomposition at a given 
temperature can be estimated with the use of 
Ellingham plots [12], shown schematically in Fig. 
10. Free energy values AG=AH-TAS are plotted vs. 
T for different metal oxides (e.g., M02 and M'02), 
along with values of AG= RT log poi for selected 
oxygen pressures p02. The temperature point at 
which these two AG lines intersect indicates the 
equilibrium p02 for that metal oxide at that 
temperature. Thermodynamic data for Ru02 and 
Ir02 can be found in Ref. 13. 

According to recent measurements [14], an oxygen partial pressure p02 of -20 mTorr is 
required to prevent Ir02 decomposition at 600°C. This result is in good agreement with 
thermodynamic predictions, which also indicate that a/>02 of 100 mTorr would be needed at a 
temperature of 650°C. Most FE/HE deposition processes 
are situated in the stable region of the p02/temperature 
parameter space, but care may be needed to ensure 
sufficient oxygen during "degas" steps when the substrates 
are heated to temperature. Ru02 is significantly more stable 
than Ir02, but most PtOx (0.1 < x < 1.4) materials will lose 
oxygen at 650°C even in 760 Torr of 02 [15]. 

While Ir02 films will begin to decompose during 
annealing at very low p02, decomposition is not 
instantaneous and can be further slowed by the presence of 
overlayers. Here we examine the effect of nitrogen or 
forming gas (5% H2 in Ar) anneals on bare and passivated 
Ir02 films prepared on poly-silicon/Si02/Si substrates. Fig. 
11a - lie show x-ray diffraction traces of the as-deposited 
Ir02 films, with and without overlayers of 80 nm of a 
250°C SiH4/NH3/N2 PECVD SiNx or a room temperature, 
reactively sputtered A1203. All three Ir02 films showed 
identical XRD traces, suggesting that the H in the SiNx 
deposition process did not produce significant reduction. 
However, a hint of a shoulder at the Irlll position is 
visible in the bare sample that received a N2 anneal at 
400°C for 5 min (Fig. lid), and the Irlll peak is clearly 
visible in the sample that received a N2 anneal at 650°C for 

Figure 11. X-ray diffraction 
spectra of IrOi films on poly-Si: 
(a) as-deposited; after deposition 
of 80 nm Al203 (b) or SiNx (c); 
bare /r02 after N2 anneals at 

400°Cfor 20 min (d) or 650"Cfor 
5 min (e). 
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5 min (Fig. lie). 
All three Ir02 samples subjected to a 20 min anneal in forming at 400"C (bare, and coated 

with A1203 or SiNx) delaminated from the substrate and turned into a wispy Ir dust. 

Electrode Patterning Issues 

Ru-based electrodes (Ru and Ru02) are relatively easy to pattern subtractively by reactive 
ion etching (RIE) in oxygen-based plasma [16], due to the volatility of the Ru04 etch product. In 
contrast, Pt- and Ir-based electrodes lack volatile oxides or halides. Plasma-based patterning at 
moderate temperatures (<100°C) thus relies on physical sputtering as the etch dominant 
mechanism. This leads to the problem shown in Fig. 12a: Pt "ears" formed by Pt redeposition on 
a non-erodible thick mask. At the other extreme, Fig. 12b shows the sloped Pt sidewalls that can 
result from RIE with an erodible mask. 

x>1  ktinw 
-*>:       *■-. 

Figure 12. Electrode geometries resulting from various Pt RIE processes: (a) redeposited 
Pt "ears" or "fences;" (b) sloped sidewalls; (c) vertical sidewalls. 

TiN and other metal nitrides can be acceptable mask materials for low temperature 
(<100CC) CI2-based Pt RIE if 02 is added to the RIE gas mixture to improve Pt-to-TiN selectivity 
[17]. Si02 masks can work with hot (»100°Q RIE processes, because Pt etch rates and Pt-to- 
Si02 selectivity greatly increases with increasing temperature. Fig. 12c shows Pt electrodes 
patterned in an Applied Materials hot DPS tool with a SiO2(0.6um)/TiN(30 nm) hard mask and 
>350°C chuck temperature. 

Patterning approaches based on through-mask electroplating have also been proposed 
[18] and demonstrated [19,20]. Fig. 13 shows a schematic of the through-mask plating process. 
Fig. 14 shows electrodes made with this process at a stage in processing corresponding to Fig. 
13d. Plating was performed on 8" wafers in a 65°C KOH solution of "Pt A salt" (Engelhard) at 
6.0 mA/cm2 (0.415A) for 140s, using a 50 nm-fhick Pt plating base and a 200 run-thick mask of 

n 
A. Blanket deposit 

conductive (Pt) plating 
base. 

B. Apply and pattern 
insulating mask 
material. 

"TH     rr]     r¥n 
C.Through-mask     D.Removemask E. Remove 

electroplate (Pt)      material. exposed 
electrode material. Platm3 base- 

Figure 13. A schematic illustration of a through-mask plating process. 
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PECVD ozone TEOS which was removed by an HF dip after plating. The electrodes have a 
diameter of 0.18 (im, a height of 0.2 um, and a pitch of 0.4 ,um. Integration concerns include 
reactions of the dielectric mask with the underlying Pt plating base (although this can improve 
mask-to-seed layer adhesion), and erosion of the dielectric mask by the plating solution (which 
can lead to the non-vertical sidewalls seen in the plated Pt features of Fig. 14c). 

r* ■ if if/f * "H 

Figure 14. Scanning electron micrographs of plated Pt electrodes on a Pt plating base: top 
view (a); side views (b) and (c). 

Capacitance and Plug Resistance in 256k 3-D Capacitor Arrays 

Here we describe the effects of 15-20 min post- electrode anneals on the leakage, 
capacitance and plug resistance of capacitors in 256k 3-D arrays as a function of annealing 
ambient (atmospheric pressure 02, or N2 with 20 ppm 02) and temperature (400-550°C) [21]. 
The capacitors have a trilayer recessed barrier and a bottom electrode area of -0.4 u.m . The 
geometries of the capacitors and plug arrays are shown schematically in Fig. 15. 
Top electrode annealing is needed to reduce capacitor leakage current to acceptable levels. As 
can be seen from Fig. 16, satisfactory leakage is seen wth 02 annealing at temperatures above 
400-450°C. Some reduction in leakage is obtained by annealing in N2, but the leakage reductions 
are not enough for N2 to be considered a viable 
replacement for 02. 

Fig. 17 shows that capacitance per cell (Cceii) 
changes with annealing in 02, but is not affected by 
annealing in N2. In 02, Ccen gradually increases with 
annealing temperature, reaching a maximum at an 
annealing temperature of 500°C. But anneals at 
temperatures above 500°C produce large drops in 
capacitance, a result which we attribute to the formation of 
a low-k series capacitance from barrier and/or plug 
oxidation. However, the important thing to note from Figs. 
16 and 17 is that there is a "process window" for oxygen 
annealing in the 400-450°C range that provides both 
acceptable leakage and capacitance. 

Fig. 18 tracks how the individual plug resistance 
values Rpiug are affected by BSTO deposition and 
subsequent annealing. Rpiug is about 20 kü, prior to BSTO 

MOCVD 
BaoySroäTiOa 
IrOa 
-Ir 
TaSiN 

poly-Si 

Figure 15. Capacitor geometry 
(a); array schematic (b). 
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15 min anneals       
+1 or-1 Vdc 

25  1 1 1 1 1  

15 min anneals      N2 

 o2 

0     100   200   300   400   500   600 
ANNEALING TEMPERATURE (°C) 

Figure 16. Cell leakage vs. anneal 
temperature in N2 or O2. 

Conditions: +1 V (+); -1 V (o). 

0     100   200   300   400   500   600 
ANNEALING TEMPERATURE (°C) 

Figure 17. Cell capacitance vs. 
anneal temperature in N2 or O2. 

deposition, and increases to 35-40 k£2 after BSTO and top electrode deposition. Rp,UE becomes 
unacceptably high (~1 MQ.) after oxygen annealing at 500°C for 15 min, but remains tolerable 
after anneals in 02 or N2 at 400-450°C for 20 min. Interestingly, the BSTO has a protective effect 
against plug oxidation: after a 500CC/15 min 02 anneal, Rplllg without BSTO is 33 Mß vs. 1 MQ 
with the BSTO in place. 

CONCLUSIONS 

Much progress has been made in 
identifying, processing, and integrating 
barrier and electrode materials for use with 
ferroelectric and high-epsilon materials, 
although many challenges remain. 
"Middle ground" oxidizing conditions 
reflecting a compromise between the 
higher oxygen exposures preferred for 
FE/HE deposition and processing, and the 
somewhat lower oxygen exposures that 
can be tolerated by the barrier materials, 
will probably be necessary for 
conventional ("bottom electrode first") 
process flows. 
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Figure 18. Resistance of~0.2/lm diameter 
plugs vs. annealing conditions. 
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ABSTRACT 

Due to its resistance to oxidation, TaSiN is a promising candidate as an electrically 
conductive barrier layer for integration of high permittivity oxides in advanced memory 
devices. In this study we report on the properties and the resistance to oxidation of TaSiN 
thin films deposited by reactive magnetron sputtering and processed by rapid thermal 
annealing (RTA) in 1802 at 650°C. In order to determine the composition, RBS (Rutherford 
Backscattering Spectroscopy) and NRA (Nuclear Reaction Analysis) techniques have been 
used. 180 depth profile concentrations were measured after RTA using the narrow 
(fwhm=100eV) resonance at 151 keV in the nuclear reaction 180(p,oc)15N. 

INTRODUCTION 

The use of ferroelectric (FeRAM) and high dielectric constant (DRAM) perovskite oxides, 
in advanced memory devices, requires the presence of a diffusion barrier between the 
capacitor's bottom electrode layer and the poly-Si plug. This barrier must prevent chemical 
electrode/plug interactions and plug oxidation, and must remain electrically conductive 
after annealing in oxygen. 
Al-Ta bilayers as well as a number of refractory metal nitrides have been proposed as 
oxygen diffusion barriers, including TiN, TaN and compositions of TaSiN and TiAlN. 
TaxSiyNz alloys (TaSiN in the following) are amorphous, ternary mixtures of the three 
elements which are electrically conductive over a wide range of compositions. A 
systematic study of this material as an oxygen diffusion barrier has not been extensively 
reported and only a few papers have been published. ' ' 
In this paper, we report on the properties and the oxidation behavior of TaSiN thin films 
deposited by reactive magnetron sputtering of a TaSi2 target, using a new analytical tool in 
this field:180 tracer profiling. The composition of TaSiN films has been optimized in order 
to prevent oxidation of the underlying Si as well as to maintain a low electrical resistivity 
under high temperature oxidation, up to 650°C. 

EXPERIMENTAL PROCEDURE 

TaSiN films, with thicknesses ranging from 80 to 120 nm, were deposited at room 
temperature by reactive rf magnetron sputtering of a TaSi2 target in an Ar-N2 atmosphere. 
Thin film properties were studied as a function of rf power density (from 1.6 to 4 W/cm ) 
and N2 to Ar flow ratio for three different pressures (0.5, 1 and 3 Pa). The distance (z) 
between substrate and target was fixed at 7 cm. According to the kinetic theory of the 
gases4, we can consider, in our particular deposition conditions, that when the gas pressure 
is lower than 1 Pa, the mean free path of the atoms ejected from the target is higher than z 
and the transport regime in the plasma can be considered as ballistic. For a gas pressure 

CC2.2.1 



higher than 3 Pa, only N atoms are unthermalized. The different deposition parameters are 
summarized in table 1. 
The thermal stability of TaSiN, as an oxygen diffusion barrier, has been investigated under 
typical conditions for device processing: as-deposited films with different N content were 
subjected to rapid thermal annealing (RTA) at 650°C under 1 atm of 1802 (96.99 % 
isotopic enrichment). In this paper, annealing conditions will be presented as follow: 
temperature [650°C] / heating rise time [2 s] / heating time [30 s] (650°C/2s/30s). 
The as-deposited and annealed samples were studied using atomic force microscopy 
(AFM) to characterize surface morphology, X-ray reflectometry to determine film 
thicknesses and 4-point probe to measure film resistivity. Rutherford backscattering 
spectroscopy (RBS) was used for quantitative determination of Ta content in the films. 
Oxygen, nitrogen and silicon content of thin films were determined respectively using the 
following selective nuclear reactions : 16O(d,p0)17O, 14N(d,cx)12C, 14N(d,p)15N, and 
28Si(d,p)29Si. For these analyses, TaSiN thin films were deposited on GaAs and/or SiO^Si 
substrates. 
Study of oxygen behavior after RTA has been possible thanks to the use of the very narrow 
(fwhm = 100 eV) resonance in the nuclear reaction 180(p,a)15N at 151 keV. The depth 
profile of interest was deduced by comparison of the data with theoretical excitation curves 
calculated for assumed concentration profiles with the SPACES 5 simulation program. 

Table 1: deposition conditions. 

Power density 
(Wlcm2) Pressure (Pa) 

Ar flow rate 
(scan) Flow ratio N2 1 Ar (%) 

1.6-4 

0.5 20 5,7.5,10 
1 50 2 
3 100 and 50 0.5,1,2, 3 (Ar f. r. = 100 seem) 

2 (Ar f. r. = 50 seem) 

RESULTS 

As deposited films: 

Figure 1 shows AFM images (2.5*2.5 urn2) corresponding to the surface of TaSiN films 
deposited respectively at 0.5 Pa and 3 Pa. It is seen that when decreasing the pressure the 
surface of the film becomes smoother. This result can be explained by the difference in 
energy of the incident atoms arriving on the film surface. Indeed, the sputtered atoms have 
more energy at low pressure since they are unthermalized. It is reasonable to expect that 
they should have a greater surface mobility allowing them to reach the nucleation sites 
more easily, which might induce a lower roughness. 

a)  L W 

Fig 1: AFM image for films deposited at a) 1 Pa ; b) 3Pa. 
These two films were made under identical conditions of flow (Ar = 50sccm ; N2 = 1 seem) and power 
density (2.65W/cm2). 
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Figures 2 and 3 show the atomic density (in at./cm3), the total density (in g/cm ) and the 
resistivity of as deposited TaSiN thin films as a function of the rf power density at 
respectively 0.5 Pa and 3 Pa. First, we notice that whatever the deposition parameters, the 
ratio of Si/Ta stays close to that of the target (Si/Ta=2). However, the nitrogen content 
always decreases with increasing rf power density. This could be explained by a 
competition between nitrogen adsorption at the target surface and its sputtering rate: at low 
power density, the sputtering rate being low, the target surface is continuously re-covered 
by nitrogen so the corresponding deposited films are nitrogen rich. When power density 
increases, the sputtering rate increases as well and the cathode surface begins to be 
uncovered so the TaSiN thin films become nitrogen poor 6. Above 3.2W/cm2, even if the 
composition ratio Si/Ta remains close to 2, Ta and Si atomic contents decrease whatever is 
the gas pressure in the chamber. This effect could actually be attributed to a change of 
porosity that has been observed experimentally when TaSiN films are deposited at high 
power density. In addition, the regime in which we choose to deposit our films will also 
affect the oxygen contamination. In fact, one can see in figure 2c and 3c that the oxygen 
contamination is much higher in the thermalized regime (3 Pa) than in the ballistic regime 
(0.5 Pa). At low pressure and for a power density between 1.5 and 3.5W/cm , this 
contamination does not depend of the film thickness. This result suggests (or indicates) that 
oxygen is not incorporated during deposition but after taking out the samples from the 
reactor chamber. The fact that the contamination increases with power density could be 
attributed to a roughness effect. Experimental observations by AFM are currently in 
progress. At high pressure (3 Pa) oxygen reaches a minimum value (fig 3c) when Ta and Si 
contents are maximum (i.e near 2.65 W/cm2). For a given power density we have seen that 
oxygen content varies linearly with thickness meaning that it is present through all the film 
and not only at its surface. This oxygen certainly comes from the residual vaccum which 
mainly consists of H2O.  

Power dsnsity (W/cm) Power density (W/arf) 

"I   "■' it 

4000 

5C00 : 

3000-t 

Power ctensity (W/on) Power Density (W/cm) 

Fig 2: films deposited at 0.5 Pa with N;>/Ar=5% :a) atoms of Ta and Si / cm3; b) atoms of N / cm3 

c) atoms of O / cm3; d) evolution of resistivity and density. 
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Fig 3: films deposited at 3 Pa ; N2/Ar=0.5%   :a) atoms of Ta and Si / cm3, b) atoms of N / cm3 

c) atoms of O / cm3, d) evolution of resistivity and density 

Since the composition ratio Si/Ta is almost the same for all the films we have studied the 
influence of N content on the resistivity for low oxygen contamination thin films (fig 4). 
These films were deposited at low pressure, 0.5 and 1 Pa with power densities between 1.6 
and 3.2 W/cm2. For a nitrogen content above 35% the resistivity becomes very high. Note 
that films made at higher power densities (over 3.5W/cm2) are not considered as they are 
porous and exhibit high resistivity: their properties are independent of nitrogen content. 

8000 - ■  I i ' 
• ' 

7000 - - 
6000 • 
5000 " 
4000 - 
3000 . 
2000 • • • - 
1000 • • 

 ■ 

• • •• 
« 

" 
25 30 35 

N oontsnt (%) 

Fig 4: resistivity as a function of N content 
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Annealed films: 

After a RTA at 650°C under 1802, the films remain amorphous and no Ta loss has been 
observed within the accuracy of RBS technique. In contrast with the RTA of TiAIN 
barriers, this annealing treatment does not induce any variation in N content. Since TaSiN 
films are deposited directly on Si subtrates, we cannot extract any information about the Si 
behavior during annealing. Table 2 shows the number of 180 atoms incorporated into the 
TaSiN films during RTA. For low pressure (0.5Pa), lsO incorporation depends on power 
density. Figure 5 shows the excitation curve and the corresponding depth profile obtained 
by resonance nuclear reaction analysis for three different deposition conditions. Power 
density of 2.65 W/cm2 and low pressure (0.5 Pa) induce a superficial oxidation of TaSiN 
films. However, when either decreasing the power density to 2.2 W/cm2 or increasing the 
pressure to 3 Pa it turns out that the resistance against oxidation resistance is reduced. 
Indeed, the oxide layer created by the out-coming oxygen spread over a much larger 
thickness in the film which clearly indicates a lower oxidation resistance. 

Table 2: properties of TaSiN films. 

Pressure 
(Pa) 

Power densit} 
(W/cm2) 

Flow ratio 
Nz/Ar 

Composition as 
eposited (on GaAs) 

Resistivity 
as deposited(u ohms- 

cm) 
(on Si) 

0.5 2.2 5% Ta21Si45N3i03 
1130 7.5*1016 

0.5 2.65 5% Ta25Si46N2603 
939 3.4*10'" 

0.5 2.2 7.5% Tai9Si39.5N3902.5 2519 6.4*10lb 

0.5 2.65 7.5% Ta23Si41N3204 2002 3.35*10" 

3 2.65 2% Ta2oSi38N270i5 3321 8*1016 

a) 

ü 

0.5 Pq 2.65W/OT? 

0.5Pa2.2W/cm 

TqAAo15 
3 Pa 2.65W/crrf 

150     152     154     156     153     160     162 

Ereg<kö/) 

b) 
4.5 

4.0 

<£ 3.5 

" 

r'  \  ■  i  ■~T"'  i  '  i  '  i  ■  i  '  i  '  i 

"l—|              TqjW35   ■ 
1                        3FÜ2.65WOT1 . 

3 30 
I 

1  2.0 
1            Tq,9*N,,q 
' 1             0.5Ftj22Wcrri 

JZ   15 

1«. 
0.5 

0.0 i . i . i . i . i . i . i . i . ■ . i 

0    5    10   15   20253035404550 

TMckress (|^<rn) 

Fig 5:    a) excitation curve and simulation 
b) depth profile of 180. 
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CONCLUSION 

In this paper we have shown the importance of the deposition parameters in the obtention 
of oxidation resistance TaSiN thin films. As-deposited films made at 0.5 and 1 Pa exhibit 
more desirable qualities than those made at 3 Pa in terms of surface roughness and oxygen 
contamination. Power density and pressure have a crucial effect on oxidation resistance. 
Films made at low pressure (0.5 Pa) and a power density of 2.65 W/cm2 present high 
oxidation resistance. XPS measurement are forms at the surface of the barrier layer. 
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ABSTRACT 

lr-Ta-0 composite bottom electrode has extraordinary high temperature stability. 
It can maintain good conductivity and integrity even after 5min annealing at 1000 °C in 
oxygen ambient. The thermal stability of Ir-Ta-O on different substrates has been studied. 
It shows that Ir-Ta-O is also very stable on Si and Si02 substrates. No hillock formation 
and peelings of the bottom electrode were observed after high temperature and long time 
annealing in 02 ambient. SEM, TEM, XRD, and AES have been used to characterize the 
Ir-Ta-O film and the interfaces between Ir-Ta-O bottom electrode and Si or Si02 

substrate. The composition and conductivity changes of the electrode during oxygen 
ambient annealing and the interdiffusion issue will be discussed. Furthermore, Ir-Ta- 
0/Si02/Si capacitor with 30Ä gate oxide was fabricated and the C-V and I-V 
characteristics were measured to confirm the stability of Ir-Ta-O on thin gate oxide. 

INTRODUCTION 

Thin films of Ir, Pt, Ru, Ir02 and Ru02 have been extensively studied for the 
application as electrode materials in FeRAM and DRAM devices[ 1-10]. In addition to 
the advantages of chemical stability and low resistivity, noble metal oxides can also 
improve the fatigue property of ferroelectric material such as PZT by preventing space 
charge formation at the electrode and ferroelectric material interface. However, some 
problems, such as hillock formation and film peeling caused by stresses, poor adhesion, 
and oxidation of the barrier layer, have limited the application of these electrodes in very 
high temperature in oxygen ambient, which is the required deposition and annealing 
condition for some ferroelectric materials such as SrBi2Ta209. 

It has been reported previously that grain boundary precipitation can inhibit 
hillock formation, improve the structural stability, and enhance the barrier property of 
thin films[l 1]. Yoon et al [12, 13] found Ru02 stuffed Ta barrier was more resistant to 
oxidation and oxygen diffusion than nitrogen stuffed polycrystalline nitride. There was 
no increase in sheet resistance even after 800°C annealing for 30 min in air. They also 
found Ru02 stuffed Pt can prevent the oxygen diffusion up to 650°C for 30 min. A Ru-Ti 
alloy with high Ru composition was found to have better thermal stability and better 
barrier properties against interdiffusion of Si and oxygen than Ru metal alone[14]. 

Comparing with Pt and Ru, Ir has been reported to have better barrier property 
against oxygen diffusion. Ta and TaN are more resistant to oxidation than Ti and TiN are. 
The refractory nature of both Ta and Ir, and the high formation temperature of their 
compounds have assumed their increased thermal stability of the Ta-Ir system [15]. It is 
expected that the oxygen diffusion resistance and structural stability of the Ir-Ta system 
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can be further improved by oxygen incorporation. The purpose of this paper is to study 
the effect of Ta and oxygen addition into the Ir film. The microstructure and phase 
changes of Ir-Ta-0 thin film during oxygen ambient annealing have been characterized. 
The thermal stability of Ir-Ta-0 on different substrates was studied. The electrical 
properties of Ir-Ta-0/Si02/Si capacitor were characterized by C-V and I-V 
measurements. 

EXPERIMENT 

The Ir-Ta-O/Ta/Si structure was fabricated first. The silicon (100) p-type wafer 
was dipped in dilute HF solution, DI water rinsed and spin dried before loading into a 
sputtering chamber. The base pressure of the sputtering chamber was around 3xl0"7 Torr. 
The sputtering chamber was equipped with two separate sputtering targets. The purity of 
the 4-inch diameter Ta and Ir targets are 99.95% and 99.8% respectively. Ta film was 
deposited by DC sputtering in pure Ar. The thickness is about 30 nm. Ir-Ta-O film was 
deposited by reactive sputtering Ir and Ta in Ar-02 mixture with flow ratio of Ar: 02 at 
1:1. The thickness is about 200nm. The chamber pressure was maintained at 10 mTorr for 
Ir-Ta-0 film deposition. The DC power on both Ir and Ta targets was about 300 W. The 
deposition sequence was as follows: Ta layer was deposited on the Si substrate first, then 
the Ir-Ta-0 film was deposited on the Ta layer. The deposition was performed at room 
temperature. After deposition of the films, the Ir-Ta-O/Ta/Si structure was annealed in 
furnace in oxygen atmospheric ambient at 800°C for 30, 60, and 90 min respectively. 
The microstructure and phase changes of the Ir-Ta-0 film were characterized by X-ray 
diffraction. The morphology changes of the structure were examined by scanning 
electron microscopy and transmission electron microscopy. Sheet resistance changes of 
the films were measured by four-point probe. 

Secondly, the Ir-Ta-O/Si and Ir-Ta-0/Si02 structures were fabricated. The 
deposition condition of the Ir-Ta-0 film on Si and Si02 substrates was the same as 
mentioned above. The Ir-Ta-O/Si and Ir-Ta-0/Si02 structure were also annealed in 
oxygen ambient at 800°C for 10 min.. The composition and the interdiffusion between 
different layers were analyzed by auger electron spectroscopy depth profile. In order to 
study the effect of thickness increase of Ir-Ta-0 film on the structure stability, an Ir-Ta- 
O(200nm)/SiO2 (3.0nm)/Si (500nm) stack structure was fabricated by stack etching. This 
structure was also annealed in 02 ambient at 800°C for 10 min. SEM was used to study 
the stability of this structure. 

Thirdly, the Ir-Ta-O(200nm)/SiO2(3.0nm)/Si capacitors were formed on 150mm 
diameter p-type (100) Si substrates. Openings were made in 1000Ä thermal oxide by 
photo patterning and HF wet etching, followed by gate oxidation using a 02/N20 recipe 
at 850 °C that results in a 30Ä nitrided oxide. Then Ir-Ta-O was deposited on Si02 using 
the same condition as mentioned above. The Ir-Ta-O/SiOi/Si capacitor was then 
fabricated by dry etching Ir-Ta-0 film. The capacitor sizes are of 100 x 100 um2, 200 x 
200 pm2 and 400 x 400 urn2 respectively. C-V and I-V characteristics were measured on 
an HP4284A before and after oxygen ambient annealing. 
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RESULTS AND DISCUSSION 

Figure 1 is the TEM picture of the as deposited Ir-Ta-0 film . In contrast to the 
typical large grain and columnar structure observed in e-beam evaporated and DC 
sputtered Ir and Pt films, this Ir-Ta-0 film exhibited a finer polycrystalline granular 
structure. 

It has confirmed that the thickness, the conductivity and phases of the Ir-Ta-0 
film are rather stable once most of the Ir and Ta was oxidized to Ir02 and Ta205 [16]. 
Figure 2 is the XRD spectrum and sheet resistance changes of the Ir-Ta-0 film after 
800°C annealing for 30, 60, and 90 min annealing in oxygen ambient. No significant 
phase changes are observed after different duration time annealing. The sheet resistance 
maintained almost the same after the initial decreasing that is believed to be caused by 
the crystallization and grain growth of the Ir-Ta-0 film [16 ]. 

AES depth profile were obtained on both Ir-Ta-O/Si and Ir-Ta-O/SiO^Si samples 
as shown on Figure 3 and Figure 4. They showed that the interfaces between Ir-Ta-O and 
Si, and between Ir-Ta-0 and SiÜ2 are very stable. No significant interdiffusion observed 

Figure 1. TEM cross-section of 
Ir-Ta-O/Ta/Si Structure 
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Figure 2. Long time annealing of Ir-Ta-0 for 30, 60, 90 min respectively, 
(a) XRD spectra; (b) sheet resistance changes 

CC2.3.3 



500 

Figure 3 

100- 

90 

(b) 

Ir 

O 

N 
 -—,i..~ -. 

4000 « «wra —uuw juiiu 4UUI 

AES spectra of Ir-Ta-O/Si structure (a) before and (b) after oxygen 
annealing at 800°C for 10min 
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Figure 4. AES spectra of Ir-Ta-O/SiOj/Si structure (a) as deposited, (b) after oxygen 
annealing at 800°C for lOmin 

after 800°C 10 min annealing in oxygen ambient. But this does not eliminate the 
possibility of thin Si02 layer formation at the Si surface because of the existence of 
oxygen at the interfaces. In order for this film to be used in some type of FeRAM and 
DRAM devices, in which low contact resistance is required between the bottom electrode 
and polysilicon substrate, an oxidation resistant barrier layer is required. It can be seen 
from Figure 3 (b) and Figure 4 (b) that the further oxidation of Ir-Ta-0 film after 
annealing is uniformly across the whole film thickness, which means that oxygen can 
diffuse through the Ir-Ta-0 film. 

It has been found that the thickness of Ir-Ta-O film increased after high 
temperature annealing due to the oxidation of the Ir and Ta. Similar increasing of the 
thickness was observed for Ru enriched Ru-Ti alloy during oxygen ambient 
annealing[14]. But their results showed that the oxidation only occurred at the surface 
and that prevented further oxidation of Ru-Ti layer. In contrast, the Ir and Ta in the Ir- 
Ta-0 film were almost totally oxidized. This was probably due to high Ta ratio in the Ir- 
Ta-0 film. 

Figure 5 is the shallow trench isolation (STI) structure after stack etching of Ir- 
Ta-O /Si02 (3.5nm) / Si (500nm). Figure5 (a) is the just etched structure and figure 5 (b) 
is the etched structure after 800°C 10min annealing in oxygen ambient. Although there 
are some thickness and volume increasing after annealing, no destructive structure failure 
observed. CVDILD deposition can easily fill the silicon trench and obtain good step 
coverage. 
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Figure 5. Structure stability of of Ir-Ta-O /Si02 (3.0nm) / Si (500nm) (a) as etched, 
(b) after 800°C annealing for 10min. in oxygen ambient 

For Ir-Ta-O/SiCVSi capacitor, C-V characteristics measured on both the as 
deposited and annealed Ir-Ta-O/SiCVSi capacitors. The C-V characteristics of the as 
deposited capacitor show leakage problem as shown on figure 6 (a). This is due to the Ir 
and Ta metal existed in the as deposited Ir-Ta-0 film. After 800°C annealing in oxygen 
ambient for 10 min, Ir and Ta metal were oxidized to Ir02 and Ta205, the interface of Ir- 
Ta-O and Si02 interface was also improved. Excellent C-V characteristics were obtained 
as shown on figure 6 (b). The C-V characteristic can be further improved after a forming 
gas annealing at 450°C for 15 min due to the improvement of the Si02 and Si interface. 
Figure 6 (c) and (d) show that the leakage current through the capacitor also decreased 
dramatically after oxygen and forming gas annealing. 

Figure 6. C-V and I-V characteristics of fr-Ta-0/Si02/Si capacitor (a), (c) as deposited, 
(b), (d) after annealing (o2 — 02 annealing, fg— Forming gas annealing) 
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CONCLUSION 

The Ir-Ta-0 film showed very high temperature stability. High conductivity was 
maintained and no structural failure such as large hillock formation and film peeling were 
observed after 800°C annealing for 90 min. The Ir and Ta in the Ir-Ta-0 film were 
oxidized during annealing. The microstructure of the Ir-Ta-O film after high temperature 
oxygen ambient annealing is a polycrystalline mixture including Ir02 and Ta205 phases. 
The C-V and I-V characteristics of Ir-Ta-0/Si02/Si capacitor show that this film is also 
very stable on thin gate oxide. It is a good candidate as bottom electrode for MFMOS 
type single transistor application, especially when the ferroelectric films need to be 
deposited and annealed at high temperature in oxygen ambient. 
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ABSTRACT 

The objective of this work was to develop a process to pattern noble metal electrodes. To 
systematically investigate possible reactive etch process regions, characterized by volatile etch 
products, we used a reactive ion beam etching (RIBE) tool with a fdament free ICP source. This 
configuration gives us exact control over the beam energy and the current density, and allows to 
use reactive gases. An energy dispersive quadrupole mass spectrometer is fitted to the chamber 
for in situ monitoring. 

We study the influence of the beam energy and the beam current impinging on the wafer 
surface as well as it's angular dependence. Several additives to the chlorinated process chemistry 
are investigated and characterized in terms of their role to help to increase the etch rate, maintain 
a vertical profile, or to enhance process selectivity. 

The main focus of the study is on Platinum. Blanket films were used to describe the 
influence of the material, and analysis were carried out to characterize the process in terms of 
etch rate, residues and selectivity. 

INTRODUCTION 

A reactive etch process to pattern noble metal electrodes is considered necessary for 
DRAM integration and desirable for FRAM application in near terms. However, few information 
has been released to the public literature so far [1]. A potential process has to meet the well 
known stringent requirements like a steep slope of the side wall, a minimal change in the feature 
size, no fences, and no residues on the wafer. Yield considerations from manufacturing impose 
totally different requirements like high mean time between clean (MTBC) to be able to cut down 
production costs. 

Due to the lack of a chemical etch rate one either ends up with quite steep side walls, to 
the cost of redeposition on the mask material (fences), or with fence free structures with very 
poor control over the feature size and an unacceptable slope [2-5]. Furthermore sputter etching 
offers only a very limited selectivity to the mask as well as the substrate. Beside those 
disadvantages a sputter process results in a coating of the inside walls of the etch chamber 
leading to particle problems as well as plasma instabilities, requiring often wet cleans of the tool. 

To understand the high temperature etch process of Platinum we systematically 
investigated different etch regimes and plasma chemistries. In order to separate the plasma physic 
from the surface chemistry, we choose a Reactive Ion Beam Etching (RIBE) tool, instead of a 
conventional plasma reactor. 

The main advantage of ion beam etching tools is the precise control over the beam energy 
as well as the beam current density in contrast to plasma reactors, where those plasma parameters 
are a result of the energy input from the generators and have to be measured for each process. 
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EXPERIMENTAL SETUP 

Our Ionfab 300plus from Oxford Plasma Technology is able to handle 6" as well as 4" 
wafers. The beam source is designed filament free with an inductively coupled plasma (ICP) 
source powered with a 13.56 MHz generator. This enables us to feed reactive gases like flourinc, 
chlorine, or bromine containing chemistries directly into the source region. 

The beam extraction takes place through a set of two grids (acceleration and screen grid) 
which accelerate and focus the beam. A filamentless beam neutralizer (FBN) mounted on top of 
the discharge chamber takes care of the charge neutrality of the beam to etch insulating specimen 
as well. The process region extending to a beam energy up to 1000 eV and beam currents up to 
300 mA is comparable to industrial plasma reactors. 

The wafer is clamped to a temperature controlled electrode with Helium-backside cooling 
to ensure thermal coupling. In the low temperature regime (-15°C up to 80°C) a dedicated chiller 
controls the electrode temperature while in the high temperature regime (50° up to 300°C) a 
resistant heating system takes over the temperature control. 

The wafer can be rotated during the process as well as tilted towards the beam. The large 
distance between plasma generation inside the source and the wafer surface becomes only a 
disadvantage if the etch process is dominated by activated neutrals which relax very rapidly. 

A further advantage of ion beam etching tools is the large dimension of the process 
chamber, which eases the use of probes without interfering with the beam and potentially 
tampering with the process. To study the process mechanisms an energy dispersive quadrupole 
mass spectrometer (Hiden EPQ) is attached to the chamber. The mass regime of the probe extents 
from 0 amu up to 500 amu with a resolution below 1 amu. The energy range goes from 0 to + 
1000 eV with a resolution below 1 eV. The system configuration is shown in Figure 1. 

ICP Source 

Energy 
I (I / Analyzer 

Quadrupole//; Pump 

Ion      ~---../ /*''''       m^. 
Detector .,^;/*f'1 

Figure 1. Reactive Ion Beam Etching tool with attached energy dispersive quadrupole mass spectrometer 
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EXPERIMENTAL RESULTS 

Energy dependence of the etch rate 

The energy dependence of the platinum etch rate was investigated to get a baseline for the 
sputter elch regime, as well as to confirm compatibility of the ion source process regime with 
conventional plasma reactors. As can be seen in Figure 2, the etch shows the expected behavior 
and starts at a threshold energy (about 30 eV), increases linear with increasing energy and drops 
off slightly to a parabolic dependence at higher energies and beam currents larger as 100 mA. For 
the ion density dependence of the etch rate a very similar behavior is found. The etch rate 
increases linear with increasing beam current in the range from 75 mA to 250 mA. 

As a quite high threshold energy is required to start the etch in the sputter driven etch 
regime, an in situ plasma clean of the chamber walls (to remove the deposited material) is hardly 
possible. 

160.0 1 

140.0 

120.D 

1100.0 

V 80,0 
S 
Si 

40.0 

20.0 

„--'    .--'* 

/^-■^ 

/">-V-"".,--A 

?^>-r ■■-■■ 
r--' ̂  

....—-■'                  . -♦ 

current 
lb [mA] 

-75 

* 1 no   FjgUre 2. Ion energy dependence of the 
- 150   Platinum etch rate for a pure Chlorine 

^200   'ow temperature (20°C) process. 
f. 225 

-B-250 

300        400        500        6I 
Beam voltage VB [V] 

High temperature etching 
A possible solution to increase the volatility of the etch products is to increase the etch 

temperature in conjunction with the use of reactive gases. The vapor pressure of 
Platinumtetrachloride is at room temperature at about the typical lower limit of the process 
pressure of 1 mTorr and reaches about 700 mTorr for elevated temperature (300 °C). The aim in 
using reactive chemistry at higher temperatures, is not so much to increase the etch rate, but 

Figure 3. Temperature dependence of 
the Platinum etch rate for pure Chorine. 
The exponential dependence is a sign for 
the chemical nature of the etch, The etch 
rate starts to increase significantly at 
around 200-250 °C 
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much more to be able to control the slope and the feature size by generating volatile etch 
products. As they can simply be pumped away and re-deposition on the sidewalls of the mask 
material and the chamber walls is suppressed. 

Experimental data confirm the platinum etch rate of a pure chlorine processes to start to 
increase significantly above 200-250 CC wafer temperature. The dependence of the etch rate with 
temperature follows a exponential function, which is a clear sign the etch mechanism being of 
chemical nature (see Figure 3). A physical etch (sputtering) would be temperature invariant. 
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Figure 4. Platinum etch rate dependence 
on total flow for a Chlorine process at 
low (20°C) and at high (300 °C) 
temperature, respectively. At low 
temperature the etch is physical - 
sputtering only. The increase at high 
temperatures is chemically induced. The 
increment of the etch in ratio to the pure 
physical sputter rate is plotted as the 
percentage of the chemical etch. 

The total flow is one important parameter to tailor the etch behavior. As can be seen in 
Figure 4, the dependence of the etch rate is opposite for low and for high temperatures with 
increasing flow. In the low (room temperature) region the Platinum etch rate decreases with 
increasing flow, while in the high temperature region (300°C), the etch rate increases with 
increasing flow. From the mass spectrum shown in Figure 5 we can learn, that for higher gas 
flows the dissociation yields more Cl+ ions. At low temperature, the platinum etch process is a 
pure sputter process, thus with an increasing Cl+ the concentration of Ch+ concentration 
decreases and the average mass decreases, too. A decreasing mass results in turn in a drop of the 
sputter rale. In the high temperature region, on the other hand it is favorable to have a complete 
dissociation of the Chlorine in the plasma, to offer Cl+ ions to the Platinum surface, which react 
to form volatile PtCl4. 
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As is true for the pure sputter etch regime at low temperatures, also the high temperature 
etch regime requires a threshold energy to be passed - as Platinum is not etched spontaneously- 
before significant etch takes place. If the beam energy on the other hand is increased too high, the 
remaining sputter component prevails over the chemical component. The total etch rate still 
increases, but the fraction of the chemical etch rate decreases, rendering this regime not useful for 
a successful process. This is shown in Figure 6 where the relative enhancement of the etch rate in 
the high temperature region in contrast to the room temperature region is plotted versus the beam 
energy. 
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Figure 6. Chemical etch rate 
enhancement for Chlorine high 
temperature (300°C) processes in 
contrast to the low temperature (20 °C) 
region for constant process parameters. 
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Angular dependence of the etch rate 

Ion beam etching systems are frequently used in the production of magnetic read heads 
for hard disc drives, as those materials hardly form volatile etch products, too. The advantage of 
being able to tilt the wafer is used to sputter re-deposited material away. This concept will not 
work, as soon as steep sidewalls together with precise control over the feature size is required. 
Nevertheless, it is important to know the angular dependence of the etch rate, e.g. for modeling 
purposes. For low bias voltage process regimes, the random movement component of the ions 
toward the sheath boundary may become important due to a broadening of the angular ion 
distribution function. 

-H Ar low Temp 

-e-C[2 low Temp 

-^-Ar high Temp 

-4-CI2 high Temp Figure 7. Angular dependence of the 
Platinum etch rate for Chlorine and 
Argon processes at low (20 °C) and 
high (300 °C) temperature, 
respectively. 
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The Platinum etch rate drops off somewhat sub cosine like for an increasing angle as can 
be seen in Figure 7. No pronounced peaks of the etch rate at higher angles are found in neither 
the low temperature nor the high temperature region. This does not depend on the process 
chemistry (Argon or Chlorine). 

Plasma additives 

The most common hardmask used for high temperature application would be a silicon 
oxide based material. To preserve the mask integrity during the etch is important to control the 
feature size. A pure chlorine process would be to aggressive. The addition of oxygen to the 
plasma chemistry helps to decrease the Si02 etch rate and adjust the selectivity to the mask 
material, as well as to the substrate. 

CONCLUSION 

Etching Platinum chemically at high temperatures is feasible. The exponential dependence of the 
Platinum etch rate with increasing temperature is a clear evidence for the chemical nature of the 
etch mechanism. A physical etch would be temperature independent. 
In a process window of about 300-500 eV ion energy the ratio of chemical to physical etch is 
maximized. The dissociation ratio of Chlorine in the plasma is strongly dependent on the total gas 
flow and thus allows to control the chemical character of the etch. 
Additives, like oxygen, allow to control the reactivity and the selectivity, especially to preserve 
the mask integrity in case a silicon based hard mask is used. 
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ABSTRACT 
Ferroelectrics used in a memory device such as (Pb,La)(Zr,Ti)03 (PLZT) are vulnerable to reducing 

atmosphere and lose remanent polarization easily. In the semiconductor processes, hydrogen gas is 

generated both from deposition gas of imerlayer dielectric and from reaction between metals and 

moisture in the dielectric. Improving the ferroelectrics resistance to reducing environments is required 

for the planarization and multi-layer interconnections in future devices. Loss of remanent polarization is 

related to the imprint properties of the capacitor and can be improved by controlling the deposition 

condition of sol-gel PLZT and annealing IrO> electrode in oxygen. 

INTRODUCTION 

A ferroelectric random access memory or FeRAM is a non-volatile memory combining both ROM and 

RAM advantages. Its fast write and high write endurance as well as low power consumption make it 

superior to other types of non-volatile memories. As the structure of FeRAM is similar to that of DRAM, 

FeRAM can be fabricated basically using conventional semiconductor processes. In the semiconductor 

processes, however, the processes in a reducing atmosphere such as the deposition of inter layer 

dielectric(ILD) films and N2-H2 anneal after the capacitor processes are used. Oxygen defects in a 

ferroelectric capacitor are easily generated in a reducing atmosphere. As a result, it brings about the 

degradation of capacitor properties such as lowering of the switching charge and the degradation of the 

data retention property[l-61. Therefore, in the fabrication of the FeRAM device, it becomes an important 

problem to prevent the degradation of the capacitor. We present here results of the degradation of the 

capacitor properties caused by the ILD processes. 

EXPERIMENT 

The schematic cross section of the 0.5u.m -FeRAM unit cell (cell size:27.3^ m") is shown in Figure 

1[7]. A capacitor is fabricated on top of the Si based dielectric which encapsulates the CMOS and protects 
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it during the fabrication of the ferroelectric film. In this work, we fabricated the ferroelectric capacitor 

stacks using Pi/IrCK electrode and PZT film deposited by a spin on conventional Sol-Gel method. The I" 

inter layer dielectric(ILD) was deposited on the capacitor, and then the contact holes were fabricated on 

the top electrode and the source area of the transistor. Subsequently, the PZT capacitor was annealed in 

an oxygen ambient in order to recover the degradation of the capacitor characteristics by the l" ILD. 

After TiN local interconnect (LI) formation, 2nd ILD deposition, Al layer was connected to both the 

W-plug and the LI. After the metalization, the passivation film was deposited. 

The polarization-voltage hysteresis loop was measured using a Radiant Technologies RT6000S 

ferroeletric tester. The imprint characteristics were measured by Sawyer-Tower circuit using the method 

of Traynor et al [8]. The measurement voltage was applied to the bottom electrode, while the top 

electrode was grounded. 

Figure 1. Schematic cross section of a 0.5um-FcRAM unit cell. 

RESULT and DISCUSSION 

Process Degradation 

The characteristics of a 50|Jm.square discrete PZT capacitor after each processing step is shown in 

figure 2. Figure 2(a) shows the value of the switching charge(Qsw). Qsw degradation after each process 

was not observed except for the fabrication of T' ILD on a capacitor. Figure 2(b) shows the imprint 

characteristics after each process. Imprint was measured using capacitor test simulation technique [8]. In 

the conventional 2T2C FeRAM cell, the bottom electrode of PZT capacitor is connected with a Plate 

Line(PL) and the 'top electrode is connected with a pair of Bit Lines(BL or /BL). The two capacitors 

connected with BL and /BL are donated as BL and /BL capacitors which are in the states opposite to each 
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other. In the measurement two pulses, read/write or read/restore sequences are applied to a pair of 

discrete capacitors as CAP A and CAP B correspond to the BL and /BL capacitors. CAP A is written into 

the positive polarization state and CAP B is written into the negative. And then, the capacitors go through 

a 150^ bake for 88h. After the bake, the subsequent pulses are applied to switch the polarization into the 

opposite state. After 30sec, the remanent polarization is read and the charge is denoted as Qos (opposite 

state). 

The imprint characteristics are strongly affected by process damages, as a result, the value of Qos 

became zero after fabrication of the passivation film. Thus in the case of inserting the damages in the 

capacitor by the ILD process, even though the value of Qsw did not vary, it becomes impossible to read 

the FeRAM data after long term retention. 

@> 150 C.88h 

#                     PsJDfin square cipocito 

\    (b) 

6    S    ST1       ä     S 
. s    a     \ t       s     - 

Figure 2. Process degradation of PZT capacitor. 

(a)switching charge, (b) imprint characteristics 

Variation of capacitor characteristics caused bv ILD deposition 

To investigate the effect of fabrication condition of ILD on capacitor degradation, we measured 

hysteresis properties of the capacitor removed the ILD after CVD deposition of various kind of ILD on 

the PZT capacitor. All these ILD were deposited at 400CC. The result is shown in figure 3. In the 

Ozone(03)TEOS, the change of the hysteresis loop was very small. While, in the Plasma TEOS and the 

SiHi oxide film, the capacitor were significantly degraded, that is, the voltage shift in the hysteresis loop 

occurred and Qsw also decreased. 
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Figure 3. The effect of fabrication condition of ILD on hysteresis properties. 

To investigate the differences in the hysteresis characteristics caused by various ILD processes, we 

analyzed the gaseous species using a residual gas analyzer caused by heating these ILD films which were 

directly deposited on a Si wafer (figure 4). As a result, in the Plasma TEOS and the SiH4 oxide film, 

hydrogen was generated at about 400°C. On the contrary, in the Oj-TEOS, a large quantity of water was 

generated even at low temperatures of about 200't, however, little hydrogen was generated in the range 

of measured temperature. This result clearly indicates that the properties of PZT capacitor are 

influenced only by hydrogen. 

We compared the hydrogen distribution in the PZT film for samples before and after the ILD deposition. 

Typical SIMS depth profile for the plasma TEOS films on the PZT capacitors is shown in Fig.5. The 

amount of hydrogen increased hy one order of magnitude digit, after deposition and etching of the plasma 

TEOS film. Furthermore, when an oxygen anneal of 600°C for Ih was done to recover the ferroelectric 

properties, the amount of hydrogen returned to its initial state. 
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Figure 5. The variation of hydrogen concentration in the PZT before and after 

deposition of the Plasma TEOS Film 

Hydrogen generation caused bv the reaction between water in ILD film and metal interconnection 

In the structure of an O3-TEOS film on a PZT capacitor, capacitor degradation is small, because there is 

little hydrogen in the O3-TEOS film. In the existence of metal interconnection under the O3-TEOS film, 

however, the ferroelectric properties degrade. The switching charge after deposition of the ILD film such 

as an O3-TEOS film(800nm) or a plasma TEOS film(200nm), which is fabricated on a metal 

interconnection / PZT capacitor, is shown in Table. 1 for reference. The deposition condition of the 

O3-TEOS film and the plasma TEOS film are 400°C   for 30min and 400CC  for 3min,   respectively. The 
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switching charge of the PZT capacitor with the 0,-TEOS film is smaller than that of the capacitor with 

the plasma TEOS film. On the other hand, the amount of hydrogen generated from the plasma TEOS film 

is lager than that generated from the 03-TEOS film, this result shows a reverse tendency for the capacitor 

degradation. In the case, as there exist an ILD film and a metal interconnection on a PZT capacitor, 

hydrogen gas don't make contact with the PZT capacitor directly. Therefore, the effect of hydrogen 

generated from the ILD films on the capacitor degradation may be not large. 

Table 1. The variation of switching charge on deposition condition of ILD films 

Deposition Condition 
of ILD Films 

Switching Polarization 
(Qsw) 

p-TEOS(200nm) 
40O°C, 3min 

44|J C/cra2 

O, -TEOS(800nm) 
400°C, 30min 

33p C/cm2 

From the experiment mentioned above, we hypothesized that the capacitor degradation may be caused by 

a reaction between water generated from ILD film and metal interconnection. To verify the hypothesis, we 

measured the amount of degas (hydrogen) by heating from a metal on a Si oxide film. When there exists 

an Al on a Si oxide film, hydrogen generated from near 3Ü0"C (Figure 6). On the other hand, in the case 

of only Al or only Si oxide film, there could not be observed the generation of hydrogen up to SSOt". 

From the results, hydrogen may be generated owing to an oxidation reaction between Al and water 

containing a Si oxide film. The oxidation reaction may be expressed as follows. 

2A1 + 3H20 = AI:03 + 3H2 (1) 

For the same reason, capacitor properties are strongly influenced by the deposition condition of metal 

interconnection. The variation of the switching charge on the sputtering condition of Al is shown in 

Figure 7. The switching charge decreased with increasing temperature and sputtering time. Generally, 

after fabrication of an ILD film on a PZT capacitor followed contact hall etching, oxygen anneal is 

carried out to recover the capacitor properties. In the device using TiN local interconnect (LI), however, 

oxygen anneal can't be carried out after fabrication of LI. 
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Figure 7. The Variation of switching charge on Al sputter condition 

The effect of fabricalion condition of a capacitor on hydrogen endurance and imprint property 

Hydrogen endurance and imprint property of a capacitor strongly depend on the fabrication condition 

of the capacitor. Therefore, we examined the case of a sol-gel PLZT capacitor, for example. The bottom 

electrode is Pt(200nm)/IrO2(50nm), which was deposited by sputtering. The PLZT solutions 

(Pb:La:Zr:Ti=110:3:45:55) were dropped onto the electrode and spin-coated at 3000 rpm for 15sec using 

a spinner. The coated films were baked to evaporate the solvent and to remove the organic materials at 

350-370^ for 10 min in airfpyrolysis treatment). The process of coating and baking was repeated 4 

times, so that the thickness of PLZT film was 300nm. Furthermore, the films were annealed at 700t  for 
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60 sec in an oxygen atmosphere with a heating rate of 125°C/sec in a RTA system for crystallization. 

Finally, after the fabrication of the top electrode(Pt/Ir02) of 50 X 50 u m2 using an ion milling etcher, 

2nd anneal was done at 400-600*0  for Ihr to remove the ion damage of milling. 

We investigated the effect of the temperature of pyrolysis and 2"d anneal on the hydrogen endurance 

and the imprint property of the PLZT capacitors (Figure 8). Hydrogen baking was carried out in N2 + 5% 

H2 7.6 Torr, at 150^ for 2hr. As the temperature of pyrolysis and 2nd anneal is high, the hydrogen 

endurance and the imprint property of the PLZT capacitors show a good tendency. The grain size of 

PLZT increased with increase in the temperature of pyrolysis. that is, the range of the grain size is from 

150nm at 350"C to 300nm at 370'C In the grain boundary, oxygen vacancies and lead diffusion easily 

generate. Therefore, when the grain size of PLZT is large, the hydrogen endurance and the imprint 

property of the PLZT capacitors are good due to reduction of the contribution of the grain boundary. On 

the other hand, the temperature of the 2nd anneal has no effect on the grain size of PLZT. The effect of 

higher temperature of the 2nd anneal may increase the PLZT crystallinity and improve the oxidation of 
lrO:. 

baking time (h) 
100 

baking time (h) 

Figure 8. The effect of fabrication condition of sol-gel PLZT capacitors on 

the hydrogen endurance and the imprint properly. 

CONCLUSIONS 

The degradation of the ferroelectric capacitors is caused by a hydrogen atmosphere during deposition of 

the ILD and hydrogen generated from an oxidation reaction between water in the ILD and metal 

interconnection. In future high density FeRAM devices, planerized multi layer interconnections, with an 

ILD containing water will be used. In that case, the issue of the degradation of the ferroelectric capacitors 

will   become   more   serious.   Therefore,   it  is   necessary  to   improve   the   hydrogen  endurance  of the 
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ferroelectric capacitors. In this stage, the mechanism of hydrogen degradation is not clear, however, the 

properties of the capacitors are improved by increasing the grain size of the PLZT. 
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ABSTRACT 
The degradation mechanism of Pb(Zr,Ti)03 (PZT) under reducing conditions was revealed. In 
contrast to the significant decrease in the sample weight of SrBi2Ta209 due to decomposition, the 
weight of Pb(Zr,Ti)03 samples change little during H2-annealing at typical process temperatures. 
Although no apparent changes were detected by thermogravimetric and x-ray diffraction 
measurements after annealing, the PZT material did actually change. The main mechanism of 
the degradation is introduction of oxygen defects into the materials. The oxygen defects 
produce a donor level within the band gap, and light absorption by this donor level accounts for 
the change in sample appearance from white to black. Different endurance behaviors of 
materials against reducing conditions were also found: PbZr03 decomposes through oxygen 
dissociation more easily than PbTi03. Oxygen atoms in PbZr03 are more weakly bonded to Zr 
than to Ti in PbTi03 because of a significant anti-bonding component in the hybridized orbitals. 

INTRODUCTION 
Ferroelectric PbZr^TiA (PZT) and SrBi2Ta209 (SBT) are leading candidate matenals 

for use in FeRAM applications, and thin-film capacitors based on them have been intensively 
studied. Recently, however, serious challenges in integrating the oxide-ferroelectric capacitors 
into a standard LSI have emerged [1-3]. In thin-film capacitors, for example, leakage current 
significantly increases and ferroelectric polarization severely decreases after the device 
fabrication process, which usually includes an annealing step at 350-550 °C in a H2-containing 
reducing atmosphere. 

Although many papers have reported on the degraded properties of oxide thin-film 
capacitors [1-5], few studies on the mechanisms of the degradation during fabrication have been 
done. In our previous papers on SBT ferroelectric oxides, we demonstrated that solid-state 
chemistry analysis of bulk ceramic samples helps us better understand the fabrication process for 
FeRAM devices [6,7]. With this approach, we can see material degradation in exaggerated 
forms; thus, we can investigate such degradation quantitatively. In the present study, we 
applied a similar solid-state analysis to PZT ferroelectric compounds, and we revealed a possible 
degradation mechanism of PZT under a reducing atmosphere [8]. Material stability of PZT 
perovskites against H2-annealing was also investigated and the results were compared with that 
of SBT. 

EXPERIMENTAL RESULTS AND DISCUSSION 
Ceramic powder samples of PZT were prepared by solid-state reaction. 

Pb(Zr0.48Tio.52)03 was synthesized from a mixture of PbTi03 (PTO) and PbZr03 (PZO). 
Changes in the sample during annealing were traced by measuring changes in the sample weight 
by a thermogravimetric (TG) analysis system. Argon gas containing 4% H2 was used for the 
reducing conditions, whereas 100% 02 was used for the oxidizing conditions. X-ray diffraction 
(XRD) measurements were carried out to identify the resultant phases of the materials. 
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Figure 1 shows the changes in the sample weight of PZT during 4% H2 annealing at 
350-500 °C after initial rapid heating (20 °C/min) up to that temperature range. The results for 
SBT [6] are also shown. In contrast to the significant decreases in the sample weight of SBT 
due to decomposition, the weight of the PZT samples changes little during the annealing at these 
typical process temperatures even after eight hours. The figure also shows powder XRD 
patterns of the annealed samples, and they are quite similar on the whole to that of the as-made 
sample. 

Although we saw no apparent degradation after the H2-annealing from the TG and 
XRD measurements, the PZT material had actually changed during the annealing. As the 
H2-annealing temperature increases, the as-made white sample changes to black through gray. 
The H2-annealed black and gray samples change to almost white after subsequent annealing in 
02, but the color does not reach exactly the same white as that of the initial sample. An 
orange-yellow tint can be seen in these close-to-white samples. 

To determine the origin of the change in the sample appearance, the XRD patterns of 
three samples, which were as-made, H2-annealed at 550 °C, and 02-reannealed at 450 °C, were 
examined carefully. As shown in Fig. 2, the patterns of the annealed samples show very weak 
additional peaks. The H2-annealed sample shows a weak diffraction peak at 20= 36° that 
originated from Pb (2 0 0). Note that the observed intensity of the Pb (2 0 0) peak is less than 
100 cps, while the main peak intensity of PZT is more than 30,000 cps. This three orders of 
magnitude difference implies that only 0.3% Pb is included in the H2-annealed PZT sample. A 
small amount of PZT decomposes, and Pb metal is then produced in the reducing atmosphere. 
The subsequent 02-annealed sample shows a weak diffraction peak of PbO (1 1 1) at 20= 29°. 
It can thus be considered that the dissociated Pb from PZT changes to PbO (masicott) in the 
oxidizing atmosphere. The color of the masicott PbO is orange-yellow, which is consistent 
with the observation that the 02-reannealed sample had an orange-yellow tint. 
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Fig. 1.   Weight change (%) of PZT in 4% H2 at 350-500 °C, and XRD patterns of the as-made 
and annealed samples. TG measurements for SBT are also shown. 
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Does the Pb metal produced in the reduced sample cause the change in the sample from 
white to black? We do not think so, because the amount of Pb (less than 0.3%) is too low to 
cause all of the change in the sample appearance. It would be more reasonable to conclude that 
the PZT itself is changed by the annealing in the reducing atmosphere. Systematic changes in 
the lattice constants of the reduced PZT samples against the H2-annealing temperatures clearly 
demonstrate that the PZT itself has actually changed. As shown in Fig. 3, the lattice constant a 
increases while c decreases after the annealing in H2. Lead and/or oxygen defects in PZT are 
possibly introduced under the reducing conditions [4,5], and they slightly modify the crystal 
structure. Since the reduced black sample almost recovered its whiteness through the 
subsequent annealing in oxygen, the oxygen defects must be the main mechanism that best 
explains the change in the sample appearance after the annealing in H2 and 02 atmospheres. 

The change in the sample appearance brought about by the oxygen defects is well 
explained in terms of the change in the electronic structure. We calculated the electronic 
structure by the discrete variational Xa (VV-Xa) cluster method using the program SCAT [9]. 
Although we calculated the electronic structure of PbTi03 (PTO) perovskite, we can discuss the 
essential features of the electronic structure of PZT from this calculation. Figure 4 shows a 
cluster model of (Pbi2Ti2On)10+, which is used for the calculation on stoichiometric PTO 
material. The calculated energy levels near EF and the density of states (DOS) are also shown 
in the figure. The valence band top mainly consists of Pb 65 states, and the conduction band 
bottom consists of empty Ti 3d states. The band gap between the valence band top and 
conduction band bottom is about 3.2 eV, and this wide gap makes the PTO and PZT materials 
transparent to visible light. In a polycrystalline sample, we see a white color due to diffuse 
reflection of light. 

30o[-PbO(111) 

200 

100 

I! 300 
t^ 

8 200 
'to 
§3  100 

I  *J V Pb(200)n 

3001- II as-made \ 

28   30   32   34   36   38   40 

20(deg.) 

Fig. 2.   XRD patterns of as-made (bottom), 
H2-annealed (center), and 02-reannealed 
(top) samples. 
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We calculated the electronic structure of PTO with the oxygen defects by using the 
(Pbi2Ti2Oio),(>+ cluster model, in which the center oxygen atom is removed from (Pbi2Ti2Oii)10+. 
The result of this calculation is shown on the left-hand side of Fig. 4. Note that the oxygen 
defects in PTO produce a donor level within the band gap. The donor level lies 0.6 eV below 
the conduction bottom, and this narrow gap absorbs light with wavelengths in the visible light 
region.   This absorption accounts for the change in the sample appearance from white to black. 

Below, we will discuss the stability of the perovskite materials against H2-annealing. 
In sharp contrast to the significant decomposition of SBT, the PZT perovskites appear able to 
endure the reducing conditions (Fig. 1). The significant difference in material stability between 
PZT and SBT thin films was reported in Ref. [2], and the result is consistent with the present one. 
This is because oxygen atoms in ABOi perovskite are strongly bonded to a 5-site cation in a B06 

octahedron. In SBT, on the other hand, oxygen atoms in the Bi202 layers are weakly bonded to 
Bi; thus, the oxygen dissociation from the layers triggers the decomposition. This fact is 
evident when we compare the Madelung potential at each ionic site in PZT and SBT as shown in 
Table I. In SBT, the Madelung potential at the oxygen site in the Bi202 layer is significantly 
low. 
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Fig. 4.  Cluster models of (Pb12Ti2On)10+ 

(without O-defects) and (Pb12T^O,0)10+ (with O- 
defects), and their total DOS and energy levels. 

Table I.   Madelung potential (eV/valence) at each site of PZT and SBT. O2" (Oc) denotes 
oxygen ions in the octahedra, and 02~ (Bi202) denotes oxygen ions in the Bi202 layers in SBT. 

PZT 
Pbz 

-9.8 
Tr/Zr4- 

-11.2 
O2- (Oc) 
+11.7 

SBT 

-§£ Bi3+ Ta5+ Q2(QC-1)    Q2-(Qc-2)    Q2(Qc-3)   02(Bi20?) 
-8-1 -11-5 -10.0 +13.5 +10.6 +14.6 +6.5 
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We have found, however, interesting differences in the material endurance of the 
perovskite-structure oxides against reducing conditions. Figure 5 shows the changes in the 
sample weight of PTO, PZT and PZO during annealing at 450 °C in a 4% H2-containing 
reducing atmosphere, and XRD patterns of PTO and PZO before and after the annealing. In 
contrast to the practically constant weight of the PTO and PZT samples, the weight of PZO 
gradually decreases, suggesting decomposition of the material. The XRD pattern of the 
H2-annealed PZO sample apparently includes the diffraction peaks of Pb decomposed from the 
PZO. The observed decrease in the sample weight is probably caused by oxygen dissociation 
due to the decomposition of PbZr03 into Pb and Zr02. These results clearly demonstrate that 
PZO decomposes more easily than PTO. 

It was also found that the difference between material stability of PTO and PZO is 
closely related to the difference in the bonding characteristics of the Ä-cation and oxygen in the 
S06 octahedron in ABOi. The bonding characteristics were investigated in terms of the 
analysis of hybridized orbitals by calculating the electronic structure of (Pb27Ti8036) + and 
(Pb27Zr8036) clusters. In PTO and PZO, the overlap of Ti 3d (Zr 4d) partial densities of 
states with the primarily O 2p valence band, which ranges from 0 to -7 eV, indicates considerable 
hybridization of the orbitals. Since the calculation was done for the same cubic cluster, except 
that the lattice constants and atoms (Ti and Zr) were different, the differences appearing in the 
results are due solely to the replacement of Ti by Zr. Cubic lattice constants obtained from 
averages of reported lattice constants of PTO and PZO were used to exclude the ionic size effect. 
Figure 6 shows the density of states of PTO and PZT, and the bond overlap population (BOP) of 
the Ti-O, Zr-O, and Pb-0 bonds. The BOP parameter gives the number of occupied electrons 
of the bonding (B) and anti-bonding (AB) hybridized orbitals, and it provides information of 
bond strength. Note that the BOP below EF between the Ti-0 and Zr-0 bonds is significantly 
different, while that of the Pb-0 bonds is similar in both compounds. The Ti-0 bonds mainly 
consist of hybridized bonding orbitals, whereas the Zr-0 bonds include both bonding and 
anti-bonding orbitals. We thus conclude that oxygen atoms in PZO are weakly bonded to Zr 
compared to those to Ti in PTO. 
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Fig. 5.   Weight change (%) of PTO, PZT, and PZO in 4% H2 at 450 °C, and XRD patterns 
of PTO and PZO before and after annealing. 
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Fig. 6.   Total density of states (DOS) and bond overlap population (BOP) of PTO and PZO 
perovskites. AB and B denote anti-bonding and bonding components, respectively, in 
hybridized orbitals ofbonds. 

CONCLUSIONS 
Our solid-state chemistry analysis reveals the degradation mechanism of ferroelectric 

PZT oxides under reducing conditions. The reported degraded properties of thin-film 
capacitors are considered to be caused by such degradation of materials. It was found that the 
main mechanism of the degradation is introduction of oxygen defects into the materials. The 
oxygen defects produce the donor level within the band gap, and this level can increase the 
leakage current in capacitors. We also found different endurance behaviors of materials against 
H2-annealing: Although PZT perovskites appear able to endure against a reducing atmosphere 
better than SBT, a small amount of decomposition was observed. In PZT, oxygen atoms 
bonded to Zr are more easily dissociated than those bonded to Ti. Regarding the use of the PZT 
materials in capacitor devices, a Zr-rich material would have inferior material endurance against 
the H2-containing reducing conditions. 
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ABSTRACT 

Polarization degradation due to metal etch and/or photoresist(PR) strip processes has been 
investigated for Pt/SrBi2Ta209(SBT)/Pt ferroelectric capacitors. Interconnect metal line 
consisting of TiN/Al/Ti/TiN/Ti layers has been patterned by normal photolithography and plasma 
etch processes. We used two different sources for metal etcher, helicon or electron cyclotron 
resonance(ECR) source, and stripped the PR with either microwave or helicon source stripper. 
Polarization degradation was evaluated by measuring switching and non-switching polarization 
of the ferroelectric capacitors. 

Neither etch machine nor etch parameters played an important role for determining 
polarization of the ferroelectric capacitors. Photoresist strip process, however, significantly 
affected the polarization of the ferroelectric capacitors. Factors affecting polarization of the 
ferroelectric capacitors were presence of hydrogen and plasma density during the strip process. 
Hydrogen atoms and protons produced by H20 or NH3 plasma penetrated through the dielectric 
layer and caused hydrogen induced damage. Thus the hydrogen damage was dependent on strip 
temperature and time. Photoresist strip with high density plasma results in charging damage to 
ferroelectric capacitors. It is believed that charges from the plasma are trapped at domain 
boundaries and interfaces, leading to polarization degradation. Damage free metal etching 
process for the ferroelectric capacitor was applied for the fabrication of the fully working 
ferroelectric random access memory. 

INTRODUCTION 

Ferroelectric random access memory(FeRAM) has been attracted great attention as a non- 
volatile memory, because of its low operation power and high read/write speed[l]. However, 
there are challenges that should be overcome for the realization of the FeRAM. Fatigue, retention 
and imprint characteristics should meet the requirement for long term operation[2]. Processes 
that do not affect to the electrical properties of the ferroelectric capacitor should also be 
established. 

Various plasma etching processes, such as capacitor etching, contact etching, and metal 
etching are required for the fabrication of the FeRAM. Plasma etching can cause damage to the 
ferroelectric capacitors. Plasma etching damage can lead to deterioration of the electrical 
properties such as reduction of remnant polarization and increase of leakage current. Plasma 
etching damage can be recovered by thermal annealing at high temperature. Metal etching 
damage, however, can not be recovered by annealing process, because annealing temperature is 
higher than the melting point of the interconnecting Al metal line. Thus it is necessary to etch 
metal line without damage to the ferroelectric capacitors. In this paper, we investigated the effect 
of metal etching on the polarization characteristics of the ferroelectric capacitors. We studied the 
effects of plasma parameters and process gases on polarization of the ferroelectric capacitors. 
Finally we addressed the conditions for damage-free metal etching process. 
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EXPERIMENTAL DETAILS 

Samples were prepared by the following sequence. Bottom Pt layer with glue TiOx was grown 
on thermally oxidized silicon wafer by DC magnetron sputtering. SBT ferroelectric film 
deposition by metalorganic decomposition method was followed by top Pt layer deposition. The 
ferroelectric capacitors were patterned by reactive ion plasma etching. Capacitor etching damage 
was recovered by thermal annealing at high temperature in oxygen atmosphere. After deposition 
of interlayer dielectric, and contact hole etching, the 2ni recovery annealing was conducted. 
Interconnecting metal deposition was followed by metal line patterning by plasma etching with 
PR barrier. 

Metal etching was conducted with two different machines, Machine A (M/C A) and Machine 
B (M/C B). Normal metal etcher consists of 2 chambers, etcher and PR stripper. M/C A has ECR 
source etcher and microwave-downstream source PR stripper. M/C B adopts helicon source for 
both etcher and PR stripper. The gas chemistry of the etcher was same for M/C A and M/C B, 
CI2/BCI3, while that of stripper was different for both machines. Strip gases for M/C A were 
O2/N2, and those of M/C B were H2O/CF4. The plasma density of the etcher for both machines is 
estimated to be same order of magnitude. While plasma density of stripper for M/C B is much 
higher than M/C A. 

Test pattern consisting of 2.4 *3.7 |im 2 capacitor array was measured to monitor polarization 
characteristics after metal etching. Polarization measurements were done by Radiant 
Technologies RT66A. 

RESULTS AND DISCUSSION 

The difference between switching and non-switching polarization, AP, of the capacitors after 
metal etching showed different magnitude depending on etching machine(Fig. 1). Etching in 
M/C A revealed larger AP than etching in M/C B. Polarization reduction after etching in M/C B 
could be originated from either etcher or stripper, or both. Process split was conduced to identify 
whether etcher or stripper is responsible for the damage to the capacitor. Split conditions are 
listed in Table 1. As observed in fig. 1, process 1 did not cause damage, while process 2 resulted 
in reduction of polarization. If damage occurred due to etcher, then process 3 would result in 
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Fig. 1. Hysteresis loops of the ferroelectric capacitors after metal etching in (a) M/C A and (b) 
M/C B. M/C A resulted in larger AP than M/C B. The L, B, C, T and R in the figures represent 
measurement position in a wafer left, bottom, center, top and right, respectively. 
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reduction of polarization. On the other hand, if damage occurred due to stripper, then process 4 
would result in reduction of polarization. Figure 2 reveals the hysteresis loops after metal etching 
with process 3 and process 4. From the figure, we can conclude that strip process in M/C B is 
responsible for damage to ferroelectric capacitors. 

Table 1. Split conditions to find out process responsible for damage 

Etcher Stripper Remark 
Process 1 M/C A M/C A No Damage 
Process 2 M/CB M/CB Damage 
Process 3 M/CB M/C A ? 

Process 4 M/C A M/CB ? 
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Fig. 2. Hysteresis loops after metal etching with (a) Process 3, and (d) Process 4. 

As mentioned above, plasma source and strip gases of stripper of M/C B is different from 
those of M/C A. Strip gases in M/C B contain H20, a source of hydrogen. Annealing at hydrogen 
atmosphere is known to cause damage to ferroelectric capacitors due to hydrogen incorporation 
to ferroelectric layer[3]. Although the exact mechanism of damage due to hydrogen is not clear 
yet, incorporated hydrogen is reported to reduce oxide ferroelectric layer[4] or to combine with 
oxygen in ferroelectric layer inhibiting polarization reversal[5]. Aside from the gas chemistry 
difference, plasma density of helicon source is much higher than normal microwave-downstream 
source. The high plasma density could cause charging damage to ferroelectric capacitors. 

First, effect of hydrogen on ferroelectric capacitors was investigated by adding NH3 gas during 
strip process in M/C A. Figure 3 and 4 show the effect of NH3 on the polarization of the 
ferroelectric capacitors. By increasing the chuck temperature during strip process, polarization 
reduction was observed for O2/N2 /NH3 plasma. On the other hand, polarization reduction was 
not observed for O2/N2 plasma(not shown here). Strip time also affected to the polarization of the 
capacitors. As shown in fig. 4, polarization gradually decreases with increasing strip time. The 
decrease of polarization with temperature and time can be interpreted by diffusion of hydrogen 
atom or proton through dielectric oxide layer. It is reported that diffusion coefficient of hydrogen 
in interconnect metal line is very low, thus diffusion occurs through oxide layer[6]. Because 
diffusion coefficient becomes larger at higher temperature, the polarization decreases at higher 
temperature. Longer strip time means larger diffusion distance, resulting in polarization decrease. 
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Fig. 3. Effect of NH3 on polarization of the 
ferroelectric capacitors in M/C A during strip process. 

Strip temperature was 210°C for (a) and (b), and 

was 320°C for (c). (a) strip with 02/N2. (b) and (c) 

strip with O2/N2/HN3. Effect of NH3 on the 
polarization is seen at elevated temperature for 90 
seconds strip time. 

(c) 

Strip Time (Sec) 

Fig. 4. Effect of strip time on polarization. 
Strip was done in M/C A with NH,/0,/N, 
plasma at 210 C. 2 

It is known that hydrogen molecule 
dissociated into hydrogen atoms by catalytic 
effect of Pt top electrode[7]. The dissociated 
hydrogen atoms diffuse into ferroelectric layer 
during forming gas anneal. However, hydrogen 
- containing plasma does not require catalytic 
effect of top electrode because hydrogen atom 
and proton can be generated by dissociative 
reaction of NH3 in the plasma. Thus, strip with 
hydrogen - containing plasma can be more 
harmful to the ferroelectric capacitor than 
forming gas annealing. 

Above results propose that ferroelectric 
capacitor damage in M/C B can be ascribed to due to hydrogen. Thus we changed the strip gas 
chemistry of M/C B from H2O/CF4 to O2/N2. Figure 5 shows hysteresis loops after metal etching 
in M/C B by using (a) H2O/CF4 and (b) O2/N2 gases during strip process. As can be seen in the 
figure, polarization reduction also occurred for 02/N2 plasma, where there is no hydrogen source. 
This means that ferroelectric capacitor damage can be induced without hydrogen. Capacitors 
etched in M/C A, where no damage to ferroelectric capacitor occurred, and then exposed to Ar 
plasma at stripper of M/C B also resulted in polarization decrease (not shown here). These results 
propose that etch damage can be induced without hydrogen during strip process. Ruling out the 
strip gas effect, the only difference among two strippers in M/C A and M/C B is the plasma 
density. Thus, it is postulated that charging of the capacitors during strip process is partly 
responsible for the decrease of polarization. 

CC2.8.4 



■—.15. 

ü 10 

.   AP = 13.5uC'cmJ   .. 
 :__'-.-- 

'p&~ 

%   5 ------:--f--■-;--■;---^r*1 
"^~&" 1 1" -—-;--- 

 L   ' 

— B 

 -~C 

—^-T  " 

 R 

o   ° 

I5 
<5-10 

o 
Ü.-15 

^ \ 

Voltage (V) 

(a) 

Voltage (V) 

(b) 

Fig. 5. Hysteresis loops after metal etching in M/C B by using (a) H20/CF4 and (b) O2/N2 
gases during strip process. 

-■»■■ Plasma Exposure ol Virgin 

—*— Posrtivo Poling & Plasma Exposure 

■ ■*■   Positive Poling S Plasma Exposure 

:  1 V: ; ir:"1 ': if 

-J-.U.--UH i - Jt 

i         :    :    » 
t   ■   ■■   ■ -r.   __\  : i 

../!.: ; iL'..\ :- /■ " 

'♦;■': T;      -      [:     , 
 f■ -j  4--:- ■■'■ ! -A- — -  

J.U JUUj.- 
AVc (V) 

-0 3   -0.2   -0.1    0.0    0.1     0.2     0.3 

AVc(V) 
(a) (b) 

Fig. 6. (a) AVc before and after plasma exposure of virgin and poling treated capacitors. Poling 
leads to shift of AVc with respect to non-poling treated capacitors depending on poling direction. 
Plasma exposure time is 90 sec. (b) AVc initially increases with plasma exposure time, and then 
saturates at 270 sec. 

Experiments were conducted to find out whether capacitors were really charged or not when 
exposed to plasma. Capacitors were poling treated after metal etching in M/C A. Capacitors were 
poling treated by applying 3 V at top or bottom electrode, and then removing the applied voltage. 
Both the virgin and poling treated capacitors were exposed to microwave downstream O2/N2 
plasma. Figure 6(a) shows AVc, the difference between positive, |+Vc|, and negative |-Vc| 
coercive voltages, before and after exposure to low density plasma. The virgin capacitors show 
very small AVc, while poling treated capacitors resulted in large AVc. The shift direction of AVc 
depends on poling directions. Positive poling treated capacitors shows negative AVc, and vice 
versa. Then, we investigated the effect of plasma exposure time on AVc of negative poling 
treated capacitors. AVc initially increases as the exposure time increases and then saturates as 
shown in Fig 6(b). The shifts of AVc depending on polarization direction and plasma exposure 
time strongly suggest that charges from the plasma be trapped at the capacitors. Charges from the 
plasma are supposed to be trapped at the polarization heads of ferroelectric domains. The trapped 
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charges form space charge, and thus exert 
electric field. The space charge field resulted 
in shift of hysteresis loop. When the charge 
fluence from the plasma is small, the charges 
are trapped only at the interfaces between 
electrodes and ferroelectric layer. If the 
charge fluence exceeds critical limit, charges 
may be trapped at the grain boundaries and 
domain walls. The trapped charges can 
prevent domain reversal and thus decrease 
polarization. Figure 7 shows evidence of 
charging induced capacitor damage. The 
capacitors are exposed to middle density 
plasma at various time. The hysteresis loops 

show little change upto 140 sec., and then significant degradation is observed at 180 sec. These 
results propose that charging damage occur at high charge fluence. Comparing to microwave 
downstream source(~107cm2)[8], middle density plasma(~1010/cm2) has more than four to five 
orders of magnitude higher density. Thus, reduction of polarization can not be observed when the 
capacitors are exposed to low density plasma, such as microwave downstream source. If the 
plasma density is very high, the ferroelectric capacitors can be easily damaged, ash shown in Fig 
5(b). 

Fig 
Voltage (V) 

7. Hysterisis loops as a function of exposure 
time to middle density plasma. 

CONCLUSIONS 

In summary, metal etching damage to the ferroelectric capacitors was investigated. The 
damage was induced by hydrogen incorporation to the ferroelectric capacitors when the plasma 
contained hydrogen during strip process. Damage was also caused by charging of the 
ferroelectric capacitors during strip at high density plasma. Thus, it is necessary to use low 
density plasma without hydrogen containing gas during PR strip process for damage free metal 
etching of the ferroelectric capacitors. 
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ABSTRACT 

Feasibility of SiNx passivation films at low substrate temperatures prepared by catalytic 
chemical vapor deposition (Cat-CVD) is studied for ferroelectric nonvolatile random access 
memories (FRAMs). SiNx films were prepared at low substrate temperatures of 100 °C, 175 °C 
and 200 °C using Cat-CVD. Adjusting on flow rate ratio of SirL/NH,, the refractive index of SiNx 

film, deposited at 175 °C and 200 °C, measured by ellipsometry is controlled around 2.0. SiNx 

films, with the refractive index around 2.0, deposited at only 200 °C show the following properties. 
1) No oxidation during air exposure for 3 months was observed for the films. 2) Etching rate of the 
films in buffered HF is 20 nm/min. The dense SiNx film, which is resistive for oxidation in air 
exposure and dissolution in buffered HF, is prepared at 200 °C and the film is suitable to the 
passivation of ferroelectric capacitors. 

INTRODUCTION 

Ferroelectric nonvolatile random access memories (FRAMs) are powerful devices because of 
their high-speed operation, low power consumption, long endurance and large-scale integration 
with simple structures. Devices on a scale larger than 1 Mb have been produced using lead 
zirconate titanate (Pb(Zr,Ti)03) [1,2]. However, it has been shown that PZT films are degraded by 
processes carried out at high temperatures and under reductive ambient [3], the stress of the 
passivation film and hydrogen penetration from such passivation film [4]. It has been reported that 
device-quality SiNx films, for example, with stoichiometric composition, low hydrogen content, 
low chemical etching rate, low stress and conformal step-coverage, are prepared by catalytic 
chemical vapor deposition (Cat-CVD), often called hot-wire CVD [5,6]. However, deoxidization 
on the substrate surface due to active hydrogen in Cat-CVD processes may occur, since SirLt and 
NH.i gases are decomposed by catalytic cracking reaction with a heated catalyzer. Sample 
temperature is also elevated, since the sample is heated by both thermal radiation from the 
catalyzer around 1800 °C and thermal transport by gas molecules. So far, we reported that no 
degradation for ferroelectric Pb(Zr<).52Tio.48)03 (PZT) capacitors occurs by exposure to active NH3 

gas cracked on catalyzer, when the sample temperature is lowered below 200 °C by controlling the 
heat flow from the catalyzer [7-9]. 

In this study, we carried out the preparation of SiNx films on Si by Cat-CVD at low substrate 
temperatures, at which the ferroelectricity of PZT is not degraded, examined the properties of such 
SiNx films and the ferroelectricity of PZT capacitors covered with SiNx films deposited by 
Cat-CVD. 
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EXPERIMENTAL 

SiNx films were prepared using the Cat-CVD apparatus. The experimental setup is 
schematically illustrated in Fig. 1. We used two Cat-CVD apparatuses. One is called 
screw-Cat-CVD system for small sample (2 cm x 2 cm) in which the substrate was fixed on 
substrate holder by screw, the other was called ESC-Cat-CVD system for 4 inch wafer in which the 
substrate was fixed on substrate holder using electrostatic chuck (ESC) [10]. The substrate 
temperature is controlled in both apparatuses since the substrate has good thermal contact with 
thermal-controlled substrate holder. A tungsten wire was used as the catalyzer. It was placed with a 
distance of 4 cm from the substrate, and kept parallel to the substrate holder. The catalyzer was 
heated to 1800°C. The temperature of the catalyzer (Tcat) was estimated by an electronic infrared 
pyrometer placed outside a quartz window. A 
thermocouple was mounted on the substrate 
holder adjacent to the substrate to monitor the 
substrate temperature (Ts). Before deposition, real 
Ts was measured using a thermocouple mounted 
on substrate at ambient of 1.3 Pa NH3, when 
power supply to catalyzer and temperature of 
substrate holder were varied [9]. 

Prior to deposition, the pressure in the reactor 
was pumped down to less than 5.0 x 10"4 Pa using 
a turbo molecular pump. The deposition 
conditions for screw-Cat-CVD system and 
ESC-Cat-CVD system are summarized in Table 1 
and Table 2, respectively. 

The ferroelectric capacitor shown in Fig. 1 was 
fabricated as follows. The bottom electrode 
consisting of Pt/Ir02 was formed on a SiCVSi 
wafer. The PZT (Pb(Zr0.52Tio.48)03) film of 300 
nm thickness was produced by a conventional 
sol-gel process. The crystallization of the PZT 

Table 1. Deposition condition of SiNx films 
for screw-Cat-CVD system. 
Parameter Set point(s) 

SiH4 flow rate 0.5 - 2.0 seem 
NH3 flow rate 42 seem 
Substrate temperature Ts 100°C,200°C* 

170 °C 
300 °C 

Catalyzer temperature Tcl„ 1800 °C 
Power supply to catalyzer 450 W, 600 W 
Diameter of catalyzer 0.4 mm, 0.5 mm 
Length of catalyzer 150 cm, 138 cm 
Space of catalyzer 10cm x 10cm 
Catalyzer - substrate gap 4 cm 
Reactor pressure 1.3 Pa 
Deposition time 3-10 min 
Substrate size 2 cm x 2 cm 

SiH4 NH3 

*Only when the substrate temperature was 200 °C, 
parameters of power supply, diameter and length 
were 600 W, 0.5 mm and 138 cm, respectively. 

Heated catalyzer wwvwvx 
Cracking 

I I I M 1 I I 1 I 
lr-based electrode 

Pb{Zros2Tio.48)03 300 nm 

 SjOa_.. 

Si wafgr 

Substrate holder kept at constant temperature 

Fig. 1. Schematic illustration of ferroelectric 
capacitor and treatment. 

Table 2. Deposition conditions of SiNx films 
for ESC-Cat-CVD system. 
Parameter Set point(s) 

SiH4 flow rate 1.5 - 4.0 seem 
NH3 flow rate 200 seem 
Substrate temperature Ts 200 °C 
Catalyzer temperature Tca, 1800 °C 
Power supply to catalyzer 850 W 
Diameter of catalyzer 0.5 mm 
Length of catalyzer 185 cm 
Space of catalyzer 16 cm x17 cm 
Catalyzer - substrate gap 4 cm 
Reactor pressure 1.3 Pa 
Deposition time 2- 10 min 
Substrate size 4 inch 
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films was carried out using rapid thermal annealing 
(RTA) at 700 °C for 1 min. The top Ir-based 
electrode was then deposited. After that, the 
capacitor was covered with SiÜ2 doped with 
phosphorus (PSG), and contact holes were 
fabricated. 

The polarization vs. electric field (P-E) 
hysteresis loop was observed using a Sawyer-Tower 
circuit at 1 kHz. Thickness and refractive index of 
SiNx films on Si were measured by ellipsometry 
using light of 632.8 nm. SiNx films on Si wafer 
were also observed by infrared measurement. The 
etching rate of the SiNx film on Si at room 
temperature in buffered HF (16BHF) was 
examined. 

RESULTS AND DISCUSSION 

FLOW RATE (seem) 

Fig.2. Deposition rate and refractive index 
of SiNx films on Si wafer as a function of 
SiH4 flow rate. 

As shown in Table 1, the preparation of SiNx 

films on Si substrate was carried out at various 
substrate temperatures and SiH4 flow rates using screw-Cat-CVD system. Figure 2 shows the 
deposition rate and the refractive index of SiNx films, as a function of SiH4 flow rate at substrate 
temperatures of 100 °C, 175 CC, 200 °C and 300 °C. The deposition rate becomes higher 
depending on an increase in SiHt flow rate. When the SiHi flow rate is the same, the lower the 
substrate temperature induces the higher the deposition rate. The refractive index except for the 
substrate temperature of 100 °C becomes larger depending on an increase in Sittt flow rate. High 
rate deposition of the SiNx films with refractive index of 2.0 is carried out, when the substrate 
temperature is lower. We previously reported that the film deposited at 175 °C is oxidized and that 
deposited at 200 °C is not during air exposure for 10 days [9]. However, the refractive index of 
SiNx films deposited at the substrate temperature of 100 °C is not over 2.0 for the present 
deposition conditions. 

As shown in Table 2, the preparation of SiNx films for the purpose of deposition on the wafer 
with  the  ferroelectric  devices  is  carried  out  at  substrate  temperature  of 200  °C  using 
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Fig. 3. FT-IR spectrum of SiNx film on Si 
wafer deposited at 200 °C. 

REFRACTIVE INDEX 

Fig. 4. Etching rate of SiNx films in the 
buffered HF (16BHF) as a function of 
refractive index of SiNx films. 
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ESC-Cat-CVD system. Figure 3 shows the FT-IR 
spectrum for the SiNx film with refractive index of 
about 2.0 deposited at 200 °C in 3 months after the 
deposition. The remarkable signal around 
1050-1080 cm"1 corresponding to the Si-O 
stretching mode [11] is not observed at the 
spectrum even after air exposure for 3 months. No 
oxidation during air exposure for 3 months is 
observed for the SiNx film deposited at 200 9C. The 
dense SiNx film, which is resistive for oxidation in 
air exposure, is prepared at 200 gC. Etching rate of 
SiN„ films prepared at 200 -C in buffered HF 
(16BHF), is shown in Fig. 4. Etching rate shows 
minimum value about 20 nm/min at refractive 
index of SiNx films around 2.0. 

SiNx films were also deposited at 200 °C on the 
wafer with the ferroelectric devices, using 
ESC-Cat-CVD system. Figure 5 shows the P-E 
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Fig. 5. P-E hysteresis loops for capacitors 
before (dotted line) and after the deposition 

hysteresis "loopsforthecapacitörsbefore (dotted of SiN" film (solid line) as a Parameter of 
line) and after the deposition of the SiNx film (solid max,mum aPPlled v0'tage- 
line). Property of ferroelectric capacitor covered with SiNx film is not degraded with the each 
maximum applied voltage. It was found that no degradation due to deposition occurs for 
ferroelectric properties of the capacitor. 

The dense SiNx films, which are resistive for oxidation in air exposure and dissolution in 
buffered HF, are obtained by Cat-CVD even at 200 °C, where the ferroelectric properties of PZT 
are not damaged. 

CONCLUSIONS 

We investigated the preparation of SiNx films at low substrate temperature using Cat-CVD. 
Adjusting on flow rate ratio of SiKj/NIFi, the refractive index of SiNx film, deposited at 175 °C 
and 200 °C, measured by ellipsometry is controlled around 2.0. So far, the followings are found 
about SiNx films, with the refractive index around 2.0, deposited at 200 °C: 1) No oxidation during 
air exposure for 3 months is observed for the films. 2) Etching rate of the films in buffered HF is 20 
nm/min. The dense SiNx film, which is resistive for oxidation in air exposure and dissolution in 
buffered HF, is prepared at 200 °C. 

It is concluded that the SiNx films prepared at 200 °C by Cat-CVD, inducing no degradation for 
ferroelectricity, are expected as the passivation film on ferroelectric devices. 
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Investigation of Dead Layer Thickness in SrRuOj/Bao.sSro.sTiCVAu Thin Film Capacitors 
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Department of Pure and Applied Physics 
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Belfast BT7 INN 

ABSTRACT 

Thin film capacitors with barium strontium titanate (BST) dielectric layers of 7.5 to 950 nm 
were fabricated by Pulsed Laser Deposition. XRD and EDX analyses confirmed a strongly 
oriented BST cubic perovskite phase with the desired cation stoichiometry. Room temperature 
frequency dispersion (£wo wJ £ioo nl) for all capacitors was greater than 0.75. Absolute values 
for the dielectric constant were slightly lower than expected. This was attributed to the use of Au 
top electrodes since the same sample showed up to a threefold increase in dielectric constant 
when Pt was used in place of Au. Dielectric constant as a function of thicknesses greater than 70 
nm, was fitted using the series capacitor model. The large interfacial parameter ratio dt l£, of 
0.40 + 0.05 nm implied a significant dead-layer component within the capacitor structure. 
Modelled consideration of the dielectric behaviour for BST films, whose total thickness was 
below that of the dead layer, predicted anomalies in the plots of dl£ against d at the dead layer 
thickness. For the SRO/BST/Au system studied, no anomaly was observed. Therefore, either (i) 
7.5 nm is an upper limit for the total dead layer thickness in this system, or (ii) dielectric collapse 
is not associated with a distinct interfacial dead layer, and is instead due to a through-film effect. 

INTRODUCTION 

The decrease in dielectric constant with film thickness is a well-established observation in 
thin film ferroelectric capacitors. This decrease can be effectively modelled by assuming the 
existence of very low dielectric constant 'dead layers' at the electrode-ferroelectric interfaces. 
These interfacial dead layers act as parasitic capacitors in series with the bulk-like ferroelectric 
and hence the decrease in dielectric constant is said to follow the 'series capacitor model.' In 
this model, the effective capacitance of a thin film dielectric layer is given by: 

-L=±+± a) c      c    c 

where subscripts b, and i refer to bulk and interface respectively. If the interfacial dead layer 
thickness di is independent of the total thickness d, then: 

*>/r 
4L + ^1 d     . 1 

= — + di 
eh    e. eh £■ 

(2) 

It is usually assumed that either £h » £;' or db » df giving a linear relationship between <//%• 
and d with a gradient of 1/ft and y-axis intercept of d;l£i. 
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Despite the wide acceptance of the dead layer concept, an experimentally consistent 
explanation for the nature of such layers is not yet evident. Various models have been proposed: 
low dielectric constant space charge layers;3 oxygen depletion zones adjacent to metals with a 
high oxygen affinity;4 formation of surface states;4 local diffusion of electrode material into the 
ferroelectric;5,6 lattice-mismatch-induced ion vacancy formation;7 chemically distinct surface 
phase;8 intrinsic surface polarisation effects;9'10 depolarisation fields due to incomplete screening 
by the electrodes;"12 intrinsic suppression of polarization at the electrode;13 Schottky barrier, 
and associated depletion layer formation, as a result of band-bending at the ferroelectric- 
electrode interface.14   Unfortunately none of the above is definitive nor free from contradictory 
evidence. Further, while direct imaging has occasionally shown distinction between bulk and 
interface,   usually high resolution transmission electron microscopy shows no evidence of 
interfacial layers.'4'16''7 

Some research suggests that a well-defined dead-layer may not be necessary for 
experimental agreement with the 'series capacitor' model. In this respect, the phenomenological 
thermodynamic approach used by Desu18 to rationalise the existence of dead layers in fact 
introduces an interfacial energy per unit area, rather than per unit volume, such that the dead 
layer is not afforded a finite thickness. Despite this, the model had been successfully employed 
to predict the decrease in dielectric constant with thickness.'9 Basceri et a/.20 point out that 
although the concept of a dead layer is usually invoked to explain the observed thickness 
behaviour of the dielectric constant, other mechanisms could also fulfil the thermodynamic 
requirement. For example a long-range co-operative mechanism acting throughout the film 
could cause the dielectric constant to change with thickness. This is particularly pertinent given 
the recently observed soft-mode hardening in SrTi03 films.21 

So, while the series capacitor model has been successfully used to fit many experimental 
systems it does not, in itself, conclusively demonstrate the presence of dead layers. In fact there 
is very little published data on the physical nature or formation of dead layers. The additional 
problem of the incompatibility of many published works due to differences in deposition 
methods and electrode materials makes it difficult to establish the behaviour of the dielectric 
constant over an extensive thickness range. In this paper we report the results of a 
comprehensive study of the effect of thickness on dielectric constant in low loss MgO/SrRu03/ 
Bao.5Sro.5Ti03/Au thin film capacitors. We show that this system generates a particularly strong 
parasitic capacitor component, and yet find no evidence for a distinct dead layer down to a total 
dielectric thickness of 7.5 nm. 

METHOD 

Thin film capacitors were fabricated by Pulsed Laser Deposition (PLD) on commercial 
single crystal {100} MgO substrates. An energy density of-1.5 Jem"2on the target surface was 
supplied from a KrF excimer laser with X = 248 nm (Lambda Physik COMPex 205/). Growth 
conditions were typically a substrate temperature of 800 SC and chamber pressure of 0.15 mbars 
02 for both the SrRu03 (SRO) electrode and (Ba,Sr)Ti03 (BST) dielectric. All films were 
annealed at 650 SC in 1 bar 02 for 15 to 60 minutes depending on the thickness of the BST. The 
BST film thickness was obtained by interpolation from measurements made using an Alpha-Step 
200 profilometer (Tencor Instruments) for films over 400 nm thick, and from Keissig fringes 
apparent on X-rays of films under 50 nm (interference between X-rays scattered from the top and 
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bottom surfaces of the film). Thermal evaporation of Au top electrodes (radius = 0.75 mm) 
through a hard mask enabled dielectric measurements to be performed using an HP 4263B 
precision LCR meter. An Oxford Instruments cryostat and Lakeshore temperature controller 
facilitated dielectric measurements from 100 to 400 K. 

RESULTS AND DISCUSSION 

Crystallographic characterisation (Figure 1) shows successful growth of SRO and BST 
perovskite phases, with strong out-of-plane (0-20X-ray diffraction) and in-plane (plan-view 
electron diffraction inset) orientation. The out-of-plane lattice constants of BST and SRO were 
measured as 3.966 + 0.004 Ä and 3.93 ± 0.01 Ä respectively which compare well with bulk 
values. Energy Dispersive X-ray analysis (Jeol 733 Superprobe) showed the (Ba+Sr):Ti ratio in 
the BST to be close to unity (1 + 0.03). A slight imbalance in the Sr:Ba ratio was noted (1.14 + 
0.05), giving an overall film composition of Bao.47Sr0.53Ti03. The effect on the dielectric 
constant of such a small stoichiometric change in the 'A' cation ratio is negligible. 

Dispersion in dielectric constant with frequency (Figure 2) and dielectric loss values (Figure 
3 (a)) were monitored, and found comparable to literature."'23 Dielectric constant as a function 
of BST film thickness is shown in Figure 3 (a), taken at 400 K so that inherent thickness effects 
could be distinguished from Curie anomaly suppression (for bulk Bao.5Sr0.5Ti03 Tc = 248 K ). 
Very thin capacitors showed a flat temperature dependence of dielectric constant and tan 8 
(except for the occasional result with enhanced ionic conduction above 350 K. For these 
capacitors lower temperature values were used). The absolute magnitude of the dielectric 
constants are somewhat lower than reported for other BST thin film systems.  '    This 
suppression appears to be caused by the BST/Au interface, since measurements made on the 
same BST sample using both Au and Pt top electrodes revealed up to a threefold increase in the 
dielectric constant associated with Pt compared with that measured using Au top electrodes. 
For our capacitor structures, with d > 70 nm, values extracted from Figure 3 (b) using the series 
capacitor model were ft = 1000 ± 200 and djE-, = 0.40 ± 0.05 nm. The solid line is the fit 
generated from these values showing that the system follows the model and thus acts as if dead 
layers are present. The value of the di/Si ratio controls the decrease in e with thickness as shown 

0     10    20    30    40    50    60 
Diffraction angle (23) / degrees 

Figure 1. Typical 0-29X-ray diffraction trace of 
SROIBST(220 nm) structure with in-plane TEM 
diffraction pattern of BST (inset). 
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Figure 2. Frequency dispersion of dielectric 
constant for capacitors of 70 - 950 nm. 
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Figure 3. (a): Dielectric constant and tan Sas a function ofBST thickness from 70 - 950 nm measured at 400 K. 
The solid line shows the fit generated using the model parameters extracted from 3 (b). (b): die as a function of 
BST thickness dfrom 70 - 950 nm. The solid line is the linear fit to the data (R2 = 0.93). 

by Figure 4. This dj£j ratio is relatively large (compare with 0.05 nm for Pt/BST/Pt,27 0.13 nm 
for Pt/PZT/Al and 0.08 nm for Ag/PZT/Ag,2S 0.12 nm for Pd/BST/Au/Ti,29 and 0.887 nm for 
AI/BST/AI   ), and the effect of the parasitic capacitor component is therefore apparent even in 
relatively thick films. However, the fact that d-, and £■, are inseparable in the conventional series 
capacitor model, means that neither the dead layer thickness nor the dielectric constant is well 
defined. 

It was hypothesised that if a physically distinct dead layer exists, then when the total 
thickness of the dielectric is less than the thickness of the dead layer, some deviation from the 
conventional series capacitor model would be expected. The model defines the dead layer as 
having a constant eiy thus when d > rf„ %is given by the combination of the layers as prescribed 
by equation (2), but when d <rf„ % becomes constant (£). This case is shown schematically as 
(i) in Figure 5. This scenario which produces a step function in dielectric constant through the 
film is physically unlikely so we have considered a more continuous fall-off function (parabolic 
reduction in £■, within the dead layer). In this case when d <d„ %is given by: 

■ ■ • —  i . . . i . . . 
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Figure 4. Effect ofdilei value on decrease of 
ewilh thickness. 
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M d: <h 
-2 

V ' J -J 

(3) 

As can be seen in Figure 5, in both of 
these cases a sharp anomaly is exhibited in 
the die against log(d) function aid = d,. 
The case of the dead layer being attributed 
no finite thickness is added to Figure 5 
(iii) to demonstrate that the anomalies 
generated in (i) and (ii) do not occur, and 
hence that an observed anomaly could be 
confidently interpreted as yielding a value 
for d;. 
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Figure 5. Simulations of die behaviour using the series 
capacitor model for the cases when (i) £, is constant, (ii) £, 
decreases parabolically, (Hi) there is no distinct dead layer. 
For (i) and (ii), the total thickness of the dead layer, d, was 
set at 10 nm. 

Figure 6. die as a function of BST thickness 
down to 7.5 nm. The function expected for a 
dead layer of zero thickness is shown by the 
dashed line using the parameters from 
Figure 3 (b). 

Capacitors with BST thicknesses less than 70nm were grown to investigate the presence of 
an anomaly and hence demonstrate the dead-layer thickness in the SRO/BST/Au system. 
Although the tan 5 values increased to 0.6 at 10 kHz for the 7.5 nm film, the frequency 
dispersion was unchanged. As can be seen in Figure 6, the experimentally determined die 
against log(d) plot of all results from 7.5 - 950 nm shows that the dielectric behaviour for films 
below 70 nm obeys the series capacitor model with the same parameters as those extracted from 
the series above 70 nm. The expected curve for the case of no dead layer is shown by the dashed 
line which must have a y-axis intercept of (0.40 ± 0.05) nm, according to the previous analysis. 
As can be seen no anomaly in the experimental results is observed for BST thicknesses down to 
7.5 nm. 

CONCLUSIONS 

The result of Figure 6 shows no evidence for the presence of dead layers down to a 
thickness of 7.5 nm, despite the expectation that the SRO/BST/Au system should possess a 
substantial parasitic component. Therefore either: 

(i)        dielectric collapse in thin film ferroelectrics is not associated with a distinct 
interfacial dead layer, and is instead due to a through-film effect, or 

(ii)       7.5 nm represents an upper limit on the total dead layer thickness for the 
SRO/BST/Au system, with an associated maximum average £-, of-19. 

Further work is under way using much smaller electrode areas and much thinner BST films 
to experimentally verify or otherwise the existence of dead layers with finite thickness. 

CC3.2.5 



ACKNOWLEDGEMENTS 

The authors gratefully acknowledge financial support from DFHETE, the EPSRC, NICAM 
and The Royal Society, as well as the collaboration of AVX / Kyocera and technical assistance 
from Stephen McFarland, Paddy Gaffikin and Mike Higgins. 

REFERENCES 

1 K. Amanuma, T. Mori, T, Hase, T. Sakuma, A. Ochi, Y. Miyasaka, Jpn. J. Appl. Phys. 32,4150 (1993). 
2 H. Li, W. Si, A. D. West, X. X. Xi, Appl. Phys. Lett. 73,464 (1998). 
3 V. G. Bhide, R. T. Gonhalekar, S. N. Shringi, J. Appl. Phys. 36, 3825 (1965). 
4 G. Teowee, C. D. Baertlein, E. A. Kneer, J. M. Boulton, D. R. Uhlmann, Integrated Ferroelectrics, 7 149 

(1995). 
51. Stolichnov, A. Tagantsev, N. Setter, J. S. Cross, M. Tsukada, Appl. Phys. Lett. 75,1790 (1999). 
6 D. Choi, B. Kim, S. Son, S. Oh, K. Park, J. Appl. Phys. 86, 3347 (1999). 
7 M. Izuha, K. Abe, N. Fukushima, Jpn. J. Appl. Phys. 36,5866 (1997). 
8 V. Craciun, R. K. Singh, Appl. Phys. Lett. 76, 1932 (2000). 
9 C. Zhou, D. M. Newns, J. Appl. Phys. 82, 3081 (1997). 
10 K. Natori, D. Otani, N. Sano, Appl. Phys. Lett. 73, 632 (1998). 
" P. Würfel, I. P. Batra, Phys. Rev. B 8, 5126 (1973). 
12 Y. G. Wang, W. L. Zhong, P. L. Zhang, Phys. Rev. B 51,5311 (1995). 
13 O. G. Vendik, S. P. Zubko, L. T. Ter-Martirosayn, Appl. Phys. Lett. 73, 37 (1998). 
14 C. S. Hwang, B. T. Lee, C. S. Kang, K H. Lee, H. Cho, H. Hideki, W. D. Kim, S. I. Lee, M. Y. Lee,, J. 

Appl. Phys. 85,287 (1999) 
15 S. Paek, J. Won, K. Lee, J. Choi, C. Park, Jpn. J. Appl. Phys. 35,5757 (1996). 
16 Y. Sakashita, H. Segawa, K. Tominaga, M. Okada, J. Appl. Phys. 73, 7857 (1993). 
17 W. Jo, D. C. Kim, H. M. Lee, K. Y. Kim, J. Korean Phys. Soc. 34, 61 (1999). 
18 S. B. Desu, Mat. Res. Soc. Symp. Proc. 541,457 (1999). 
19 K. Abe, S. Komatsu, Jpn. J. Appl. Phys. Pt 2 32, LI 157 (1993). 
20 C. Basceri, S. K. Streiffer, A. I. Kingon, R. Waser, J. Appl. Phys. 82, 2497 (1997). 
21 A. A. Sirenko, C. Bernhard, A. Golnik, A. M. Clark, J. Hao, W. Si, X. X. Xi, Nature, 404, 373 (2000). 
22 T. Nakamura, Y. Yamanaka, A. Morimoto, T. Shimizu, Jpn. J. Appl. Phys. 34, 5150 (1995). 
23 B. Nagaraj, T. Sawhney, S. Perusse, S. Aggarwal, R. Ramesh, V. S. Kaushik, S. Zafar, R. E. Jones, J. 

H. Lee, V. Balu, J. Lee, Appl. Phys. Lett. 74, 3194 (1999). 
Landoh-Börnstein Numerical Data and Functional Relationships in Science and Technology, New 
Series Group HI: Crystal and Solid State Physics, Vol. 16(a), edited by K. H. Hellwege (Springer- 
Verlag, 1981). 

25 W. Lee, I. Park, G. Jang, H. Kim, Jpn. J. Appl. Phys. 34, 196 (1995). 
26 M. Izuha, K. Abe, M. Koike, S. Takeno, N. Fukushima, Appl. Phys. Lett. 70, 1405 (1997). 
27 W. Lee, H. Kim, S. Yoon, J. Appl. Phys. 80, 5891 (1996). 
28 J. J. Lee, S. B. Desu, Ferroelectric Letters, 20, 27 (1995). 
29 S. Yamamichi, H. Yabuta, T. Sakuma, Y. Miyasaka, Appl. Phys. Lett. 64, 1644 (1994). 
30 N. Ichnose, T. Ogiwara, Jpn. J. Appl. Phys. 34,5198 (1995). 

CC3.2.6 



Mat. Res. Soc. Symp. Proc. Vol. 655 © 2001 Materials Research Society 

PREPARATION AND CHARACTERIZATION OF MFM AND MFIS STRUCTURES 

USING Sr2(Ta,.x, Nbs)207   THIN FILM BY PULSED LASER DEPOSITION 
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Area of Materials and Device Physics, Department of Physical Science, Graduate School of Engineering 

Science, Osaka University, 1 -3 Machikaneyama-Cho, Toyonaka, Osaka 560-8531, Japan 

ABSTRACT 

Sr2(Tai.x, Nbx^OKSTN) ferroelectric thin films have been prepared on SiO2/Si(100) substrates by the 

pulsed laser deposition (PLD) method. Preferential (110) and (151>oriented STN thin films are deposited 

at a low temperature of 600°C in N20 ambient gas at 0.08 Torr. A counterclockwise C-V hysteresis was 

observed in the metal-ferroelectric-insulator-semiconductor (MFIS) structure using Sr2(Tao.7, Nbo^O? on 

SiOySi deposited at 600°C. Memory window in the C-V curve spreads symmetrically towards both 

positive and negative directions when applied voltage increases and the window does not change in sweep 

rates ranging from 0.1 to 4.0x103 V/s. The C-V curve of the MFIS structure does not degrade after 1010 

cycles of polarization reversal. The gate retention time is about 3.0x10s sec when the voltages and time of 

write pulse are +15V and 1.0 sec, respectively, and hold bias was -0.5 V. 

INTRODUCTION 

fn recent years, ferroelectric nonvolatile memory devices have attracted much attention from the 

viewpoints of high-speed and large-scale signal processing. There are generally two kinds of nonvolatile 

memories using ferroelectric thin films. One is memory using a ferroelectric capacitor with large 

polarization-voltage (P-V) hysteresis, and the other is the metal-ferroelectric-(insulator-)semiconductor 

(MF(i)S)-FET type of memory which has a ferroelectric thin film gate.'),2) Among memory devices, the 

FET type is excellent as the memory state is read out nondestructively and is suited for large-scale 

integration because it obeys the scaling rule. In this device, however, high-temperature fabrication of 

ferroelectric films often degrades the performance of a device by interdiffusion of component materials of 

the ferroelectric film to the Si substrate and also degrades characteristics of other devices fabricated in the 

same chip. Especially, using the SBT and PZT films in ferroelectric memory devices, Bi and Pb component 

atoms easily diffuse into the substrate. Thus, we have attempted to prepare ferroelectric thin films at low 

temperatures by pulsed laser deposition (PLD)3). The voltage applied to a ferroelectric film, on the other 

hand, decreases when the ferroelectric film has a high dielectric constant. By considering these situations, 

Sr2(Tai.x, Nbx)207 (STN)4) was selected as the ferroelectric material. STN has adequate spontaneous 

polarization although too large spontaneous polarization in conventional ferroelectric materials such as PZT 

and PbTiCb is not good for MFIS structure. Moreover, STN has a low dielectric constant, low coercive 

force and good thermal stability compared to bismuth-layer-structured ferroelectrics which are becoming 

key materials in nonvolatile memory devices.*71 Spontaneous polarization of STN occurs along the c-axis. 

Moreover, it is noted that the STN is not easily deoxidized and degraded little by hydrogen because it is a 
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bismuth- and lead-free material,8''9' and its remanent polarization, coercive force and dielectric constant are 

controlled by adjusting its composition ratio.4''8' STN films have been prepared so far by sol-gel method8*"13), 

and the deposition temperature was still high. In our previous study,14' STN thin films are prepared by 

pulsed laser deposition (PLD) and their dielectric properties are characterized. In this study, we report on the 

electrical properties of MFIS diodes using STN ferroelectric thin film prepared by PLD method. 

2. EXPERIMENTAL DETAILS 

The laser used for the PLD was an ArF excimer laser with a wavelength of 193 nm. The laser beam 

was focused by a quartz lens onto an Sr2(Tai.x, Nb^O? ceramic target rotating in a vacuum chamber. The 

target was an Sr2(Tai-x, Nbx)2O7(x=0.2-0.4) ceramic disk and the substrates used were SiCVSiClOO) wafers 

fabricated by dry thermal oxidation and Pt/Ti/SiO^SiOOO). The composition ratio (x) was mainly set to 

around 0.3 in this experiment because stable ferroelectricity is observed at room temperature,14' and the 

composition ratio of 0.3 is estimated to be suitable considering Curie temperature of STN(x=0.3), about 

550°C.4' The substrate temperature (T,) during the deposition was varied from 500 to 600°C using a 

ceramic heater and a chromel-alumel thermocouple in a substrate holder. The ambient gas during the 

deposition was N20, and the pressure was 0.08 Torr. The details of the deposition conditions are listed in 

Table I. Finally, Al (250 um<(>, 100 nm thickness) top electrodes and AuSb bottom electrodes were formed. 

Crystalline structures of deposited films were analyzed by X-ray diffraction (XRD)(RINT 2000) and 

Raman spectroscopy. Surface morphologies and cross-sectional views were observed by scanning electron 

microscopy (SEM) and atomic force microscopy (AFM). The P-E hysteresises were measured at 1 kHz 

using a Sawyer-Tower circuit, and the current density-electric field (J-E) characteristics were measured 

using a precise current amplifier (Model 617 Keithley). For MFIS structures, the capacitance-voltage (C-V) 

characteristics, the fatigue and memory retention properties were measured using C-V plotters (HP4280A, 

Hewlett Packard and Model 410, Princeton Applied Research). 

RESULTS AND DISCUSSIONS 

Figure I shows XRD patterns of STN (x=0.2, 0.3 

and 0.4) films on Pt/T]/SiOySi(I00) wafers in N20 

atmosphere at 600°C. The films were deposited at an 

N20 pressure of 0.08 Torr under ArF laser irradiation 

with a repetition frequency of 5 Hz. (110) and (151) 

peaks of STN were obtained for every composition 

ratio. Figure 2 shows P-E hysteresis loops of STN 

films measured by a Sawyer-Tower circuit at 1 kHz. 

The STN films were prepared at a substrate 

temperature of 600°C in N20 ambient gas at 0.08 Torr. 

Ferroelectric hysteresises were confirmed for the films 

at compositions of x=0.2 and 0.3. For x=0.3, the 

Table I. Detail of deposition condition. 

Target Sr2(Ta,.x. Nbx)207 ceramic disk 
x=0.2 - 0.4 

Substrate Pt(lll)ffl/SiO,/Si 
SiO2/Si(100) 

Substrate temperature 500-600 °C 

Gas N20 

Gas pressure 0.08 Torr 
Laser ArF excimer 

Repetition frequency 5 Hz 

Beam size 0.03 cm2 

Strength 3.0 J/cm2 shot 
Deposition time 45 min 
Target-substrate 
distance 
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Fig. 1. XRD patterns of STN(x=0.2,0.3 and 

0.4) films deposited on Pt/Ti/SiCb/Si 

substrates in N2O atmosphere at 600°C. 

j 1 1 1 u 
-100    -50       0        50      100 

Electric Field [kV/cm] 

Fig. 2. P-E hysteresis loops of STN films with x = 

0.2,0.3 and 0.4. 

remanent polarization (Pr) was 0.4 |xC/cm2 and the coercive field (£,.) was 30 kV/cm. The dielectric 

constant at room temperature was about 55 at 1 MHz, and this value is much lower than those of SBT and 

PZT. Figure 3 shows J-E characteristics of as-deposited and post-annealed STN films. Leakage current in 

the post-annealed film is found to be lower than that in as-deposited film. The currents seem to consist 

mainly of Schottky conduction at low electric field and Fowler-Nordlheim contribution at high electric field, 

respectively. 
Figure 4 shows XRD patterns of STN (x=0.3) films on SiCfe/SiO 00) wafers. The films were deposited 

at 600°C in an N20 pressure of 0.08 Torr under ArF laser irradiation with a repetition frequency of 5 Hz. 

(110), (151), (172) and (153) peaks of STN are observed in the as-deposited film, however, its 

crystallization is a little poor compared to that of STN film on Pt/Ti/SiOVSKlOO) substrate. Sharp peaks of 

Voltage |V] 
4 6 

Ts: 600"C 
N20: 0.08 Torr 5 Hz 
Äi7Sf2rrä;;7\m'„-jy2-a;7'- 
PUTi/SiOjSi 

50 100 150 
Electric Field (kV/cm) 

Fig. 3. J-E characteristics of as-deposited 

and post-annealed STN (x=0.3) films. 

Ts 600°C 
NjO 0.08 Torr 
x = 0.3 on SiO2/Si(100) 

30 40 
20 Ideg.| 

50 

Fig. 4. XRD patterns of as-deposited and 

post-annealed STN(x=0.3) films on SiCh/ 

Si(lOO) substrates. 
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0.5 V/sec 
 SIO,:10nni 
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]~-fl*                  Ts600°C 

l.3Vj\ ̂ 4   1          NjO 0.08 Torr 
ill        anneal at 6O0°C 
!l   Sr2(Tao.7,NbOJ)207 

_y* S                    on SiOj/Si 

0               -5 0                 5                 10 

Figs. 5. (a) Surface morphology and (b) 

cross-sectional view of STN film obtained by 
SEM. 

Bias Voltage [V] 

Fig. 6. C-V characteristics of MFIS structure. 

STN, on the other hand, are observed in the film post-annealed in Q2 at 600°C for 20 min and the 

crystalline was improved. Figures 5(a) and (b) show surface morphology and cross sectional structure of 

the STN film grown at 600°C in N2O, respectively. A flat surface morphology is observed, and the average 

of surface roughness (RJ is 1.10 nm. The grain sizes of STN thin films are as large as 30 to 50 nm and a 
dense structure is observed. 

Figure 6 shows the C-V characteristics (measurement frequency: 1 MHz) of the Al/STN(x=0.3X400 

nm)/SiO2(10, 27 nm)/n-Si(100) (MFIS) structures at a sweep voltage ranging from -10 V to +10 V. 

Counterclockwise C-V hysteresises were observed in the MFIS structures, and their memory windows 

were about 1.3 V for Si02 thickness of 27 nm and 2.0 V for the thickness of 10 nm, respectively. These 

memory windows are smaller than the value estimated from 2EC of P-E hysteresis. However, it is well 

known that ferroelectricity of the films on amorphous Si02 film is a little worse than that on Pt/Ti/SiQz/Si, 

so this phenomenon does not show disagreement with the P-E hystetesis. Slope of the C-V curve near 

-202 
Bias Voltage [V] 
(a) Sweep Rale 

1MHz  4.0kV/sec 
- - V = ±12.0 
— V = ±l 
 \ = ±S 

Ts 600"C 
N20 0.08 Torr 

anneal at 600°C 
on SiO2jl0 nm)/Si 

-2 0 2 
Bias Voltage [V] 

(b) Sweep Voltage 

Figs. 7. Fast C-V characteristics of MFIS structure, (a) dependence on sweep rate 
and (b) sweep voltage. 
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Figs. 8. Fatigue properties of MFIS structure, (a) C-V curves and (b) minimum and 

maximum of capacitance, G™, and 0™*, and memory window. 

depiction region is steep and show a low interface state density. Figure 7(a) shows the C-V characteristics 

of MFB structure using 10 ran Si02 buffer layer as a parameter of sweep rate. Its memory window changes 

little at sweep rates ranging from 0.1 to 4.0X103 V/s when sweep voltage amplitude was +10 V, so that it is 

plausible that this memory window is caused by ferroclectricity of the STN film, but little by ion drift 

Figure 7(b) shows the C-V characteristics of MFIS structure as a function of sweep voltage. Its memory 

window spreads symmetrically toward both positive and negative directions when applied voltage width is 

increased to ±10 V, and almost saturates beyond ±10 V. Figures 8(a) and (b) show fatigue properties of the 

memory window and minimum and maximum capacitance (C,„;„ and Cmt) values in MFIS structure at 

sweep voltage width of ±10 V and sweep rate of 0.5 V/s. It is found from the figures that little fatigue 

degradations of memory window, Cmi„ and C„Mt and C-V curve are observed. Moreover, it is considered 

from the slope of the C-V curve shown in Fig. 8(a) that interface state or trap density does not rather change 

or decrease slightly in the voltage-increasing and decreasing traces by switching pulses. The reason of these 

phenomena is not clear at present stage, however, we think for one reason that these phenomena are related 

to strain of M-F and/or F-I interfaces that relaxed by 

fatigue pulses, and their surface morphology. 

Figure 9 shows memory retention characteristics of 

MFIS structures at write pulse time of 1.0 s and hold 

voltage of -0.5 V as a function of write voltage. The 

retention time becomes longer when write voltage is 

increased, because the ferroelectric film is polarized 

enough. It saturates at about 3000 s at write voltage of 

+10 V. This result corresponds well to saturation 

behavior of memory window shown in Hg. 7(b). One of 

the reasons for these short retention time is the leakage 

current of STN ferroelectric layer, thus, we think the 

retention time becomes longer when the leakage current 
is more suppressed. 

50 
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& 30 

■2 20 
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AV STN(x= 0.3)/SiO2(10 r m)/Si 

1.0 s write          \ ^v 

-0.5 V hold           \ 
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- - ±5.0 V write     \ 
 ±10.0 V write    ^ •*■ 
 ±15.0 V write / 

— • 
// 

■             i 

10 100 
time [s] 

1000 10 

Fig. 9. Memory retention characteristics of 

MFIS structure as a function of write voltage. 
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CONCLUSIONS 

Sr2(TaNx, Nbx)207 thin films are prepared by pulsed laser deposition on Pt/Ti/SiOz/Si and SiOV 

Si(100) substrates. These films have preferential (110) and (151)-orientation, when deposited in N20 

ambient gas at 600°C. P-E hysteresis loops are observed for Sr2(Tau, Nb^Oy thin films on Pt/n/Si02/Si 

substrates when the composition ratio is 0.2 and 0.3. For Sr2(Tao.7, Nbuj^O? thin films, the remanent 

polarization is 0.4 nC/cm2, the coercive force is 30 kV/cm and the dielectric constant is about 55. 

Counterclockwise C-V hysteresis is observed in the MFIS structure and its memory window is about 2.0 V, 

and little change is observed in the C-V curve when the sweep rate was ranged from 0.1 to 4.0x103 V/s. The 

memory retention time is about 3000 s. Finally we believe that STN ferroelecuic thin films are sufficiently 
applicable for MFIS-FET memory devices. 

ACKNOWLEDGMENTS 

This work was partially supported by the Research for the Future Program supported by the Japan 

Society of the Promotion of Science and Rohm Co.,Ltd and semiconductor technology academic research 
center. 

REFERENCES 

1) Y. Higuma, Y. Matsui, M. Okuyama, T. Nakagawa and Y. Hamakawa: Jpn. J. Appl. Phys. Suppl. 17-1 
(1978)209. 

2) T. Hirai, T. Goto, K. Teramoto, T. Nishi and Y. Tarui: JpnJ.Appl.Phys. 33 (1994) 5219. 

3) H. Sugiyama, T. Nakaiso, Y. Adachi, M. Noda and M. Okuyama: JpnJ.Appl.Phys. 39 (2000) 2131. 

4) S. Nakamatsu, M. Kimura and T. Kawamura: J.Phys.SocJpn. 38 (1975) 819. 

5) E. Tokumitsu, G Fujii and H. Ishiwara: Appl.Phys.Lett. 75 (1999) 575. 

6) S. B. Xiong and S. Sakai: Appl.Phys.Lett. 75 (1999) 1613. 

7) T. Kijima and H. Matsunaga: Jpn.JAppl.Phys. 38 (1999) 2281. 

8) Y. Fujimori, N. Izumi, T. Nakamura and A. Kamisawa: JpnJ.Appl.Phys. 37 (1998) 5207. 

9) Y. Fujimori, T, Nakamura and A. Kamisawa: JpnJ.Appl.Phys. 38 (1999) 2285. 

10) C. H. Son, H. D. Nam, S. W. Jang and H. Y. Lee: J.Kor.Phys.Soc. 32 (1998) 1434. 

11) M. Shoyama, A. Tsuzuki, K. Kato and N. Murayama: Appl.Phys.Lett. 75 (1999) 561. 

12) A. V. Prasadarao, U. Selvaraj and S. Komameni: J.Mater.Res. 10 (1995) 704. 

13) K. Okuwada, S. Nakamura and H. Nozawa: J.Mater.Res. 14 (1999) 855. 

14) T. Nakaiso, H. Sugiyama, M. Noda and M. Okuyama: JpnJ.Appl.Phys. to be published. 

CC3.5.6 



Mat. Res. Soc. Symp. Proc. Vol. 655 © 2001 Materials Research Society 

New Pt/(Bi,La)4Ti3Oi2/Si3N4/Si MFIS Structure for FET-Type 
Ferroelectric Memories by the Sol-Gel Method 
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Frontier Collaborative Research Center 
Tokyo Institute of Technology 
4259 Nagatsuta, Midori-ku, Yokohama 226-8503, Japan 

ABSTRACT 

The well c-axis-oriented Bi3.25Lao.75Ti3Oi2 films with good crystallinity and good surface 

morphology were obtained at temperatures higher than 600°C. It was also found in a Pt / 

100nm-Bi3.25Lao.75Ti3Oi2 / 3nm-Si3N4 / Si (metal / ferroelectric / insulator / semiconductor ) 
structure that C-V characteristics showed a hysteresis loop with a memory window of about IV 
and both the high and low capacitance values kept at zero bias voltage did not change for more 
than 3 hours. 

INTRODUCTION 

Since   first  experimental  demonstration  of MFS-FET     (metal   /  ferroelectric  / 

semiconductor field effect transistor)    by Moll and Tarui [1], MFS-FET has been expected as a 

nonvolatile ferroelectric memory device with nondestructive readout operation. In the MFS 
structure, the ferroelectric thin films must be directly deposited on Si substrate. However, the 
interface reactions between ferroelectric materials and the Si substrate make it difficult to obtain 
a good ferroelectric / Si interface [2][3][4]. Thus, an MFIS structure ( metal / ferroelectric / 
insulator / semiconductor ) has extensively been investigated recently in order to avoid such an 
interface reaction. 

In the MFIS structure, it is desirable from a viewpoint of the data retention 
characteristics to choose a ferroelectric film with a small remanent polarization and to use it in 
the saturated polarization condition [5]. For this application, (Bi,La)4Ti3Oi2 is an important 
candidate, because it is known to be fatigue-free [6] and its remanent polarization Pr and 

coercive field Ec are as small as 4 n C/ cm2 and 4kV/cm along the c-axis. However, the Pr and 

Ec values are as large as 50 ß C/cm2 and 50kV/cm along the a-axis. Thus, it is important in the 

use of this material to control the crystallite orientation in the film. 
This paper demonstrates the MFIS diode characteristics using the n- and p-type Si substrates 

to make the ferroelectric gate structured FETs of p- and n-channel. In order to form the MFIS 
structure, thin Si3N4 layers were first formed on Si substrates using atomic nitrogen radicals. [7] 
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The method we used was the direct nitrification of a Si substrate by which we have obtained 
good MIS (Metal / Insulator / Semiconductor) characteristics even after the high temperature 
post annealings . 

Then, (Bi,La)4Ti30i2 films were deposited on the Si3N4 / Si structures using the spin-coating 
method of sol-gel solutions and the optimum conditions to obtain well c-axis-oriented 
(Bi,La)4Ti30i2 films were investigated. In the optimization procedure, the La content was fixed 
at 0.75, but such parameters as the Bi content in the sol-gel solution, temperatures of 
pre-annealing and crystallization annealing, crystallization ambient, and so on were changed. 

EXPERIMENTAL 

First, Si3N4 thin layers were formed on either n-type or p-type Si(100) single crystal 
substrates using atomic nitrogen radicals. The native oxide of the substrates was removed before 

the film formation and the substrates were exposed to atomic nitrogen radicals at 800°Cfor 60 

min. Then, the samples were annealed at 850°C in 02 atmosphere for 20 min to improve the 

interface property. A typical thickness of the Si3N4 layer was about 3 nm. Then, Bi3.25Lao.75Ti30,2 

(BLT) films were formed by the sol-gel method on the Si3N4 layer. In order to form a BLT film, 
the sol-gel solution was spin-coated on the Si3N4/ Si structure. Then, it was pre-annealed in air 

either at 400°C or at 500°C for 10 min on a hot plate and annealed either in 02 or in air at 

temperatures ranging from 600 °C    to    800 °C   for 20min using an RTA (rapid thermal 

annealing) furnace. The crystalline structure and the surface morphology of the films were 
characterized by X-ray diffraction (XRD) analysis and scanning electron microscopy (SEM). For 
the electrical measurements of Pt/Si3N4/Si (MIS) and Pt/BLT/Si3WSi (MFIS) structures, Pt top 
electrodes were deposited by vacuum evaporation method at room temperature. The 
capacitance-voltage (C-V) characteristic and the retention time measurements were carried out at 
1MHz with an LCR meter (4275A, Yokogawa Hewlett-Packard). 

RESULTS AND DISCUSSION 

First, formation of BLT films was attempted using stoichiometric BLT sol-gel solution. 
However, no X-ray diffraction (XRD) peak was observed in the deposited film even after the 

film was annealed at 800°C in 02 ambient. Then, in order to enhance the crystallization of the 

BLT films on SijNi/Si, 2.5 to 7.5% excess-Bi solutions were used as well as the crystallization 
ambient was changed from Q2 to air. 
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Figure   1.      XRD  patterns for   lOOnm-thick 

Bi3jiLa0j}ri3Oi2 films annealed at 700 "C. 
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Figure 2. Relationships between the excess-Bi 

composition and XRD (006) peak intensity at 600, 

700 and 800 V. 

In this experiment, the film thickness was fixed at lOOnm using a single spin-coating 

process and the pre-annealing temperature was kept at 400°C. Figure 1 shows typical XRD 

patterns for four BUT films with different Bi compositions which were crystallized at 700°C in 

air ambient. In this figure, most reflection peaks originate from the c-plane of the BLT films, but 

small (117) peaks still remain in the patterns at the 2 9  value of 30° , which means that further 

optimization is necessary to obtain perfectly c-axis oriented BLT films. It is interesting to note 

that the film with the stoichiometric Bi composition is crystallized at 700°C by changing the 

annealing ambient from O2 to air. 
Figure 2 shows variation of the (006) peak intensity plotted as functions of the excess-Bi 

composition, the crystallization temperature, and the crystallization ambient. It can be seen from 
the figure that the peak intensity becomes stronger in air ambient, at the higher annealing 
temperature, and at the larger Bi composition. It can also be seen that the crystallization 

characteristics at 800°C in 02 ambient are almost the same as those at 600°C in air. We conclude 

from these results that BLT films are crystallized in air more easily than in 02 ambient regardless 
of the annealing temperature and that the difference is more pronounced at higher temperatures. 

Next, the film thickness dependence was investigated. In this experiment, all samples 
were formed by single spin-coating of sol-gel solutions. The pre-annealing temperature was fixed 
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at 400°C and the crystallization annealing was conducted in air. Variation of the (006) peak 

intensity is shown in Fig.3, which is plotted as functions of the film thickness, the annealing 
temperature, and the excess-Bi composition. As can be seen from the figure, the peak intensity is 

almost proportional to the film thickness when the annealing temperature is 600°C, or when the 

excess-Bi composition is smaller than or equal to 2.5% at the annealing temperatures of 700 and 

800°C. On the other hand, when the excess-Bi is more than 5%, there exist optimum thicknesses 

at which the (006) peak intensity becomes maximum. The values are 75 and 50 nm for annealing 

temperatures of 700 and 800°C, respectively. It was also found that the surface morphology of 

the BLT films degraded when the film thickness exceeded the optimum value. 
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Figure 4. XRD patterns for the Bis2sLao.75Ti3Oi2 

films annealed at 700 V and 800 V. 

XRD patterns for the films with the optimum film thicknesses are summarized in Fig.4 in 

which the films were crystallized either at 700°C or at 800°C. As can be seen from the figure, all 

films have strong prepared orientation along the c-axis and the films with 5% and 7.5% 
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excess-Bi compositions are almost a single phase when they are annealed at 800°C. Figure 5 

shows SEM micrographs of the cross section and the surface for a typical BLT film, which was 

annealed at 800°C in air. As can be seen from the figures, the interface between the BLT film 

and Si substrate is very sharp and the surface morphology of the film is good. We conclude from 
these result that almost perfectly c-axis-oriented BLT films can be obtained by carefully 
choosing such parameters as excess-Bi composition, film thickness, and pre-annealing and 
crystallization temperatures. 

°l325^a0.75'l3^'l2 

500nm 

Figure 5.    Cross section and plane view SEM 
micrographs for a Bi3j5La0jsJi3Oj2fllm. 

Figure 6.    Capacitance-voltage characteristics 
of a Pt /Si3N4 /n-type Si MIS structure. 

It is known that the c-axis oriented BLrTi30i2 (BIT) can be easily obtained because of 
the strong anisotropic property of the crystalline growth speed. BLT is believed to have the 
similar anisotropic property, because a part of Bi atoms of BIT were replaced with La. Hence, 
c-axis oriented BLT film can be also easily obtained. Furthermore, Si3N4 buffer layer is 
amorphous, which also enhances the c-axis oriented film growth. Besides these factors, by 
optimizing growth conditions, such as excess-Bi composition, film thickness, and pre-annealing 
and crystallization temperatures, we succeeded in the growth of c-axis oriented BLT films on 
Si3N4 / Si substrates. 

Prior to C-V measurements of MFIS diodes, C-V characteristics of Pt / Si3N4 / Si MIS 
diodes were measured at a frequency of 1MHz. A typical result for a 3nm-thick Si3N4 layer is 
shown in Fig.6. As can be seen from the figure, no hysteresis loop appears in the C-V 
characteristic and the transition from accumulation to inversion states is very sharp, which means 
that the interface properties between the Si3N4 layer and the Si substrate are excellent. 

Next, electrical properties of the MFIS diodes were characterized. In order to obtain a 
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wide memory window in the C-V characteristics of MFIS diodes, it is necessary to use a thick 
ferroelectric film, because the memory window width is equal to the coercive voltage of the 
ferroelectric film under the saturated polarization condition. As discussed in the previous section, 
however, the optimum film thicknesses for the higher annealing temperatures are as thin as 75 
and 50nm for the excess-Bi solutions of 5% and 7.5%, respectively. Thus, in order to obtain a 
thick c-axis-oriented film with good crystallinity, the whole spin-coating and crystallization 
processes were repeated twice. 
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Figure 7. XRD patterns for 75-nm-thick and 
150-nm-thick BisjsLao.75Ti3Oi2 on p-type Si 
substrates. 

Figure 8. Capacitance-voltage characteristics 
of Pt / BLT / Si3N4 / p-type Si diodes with 
different BLT film thicknesses. 

Figure 7 shows XRD patterns for 150nm-thick and 75nm-thick BLT films. In this figure, 
the 75-nm-thick film was prepared by spin-coating 5% excess-Bi solution on a p-type Si wafer 

covered with 3-nm-thick Si3N4 layer, by pre-annealing at 400°C, and by annealing at 700°C in 

air, while the 150-nm-thick film was done by repeating the above process twice. As can be seen 
from the figure, each reflection peak is twice higher in the 150-nm-thick film, which means that 
the crystalline quality of the thicker film is as good as that of the thinner film. C-V characteristics 
for these samples are shown in Fig.8, in which the DC bias voltage ranging from -10V to +10V 
was applied. It can be seen from the figure that both C-V characteristics have hysteresis loops 
with the clockwise direction and the capacitance changes are rather sharp. It can also be seen that 
the accumulation capacitance is about twice larger in the 75-nm-thick film, while that the 
memory window width is twice wider in the 150-nm-thick film, as expected from the difference 
of the film thickness. The memory window width in the 150-nm-thick film is about 2V 

Next, in order to ascertain the effectiveness of the c-axis-oriented film, C-V 
characteristics for c-axis-oriented and randomly oriented films were compared. The BLT films 
were formed by spin-coating 10% excess-Bi solution on n-type Si wafers covered with 
3-nm-thick Si3N4 layers. The spin-coating and crystallization processes were repeated twice and 
100-nm-thick films were formed. The crystallization annealing conditions were the same (at 
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800°C in air) for the both samples, but only the pre-annealing temperature was different. That is, 

the pre-annealing was conducted at 400t for the c-axis-oriented film, while it was done at 

500°C for the randomly oriented film. XRD patterns for these samples are shown in Fig.9. As 

can be seen from the figure, the c-axis orientation is almost perfect in the sample of Fig. 11 (a), 
while a strong (117) peak appears in the XRD pattern in Fig. 11(b). This result is well explained 

by our previous work, which shows that the crystallization starts at 500°C for MOCVD-grown 

Bi4Ti30i2 films.[8] 
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C-V characteristics for the Pt / BLT (lOOnm) / Si3N4(3nm) / Si structures are shown in 
Fig. 10. The memory window width in the c-axis-oriented film is about 1,2V for a voltage sweep 

of ±5V. On the other hand, the width in the film which contains (117) crystallites is very 

narrow for the same voltage sweep amplitude. When the BLT film has random orientation, only a 
small minor loop can be used because the remanent polarization of the film is very large. On the 
other hand, a larger memory window can be obtained with a c-axis oriented BLT film, because 
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almost saturated polarization can be used in the c-axis-oriented film with a small remanent 
polarization. 

In addition, it is found that the accumulation capacitance of the MFIS structure with the 
BUT film containing (117) crystallites is smaller than that of the c-axis oriented BLT film. This 
result seems to be contradictory to the generally known fact that a (117) oriented BLT film has a 
higher dielectric constant than a c-axis oriented BLT film. However, this result can also be 
explained by the fact that only a minor loop in the P-E characteristics is used in the sample 
shown in Fig. 10(b), since an equivalent dielectric constant along a minor loop is much smaller 
than that along a saturated loop. We conclude from these results that a c-axis oriented BLT film is 
very suitable for the MFIS-FET applications. 
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Figure 11. Capacitance-voltage characteristics of (a) radical, (b) thermal and (c) plasma Si3N4 films. 

Finally, we have compared various kinds of Si3N4 films for the buffer layer in the MFIS 

structure. One of (b) the SiN was made by thermal nitrification at 950°C for 10 sec using NH3 as 

a process gas. The other one was made by the nitridation by (c) NH3 plasma at 400°C. Thickness 

of these films were about 3nm. The C-V hystelesis curves wereshown in Fig. 11. It was clear that 
the hystelesis loops of these two curves originated from the charge trappings taking the direction 
of the loop appearance into account. This is because that these two Si3N4 films use the hydrogen 
termination to make Si dangling bonds electrically inactive, the dissociation of hydrogen 
terminators during the high temperature oxidation process creates large amount of carrier traps in 
MFIS diodes. To the contrary, (a) the radical nitrified Si3N4 film was essentially damage free and 
hydrogen free, nothing would take place during the oxidation process at high temperatures. 
Therefore, it was proved that high performance ferroelectric films with low residual mobile 
carriers could be synthesized under the oxidation conditions at high temperatures on the newly 
developed radical nitrified Si3N4 buffer layer. 

the retention property of MFIS structure with newly radical Si3N4 was examined at room 

temperature. After the write bias voltage of +5V or -5V was applied to the sample, the time 

dependence of the capacitance was measured at zero bias voltage. The result is shown in Fig. 12, 
which shows that the capacitance change is negligible for 3 hours. As can be seen from the inset 
of the figure, the measurement at zero bias voltage is not necessarily advantageous from a 
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viewpoint of the retention time, because the C-V characteristics are shifted to the positive voltage 
direction and the point B in the figure is located in the depletion state, where the depolarization 
field becomes larger because of existence of the depletion layer capacitance. We conclude from 
these results that the c-axis-oriented BLT film is also excellent from a view point of the retention 
characteristic. 
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Figure 12. Variation of the zero bias capacitance of a Pt / 100nm-Bi3,2sLa0,75Ti3O<l2 / 3nm-SiiN4 Ip-type Si 

MFIS diode with time at room temperature. 

CONCLUSION 

Almost perfectly c-axis-oriented Bi3.25Lao.75Ti30i2 films were formed by spin-coating of 
sol-gel solutions on Si3N4 layers which had been formed on Si substrates using atomic nitrogen 

radicals. The Bi3.25Lao.75Ti3Oi2 film was not crystallized even at 800°C when a stoichiometric 

solution was used and it was annealed in 02 ambient. Thus, 2.5 to 7.5% excess-Bi solutions were 

used and almost perfectly c-axis-oriented films were obtained at temperatures higher than 600°C 

after optimization of such parameters as preannealing temperature, crystallization temperature, 
crystallization ambient, and so on. The Pt / 100nm-Bi3.25Lao.75Ti3Oi2 / 3nm-Si3N4 / Si MFIS 
( metal / ferroelectric / insulator / semiconductor) diodes showed hysteretic characteristics in the 
C-V ( capacitance vs. voltage) plot with a typical memory window of about 1.2V and the 
retention time estimated from the zero bias capacitance was longer than 3hours. 
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ABSTRACT 

(Bi,La)4Ti3Oi2 (BLT) thin films were prepared on Si(100) substrates by the pulse injection 
metalorganic chemical vapor deposition (MOCVD) process, in which Ti and La precursors were 
injected with periodic pauses while Bi precursor was supplied continuously. In case of the pulse 
injection method, the film composition was relatively uniform and the Bi content at the interface 
was increased. The BLT films, which were deposited by the pulse injection MOCVD, showed 
better crystallinity and thinner interfacial amorphous layer than the continuous BLT films. The 
continuous BLT films, although measured at 1 MHz, showed similar C-V characteristics to those 
measured at low frequency region, and their flatband voltages also shifted severely to the 
negative voltage direction. On the other hand, the pulse BLT films exhibited clockwise 
ferroelectric hysteresis in the C-V curves. The memory window and the leakage current density 
were about 2V and 1.46xl0"7 A/cm2 at 9V (180 kV/cm), respectively. 

INTRODUCTION 

Ferroelectric thin films such as Bi-based layered perovskite (SrBi2Ta2Oi>, Bi4Ti30i2, and etc.) 
and Pb(Zr,Ti)03 thin films have been extensively investigated for nonvolatile ferroelectric 
random access memory (FeRAM) devices.[1-3] Comparing with FeRAM using the MFM 
(metal/ferroelectric/metal) capacitor, a MFS-FET-type (metal/ferroelectric/semiconductor field 
effect transistor) memory is more advantageous due to its nondestructive readout (NDRO) 
operation and simple structure.[4] Recently, the (Bi,La)4Ti30i2 (BLT) thin film deposited on 
Pt/Ti/Si02/Si was reported to have the high Pr value and good fatigue endurance.[5] However, 
there has been no report about the BLT films deposited directly on Si substrate. Moreover, no 
satisfactory results have been reported as a gate material for MFS-FET when other ferroelectric 
thin films were deposited on Si substrate without any buffer layers. In a MFS capacitor with a 
poor interface between ferroelectric film and semiconductor, as a bias voltage polarity is changed 
across the gate, the charge (electron or hole) trapping from the semiconductor to the trap sites in 
the interface of the film and de-trapping can be occurred. So, the hysteresis by charge trapping, 
not by ferroelectric polarization switching, or reduced memory window screened by charge 
trapping can be shown in C-V curve.[2] Therefore, it is very important to obtain a good interface 
between ferroelectric layer and Si substrate in order to get the wide memory window by 
ferroelectric polarization switching. Several research groups have adopted the buffer layers, such 
as Ce02, MgO, and Y203, in order to improve the interface by preventing the film constituents 
and Si substrate from inter-diffusion reaction.[6-8] However, in 
metal/ferroelectric/insulator/semicondutor (MFIS) structure, there is a drawback: when the 
voltage across the gate is applied, the ratio of the electric field applied to a ferroelectric film and 
a buffer layer is inversely proportional to that of their dielectric constants. Although Ce02, MgO, 
and Y203 have relative high dielectric constants of 10 to 20 ranges, the sufficient electric field 
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can not be applied to the Bi-based ferroelectric film with dielectric constants of 100 to 150. 
Therefore, it is necessary to use a buffer layer with higher dielectric or to deposit it directly on Si 
substrate without any buffer layer. In this work, we investigated the structural and electrical 
properties of BLT thin films deposited directly on Si substrate by MOCVD and the effect of the 
pulse injection of precursors (precursors are injected with periodic pauses of a constant period.) 
on the film properties. 

EXPERIMENTAL DETAILS 

BLT thin films were deposited on p-type Si (100) substrates by low-pressure metal-organic 
chemical vapor deposition (MOCVD). The tripenylbismuth [Bi(C6H5)3], titanium isopropoxide 
[Ti(OC3H7)4] and tris(2,2,6,6-tetramethyl-3,5-heptanedionato) lanthanum (III) [La(TMHD)3] 
were used as Bi, Ti and La precursors, respectively. TMHD stands for tetramethylheptanedionato 
(CiiH1902). The typical deposition conditions are summarized in Table I. BLT thin films were 
prepared by two different methods.[9] One is a continuous deposition method, where BLT thin 
films were deposited without any interruption of precursor input (we call them the continuous 
BLT thin films).The other is a pulse injection deposition, where the vapors of Ti and La 
precursors were injected with periodic pauses of a constant time interval while the vapor of Bi 
precursor was supplied continuously in order to supplement deficient-Bi contents in the film, as 
shown in Fig. 1 (the pulse BLT thin films). Input and pause periods (tpause) of Ti and La 
precursors were 60 s and 120 or 240 s, respectively. 

The microstructure was characterized by scanning electron microscopy (SEM) and 
transmission electron microscopy (TEM). The film composition was analyzed by energy 
dispersive spectroscopy (EDS) and auger electron spectroscopy (AES). Also, crystallinity and 
crystallographic phases were identified by x-ray diffraction (XRD) method. The Pt top electrodes 
were deposited at room temperature by dc-magnetron sputtering using a shadow mask and their 
area was lxl 0"3 cm2. The fabricated metal-ferroelectric-semiconductor (MFS) capacitors were 
post-annealed at 800 °C  in oxygen atmosphere. The capacitance-voltage (C-V) characteristics 
were measured under superposing 30 mV small ac signal by a HP 4280A 1 MHz C-V meter. 

In C-V measurements, the gate voltage (Vgs) applied to the metal electrode was swept from 
the accumulation to inversion mode of Si (from -V& toKgs: forward scan) and then swept back 
(backward scan) with a gate voltage sweep rate of 0.2 V/sec. 

Table I. Deposition condition of the BLT film. 

Deposition pressure 5 Torr 
Deposition temperature 6001 
02 flow 400 seem 
Dilute Ar flow 90 seem 
Ti(OC3H7)4 Temperature 33 "C 

Pressure 100 Torr 
Carrier Ar flow 60 seem 

Bi(C6H5)3 Temperature 125 t; 
Carrier Ar flow 100 seem 

La(TMHD), Temperature 190 t 
Carrier Ar flow 100 seem 

___300 

| 200 
u 
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&    o 
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<n  « 
™    20 

BI precursor 

Deposition Time 

Figure 1. The schematic gas flow of the precursors by pulse 
injection method with periodical repetition of input and pause. 
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RESULTS AND DISCUSSIONS 

Microstructural Properties 

Figure 2 shows the x-ray diffraction patterns of the as-deposited BLT films on (100) Si 
substrates by the continuous method and pulse-injection method, as well as the films post- 
annealed at 800°C under 100 % oxygen atmosphere for 30 min after top platinum electrode 
fabrication. As shown in Fig. 2 (a), the as-deposited continuous BLT films (tpause= 0 sec) showed 
the mixture of Bi-deficient pyroclore ((Bi,La)2Ti207) phase with perovskite phase. In case of the 
pulse BLT films, it was found that the diffraction peaks of perovskite phases increased, even 
though the weak pyroclore peaks appeared. With increasing the pause time period of the pulse- 
injection method, not only was pyroclore phase reduced but the film crystallinity also improved. 
The differences in crystallographic structures of the films may result from the film compositions. 
There was no remarkable change of the diffraction patterns after post-annealing except that the 
perovskite peaks intensities increased, as shown in Fig. 2 (b). The XRD patterns after annealing 
revealed that a good crystalline perovskite film with no preferred orientation was obtained when 
the pause time was as long as 240 sec. 

Surface micrographs of the films of Fig. 2 are shown in Fig. 3, where it is seen that the 
microstructure is significantly modified with the pause time and annealing. As the pause time 
increased, the crystallites became bigger and the faceted rectangular shapes were developed on 
the film surface. It is considered as a result obtained from longer deposition time, the enhanced 
surface migration during the pause time, and the increased Bi content enough to make the 
films stoichiometric. After annealed at 800°C under 02 atmosphere, the films showed rounded 
crystallite shapes and agglomerated grains, which implies that solid-state reactions, such as 
diffusion, phase transformation, recrystallization, and grain growth, occurred during the 
annealing. 
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Figure 2. XRD patterns of the BLT films deposited at 600 "C with various tp„as<.; (a) as-deposited films and (b) the 
annealed films. (* and ♦ stand for the perovskite phase and pyrochlore phase, respectively.) 
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Figure 4 (a) shows the AES depth profiles of the as-deposited continuous and the pulse BLT 
films. Lanthanum in the continuous BLT film was piled up at the film/substrate interface and 
decreased in the bulk region of the film, while bismuth was very deficient at the film/substrate 
interface. In case of the continuous method, few Bi atoms were incorporated in the film at the 
initial growth stage, which resulted from a low sticking coefficient [10] and high volatility [11] 
of Bi203 on Si surface. On the other hand, the composition of pulse BLT film was relatively 
uniform as compared to that of the continuous BLT film, although the exact quantitative analysis 
was not possible from these data. These results indicate that the participation of Bi atoms in the 
film formation reaction was enhanced during the pause time of the other precursors inputs in the 
pulse-injection method. 

The TEM cross-section image of the continuous BLT film [Fig. 5 (a)] clearly shows that there 
was an amorphous interfacial layer, of which thickness was about 22.5 nm. From the EDS 
analyses, the atomic concentrations of Bi, Ti and La in this layer were found to be 8 %, 69 % and 
23 %, while those in the film bulk region were 29 %, 56 %, and 15 %, respectively. This result is 
consistent with the AES depth profiles in Fig. 4 (a). On the other hand, the pulse BLT films 
showed no interfacial layer although the 2.5 nm Si02 was formed unintentionally between the 
film and Si surface, as shown in Fig. 5 (b). 

The profiles of the film component after post-annealing are shown in Fig. 4 (b). As compared 
to Fig. 4 (a), La concentration became more uniform, while Bi was slightly accumulated near the 
film surface region. In the continuous BLT films, Bi content increased and La content was 
reduced at the interface after annealing. This is considered to be due to the recrystallization of 
BLT crystallites adjacent to the interface, which is confirmed with the reduced thickness of the 
amorphous interfacial layer, as shown in Fig. 6. (a). On the other hand, the thicker interfacial 
layer of the pulsed BLT film [Fig. 6 (b)] may result from oxidation of Si substrate, which is 
consistent with slow slopes of oxygen and silicon profiles of Fig. 4 (b). 
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Figure 3. SEM micrographs of the BLT films with various 

We" (a) as-deposited films and (b) the annealed films 
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Figure 4. AES depth profiles of the continuous and pulse 

BLT films; (a) as-deposited films and (b) annealed films. 
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Figure 5. Cross-section TEM images of the (a) continuous 
and (b) pulse BLT films. (Dark Field Image) 

Figure 6. Cross-section TEM images of the 
(a) continuous and (b) pulse BLT films after annealed. 

Ferroelectric Properties 

The capacitance-voltage (C-V) characteristics of the MFS capacitors are plotted in Fig. 7 to 
examine their switching behavior. The C-V curves of a Pt/continuous BLT/Si capacitor measured 
at 1 MHz had similar characteristics to those measured at low frequency, as shown in Fig. 7 (a). 
This may be due to the formation of an inversion layer beyond the gate. The inversion layer 
affects electrons (minority carriers) response time and the minority carriers follow even the high 
frequencies (f> 1 kHz).[12-13] With an amount of positive fixed oxide charges located near the 
interface, the silicon surface can be strongly inverted for zero gate bias. 

The theoretical flatband voltage calculated by the work function difference between Pt elec- 
trode and Si substrate (doping level of 1015/cm3) is 0.43V. However, the flatband voltage of the 
continuous BLT film shifted severely toward negative voltage with a value of about -2.8 V, as 
shown in Fig. 7 (a). On the other hand, the flatband voltage of the pulse BLT thin film was 0. IV, 
as shown in Fig. 7 (b). These results imply that the positive fixed oxide charges existed at the 
interface in both films and the continuous BLT film had more fixed oxide charges than the pulse 
BLT film. The large amount of fixed oxide charges in the continuous BLT film are considered to 
originate from the interfacial amorphous layer and defective crystallites that crystallized during 
annealing. 

As shown in Fig. 7 (b), the C-V curve of a Pt/pulse BLT/Si capacitor clearly shows the 
regions of accumulation, depletion, and inversion, and the clockwise hysteresis loops were 
clearly observed. The memory window increased up to 2V as the sweep voltages increased from 
3 to 9V, indicating that ferroelectric dipole switching operated well. At 3V and 5V sweep, the 
memory window increased symmetrically as a function of gate bias voltages. In low voltage 
sweeps, the ferroelectric polarization switching behavior occurred without any charge injection. 
In a high voltage sweeps from 7 to 9V, however, the C-V curve shifted toward more negative 
voltage in backward scan than toward positive voltage in forward scan. This asymmetric memory 
window can be explained by interface trapped charges. To explain the asymmetric increase of 
memory window, we establish two assumptions: First, charges in semiconductor surface can trap 
and detrap with the gate bias polarity due to the shallow trap sites at the interface. Second, the 
ferroelectric polarization is not fully saturated at the sweep voltage region. 

When a negative gate bias is applied to the metal electrode in forward scan, the charges 
(accumulated holes in the semiconductor side) are injected into traps at the ferroelectric/semi- 
conductor (F/S) interface. The ferroelectric shift of the C-V curve in forward scan is suppressed 
since the ferroelectric polarization is partially compensated with interface trapped charges. 

On the other hand, when applying a positive bias to the metal electrode, the trapped holes are 
emitted to Si substrate. So, the threshold voltage decreases by ferroelectric polarization alone, 
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Figure 7. C-V characteristics of Pt/(a) continuous and (b) pulse BLT/p-Si structure measured at 1 MHz. 

and the C-V curve shifts toward more negative voltage than in forward scan. Additional current- 
voltage (I-V) measurement at room temperature gave the leakage current density of 1.46x10"7 

A/cm2at9V(180kV/cm). 

CONCLUSIONS 

BLT films were successfully prepared directly on Si(100) substrates by the pulse injection 
MOCVD process, in which Ti and La precursors were injected with periodic pauses while Bi 
precursor was supplied continuously. The pulse injection method was very effective to 
supplement the deficient Bi content at initial growth stage. The pulse BLT films showed better 
crystallinity and interface between the film and Si substrate than the continuous BLT films. The 
pulse BLT films showed better ferroelectric properties. Memory windows of a Pt/pulse BLT/Si 
capacitor increased up to 2 V as a function of the gate sweep voltages while the continuous BLT 
film showed a similar behavior to the low frequency C-V characteristics due to high defect 
density at the interface. 
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OXIDES FOR ONE TRANSISTOR MEMORY APPLICATIONS 

TINGKAI LI, SHENG TENG HSU, HONG YING, AND BRUCE ULRICH 
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ABSTRACT 

MFMOS and MFOS (M: Metal, F: Ferroelectrics, O: Oxide, S: Silicon) capacitors with high 
k gate oxides, such as Zr02, Hf02 thin films, have been fabricated for one transistor memory 
applications. Experimental results showed that Zr02 and Hf02 have no serious reaction or 
diffusion into silicon substrate. Due to their high dielectric constant, the operation voltages of 
MFMOS capacitors are reduced. . The MFMOS capacitor exhibits 2V memory window. For 
lead germanium oxide (PGO) on Zr02 and PGO on Hf02 MFOS memory cells the memory 
windows are 1.8 V and 1.6 V, respectively, which are large enough for one-transistor memory 
applications. The basic mechanism for one-transistor memory applications was also discussed. 

INTRODUCTION 

Ferroelectric-gate controlled devices, such as metal-ferroelectric-silicon (MSF) FET, were 
studied as early as 1950s1"4. There are several groups of investigators actively research on 
ferroelectric-gate controlled memory transistors in recent years5"9. The typical device structures 
are Metal-Ferroelectric-Insulator-Silicon (MFTS) FET, Metal-Ferroelectric-Metal-Silicon 
(MFMS) FET, and Metal-Ferroelectric- Metal-Oxide-Silicon (MFMOS) FET. These devices 
have very small memory cell size and non-destructive read out (NDRO).    Therefore, fatigue is 
not a major issue for these devices. However, there is no reliable memory device fabricated yet. 
This is because the difficulty in selecting appropriate ferroelectric and dielectric materials in 
addition to the complicated integration processes for one transistor memory device fabrication. 

The basic operation principal for MFMOSFET and MFOSFET memory transistors are 
depicted in Fig. 1 and Fig. 2. When the ferroelectric material is poled towards the gate 
electrode, positive charges are induced at the channel. The threshold voltage of the transistor is 
very large. The transistor is programmed to the "off state ("0" state). Similarly negative 
charges are induced at the channel when the ferroelectric material is poled toward the channel. 
The threshold voltage of the transistor is low and the device is programmed to the "on" state ("1" 
state). During read operation, the sense amplifier detects the state of the MFMOSFET. If there 
is a current, it is "1"; if there is no current, it is "0". This is the basic operation mechanism of 
MFMOS and MFOS one-transistor memory devices. The operation voltage and the memory 
window are important properties of a memory transistor. 

The operation voltage of MFMOS and MFOS is V0P, where VOP = V0 + VF and V0 and VF 

are the voltages across oxide and ferroelectric capacitor, respectively. In order to reduce 
operation voltage, V0 should be as small as possible. Since V0 = QJC^ where Q0 and C0 are 
the electrical charge and capacitance of the oxide capacitor, decreasing the thickness or 
increasing the dielectric constant of gate insulator thin films reduces V0. 
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Figure I. The operation mechanism for MFMOSFET devices 

At high VT state At low VT state 

Figure 2. The operation mechanism for MFOSFET devices 

For memory window, the general drain current versus gate voltage plot for a memory 
transistor is depicted in Fig. 3. At "0" state the device is non-conductive while at "1" state the 
device is conductive. The essential condition for n-channel memory transistor is that the 
threshold voltage of the device at "0" state should be larger than the operating voltage and the 
threshold voltage for the transistor at "1" state should be larger than 0.0V, as shown in Fig. 3a. 
If the threshold voltage at "1" state is negative, the leakage current of the device is too large as 
is shown in Fig. 3b. 

The memory window is equal to 2Pr/CFE, where, Pr and CFE are the remnant polarization and 
capacitance of ferroelectric capacitor, respectively. The remnant polarization value larger than 
0.2 tiC/cm of a ferroelectric thin film is enough for the ferroelectric-gate FET's applications. It 
is virtually impossible to maintain positive threshold voltage at "1" state if the Pr is too high. 
The maximum induces charge of Si02 thin film is about 3.5 uC/cm2 for an electric field of 10 
MV/cm. The film may breaks down at the higher electrical field. Therefore, we have to select a 

LowVTState      P,=0   HlghVTState Low VT State Pr = 0 High VT State 

0 " 0 

(a) (b) 
Fig. 3 The memory window and threshold voltages for MFMOSFET devices 
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ferroelectric material with low dielectric constant. Memory retention is a critical issue for 
memory transistor.   The experimental results show that ferroelectric thin film with a saturated 
and square hysteresis loop and a larger coercive field have excellent retention properties.   In 
order make a reliable one-transistor memory device, the ferroelectric thin film should have a 
saturated and square hysteresis loop, low polarization value, low dielectric constant, and an 
appropriate coercive field.  For these reasons, ferroelectric Pb3Ge5On (PGO) with lower 
polarization (Pr) values and dielectric constant have been selected for one-transistor memory 
applications10'". On the other hand, high gate oxide capacitance results in low programming 
voltage, and large memory windows. Therefore, PGO and high k gate oxides have been selected 
for one-transistor memory applications. 

The experimental methods 

P type Si wafers were used as the substrates of MFMOS and MFOS memory transistor 
fabrication. The Si wafers were cleaned, then remove surface oxide by HF dips etching. After 
that, 3.5 - 15 nm thick Zr02 or Hf02 thin films were sputtered on the Si substrates. The Si 
wafers with Zr02 or Hf02 were annealed at 500 - 550°C with pure oxygen for fully oxidation. 
Then barrier layer Ti (20 nm thick) was deposited on the oxide layer by sputtering, following by 
the deposition of bottom electrodes using electron beam evaporation. An oxide MOCVD reactor 
was used to grow c-axis oriented PGO thin films. For MFOS memory cell, PGO thin films were 
directly deposited on Zr02or Hf02. Finally, the top electrodes were formed. 

The phases of the films were identified using x-ray diffraction. The compositions of the 
PGO films were analyzed using ultra high resolution X-ray photoelectron Spectrometer (XPS). 
The capacitence of the PGO MFM and MFMOS capacitors were measured using Keithley 182 
CV analyzer. The ferroelectric properties of the PGO MFM capacitors were measured by a 
standardized RT66A tester. 

The experimental results 

Experimental analysis showed that Zr02 and Hf02 have no serious reaction or diffusion into 
silicon substrate. Only very thin Si02 or suicide films were found in the interface between Zr02, 
Hf02 and silicon substrate12. Therefore, Zr02 and Hf02 can be used as gate oxides for PGO 

2Pr: 2.91 nCVcm' 
2Ec: 32.8 KV/cm 
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Fig. 4 Hysteresis loop of PGO MFM capacitor 
with 10 nm Zr02 thin film 

Fig. 5 Memory window of PGO MFMOS 
with 10 nm Zr02 thin film 
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MFMOS and MFOS one-transistor memory applications. Fig. 4 showed the hysteresis loop of 
PGO MFM capacitor. A square and saturated hysteresis loop with 2 Pr value of 2.91 |xC/cm2 
and 2 Ec value of 32.8 kV/cm were obtained. The CV measurement also showed that the 
dielectric constant of PGO thin films was about 40. Compared with other ferroelectric materials 
such as SrBi2Ta209 with dielectric constant of 300 and Pb(Zr0.5Tio.5)03 with dielectric constant 
of 800, PGO thin film has very small dielectric constant, which is good for one-transistor 
memory applications. Figure 5 presents a typical a typical C-V curve of PGO MFMOS with 
thickness 10 nm Zr02. The memory window is about 2V at a programming voltage of 8V. The 
presence of an interfacial layer of Si02 may resulted the higher the operation voltage. Reducing 
the thickness of PGO and Zr02 can reduce the programming voltage. These data show that PGO 
thin films with high k gate oxide are promising for one-transistor memory applications. 

Due to their simple structure and processes, PGO MFOS memory cell with high k gate 
oxides was also investigated. Figure 6 and 7 are the X-ray patterns of PGO thin films deposited 
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Fig. 6 X-ray pattern of PGO thin films 
deposited on Zr02 

Fig.7 X-ray pattern of PGO thin films 
deposited on Hf02 
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on Zr02 and Hf02 respectively. The experimental results showed that Zr02 and Hf02 have no 
serious reactions with PGO thin films, and high c-axis oriented PGO thin films can be formed 
on Zr02 and Hf02. Figures 8 and 9 are the operation voltages and memory windows of PGO on 
Zr02 MFOS and PGO on Hf02 MFOS capacitors, respectively. The operation voltages of PGO 
on Zr02 MFOS and that of PGO on Hf02 MFOS capacitors are about 6 V. The memory 
windows of PGO on Zr02 MFOS and that of PGO on Hf02 MFOS capacitors arc 1.8 V and 1.6 
V, respectively, which are large enough for one-transistor memory applications. 

CONCLUTIONS 

The PGO on high dielectric constant insulator MFMOS and MFOS capacitors have been 
fabricated.   Zr02 and Hf02 can reduced the operation voltages of PGO MFMOSFET and 
MFOSFET memory cell. The memory windows of the memory transistor is larger than 1.5 V. 
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ABSTRACT 

We have been proposing YMn03 with low remanent polarization and permittivity as a 
ferroelectric gate transistor, and reported that c-oriented YMn03 films were obtained on (11 l)Si 
with (111) oriented Y203 buffer layer. The ferroelectricity was confirmed by pulsed C-V 
measurement. However, the retention property was not satisfied because of its poor crystallinity. 
To improve the crystallinity of YMn03 films, deposition conditions of Pulsed Laser Deposition 
(PLD) were optimized. The laser power, oxygen pressure and introducing Ozone gas are 
effective for maintaining the stoichiometry during the deposition. Improvement of the 
crystallinity of the YMn03 film makes the retention property better. We also demonstrate the use 
of epitaxially grown Y203 buffer layer to improve the crystallinity of the YMn03 films. 

INTRODUCTION 

Ferroelectric nonvolatile random access memory (FeRAM) has attracted much attention due 
to its nonvolatile operation and high access speed [1]. We proposed the use of YMn03 thin films 
for the ferroelectric gate transistor [2-5]. Because YMn03 has a relatively low permittivity and 
remanent polarization and does not include volatile elements such as Pb and Bi, it should have 
several advantages overPb(Zi[.xTix)03 and SrBi2Ta209. Highly (OOOl)-oriented YM11O3 films 
were obtained on (11 l)MgO, (0001)ZnO/(0001)sapphire, (11 l)Pt/(0001)sapphire and (11 l)Si 
substrates using a (111) oriented Y203 buffer layer, which is an element composed of YMn03. 
The Y203 has larger dielectric constant compared to Si02, and higher chemical stability than the 
other insulator materials [6]. Although we succeeded in obtaining an Y203/Si capacitor with 
excellent dielectric properties [7], the dielectric properties of YMn03 on the top of the Y203 

layer still needed to be improved. The retention time of the polarization was about 60 s. To 
improve the retention property, although the energy band alignment should be carefully designed 
and quite low leakage current should be achieved, square P-E hysteresis is also required. As only 
[0001] is the polarization axis in the case of YMn03, orientation distribution of [0001] is 
responsible for the retention property. Therefore, we have concentrated to obtain the YMn03 

films with excellent crystallinity. 
In this paper, the initial stage of YMn03 growth on a single crystal substrate is carefully 

studied to optimize the deposition conditions. The results are applied to obtain the good films on 
Y203/Si substrate. The effect of the crystallinity of the epitaxially grown Y203 layer on the 
crystallinity of YMn03 films is also discussed. 

EXPERIMENTS 

To optimize the deposition conditions of the YMn03 thin film, (111) MgO was used because 
the composition of the film were able to be evaluated without the effect of other elements such as 
Si, Pt and Y from Y203 buffer layer during energy-dispersive X-ray spectroscopy (EDX) 
measurement. A pulsed laser deposition (PLD) method was used for YMn03 deposition. Sintered 
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ceramic pellets of stoichiometric YMn03 were used as targets for PLD. To measure the P-E 
characteristics, (11 l)Pt/(0001)sapphire substrate was used. A sputtering system was used for 
depositing the Pt layer. To study the effect of PLD conditions on the crystallinity of YMn03 
films, the substrate temperature and the oxygen gas pressure were varied from 700 to 850 °C, 
and 1x10   to 10"3 torr respectively. In some cases, Ozone was introduced in the 02 gas. The laser 
power density was varied from 1.9 to 2.8 J/cm2. The thickness of the YMn03 thin films was 
varied from 10 to 200 nm. After optimizing the deposition condition of the YMn03 film, the film 
was deposited on the (111) oriented Y203/Si substrate. The Y203 film was a (111) oriented film 
(not epitaxial one) and there is a Si02 layer underneath, because the deposition was performed by 
a sputtering method. However, the existence of 10 nm thick-Si02 layer was very important to 
maintain an excellent interfacial dielectric property. Dielectric measurements were conducted 
with a platinum top electrode sputtered through a shadow mask with the area of 900 um2 The 
capacitance-voltage (C-V) characteristic was measured using an LCR meter (HP4284A) by 
applying a small ac amplitude and frequency signal of 10 mV and 100 kHz respectively. The 
polarization-electric field (P-E) measurement was performed using a Sawyer-Tower circuit. 
Current-Voltage (I-V) property was also measured. 

Eventually, deposition of epitaxial Y203 was attempted by using PLD system to obtain an 
epitaxial YMn03 film with excellent crystallinity. 

RESULTS AND DISCUSSION 

Figure 1 displays the ionic arrangement of YMn03 with a hexagonal crystal structure (C6v
3). 

Because the polarization axis exists just along the <0001>, the crystallinity (orientation 
distribution of c-axis) is very important for getting a square P-E hysteresis, which is one of the 
keys for improving the retention property. A typical P-E hysteresis loop obtained from a Pt/200 
nm-thick YMn03/Pt/sapphire capacitor deposited by the previous condition is shown in Fig. 2. 
The deposition conditions are exactly the same as those used in Ref. 5. The remanent 
polarization Pr and coercive field Ec of are 
0.15 |iC/cm2 and 30 kV/cm respectively. 
The paraelectric component of the dielectric 
capacitance, Cp, in the P-E characteristic of 
the film is 1.55 [iF/cm. To improve the 
retention properties of the film, this Cp 

should be eliminated. 
As the RHEED pattern of the film at the 

thickness of 10 nm shows a diffused streak 
pattern, we attempted to study the initial 
stage of YMn03 growth. 

A change in the film composition 
(Y/Mn ratio) with increasing the thickness 
is shown in Fig. 3. Obvious composition 
change is observed. Although 
compositional deviation from the 
stoichiometry is not observed at the film 
thickness of over 50 nm, an yttrium-rich 
layer should be formed at the initial stage of     fi„.,.„ , T    • .  i™, n 5 Figure! Ionic arrangement of YMn03 

CC3.11.2 



film growth. To optimize the film composition at the 
fixed thickness of 10 nm, the dependence of the laser 
power density and gas pressure are evaluated (Figs. 4 

and 5). A laser power density of more than 2.4 J/cm 

or the oxygen pressure of more than 1x10" Torr makes 
the YMn03 stoichiometry even at the thickness of 10 
nm. It is also recognized that the use of ozone (4% in 
02) improves the stoichiometry of the films. Although 
using high laser power density and gas pressure are 
effective for obtaining stoichiometric film, the number 
of droplets that are thermally produced increases with 
increasing the laser power density and the gas pressure 

1.2 

Electric Field 
(160kV/cm/div) 

Figure 2   P-E hysteresis of the film 
Deposited using previous conditions 

# 
* 

t * 
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Film thickness (nm) 

Figure 3 Change in composition 
against the film thickness 

1.6 2.0 2.4 2.8 
Laser power density (J/cm2) 

Figure 4 Change in composition 
against the laser power density 

Iff 10"J Iff4 Iff3 

02 gas pressure 
Figure 5 Change in composition 

against the 02 pressure 

during deposition. Therefore, gas (4 % ozone in 02) pressure of lxlO"4 torr and the laser power 
density of 2.4 J/cm2 were selected as the optimal deposition conditions. Other conditions are; the 
substrate temperature of 800 CC and reputation of the laser pulse of 1 Hz. By using above 
optimized deposition conditions, FWHM of the XRD rocking curve that indicates orientation 
distribution along [0001] improved from 2° to 1.2°. The RHEED pattern of the film is also 
improved. 

Ferroelectric properties of the film on (11 l)Pt/(000 l)sapphire substrates deposited optimized 

conditions are evaluated. The P-E hysteresis loop with a remanent polarization of 0.71 |aC/cm 
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and a coercive electric field Ec of 40 kV/cm is observed shown in Fig. 6. These values are 
improved compared to those from un-optimized YMn03 films containing an yttrium-rich initial 
layer (Fig. 1). The paraelectric component of the dielectric capacitance, Cp calculated from Fig. 6 
is 7.82 uF/cm , which is quite large compared to that calculated from the P-E hysteresis shown 
in Fig. 2. 

Electric Field 
(160kV/cm/div) 

Figure 6   P-E behavior of the sample 
deposited uing optimized conditions 

The C-V behaviors are measured using the YMn03 film deposited on (111) oriented Y203/Si 
substrate. The C-V curve clearly displays memory window and it does not change by varying the 
sweep rate. Figure 7 shows change in the memory window against the sweep bias voltage. It 
saturates at around 2.0 V, which is identical to the 2 Ec of P-E hysteresis (coercive field 
calculated using Fig. 6). The retention properties of the YMn03 film deposited using 
un-optimized condition (solid line) and optimized condition (doted line) are shown in Fig. 8. 
Obvious improvement of retention property is observed. 

2Ec 

5 10 15 20 
Sweep Voltage (V) 

Figure 7  Change in memory window against 
the sweep bias voltage 

Although we have succeeded in fabricating highly oriented YMn03 without 
non-stoicheometric initial layer, which shows improved ferroelectric and its retention properties, 
further improvement of the retention property is required. Therefore, we attempted to obtain 
epitaxial YMn03/Y203/Si structure without Si02 layer at the Y203/Si interface. 

So far, Y203 was deposited by sputtering system with the 02 gas pressure of lxlO"3 torr, 
which yields the Si02 layer at the interface. Therefore, PLD was used for the deposition of 
epitaxial Y203 film. Figure 9 shows the TED pattern of the epitaxially grown Y203/Si. The 
deposition was performed under the oxygen (4 % ozone) pressure of lxlO"8 torr. Although quite 
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Time (s) 
Figure 8 Retention properties of the samples using un-optimized (doted line) 

and optimized (solid line) deposition conditions 

Figure 9 Transmission Electron Diffraction 
pattern from the Epitaxially grown Y203/Si 

excellent Y203 film is obtained, the C-V measurement was not able to be done due to its high 
leakage current. This high leakage current is resulted in the oxygen deficiency caused by the low 
oxygen pressure (lxlO8 torr) during Y203 deposition. By surviving with the oxygen pressure 
during deposition and oxygen and/or hydrogen annealing, C-V property was improved (Fig. 10). 
The dielectric permittivity calculated with the capacitance at the accumulation region, 16.5 
indicates that there is no Si02 layer at the Y203/Si interface. 

Although epitaxially grown YMn03 films were successfully obtained and it shows good C-V 
property, the retention properties were not able to be measured because the film broke down 
above 7 V (before polarization saturation). The poor voltage resistivity should come from change 
in the surface morphology of the Y O layer by the deposition of YMnO film. 
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Figure 10 C-V property of Epitaxial Y203/Si 

CONCLUSIONS 

We attempted to improve the P-E characteristic by optimizing the initial stage of the film 
growth. It was confirmed that an yttrium-rich layer was formed at the initial stage of film growth, 
which caused orientation distribution. Eventually, stoichiometric YMn03 films without an initial 
layer were obtained by optimizing the laser power density and the oxygen pressure. Adding 
ozone to the oxygen gas was effective for decreasing the deposition gas pressure while 
maintaining the high crystallinity. The P-E characteristic of YMn03 thin film on Pt/Sapphire was 
greatly improved. We also demonstrated that the possibility of YMnO3/Y2O3/Si epitaxial 
structure for the ferroelectric gate transistor. 
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ABSTRACT 
The epitaxial (100)ZrN film on the (100)Si substrate is oxidized during Ir film sputtering 

deposition on (100)ZrN/(100)Si structure. Although the oxidation could be suppressed somewhat 

by increasing the deposition rate of the Ir film, it was not enough. In order to suppress the 

oxidation completely, 10 pieces of 10 x 10 mm2 Zr metallic plates were circularly placed on the 

non-erosion area of the Ir disc target. Using this target, the oxidation of the ZrN film was 

suppressed perfectly. Also, by adjusting of the diameter of the placed Zr circle, the contamination 

caused by Zr to the Ir film is avoided. 

INTRODUCTION 
For an integrated FeRAM(Ferroelectric Random Access Memory) higher than 4 Mbit, a 

stacked capacitor cell structure is required as a modification of a lateral transistor capacitor. In 

this case, a direct electrical contact must be formed from the source or drain of the transistor to 

the bottom of the capacitor via a conducting barrier layer which prevents reaction between the 

ferroelectric film and the Si. On the other hand, a single crystalline thin film is more attractive 

than a polycrystalline one because it exhibits greater stability, uniformity of material properties, 

and higher performance of the device. So, we have been researching the epitaxial growth of 

PbZri-xTix03 (PZT) films on Si substrates[l-5] with the epitaxial buffer layers of 

((Zr02)l-x(Y203)x) (YSZ)[6-8]. 
In order to obtain an epitaxial ferroelectric thin film for a stacked capacitor cell structure, 

an epitaxial bottom electrode and barrier layer must be prepared directly on the Si substrate. 

Transition metal nitrides with NaCl structure have high electrical conductivity, low Shottky 

barrier[9], and thermal and chemical stabilities. Among them, ZrN has a lattice constant of 0.457 

nm and can be grown epitaxially on (100)Si[10,l 1]. So, we used a ZrN film as a barrier layer for 

the PZT capacitor on Si. In order to improve the fatigue performance of the PZT film, an Ir film 

was inserted between the ZrN and the PZT film. By sputtering method, we obtained an epitaxial 

(100)Ir/epitaxial (100)ZrN double metallic film on (100)Si and then an epitaxial (OOl)PZT film 

on the Ir/ZrN film[12]. However, the ZrN film was found to be completely oxidized during the Ir 

film deposition because of a small amount of residual oxygen including its related compound 

gases, e.g. H20 and CO, in the sputtering chamber. So, in order to suppress the oxidation of the 

ZrN film during the IT film deposition, we proposed a new sputtering target in which small Zr 

metallic plates were circularly placed on the non-erosion area of the Ir disc target since Zr has a 

strong gettering effect with oxygen[13]. In this paper, chemical composition analysis of Ir/ZrN/Si 
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structure showed the complete suppression of the ZrN oxidation and no Zr contamination in the 
deposited Ir film. 

EXPERIMENTAL 

The deposition conditions for the ZrN, Ir and PZT films are shown in Table I. The 

epitaxial ZrN films were deposited on n-type (100)Si substrate by RF reactive sputtering with Ar 

+ N2 gas and a metallic Zr target. The sputtering was carried out under a vacuum of less than 

6x10" Pa using a diffusion pump. Just before loading the Si substrate into the deposition 
chamber, the surface oxide layer was removed by 1% HF solution. Prior to the deposition, the Zr 

metallic target was cleaned by pre-sputtering for 15 min with Ar gas to remove the surface 

contaminated layer. We used two kinds of the sputtering targets for the Ir film deposition. One 

was a conventional Ir metallic disk target and the other is a composite disk target in which 10 

pieces of 10 x 10 mm2 Zr plates are circularly placed on the Ir target as shown Fig. 1. Since a 

small amount of the sputtered Zr particles from the composite target act as getter to residual 

oxygen, oxidation of the ZrN film can be suppressed. In order to control the oxidation and the 

impurity of Zr in the Ir film, the diameter of the placed Zr circle was changed from 58 to 78 mm. 

PZT films were deposited on the Ir/ZrN/Si structures by RF reactive sputtering with Ar + 02 gas. 

In order to keep the Pb content of the film stoichiometric, 16 pieces of 10-mm-diameter PbO 

pellets were circularly placed on a 4-inch-diameter Pb1.i(Zr0.52Tio.4a)03 disc target. The Si 
substrate attached to a tantalum electrode was heated by flowing electric current. The sample 

temperature was checked by an infrared pyrometer and a thermocouple. The crystallographic 

properties of the films were investigated by X-ray diffraction (XRD). The chemical composition 

was analyzed by X-ray photoelectron spectroscopy (XPS). The resisitivity of ZrN film and Ir/ZrN 
layer were measured by four points prove method. 

RESULTS AND DISCUSSION 

Figure 2 shows NzAAr+N;.) flow ratio dependence of resistivity of the ZrN film and FWHM 
of ZrN(200). From this figure, it can be seen that the FWHM of ZrN(200) decreases with decreasing 

Table I.   Sputtering deposition conditions. 

Film 

Target 

Substrate 
Temperature 

Deposition Pressure 

Sputtering Gas 

RF Power Density 
Thickness 

ZrN 

Zr Metal 
(4 inch-(|>) 

850°C 

0.5 Pa 
Ar + N2 

(Ar/N2=19/l~5/5) 
0.32 W/cm2 

50 nm 

Ir Metal(4 inch- 0) 
or composite Ir +Zr 

500 • 600°C 

0.5 - 4 Pa 

ArorN2(4%H2) 

0.038-1.52 W/cm2 

20 - 200 nm 

PZT 

Pb1.jZro.52Tio.4nO3 (4 inch-<(.) 
+PbO Pellets(10 mm- <1> )X 16 

600 - 650°C 

0.5 Pa 

Ar + 02 (Ar/O2=9/0 

0.64 W/cm2 

200 - 300 nm 
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N2/(Ar+N2) flow ratio and the ZrN films have the low resistivity of 11 to 16 |iflcm. At lower N2 flow 
ratio, nitridation of Zr atom is take place on the Si substrate rather than on the Zr target. Also, 

compared with Zr nitride (ZrN) molecule, Zr atom migrates more easily to the suitable lattice site of 

the Si substrate or the deposited ZrN film. Therefore, it can be expected that the ZrN film at the lower 

N2 ratio has better crystalline quality. 
Figure 3 shows the XRD patterns of the ZrN/Si structures before(broken line) and 

after(solid line) the Ir film deposition. The Ir films for (a) and (b) were deposited at the 

deposition rates of 0.5 and 25 nm/min respectively, using the Ir target. Also, the Ir film for (c) 

was deposited at 25 nm/min using the Ir + Zr target with Zr circle of 78 mm. From Fig. 3 (a), we 

can observe a strong Ir(200) and a weak Ir(l 11) peaks so that this Ir film has (100) orientation. 

However, the ZrN(200) peak disappears and the other peak appears at 20 =34.6° which is from 

Zr02 phase based on the XPS depth profiles of Ir/ZrN/Si structures as shown late in Fig. 4. This 

means that the ZrN film was oxidized with residual oxygen in the chamber during the Ir film 

deposition. This seems unusual because the base pressure for the Ir film deposition was less than 

7 x 10"6 Pa and the sputtering gas was high purity of 99.9999%. Furthermore, we can even obtain 

a good metallic ZrN film without oxidation using the same chamber and same gas as the Ir film 

deposition. This oxidation of the ZrN film is probably due to the fact that Ir is a strong catalysis 

that chemically activates the residual oxygen. 
In order to suppress the oxidation of the ZrN film, we tried to increase the 

deposition rate of the Ir film. From Fig. 3 (b), by increasing the deposition rate the 

peak intensity of ZrN(200) is decreased by about 1/3 after the Ir film deposition. 

This result suggests that the thicker Ir film acts as a diffusion barrier to excited 
oxygen. Although increasing the deposition rate has some effect suppressing the 

oxidation of the ZrN film, it is not sufficient. Then, in order to perfectly prevent the 

10 mm 

98 mm 

Fig. 1 Schematic drawing of the new 
composite sputtering target. 10 pieces of 
10 x 10 mm2 Zr plate are circularly placed on 
Ir target. The diameter of the placed Zr circle 
is changed from 58 to 78 mm. 

0.0 0.4 0.1 0.2 0.3 
N2/(Ar+N2) 

Fig. 2   NaAAr+Nsi) flow ratio dependences of 
ZrN film resistivity and FWHM of ZrN(200). 
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ZrN film from oxidation, we used a new composite Ir + Zr target and the XRD 
pattern of the samples shown in Fig. 3 (c). As you can see from this figure, the peak 
intensity of ZrN(200) is not changed even after the Ir film deposition. This means 
that the oxidation of the ZrN film was perfectly suppressed due to the strong 
gettering effect of the sputtered Zr particles during the Ir film deposition. 

Figure 4 shows the XPS depth profiles of Ir/ZrN/Si structure, where (a) and 
(b) are the same samples as Figs. 3 (a) and (c), respectively. From Fig. 4 (a) , it is 
found that the Zr nitride film contains a large amount of oxygen and its chemical 
composition to ZrNi-xOx was changed. On the contrary, in Fig. 4 (b), oxygen signal is 
hardly observed in the ZrN film, which means that no oxygen diffused from the 
sputtering atmosphere to the ZrN to the ZrN film through the ZrN film. These 
results are consistent with Fig. 3 (a) and (b). 

Figure 5 shows the XPS Zr3d spectra of the Ir films deposited with the Ir + Zr 
target, where the diameter of placed Zr circle of (a), (b), (c), (d) and (e) are 78, 73, 68, 
63, and 58 mm, respectively. From Figs. 5 (a) and (b), the Zr3d signals are not 
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observed and the impurity of Zr in the Ir film is estimated to be less than 0.5 at. %. 

However, in Figs. 5 (d) and (e), Zr signals clearly appear. From these results, we can 

say that the Zr contamination is reduced less than 0.5 at % by setting the circle 

diameter more than 73mm. 
Figure 6 shows the peak intensity ratio of ZrN(200) before and after each process and the 

resistivities of ZrN and Ir/ZrN layers of each deposition process of PZT/Ir/ZrN/Si structure. The 

Ir film was deposited to 200 nm thick using the Ir + Zr target with diameter of 78 mm. The 

measurement of the Ir/ZrN film after the PZT film deposition was performed after etching the 

PZT film by diluted HF solution. The ideal resistivity is calculated, assuming the Ir and ZrN 

films form a parallel resistance. In this calculation, we used the measurement value 12.4 uflcm of 

the Ir film deposited on an insulator of a YSZ film as a resistivity of Ir. This Ir film was deposited 

with the same condition as the Ir film on the ZrN/Si substrate. From this figure, it is found that 

the peak intensity of ZrN(200) dose not change before and after each film deposition of Ir and 

PZT. It is also found that the resistivity of the Ir/ZrN layer after the Ir film deposition is equal to 

the ideal value and that the resistivity after the PZT film deposition is also equal to the value 

before the PZT film deposition. From this result, it is concluded that the Ir film acts as a diffusion 

barrier to    oxygen during the PZT film deposition. 
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CONCLUSION 
We has investigated the crystalline, chemical composition, and electrical properties of 

the Ir/ZrN layered electrode on the (100)Si substrate. We found that the crystalline quality of the 
epitaxial (100)ZrN film was improved by decreasing the N2 flow ratio and the resistivity of the 
ZrN film was low, between 11 to 16 uficm. Next, it was found that the oxidation of the ZrN 
film due to residual oxygen during the Ir film deposition can be suppressed somewhat by 
increasing the deposition rate. Further, by using a composite Ir + Zr target, we can completely 
suppress the oxidation, due to the gettering effect of Zr to the residual oxygen. Also, for the 
samples deposited with the composite target, the XPS depth profiles and spectra showed a low 
oxygen content in the ZrN film and low Zr content in the Ir film. Finally, the resistivity of Ir/ZrN 
film was about 13 uficm and the XRD peak of ZrN(200) did not change even after the PZT film 
deposition. So, it can be concluded that using the composite target is useful to obtain the low 
resistivity of the Ir/ZrN layered electrode on Si. 
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Property Improvement of PLZT Capacitor Using CaRu03 Top Electrode 
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Interdisciplinary Graduate school of Science and Engineering, 

Tokyo Institute of Technology 
Gl-405, 4259, Nagatsuta-cho, Midori-ku Yokohama, 226-8502, Japan 

ABSTRACT 

SrRu03 and CaRu03 films prepared by MOCVD were compared not only in term of 
their own properties but for their characteristics as the top electrodes of (Pb, La)(Zr, 
Ti)03[PLZT] capacitor, especially for H2 degradation. Resistivity of CaRu03 and SrRu03 

films increased after heat treatment in H2-containing atmosphere, but was recovered by a heat 
treatment at 600 °C under 02 atmosphere. When SrRu03 and CaRu03 films deposited at 600 
°C were used as top electrodes, the remanent polarization(Pr) value of SrRu03/PLZT/Pt and 
CaRu03/PLZT/Pt capacitors were almost the same as the values for capacitors with a Pt top 
electrode. After a heat treatment in a 3 % H2 atmosphere at 200 °C, followed by one in 02 

atmosphere at 450 °C, Pr value was perfectly recovered for both of SrRu03 and CaRu03 films. 
The leakage current become the smallest when using 50 nm-thick CaRu03|film as a top 
electrode. Moreover, no degradation was observed for fatigue test up to 10 cycles when 
MOCVD-CaRu03 films were used as top electrodes. These data show that MOCVD-CaRu03 

film with thin thickness is a useful top electrode for PLZT capacitor. 

INTRODUCTION 

Pb(Zr,Ti)03[PZT] film has been widely investigated for an application to nonvolatile 
ferroelectric random access memory (NVFeRAM). Strongly dependence of ferroelectric 
property of PZT film on the electrode material is widely known. Especially, oxide electrodes 
are known to improve the H2 and fatigue degradations. Among them, SrRu03 and CaRu03 are 
one of the most promising materials because it has the same perovskite structure as PZT and 
high conductivity. For high density NVFeRAM, high step coverage is essential for not only 
PZT but also electrode. Therefore, MOCVD preparation of SrRu03 and CaRu03 films is the 
most important preparation technique because of its high step coverage. 

One big problem with a SrRu03 electrode material is the large current leakage relative 
to Pt electrode. J.Cross et al.[l] reported the formation of SrPb03 at the grain boundary of 
PZT film by the diffusion of Sr element from SrRu03 to PZT and increased the leakage of PZT 
film. On the contrary, Yamamoto et al.[2] reported that the resistivity of CaPb03 is more than 
three order higher than that of SrPb03. Therefore, CaRu03 top electrode is expect to lowering 
the leakage character of PZT capacitor because of the low conductivity of CaRu03 even if this 
compound formed at the grain boundaries. 

We have succeed for the first time in preparing SrRu03 and CaRu03 film by 
M0CVD[3-7]. In the previous study, we investigated the composition effect of SrRu03 top 
electrode on the ferroelectric property of SrRuOV(Pb, La)(Zr, Ti)03[PLZT] /Pt capacitor[7]. 
In the present study, we compared MOCVD-SrRu03 and CaRu03 not only in term of their 
own properties but for the characteristics as the top electrodes of PLZT capacitor, especially for 
H2 degradation. 
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EXPERIMENTAL PROCEDURE 

SrRu03 and CaRu03 films were 
prepared at 600 °C by MOCVD[3-7]. We 
have already ascertained that there is no 
degradation of property of PLZT film 
under SrRu03 and CaRu03 deposition 
condition by MOCVD at 600 °C[7]. 200 
nm-thick PLZT film prepared on 
(111)Pt/Ti/Si02/Si substrate by sol-gel 
method was used as a substrate to check 
the character of a top electrode. 50 nm 
and 100 nm-thick SrRu03 and CaRu03 

films were deposited on it through a 100 
Hm()) metal mask and without metal mask. 
100 nm-thick and a  100  um<)> Pt top 

E 

a 

-J    2 

as-depo. 3%-H, 

S RuOj 

200 300 400 500 600 700 

Temperature / °C 
Fig. 1 Room temperature conductivity of CaRu03 
and SrRu03 films together with that of the Pt 
film as a function of the heat treatment 
temperature under various atmosphere. 

As-deposited After heat cycles 

Fig. 2 SEM micrographs of before and after the heat treatment as shown in Fig 1 
(a): PLZT, (b): SrRu03 and (c): CaRu03. 
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electrode was also prepared by evaporation method as a reference. On the other hand, LaA103 

was also used as a substrate to check the electrical conductivity of SrRu03, CaRu03 and Pt 
themselves. Resistivity was measured by using standard four-point probe techniques at room 
temperature for films deposited on (100)LaAlO3 substrates without metal mask. 

These films were heat treated at 3 % H2 + 97 % Ar atmosphere at various temperatures 
for 30 min, followed by heating in 02 at 450 °C for 30 min. 

RESULTS AND DISCUSSION 

Degradation of SrRuQ3 films by H? heat treatment and Its Recovery 

Figure 1 shows the temperature dependence of the room temperature conductivity of 
the SrRu03 and CaRu03 films together with that of the Pt film. The Pt film peeled off above 
250 °C heat treatment in 3 % H2 atmosphere. As deposited CaRu03 film had lower resistivity 
than SrRu03. However, the resistivity of both films increased with increasing the treatment 
temperature in the 3 % H2 atmosphere. However, it decreased under the heat treatment of 02 

atmosphere at 450 °C for 30 min and was perfectly equal to the original value at 600 °C for 30 
min as shown in Fig.l. This result shows that the resistively of these films increased when 
heat treated under H2 atmosphere, but recovered by 02 heat treatment. This character is 
suitable for the top electrode. 

Figure 2 shows the SEM micrograhs of SrRu03 and CaRu03 films together with PLZT 
films before and after the heat treatment as shown in Fig. 1. No obvious changes were induced 
by this treatment. Likewise, no changes were observed in composition or crystal structure by 
X-ray fluorescence (XRF) and diffraction (XRD) analysis, respectively. 

Degradation of CaRuOJPLZT/Pt and SrRuOVPLZT/Pt capacitors by H, heat treatment 
and its recovery 

Figure 3 shows the change of the P-E hysteresis loops of SrRu03/PLZT/Pt and 
CaRu03/PLZT/Pt capacitors with the various heat treatment. 50 and 100 nm-thick SrRu03 and 
CaRu03 films were deposited by changing the deposition time. P-E hysteresis loops of the 
as-deposited film was basically the same irrespective of top electrode substance and thickness. 
After heat treated at 200 °C in 3 % H2 atmosphere, hysteresis loops become small and shifted 
along axis of electric field. This change can be considered to be originated to the decrease of 
the resistivity of the top electrode as shown in Fig.l and/or the ferroelectricity change of PLZT 
itself. However, after heat treated at 450 °C in 02 atmosphere for 30 min, P-E hysteresis was 
almost recovered. After 30 min more, it was perfectly recovered as same as that of 
as-deposited one. 

Figure 4 shows the leakage character of the same films as shown in Fig. 3. Leakage 
character was almost unchanged by the heat treatment regardless of the atmosphere conditions. 
Leakage current of CaRu03 top electrode was smaller than that of SrRu03, especially for thin 
films. J.Cross also reported that the leakage of SrRu03/PLZT/Pt capacitors decreased with the 
decrease of thickness of the SrRu03 top electrode[l]. They reported the decrease of the 
amount of SrPb03 at grain boundary of PLZT films. Therefore, it is possible that a similar 
mechanism is present with SrRu03. 
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Fig. 3 Room temperature P-E hsyteresis change with the heat treatment condition. 
(a) 100 nm-thick SrRu03 top electrode, (a) 100 nm-thick CaRu03 top electrode, (a) 50 
nm-thick SrRuO top electrode, (a) 50 nm-thick CaRuO top electrode. 

Figure 5(a) and (b), respectively show the fatigue endurance of 50 nm 
CaRu03/PLZT/Pt and 50 nm SrRu03/PLZT/Pt capacitors before and after the heat treatment 
using 6V amplitude show in Fig. 3. Obvious fatigue was not observed when CaRu03 and 
SrRu03 top electrodes were used. Fig. 5(c) shows the data using Pt top electrode. 
Degradation was observed even at 103 cycles before the heat treatment. This results shows that 
MOCVD-CaRu03 and SrRuO, films are useful for the PLZT capacitor with their high recovery 
character by heat treatment under 02 atmosphere. Moreover, CaRu03 film with small 
thickness has the most superior, lower leakage character. 
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Fig. 4 Leakage character of (a) as-deposited, (b) after 3% H2 atmosphere at 200 
°C, and (c) 02 atmosphere at 450 °C. 

CONCLUSION 

MOCVD-SrRu03 and CaRu03 films were compared not only in term of their own 
properties but for their characteristics as the top electrodes of PLZT capacitor for H2 

degradation. Resistivity of both of SrRu03 and CaRu03 films increased after heat treatment in 
H2-containing atmosphere but was recovered by a heat treatment at 600 °C under 02 atmosphere. 
Pr value of SrRu03/PLZT/Pt and CaRu03/PLZT/Pt capacitors was almost the same as the 
values for Pt/PLZT/Pt capacitor. After a treatment in a 3 % H2 atmosphere at 200 °C, followed 
by one in 02 atmosphere at 450 °C, Pr value was almost recovered for both of SrRu03 and 
CaRu03 films. The leakage current becomes the smallest when using 50 nm-thick CaRu03 

film as a top electrode.    Moreover, no degradation was observed for fatigue test up to 10 
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cycles. These     data     show     that 
MOCVD-CaRu03 film with small 
thickness is a useful top electrode for 
PLZT ferroelectric capacitor. 
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ABSTRACT 

Ruthenium Oxide (Ru02) thin films were prepared on silicon substrates by solution 
chemistry technique. X-ray Diffraction (XRD), Atomic Force Microscopy (AFM), micro- 
Raman, X-ray photoelectron spectroscopy (XPS), and four probe Van-der-paw technique were 
used for the film characterization. X-ray analysis shows a rutile structure in these films. The 
films annealed at 700°C showed lowest resistivity of 29 x 10"5 ohm-cm. The presence of Eg, Alg, 
and B2g modes is consistent with the Raman spectrum of rutile phase. These modes as well as 
additional unidentified band at about 477 cm"1 were investigated by temperature dependent 
Raman studies. Based on the result, band at 477 cm"1 that disappears above 370 K is attributed to 
hydrated Ru02 present in the films. XPS analysis show stoichiometric rutile Ru02 present in the 
films. Small concentrations of RuCb, Ru03 and hydrated Ru02 were also detected. 
Pbo.9La0.i5Ti03 (PLT15) thin films were deposited on RuOi/Si substrates and characterized for 
its ferroelectric properties to demonstrate that solution deposition technique offers an alternative 
approach for preparing high quality Ru02 bottom electrodes. 

INTRODUCTION 

Oxide electrodes, such as ruthenium oxide (Ru02), lanthanum strontium cobalt oxide 
(LSCO), strontium ruthenate (SrRu03), and yittrium barium copper oxide (YBCO) are attractive 
candidates to be used as bottom electrodes for ferroelectric memory devices [1]. Among these, 
Ru02 with tetragonal rutile structure exhibits various interesting properties such as lower bulk 
resistivity (-40 plim), good thermal stability, and diffusion barrier capability [2]. These 
properties make Ru02 a good candidate material for bottom electrodes in high dielectric constant 
and ferroelectric thin film capacitors. 

Deposition techniques like rf-sputtering [3], pulsed laser deposition [4] and chemical 
vapor deposition [5] have been widely used to synthesize Ru02 thin films. Few reports are 
available on growth of Ru02 thin films by solution chemistry technique and on surface 
characterization by XPS and micro Raman spectroscopy. 

In this paper we report the synthesis of Ru02 thin films on silicon substrates using the 
solution chemistry technique. The surface and structural characterization of these films were 
done by XPS, XRD, and micro-Raman spectroscopy. Of central interest is the evaluation of the 
quality of Ru02 thin films in terms of their structure, composition, stoichiometry, and electrical 
conductivity for oxide bottom electrodes in ferroelectric thin films. 

EXPERIMENTAL 

RuCl3.x.H20 was used as a precursor material was dissolved in absolute alcohol and 
diluted to 0.05M/L for coating. The precursor solution was spun coated on the silicon substrates 
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at 3000 ipm for 20s. The films were annealed in the temperature range 300°C - 700°C for 10 
mins followed by quenching to room temperature. The films were about 700 nm thick. The 
details of the film preparation are described elsewhere [6]. Phase analysis was performed using 
X-ray diffractometer (Siemens D5000) with CuKa radiation (I.5405Ä). The crystallite sizes in 
the films were calculated from the XRD data using Scherrer's equation [7]. The surface 
morphology of the films was imaged in non-contact mode using an AFM (Nanoscope Ula 
Multimode AFM from Digital Instruments). Chemical composition and peak energy shifts in the 
samples were analyzed using X-ray photoelectron spectrometer (XPS) (Physical Electronics, 
PHI5600 ESCA system) using Al Ka radiation. Raman measurements were performed using a 
Jobin-Yvon T64000 spectrophotometer consisting of a double premonochromator coupled to a 
third monochromator/spectrograph with 1800 grooves/mm grating. The 514.5 nm radiation of an 
Ar+ laser was focused in a less than 2 micron diameter circle area by using a Raman microprobe 
with an 80X objective. The scattered light, dispersed by the spectrophotometer was detected by 
a CCD detection system. Room temperature electrical resistivity of the Ru02 films was 
measured using the conventional four probe Van der Paw method. 

RESULTS AND DISCUSSIONS 

XRD, AFM and electrical characterization 

Figure 1 shows the X-ray diffractogram of Ru02 films annealed in the temperature range 
400°C to 700°C. Films were polycrystalline in nature and all the peaks in the figure were 
identified with Ru02 phase. The films remained amorphous at 300°C and crystallized into rutile 
structure at 400°C. As the firing temperature was increased, sharpness of the XRD peaks and an 
increase in the average crystallite size was observed. The crystallite sizes in these films 
calculated from X-ray data are given in Table T. The lattice parameters calculated from the 
diffraction pattern of the Ru02 film annealed at 700"C (V=0.4501 nm; 'c' = 0.3089 nm) agree 
with the JCPDS (40-1290) diffraction file and previously published data [8]. Thus, it can be 
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concluded that the solution deposited films on Si substrates crystallize in the stoichiometric 
Ru02 phase. 

Figure 2 shows the AFM images of Ru02 films annealed at (a) 400°C and (b) 700°C. 
Films fired at 400°C have non-uniform grain distribution with an average surface roughness 
value of 30 nm. Also paniculate like features are observed in the films. Films annealed at 700°C 
have dense microstructure, increased grain growth and a more uniform grain distribution in the 
Ru02 films. The average surface roughness for these films was lower with a value of 20 nm. 

Table I. The crystallite size and room temperature resistivity of the Ru02 films annealed at different 
temperatures 

Annealing 
Temperature (°C) 

Crystallite Size 
(nm) 

Resistivity (pQ-m) 

400°C 47 4.86 
600°C 90 3.57 
700°C 96 2.92 

The room temperature resistivity values for the films annealed at different temperatures 
as measured by the four probe method are summarized in Table I. The least value of resistivity 
was 29 x 10 "5ohm-cm for the film annealed at 700°C. This value of resistivity is comparable to 
the best reported values achieved by other techniques [2-4]. The marginal decrease of film 
resistivity with increased annealing temperature could be due to improved crystallinity. 

Micro-Raman Analysis 

Room temperature Raman spectra of the Ru02 films annealed at 700 °C is shown in 
Figure 3. The three major Raman bands, namely Eg, Aig, and B2g modes of Ru02 are located at 
about 523, 646 and 710 cm"1 respectively [9]. We also observed an additional band at about 477 
cm"' in the Raman spectra indicated by as question mark in the figure. The Big phonon mode 
was not observed due to its very weak intensity. There is inconsistency in the assignment of B]g 

mode frequency of Ru02 in the literature [10,11]. We have estimated the Blg phonon frequency 
using the rigid ion model proposed by Katiyar [12] that satisfactorily reproduces the normal 
mode frequencies in MgF2 and other rutile compounds. 

Following Katiyar [12] the zero wavevector Raman frequencies may be expressed as 

K((02B2g -t»2Alg) C,(A3-B3) + C2Z
2 

(1) 

KCO
2
BIE= C3(A3-B3) + C4Z2 

K(02
Eg = C5(A2 - B2) + C6(A3 - B3) + C7Z

2 

(2) 

(3) 

where K = e2/2v (here 'e' is the electronic charge, v the unit cell volume), A and Bi are 
dimensionless potential constants defined in ref.12. Z is the effective charge parameter and Q 's 
are structural related constants. In the rigid ion model with short range central axially symmetric 
forces and long range Coulomb forces, the constants Q are uniquely determined at any given 
temperature using lattice constants a„ and Co for Ru02. By using our experimental value of coB2g 

= 715, coMg = 646 and considering the metallic like nature of Ru02, peak frequency of coBig was 
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estimated to be 70 cm"1  with an error of about 20%. Our calculated Bigphonon frequency was 

400 500 600 700 800 

Raman Shift (cm1) 

Figure 3 Room temperature Raman spectra of 
the Ru02 films annealed at 700 "C 

200 300 400 500 600 700 800 

Raman Shift (cm1) 
Figure 4 Temperature dependent (70 - 570K) 
Raman spectra ofRuO? films 

found closer to 97 cm"1 by Huang et al [11] as compared to the relatively high phonon frequency 
of 165 cm"' observed as a very weak Raman feature by Rosenblum et al [10]. 

The  peak   frequency  of  A2g  (0D2)   silent   mode  is  related  to  the  frequencies  of 
Big(coi), Aig(co3), and B2g(ü)4) modes by [13] 

to22 = Q)24 + CO2!  -C023 ..(4) 

Substituting co, = 715, and co3 = 646, we obtain the frequency of A2g (CO2) silent mode at 314 
and 321 cm"1 for the calculated (co, = 70) and experimental [11] (coi = 97) values respectively. 
This rules out the possible origin of the unknown 477 cm"1 mode in our spectra, from disorder 
induced silent A2g mode. 

Figure 4 shows the temperature dependent Raman spectra of Ru02 film recorded in the 
temperature range 70-570K. As we note from the figure, the unassigned band at 477 cm"' 
appears in the spectrum at all temperatures below 300K and disappears completely above the 
temperature of 350K. It is generally known that Ru02 behaves as hygroscopic oxide. Despite the 
lack of any vibrational spectroscopic data for direct comparison, there are ultra violet 
spectroscopic (UVS) [14] and XPS [15] studies of the system that support the formation of 
hydratcd Ru02 Therefore, we assign the band at 477 cm"1 due to hydrated Ru02 in the film. 

XPS Analysis 

XPS provides a valuable complementary technique for assigning oxidation states and 
stoichiometry of the oxides. Figure 5 shows the binding energies of various peaks in the XPS 
spectra of Ru02 films annealed at 700°C. Peaks in the spectra were identified with. Carbon C Is 
(285.5 eV),.Ru doublet peaks of Ru 3d3/2 (285 eV) and Ru 3d5/2 (281 eV) and Ru 3p states. In 
addition, small concentrations of chlorine and silicon are also detected.   A slow scan XPS was 
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performed on Oxygen (O Is) and Ru doublet (Ru 3d5/2> peak in the binding energy range 527- 
533 eV and 278 - 292 eV, respectively and from the peakfit analysis, Ru is identified in the 
chemical state of Ru02, RuCl3, and Ru03 [16J. 

The intended chemical state of ruthenium is rutile tetragonal Ru02. But the presence of 
RuCI3 and Ru03 can be related to the film preparation technique, which uses RuCl3.x.H20 
precursor material for the high temperature deposition process in oxygen ambient. The relatively 
rapid cooling process that the film undergoes after deposition enhances the formation of Ru03 

species on the surface [16]. At annealing temperatures of 700°C and above, Si diffusion to Ru02 

films is a common problem [14]. However, these contaminants do not have a dominant effect on 
the resistivity of the films at annealing temperatures 700"C and below. 
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Figure 5 XPS spectra of Ru02 films annealed at 700"C 

Ferroelectric Properties ofPba$Lao.isTiO) thin films . 

Figure 6 (a) and (b) show the dielectric and ferroelectric measurement results of 
Pb(WLao.i5Ti03 (PLT15) thin films on RuCVSi bottom electrode synthesized by solution 
chemistry technique. Films exhibit a dielectric constant and loss of 470 and 0.048 ( at 100 kHz) 
respectively. P-E loops show low polarization values and DC leakage characteristics. Detailed 
investigation on the structural and electrical properties of PLT15 films on these electrodes will 
be published elsewhere [17]. Good crystallinity, fine grain sizes, and smooth surface 
morphology of Ru02 films serve them as bottom electrodes for ferroelectric thin films. 
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CONCLUSIONS 

The oxide electrodes on Si substrates were successfully characterized in terms of their 
structure, composition, stoichiometry, and conductivity. Ru02 films prepared by solution 
chemistry technique crystallize into polycrystalline Ru02 phase at a temperature as low as 
400°C. Lattice parameter calculations from XRD data indicate the stoichiometric Ru02 phase. 
Minimum room temperature resistivity of Ru02 films was observed for films annealed at 700°C 
(29 x 10" ohm-cm). Micro-Raman analysis confirms the rutile tetragonal phase of Ru02 in our 
films and the observation of an unassigned Raman band at 477 cm'1 was investigated in detail. 
Using XPS data, and temperature dependent Raman studies, this Raman mode was assigned to 
hydrated Ru02. XPS analysis confirms the presence of Ru in the intended chemical state of 
Ru02. Also the small concentrations of RuCl3 and Ru03 detected in our films is due to film 
preparation technique using RuCl3.x.H20 as precursor material. 
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Abstract 
A ferroelectric memory diodes that consists of Au/PtyZro^Tio.^O^uTijCWp-Si multilayer 

configuration was fabricated by pulsed laser deposition (PLD) technique. The ferroelectric properties 

and the electrical characteristics of the ferroelectric film system were investigated. The 

polarization-voltage curve of PbCZro.siTWXVBijTijOu thin films system had an asymmetry 

hysteresis loop with P,=20u.C/cm2 and Ec=48 kV/cm, and the decay in remnant polarization was only 

10% after 109 switching cycles. The C-V curve and the I-V curve showed memory effects derived 

from the ferroelectric polarization of PZT/BIT films. The current density was 6.7* 10"8 A/cm2 at a 

voltage of +4V, and the conductivity behavior is discussed. The results suggested that the growth of 

the BIT ferroelectric layer is helpful to good ferroelectric properties, fatigue and capacitance retention 

characteristics. 

Key words: Ferroelctric diodes, PtyZro^Tio^O.,, BUT^O^, buffer layer, pulsed laser deposition 

In recent years, ferroelectric memories have attracted much attention due to the promise of high 

speed, high density, low operation-voltage, radiation hardness and low power consumption '■ . 

Pb(Zr,Ti)03 (PZT) has been widely studied for ferroelectric random-access memories (FRAMs), 

metal-ferroelectric-semiconductor field-effect transistors (MFS-FETs) and ferroelectric memory diode 

(FMD)|M| due to its higher permitivity(E,), higher remanent polarization(Pr) and lower coercive field 

(Ec). FMD is a kind of ferroelectric memory with a metal-ferroelectric-semiconductor (MFS) structure 

like an MFS-FETs, but it allows a lower voltage operation than an MFS-FETs and provides 

nonvolatile memory without a data storage capacitor or floating gate. However, the synthesis of PZT 

thin films on a Si substrate, which is important for practical applications, is rather difficult and the 

serious interaction and interdiffusion between PZT ferroelectric films and Si substrate lead to low 

retention and large leakage current, which are the fundamental properties of ferroelectric memory. To 

obtain a good interface and highly oriented ferroelectric films on silicon substrate, Ce02, Si02 and 

CaF2 have been widely introduced as buffer layers between the ferroelectric films and the Si substrate 
|4"61. But these buffer layers are not ferroelectric materials themselves and their permifivityfe) are 

much lower than PZT's, which will increase the operation voltage and impair the ferroelectric 

properties of ferroelectric memory. To solve the interface problem, we introduced BLiTijOn (BIT) as 

the buffer layer between PZT and Si substrate. The BIT is a kind of ferroelectric material itself with a 

permitivity(Er) of 200 and its lattice parameters are a=0.541nm, b=0.545nm, c=3.28nm, the lattice 

parameters of c-axis oriented BIT match the lattice parameters of Si(100) very well. 

In  this  paper,   the  preparation  of  the  ferroelectric   memory  diodes  that  consisted  of 
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Au/PZT/BlT/p-Si multilayer configuration using PLD technique is described. In order to characterize 

their memory effect, polarization-voltage (P-V) hysteresis loop, capacitance-voltage (C-V) 

characteristics, current-voltage (I-V) characteristics of the ferroelectric memory diode were measured 

respectively. The results were performed and discussed. 

In our experiments, a quasi molecule laser generator (EMG201MSC type made by Lamda Physik) 

with a wave length of 308nm was used. The pulse duration was 28ns, and the maximal output of single 

pulse energy was 300mJ. During the film deposition, the laser beam was focused by a quartz lens to 

obtain an energy density of 3J/cm2 at an incidence angel of 45 °, the pulse frequency was 8Hz and the 

target-substrate distance was 40mm. There were four target holders mounted on a disk, which could be 

rotated to bring the desired target in line of the laser beam for laser ablation and could obtain 

multilayer thin films systems. Two of these holders were loaded with single-phase pellets of 

Pb(Zr0.52Tio.48)O3 and B14T13O12 with a diameter of 25mm and a thickness of 5mm. An oxygen jet 

directed at the substrate was used to enhance the incorporation of oxygen into the films during the film 
deposition. 

(100) oriented p-type silicon wafers with a resistivity of 6-9 0 cm were cleaned by a standard 

process. The vacuum chamber was evacuated to below 10"5Torr before deposition. The substrate 

temperature was controlled using a chromel-alumel thermocouple contacted with the center of the 
heater block. The films were deposited at the 

substrate temperature of 530°C for PZT and 650 

°C for BIT. The deposited ambient was oxygen 

with pressure of lOOmTorr. The thickness of PZT 

layer was 300nm, meanwhile the BIT layer was 

lOOnm thick, which were estimated by using 

Rudolph research/Auto IH ellipse polarimeter. 

The front electrode, with a thickness of 50nm 

and a diameter of 0.4mm, was patterned by a 

shadow-mask-process. 

The hysteresis loops were measured with 

conventional Sawyer-Tower circuit to test the 

ferroelectricity of the thin films. Figure 1 shows 

the polarization-voltage (P-V) hysteresis loops of 

the PZT/BIT thin films system deposited on a 

high-doped p-Si wafer at various applied 

voltages. It can be seen that the PZT/BIT thin 

films system had a well-saturated hysteresis 

loops, a larger remnant polarization (Pr) of 

20(iC/cm2 and a lower coercive field of 48 

kV/cm at a voltage of 8V, and the hysteresis 

loops get saturation with increasing the applied 

voltage. As for the asymmetry in the P-V 

hysteresis loop, this can be understood by 

considering the difference of stress at the 

interface of M/F and F/S as well as the effect of 

the dissymmetry built-in electric field at the different applied bias voltage. 
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Fig.l    Hysteresis loops of PZT/BIT thin films 
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The decay in remnant polarization (/>,) of the PZT/BIT thin films system as function of switching 

cycles was also studied. This was conducted by applying 10kHz bipolar pulses of 8V amplitude. 

Figure 2 shows the hysteresis loops before and after 10' switching cycles. As shown in Fig.2, the 

remnant polarization of the PZT/BIT thin films system had decreased from 20 jiC/cm2 to 18 uC/cm2 

after 109 switching cycles, the decay in P, 

was only about 10% of the initial value. 

Meanwhile the coercive field had increased 

from 48 kV/cm to 53 kV/cm, the increase in 

Ec was around 12% of the initial value. 

Figure 3 is a typical 100kHz 

capacitance-voltage (C-V) curve of 

Au/PZT/BIT/p-Si ferroelectric diodes at bias 

voltages between -4.5V and +4.5V. The 

diameter of the electrode was 0.4mm. It can 

be seen that the pattern of the C-V curve 

was similar to that of a normal MOS 

structure. It clearly showed the regions of 

accumulation, depletion and inversion. It is 

important that the C-V curves went clockwise, which means that ferroelectric hysteresis of the 

PZT/BIT thin films had controlled the Si surface potential and showed a memory effect due to 

polarization|7'. 570 

' ' " 540 ■ 
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Fig.3        Capacitance    versus   bias    voltage 

characteristics of Au/PZT/BIT/p-Si 

heterostructure   between   -4.5   and   4.5   bias 

voltage at a bias frequency of 100kHz. 
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Data retention is an important property 

for use in nonvolatile memories. 

Capacitance retention is the embodiment of 

the ability of the switching charge retention, 

which is related to the reliability of the 

ferroelectric memories. 

Curves (a) and (b) of Fig.4 show the 

retention characteristics (capacitance as a 

function of retention time) of the 

ferroelectric diode at room temperature for 

up to 10 hours after withdrawing the applied 

bias. The measurement frequency of the 

small ac signals was 1MHz, and the applied 

bias voltages were +5V in curve (a) and -5V in curve (b). In Fig.4, curve (a) illustrate that the 

capacitance increases rapidly in a short time (region of inversion) after withdrawing the applied bias 

of +5V, then followed a gentle variety. The capacitance increase was only 12% in 10 hours. Curve (b) 

of Fig.4 shows that the capacitance decreases sharply at the initial short period (region of depletion) 

after removing the applied bias of -5V, then varied slowly in a long time. The capacitance dropped 

from 1150pF to 1091pF in 10 hours. The variety of capacitance was about 5% of the initial value, 

which indicated that the ferroelectric diode is possessed of good capacitance retention properties. 

The Current-Voltage (I-V) characteristics of the diodes were measured by using ZC43 high 

resistance meter. Figure 5 (a) and (b) illustrate the current density dependence of the voltage at 

positive and negative bias voltage respectively. As shown in Fig.4, the current density was only 

Retention time ( h ) 

Fig.4 C-t curve of Au/PZT/BIT/p-Si (a) after 

withdrawing the bias voltage of +5V, (b) after 

withdrawing the bias voltage of -5V 
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Fig.5    Current density dependence of voltage 

(a) at negative voltages (b) at positive voltages 

-5.3xlO~loA/cm2 at a bias voltage of -4V, it is smaller about two order of magnitude than that at a bias 

voltage of+4V, the latter is 6.7xlO"8A/cm2. This could be well explained using the p-p heterostructure 
effect   between   ferroelectric   layer   and   p-Si 

substrate. The hysteresis loops of I-V curves of 

the Au/PZr/BIT/p-Si ferroelectric diodes had 

been    observed    (shown    in    Fig.6),    which 

conducted by applying bias voltage varied first 

from OV to +4V, then from +4V to -4V, and 

finally from -4V to OV at a step of 0.2V. This is 

different from the I-V curve of traditional diodes. 

Distinctly,  the  hysteresis  loop of I-V curve 

originated   from   the   remnant  polarization  of 

ferroelectric layer '8|. 

In order to investigate the leakage 

mechanisms, the positive I-V curve of the 

Au/PZr/BIT/p-Si system, which obtained by 

applying bias voltage varied from OV to +3V, 

then from +3V to OV at a step of 0.08V, was 

transformed into a more obvious plot and 

illustrated in Fig.7. The ratio of logarithm of 

current with voltage is about 1.0 below 1 V, 

while it is around 2.0 in the voltage range of 

2.2-3.0 V. The results suggest that in different 

voltage regions different conduction mechanism 

dominate. The current linearly depends on 

voltage at a relatively low voltage, i.e. the 

conduction in this region displays an ohmic 

behavior. The current transportation in 

ferroelectric thin films at the high voltage region 

is normally ascribed to the space-charge limited 
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Fig.6 Current density versus bias voltage 

characteristics of Au/PZT/BIT/p-Si diode 
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Fig.7     I-V  curve  analysis 

direction of PZT/BIT/p-Si 
positive 

models, ohmic current and space charge limited 

current give the best explanation of our 

experimental I-V curve. 

In conclusion, we have shown the 

ferroelectric properties and the electrical 

characteristics of the Au/PZT/BiT/p-Si 

ferroelectric memory diodes fabricated by pulsed 

laser deposition (PLD) technique. The clockwise hysteresis loop in C-V curve indicated that the 

ferroelectric hysteresis of the PZT/BIT thin films had controlled the Si surface potential and showed a 

memory effect due to polarization. The dominant conduction mechanism is different in different 

voltage regions: ohmic current in lower voltage region and space charge limited current in higher 

voltage region. The results suggested that the growth of the BIT ferroelectric layer is helpful to good 

ferroelectric properties, fatigue and capacitance retention characteristics. 
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ABSTRACT 

Anisotropies of the properties of the bismuth-layered perovskite SrBi2Ta209 (SBT) have 
been investigated using epitaxial thin films grown by pulsed laser deposition both on conducting 
Nb-doped SrTi03 (STO) single crystal substrates and on Si(100) substrates. It has been found 
that the three-dimensional epitaxy relationship SBT(001)||STO(001); SBT[1 T0]||STO[100] can 
be applied to all SBT thin films on STO substrates of (001), (011), and (111) orientations. An 
about 1.7 times larger remanent polarization was obtained in (103)-oriented SBT films than in 
that of (116) orientation, while the (OOl)-oriented SBT films revealed no ferroelectricity along 
their c-axis. Non-c-axis-oriented SBT films with a well-defined (116) orientation were also 
grown on silicon substrates for the first time. They were deposited on Si(100) covered with a 
conducting SrRu03 (110) bottom electrode on a YSZ(100) buffer layer. 

INTRODUCTION 

Getting epitaxial SrBi2Ta209 (SBT) films (a = 0.5531 nm, b = 0.5534 nm, and c = 2.4984 
nm [1]) is an important issue for applications in high-density ferroelectric random access 
memories (FRAMs). Epitaxial films are needed to overcome the problems related to the lack of 
uniformity in polycrystalline films [2]. The latter arise, because in high-density memories the 
lateral sizes of the individual structures approach both the sizes of the grains in polycrystalline 
films and the size of the ferroelectric domains. One solution to circumvent these non-uniformity 
problems is to use epitaxial thin films. As the vector of the spontaneous polarization (Ps) in SBT 
is directed perpendicularly to the c axis, specifically along its a axis, the growth of non-c-axis- 
oriented SBT films is of particular significance for applications to planar-capacitor-type FRAMs. 
The epitaxial growth of SBT films both with c-axis and non-c-axis orientations was investigated 
on single crystal substrates such as SrTi03 (STO), LaSrA104, etc. [3-5]. Particularly, the epitaxial 
orientation relationship of either SBT or SrBi2Nb209 (SBN) films grown on (011)- and (111)- 
oriented STO substrates has been debated, for instance whether the (001) plane of SBT or SBN 
films is exactly parallel to the (001) plane of STO substrates in the non-c-axis-oriented SBT/SBN 
films with (116) and (103) orientations on STO(011) and STO(l 11) substrates [3-5], or whether 
a small deviation occurs. In this work, we report the epitaxial orientation relationship 
investigated by means of x-ray diffraction <p scans as well as a comparison between the structural 
and electrical properties of c-axis and non-c-axis-oriented SBT films grown on STO and on 
Si(100) substrates. For the application of epitaxial films in high-density ferroelectric nonvolatile 
memories, non-c-axis-oriented SBT films on silicon will be needed. 
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EXPERIMENTAL 

The deposition conditions used for the film growth along with the various characterization 
methods are described in detail elsewhere [5,6]. Briefly, the 250 nm thick SBT films were grown 
both on single crystalline Nb-doped STO with (001), (011), and (111) orientations and on yttria- 
stabilized Zr02-buffered (YSZ-buffered) Si(100) substrates covered with conducting SrRu03 

(SRO) bottom electrodes. All the films were grown by pulsed laser deposition using a KrF 
excimer laser (k = 248 nm). Pt top electrodes with an area of l.lxlO3 cm2 were deposited by rf- 
sputtering at room temperature through a stainless steel shadow mask. After top electrode 
deposition, the samples were annealed at 750 CC for 30 min. in an oxygen ambient to stabilize 
the contact between SBT and Pt. To characterize the structural and electrical properties, x-ray 
diffraction (XRD), cross-sectional transmission electron microscopy (TEM), scanning force 
microscopy (SFM), and a TF2000 thin film analyzer (AixACCT) were used. 

EPITAXIAL (001)-, (116)-, AND (103)-ORIENTED SBT FILMS ON STO SUBSTRATES 

Figure 1 shows XRD <j> scans of the (001)-, (116)-, and (103)-oriented SBT films on (001)-, 
(011)-, and (11 l)-oriented STO substrates, respectively. Details on ö-20and P°le figure scans 
were published elsewhere [5]. In order to record the patterns, the reflections of SBT(113) and 
SBT(OOK)) were used at y/= 65°, 46.5°, and 55.8°, respectively. In the case of (OOl)-oriented 
SBT films on (OOl)-oriented STO substrates, the SBT(001) plane is exactly parallel to the STO 

(001) plane satisfying the epitaxy relationship SBT(001)||STO(001); SBT[lT0]||STO[100]. For 

non-c-axis-oriented epitaxial films, the (001) planes of (116)- and (103)-oriented SBT films are 
not exactly parallel to the STO(001) planes of (011)- and (111 )-oriented STO (in which case we 

would have y/= 45° and 54.7°, resp.), as shown 
in Figs. 1(b) and 1(c). These angle deviations of 
1.5° and 1.1° correspond to the tilt angle 
between the SBT(001) plane and the underlying 
STO(OOl) plane for (116)- and (103)-oriented 
SBT films on (011)- and (11 l)-oriented STO, 
respectively. Therefore, since the (116), 
respectively (103) planes are exactly parallel to 
the STO(011), respectively STO(l 11) planes, 
small angular deviations up to ~2° from the 
three-dimensional unique epitaxy relationship 

SBT(001)||STO(001);SBT[ll0]||STO[100] 
have to be taken into consideration, if the latter 
is applied to all SBT films on STO substrates of 
(001), (011), and (111) orientations. 

Due to the tilt of the c axis of SBT films 
with respect to the substrate surface, the 
directions of the vector Ps of the spontaneous 
polarization in (001)-, (116)-, and (103)-oriented 
SBT films are 90°, -59°, and -34° away from 

Figure 1. XRD <f> scans of the SBT films on 
(a) (001)-, (b) (011)-, and (c) (11 l)-oriented 
STO substrates. y/= 0° corresponds to the sub- 
strate surface, perpendicular to the plane defined 
by the incident and reflected x-ray beams. 
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Figure 2. Schematic drawing of polarization components of the growth twins of (a) (001)-, (b) (116)-, 
(c) (103)-oriented SBT thin films, and the a-b twins of (d) (001)-, (e) (116)-, and (f) (013)-oriented films 
on (001)-, (011)-, and (11 l)-oriented STO substrates, respectively. The vertical components of the 
spontaneous polarization (P±) with respect to the substrate surface are represented as thick solid arrows. 

the substrate normal, respectively. Therefore, the polarization of SBT films can be estimated by 
comparing the recorded ferroelectric hysteresis loops using SBT films having different 
orientations, assuming full switching. The components of Ps perpendicular to the substrate 

surface are proportional to the values of P™1 =|PS| -cos90° = 0, P|16 =|Ps|cos59° = 0.5|Ps|, 

and P{03 = |Ps| • cos 34° = 0.8|PS|. Accordingly, the oaxis-oriented SBT film reveals a zero normal 

polarization and the (103)-oriented SBT film has an about 1.7 times larger normal polarization 
value than the (116)-oriented film as schematically shown in Figs. 2(a)-2(c). 

Figure 3 (left) shows the ferroelectric P-E hysteresis loops of (001)-, (116)-, and (103)- 
oriented SBT films. In the case of (001) orientation, the film reveals no ferroelectricity in the 
direction normal to the film [Fig. 3 left(a)]. Moreover, an about 1.7 times higher remanent 
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Figure 3. P-E (left) and C-V (right) hysteresis loops of (a) (001)-, (b) (116)-, and (c) (103)-oriented 
SBT films. The remanent polarization values of (116)- and (103)-oriented films are 4.3 and 7.4 uC/cm2, 

respectively, exhibiting a ratio of their remanent polarization (Pr'03 /P,!    ) of ~1.7. 

CC5.3.3 



polarization was recorded for the (103)-oriented SBT film than for the (116)-oriented SBT film 
[Figs. 3 left(b) and (c)]. The ratio of polarization values, Pr'"

3/Pr'
16 «1.7, agrees well with the 

calculated value even though the absolute polarization values are lower than expected, cf. Refs. 3 
and 4. Please note that the direct comparison is valid, and the experimental ratio is so nicely 
consistent with the computed one, because our samples were deposited on substrates having 
different orientations during the same run, in exactly the same conditions. 

Dielectric constants of all SBT films on (001)-, (011)-, and (11 l)-oriented STO substrates 
were calculated by recording C-V curves as shown in Fig. 3 (right). Like the P-E curves, no 
hysteresis loop was observed in the case of the c-axis-oriented SBT film [Fig. 3 right(a)]. Non-c- 
axis-oriented SBT films [Figs. 3 right(b) and (c)] exhibited ferroelectric hysteresis loops showing 
a higher dielectric constant than the c-axis-oricnted SBT film. The calculated dielectric constants 
of (001)-, (116)-, and (103)-oriented SBT films measured at 5 V in a direction normal to the film 
were about 133, 155, and 189, respectively. 

Twinning of a and b axes in SBT has not yet been reported. The difference of lattice para- 
meters between a and b is too small (-0.3 pm) to evidence it by XRD analyses. However, exactly 
because of this very small difference, and due to the fact that no large displacements are required 
to "switch" the two axes, some twinning must exist. Moreover, since the polarization is directed 
along the a axis, it is most probably influenced by an applied electric field. We have tried to find 
an evidence of the a-b twins by piezoresponse-SFM using SBT films grown on STO( 111) 
substrates. The reason to use the SBT film on the STO(l 11) is that for (OOl)-oriented SBT films, 
both a and b axes are lying parallel to the substrate surface [Figs. 2(a) and 2(d)], and for (116)- 
oriented SBT, the a and b axes both are lying 31° away from the substrate surface, thus having a 
component along the normal direction, but for symmetry reason being not distinguishable [Figs. 
2(b) and 2(e)]. In the case of (103)-oriented SBT, the a axis (Ps vector direction) is lying 56° 
away from the substrate surface and the b axis is lying parallel to the substrate surface. But, if we 
consider that a-b twinning is present, (013)SBThas its a axis lying parallel to the substrate 
surface and its b axis 56° away from the substrate surface. In this case, the film has no 
component of the polarization normal to the film and cannot reveal ferroelectricity along the 
substrate normal [Fig. 2(f)]. These two types of behavior were qualitatively confirmed by local 
in-plane and out-of-plane hysteresis loops recorded by piezoresponse-SFM using two different 
SBT grains of a (103)-oriented SBT film as shown in Fig. 4. In Fig. 4(a), a higher piezoresponse 
along the out-of-plane direction was recorded than along the in-plane direction. On the other 
hand, in Fig. 4(b), a lower piezoresponse along the out-of-plane direction was recorded than 
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Figure 4. Local piezoresponse hysteresis loops of (a) (103)- and (b) (013)-oriented SBT grains exhibiting 
evidence of the presence of the a-b twinning of SBT films. 
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along the in-plane direction. Therefore, we can infer that the former piezoresponse was recorded 
from a (103)-oriented SBT grain and the latter one was recorded from a (013)-oriented SBT 
grain revealing an a-h twinning of SBT films. 

NON-c-AXIS-ORIENTED SBT FILMS ON Si(100) SUBSTRATES 
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Figure 5. X-ray diffraction (a) #-20 scan and 
(b)-(e) 0 scans of a SBT/SRO/YSZ/Si( 100). 

As discussed in the introduction, non-c-axis- 
oriented SBT films will be of practical importance 
only if they are grown on a technologically relevant 
substrate, such as silicon. We succeeded to grow 
(116)-oriented SBT films on a Si-based substrate, 
using a (110)-oriented SrRu03 (SRO) electrode. 
Figure 5(a) shows an XRD #-20scan of a 
SBT( 116)/SRO( 110)/YSZ( 100)/Si( 100) 
heterostructure. The 0 scans in Figs. 5(b)-5(e) 
demonstrate the perfect in-plane orientations of 
SBT, SRO, and YSZ on Si(100). The SRO layer 
[Fig. 5(d)] and the SBT film [Fig. 5(e)] display a 
characteristic peak splitting of A<f>~ 20°. An 
equivalent azimuthal angle of -20° between 
neighboring SBT grains was observed in the surface 
morphology of the (116)-oriented SBT films by 
SFM (Fig. 6). The reason for the presence of this 
azimuthal angle, as well as for the observed peak 
splitting in the 0 scans, is a specific "diagonal 
rectangle-on-cube" epitaxy relationship of SRO 
(110) on YSZ(IOO) minimizing the lattice mismatch 
as schematically shown in Fig. 7. (The lattice mis- 
match along the diagonal direction is -6.3%, which 

along the SRO<l 10> or YSZ<100> directions.) Since is comparable to the mismatch of 8.1 
there are four positionings to arrange the respective diagonals, four different azimuthal 
orientations of the (110)-oriented SRO grains, or four variants, result exhibiting characteristic 
angles of 19.5°. Due to the two-fold positioning of SBT variants on each azimuthal SRO variant. 

Figure 6. SFM topography image of a (116)- 
oriented SBT thin film on SRO(l 10)/YSZ(100)/ 
Si(100). 

Figure 7. Schematic of the diagonal rectangle-on-cube 
epitaxy of SRO(l 10) on YSZ(100): (a) YSZ(IOO), 

(b) SRO( 110), and (c) four variants of SRO on YSZ. 
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the SBT film has eight azimuthal variants, which 
again exhibit characteristic angles of-20°. The 
following orientation relationship has been deduced 
from the XRD investigations: SBT(116)||SRO(l 10)|| 
YSZ(100)||Si(100); SBT[110]||SRO[100], and 
SRO[lll]||YSZ<110>||Si<110> including four 
azimuthal SRO orientations and eight corresponding 
azimuthal SBT orientations. Both the SRO and SBT 
grains corresponding to the different azimuthal 
variants can be visualized by cross-section TEM 
images (not shown here). The grains are -50 nm in 
lateral size, and the azimuthal SBT domain pattern 
replicates the one in the SRO layer. The SBT/SRO 
interface has a characteristic roof-like morphology 
while the other interfaces are plane and sharp [6]. 

P-E hysteresis loops of a (116)-oriented SBT film are shown in Fig. 8. The loops were 
recorded before a fatigue test, and after 10" switching cycles using 1 MHz fatigue pulse at 5 V, 
respectively. The remanent polarization (2Pr) and the coercive field (2EC) were about 12 uC/cm2 

and 120 kV/cm, respectively, for a maximum electric field of 420 kV/cm. The film revealed 
excellent fatigue endurance even after 10" switching cycles. 
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Figure 8. P-E hysteresis loops of 
a Pt/SBT(116)/SRO(l 10) capacitor. 

CONCLUSIONS 

Anisotropies in the ferroelectric properties of c-axis- and non-c-axis-oriented SBT films 
were investigated. The (103)-oriented SBT films exhibited an about 1.7 times larger out-of-plane 
polarization component than the (116)-oriented SBT films, while the (OOl)-oriented SBT films 
exhibited no component of the polarization along their c-axis direction. An evidence of a-b 
twinning in (103)-oriented SBT films was found by local SFM piezoresponse analysis. 
Moreover, (116)-oriented SBT films have been successfully grown on SRO(110)/YSZ(100)/ 
Si(lOO) substrates. A specific diagonal-type rectangle-on-cube epitaxy of SRO on YSZ enables 
the growth of non-c-axis-oriented SBT films on Si substrates. 
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MOCVD kinetics of precursors for ferroeletric SBT film 
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ABSTRACT 

The metal organic chemical vapour deposition kinetics of Sr(hfa)2(tet) (H-hfa 
=l,l,l,5,5,5-hexafluoroacetylacctone and tet= tetraglyme) and Bi(C6Hs)3 single precursors have 
been studied upon varying operational deposition parameters, namely temperature and precursor 
partial pressure. These precursors are of interest for the MOCVD of SBT ferroeletric thin films. 
Depending upon experimental conditions, deposition processes occur either in the reaction rate 
limited regime or in the mass transport regime. Kinetics controlled by reaction rates (T depm    " 
673 K) gives insights on the process mechanisms. The activation energies of the Sr and Bi 
deposition processes have been determined from the Arrhenius plots. 

SrBi2Ta209 films were grown on industrial Pt/Ti/Si02/Si substrates and perovskite phase 
films were obtained after annealing in 02 environment at 1073K. 

INTRODUCTION 

SBT ferroeletric films have been extensively investigated for Fe-RAM application due 
to their endurance resistance[l]. SBT films have been prepared by several techniques such as 
sol-gel[2], metalorganic deposition (MOD) [3], pulsed laser ablation[4] and metalorganic 
chemical vapor deposition (MOCVD)[5]. This last technique is best suited for semiconductor 
industry because of the superior step coverage compared to other deposition techniques. The 
phenomenological aspects of MOCVD fabrication of SBT film using various Bi and Sr sources 
as well as their electrical properties have been reported in many papers. However, if careful 
control of the properties of films grown for industrial application is to be achieved, it is 
important to understand factors affecting film growth. In this context, the kinetics and deposition 
mechanisms of single precursors play a critical role as far as industrial scaling-up is concerned. 
Little has been reported on the kinetics of the deposition of SBT precursors. Some kinetic 
investigations have been reported during multicomponent SBT deposition using the Bi(CH3)3- 
Sr(Ta(0 C2H5) system [6] and the Sr(tmhd)2-Bi(C6H5)3-Ta(OC2H5)5 (Htmhd=2,2',6,6'- 
tetramethylheptan-3,5-dione) system [7] 

This paper reports on deposition kinetics of single component films using Sr(hfa)2(tet) 
(H-hfa =1,1,1,5,5,5-hexafluoroacetylacetone and tet= tetraglyme) or Bi(C6H5)3 precursors. 
Kinetic results obtained from single component deposition have been applied to SBT fabrication 
using Sr(hfa)2(tet), Bi(C6H5)3 and Ta(OC2H5)5 precursors in 02. 

EXPERIMENTAL 

Experiments were performed in reduced-pressure, horizontal cold wall reactors for 
single and multi component depositions. Single component MOCVD system consists of a gas- 
handling facility, a stainless steel evaporator, a reactor tube and a vacuum system. The quartz 
reactor inner diameter was 2.4 cm and the total length was 40 cm. Temperatures of the 
evaporator, connecting lines and reaction zones were controlled by EUROTHERMS Controls 
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within +2 K. Connecting lines (stainless steal) were always held at slightly higher temperatures 
than the sublimator to prevent condensation. Flow rates were controlled (within ±2 seem] using 
MKS flow controllers. 

SBT depositions were performed in a multi-component, horizontal, MOCVD reactor 
made of a 80cm-lenght quartz tube (id=8 cm). The reactor consists in contiguous sections for 
precursor sublimation, gas mixing and film deposition. Each section was independently heated 
within +2K using computer-controlled hardware. 

Typical dynamic MOCVD conditions adopted pre-purified Ar (99.999% ) as carrier gas 
(100 seem) and 02 (02 99.999%) as reaction gas (500 seem). Films were deposited on 
Pt/TiCySiCVSi substrates placed on a susceptor heated in the 573 K- 773 K temperature range 
and at a total pressure of 6 Torr. Sublimation temperatures were in the 373-423K and 403-443K 
ranges for Sr(hfa)2tet and Bi(C6H5)3 sources, respectively. 

In all experiments the total quantity of the sublimed precursor was determined by 
weight loss measurements. 

Grazing angle x-ray diffraction (XRD) spectra were obtained with a Bruker AXS D5005 
X-ray Diffraclomer equipped with a copper anode and an attachment for thin film measurements. 
Measurements were performed with a detector scan from 20°<29<70°. The angle between the X- 
ray source and the sample surface was fixed at 0.5°. 

Surface morphologies and film compositions were analysed by scanning electron 
microscopy (SEM), performed with LEO 1400 Microscope, equipped with EDX microanalysis. 
Growth rates were estimated by EDX and SEM cross sections. 

RESULTS AND DISCUSSION 

Kinetics of the precursors 

The nature of films deposited using either Sr(hfa)2(tet) or Bi(C6H5)3 precursors in the 
573°C-773K temperature range has been investigated using XRD. In the investigated 
temperature range, depositions performed from Sr(hfa)2(tet) -02 and Bi(C6H5)3 -02 systems lead 
to the formation of SrF2 and Bi203, respectively. 

Experiments were made to define operating conditions in which film growth takes place 
under either reaction rate or mass transport rate limited regimes. [8] 

%      5 

mass transport regime 

depiction of precursor on the wall: 

1-3 1.4 1.5 1.6 1.7 1.8 

T'IO'CK') 

Fig. 1 SrF2 growth rate as function of temperature 

CC5.5.2 



Fig. 2 Bi iOi growth rate in function of temperature 

Figure 1 shows SrF2 growth rate as function of temperature. Below 673K the growth 
rate is reaction rate limited since the In of the deposition rate depends linearly on the reciprocal 
of the temperature. The apparent activation energy is 130+ 8 kJ/mol. In the 723- 623 K the 
deposition rate is constant (mass transport rate limited regime). Beyond 743K a remarkable fall- 
off is observed due to precursor depletion. 

Figure 2 shows Bi203 growth rate as function of deposition temperature. In this case, the 
In of the growth rate vs 1/T depends linearly in the entire temperature range as expected for 
reaction rate limited processes. The apparent activation energy (EBi) of film formation is 
markedly lower (70 + 5 kJ/mol) than that obtained for Sr. 

The effects of Sr(hfa)2(tet) partial pressure (PSr) upon the growth rate of SrF2 was 
investigated at different temperatures. Under reaction rate limited regime (T<400°C) the growth 
rate does not depend upon PSr in the investigated range (0.1 -2 mTorr). The value of the growth 
rate was 43± 2 nm/h. The reaction is of zero order with respect to Sr(hfa)2(tet). This behaviour 
indicates that the rate limiting step involves a surface reaction where the active sites become 
saturated under high Sr(hfa)2(tet) partial pressure. 

Experiments carried out at T=673K (mass transport rate limited regime) show (figure 3) 
that the deposition rate depends linearly on Sr(hfa)2(tet) partial pressure in the investigated range 
(0.1-2 mTorr). Therefore, under these conditions the growth rate can be expressed as: 

(1.2 0.4 0.6 0.8 
Sr partial pressure (mTorr) 

Fig. 3 Sr(hfa)i(tet) growth rate as function of 
Sr(hfa)2(tet) partial pressure 
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(1) 
where the constant h obtained from figure 3 (h=432 nm*h"' mTorr"1) is a mass transfer 
coefficient [ 8 ]. Since under mass transport limited regime growth rate is independent 

upon temperature, Eq. 1 represents growth rate in the 673K<T<743K temperature range. 
The dependence of Bi203 growth rate at 673K upon Bi(C6H5)3 partial pressure ( PBi) is 

reported in figure 4. The growth rate of Bi precursor increases with PBi, but rate dependence is 
not linear. Curve slope becomes smaller upon increasing PBi, thus showing the shape of a 
Langmuir adsorption isotherm [ 9 ]. 

The study of the dependence of the Bi203 growth upon both temperature and PBi suggest 
that in the investigated temperature range the reaction rate determining step involves a surface 
reaction. Therefore, at constant temperature the growth rate depends on the fraction of the 
surface (9) occupied by the adsorbed precursors [ 9]. Since 9 can be related to PBi by the 
adsorption isotherm, growth rate of Bi203 can be expressed as: 

KajPBi 

1 + KäPsi 
(2) 

where k is the kinetic constant of precursor surface reaction and Kad is the equilibrium 
constant of precursor adsorption. 

For low values of PBi, the term KadPBi can be neglected with respect to unity (KadPBi 
« 1) and eq. 2 become: 

GB: = k-K<lllpBi = k'pBi 
(3) 

Temperature dependence can be included in the rate equation,   by re-writing k' as 
Aexp(-EBi/RT) (with A=3.4 107 nm*h"'   from figure 2). 
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The obtained equation has been used to deposit the Sr-Bi-Ta O(F) matrix with the 

correct Sr/Bi metal ratio 1 / 2.2 . 
In order to obtain high growth rates, depositions were performed at 723K since higher 

temperatures determine a fall off of the SrF2 growth rate and lower temperatures lead to lower 
rates. From Eq. 1 and 3, a GBi / Gs, ratio of 2.2 can be obtained at PSt / PBI ratio=0.3 

Operating conditions are reported in table 1. 
Figure 5 shows the XRD patterns of as-deposited and annealed film. As deposited films 

consist of Bi203 and the SrF2 phases, while no Ta-containing crystalline phases can be detected 

from the XRD spectrum. 
In order to obtain perovskite phase (figure 5), films were annealed for one hour under 

O2atl073K. 

Table 1. Sublimation conditions adopted for SBT deposition 

Precursors Sublimation temperature 
00 

Carrier gas (Ar) (seem) Partial pressure (mTorr) 

Sr(hfa)2(tet) 373 100 0.2 

Bi(C6H5)3 393 100 0.6 

Ta(OCH2CH3)5 413 100 1.6 

CONCLUSIONS 

The deposition kinetics of Sr(hfa)2(tet) and Bi(C6H5)3 have shown that the Sr(hfa)2(tet) 
deposition process occurs under reaction rate limited regime below 673K, whilst above this 
temperature growth rate was mass transport rate limited. 

In the 573-773 K temperature range Bi(C6H5)3 deposition occurs under reaction rate 
limited regime. For both precursors, reaction mechanisms involve surface reactions. Simple 
kinetic equations were obtained assuming that precursor adsorption takes place according to 
Langmuir isotherm. 

The single component kinetic equations have been applied to multicomponent 
deposition in order to obtain SBT film of correct composition. 
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Studies on the kinetics of the deposition processes of single component films revealed 
of interest for both the understanding of reaction mechanisms determining film formation as well 
as for the optimization of the synthetic route of more complex multicomponent phases. 
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ABSTRACT 

Bi-layered ferroelectric compounds are considered most promising for non-volatile 
memory applications due to their high fatigue endurance. We have prepared SrBi2Ta209 powders 
with Ba (A sites) and Nb (B sites) substitutions using a novel solution based route. The powders 
were pressed and sintered at 1050°C to obtain high quality targets. Thin films were prepared 
using these ceramic targets on Pt/Ti02/Si02/Si substrates using pulsed laser deposition (PLD) 
technique. The effects of growth conditions on phase formation as well as structural and 
electrical properties in films are studied. Initial results on films show good hystcretic 
characteristics. Though phase formation begins at much lower temperature, these films 
crystallize in a complete layered perovskite phase when prepared at 700°C. Optical phonon 
modes in these materials exhibit systematic variations with changing compositions. The changes 
in the Raman spectra are explained in terms of Ba and Nb substitutions at A and B sites, 
respectively. The temperature dependence of Raman spectra exhibits the substitution induced 
changes in the transition temperatures of these materials. 

INTRODUCTION 

Due to recent advances in thin film growth technology, the interest in investigating 
ferroelectric materials has increased manyfold because of their potential applications in memory 
devices, sensors and actuators, IR detectors, transducers, microwave devices and others [1-3]. 
Lead zirconate titanate (PZT) is one of the most promising materials for integrated ferroelectric 
devices, especially for memory applications [4]. Because of imprint and fatal fatigue failure of 
these ferroclectrics, a new series of compounds so called Bi-layered perovskites, in particular 
SrBi2Ta209 (SBT), were proposed by Scott et al [3]. The low leakage current, low operating 
voltage, fast switching speed and negligible fatigue up to 1012 electric cycles are the advantages 
of layered perovskite for memory applications [5]. The lattice structure of these family of 
compounds is described by a general formula (Am.,Bm03„1+i)

2~(Bi202)
2+, where A is mono, di, 

trivalent cation and B is quatro or pentavalent cation and 'm' is the number of perovskite 
unitcells sandwiched between two bismuth oxide slabs [6], In case of SBT, m=2, which shows 
displacive transition from the symmetry I4/mmm to A2iam. In this transition, the Sr ion at the A- 
site of the pseudoperovskite layer moves towards O-Ta-O octahedral chain, which is the origin 
of ferroelectricity [7,8]. 

In this work, we reported the preparation of A and B-site substituted SBT thin films by 
PLD technique. The effect of replacement of A-site Sr with different Ba concentrations and B- 
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site Ta by Nb on structural and electrical properties of SBT compounds are studied using x-ray 
diffraction (XRD), micro-Raman spectroscopy, dielectric and hysteresis measurements. 

EXPERIMENTAL DETAILS 

Mixed powders of composition SrxBa,.xBi2Ta2.yNby09 with y = 0, x = 0.2, 0.5, 0.7, 0.8, 1 
and x = 1, y = 2 were synthesized by sol-gel route. The processed powders are pressed to pellets 
of 2.5 cm diameter each and sintered at 1050 °C for 3h to get densified targets for laser ablation. 
Thin films of above compounds were grown on Pt/Ti02/Si02/Si substrates using PLD technique. 
An KrF (X=248nm) excimer laser with energy density of about 2.5 J/cm2 and pulse repetition 
rate of 5 Hz was focused to a rotated ceramic target at 45° angle to the target normal. During 
deposition the substrate temperature was varied between 500 - 750°C with oxygen pressure at 
100 mTorr. Phase formation and crystallographic orientation of the processed powders, as grown 
and annealed films were identified using X-ray diffractometer (Siemens D 5000) with Cu Ka 
radiation. Raman spectra were recorded using a "Instruments SA" T6400 spectrograph consisting 
of a double monochromator coupled to the third stage with 1800 grooves/mm grating in 
backscattering geometry. The 514.532 nm radiation from a "Coherent" Innqya 99 Ar+ laser was 
focused over less than 2 urn diameter circular spot using a Raman micro probe with 80X 
objective. A heater from "Leitz Waltzer" was employed for recording the Raman spectra at 
higher temperatures. The thickness of the films were measured by filrnetrics F 20. All films were 
top electroded by Au of thickness 200 nm and diameter 500 Jim using DC magnetron sputtering. 
The frequency dispersion of dielectric constant and dissipation factor were examined in the 
frequency range 1 kHz to 1 MHz with an oscillating voltage 100 mV using HP 4294A 
impedance analyzer. Hysteresis loops of field dependent polarization were measured at virtual 
ground mode using Radiant tester RT 6000HVS. 

DISCUSSIONS 

Thin films of various compositions by 
changing Ba concentration in SBT compound is 
shown in Fig 1. All films were deposited at 
substrate temperature 750°C with ablation 
pressure of 100 mTorr. A systematic shift of the 
most intense peak (115) was observed at 29° 
towards lower diffraction angle with increasing 
Ba concentration. This confirmed that Ba is 
replacing Sr that results increase in lattice 
parameter. Increase of lattice parameter with Ba 
concentration might be attributed to higher ionic 
radii of Ba. Splitting of (115) diffraction peak 
established that the films were crystallized in 
orthorhombic structure. There was no evidence 
of pyrochlor phase in the films grown at 
750°C. 

SrBa, xBi2Ta209 
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p   deposited @ 750°C 

3 
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Fig 1. X-ray diffiactograms of 
SrxBa,.ßi2Ta,09films. 
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Fig 3 : X-ray diffraction patterns 
of SBNfilm. 

Fig 2 shows the x-ray diffraction patterns of the films ablated from Sr0.5Bao.5Bi2Ta209 
target at 100 mTorr oxygen pressure and at various substrate temperatures. It was noticed that 
increasing substrate temperature leads to preferential c-axis orientation, confirmed with the 
presence of (008) diffraction line. The film deposited at 650°C has broad (115) peak which could 
be due to smaller grain size. There is a systematic shift of most intense peak (115) towards 
lower diffraction angle with increasing substrate temperature. This is attributed to thermal stress 
between the film and the substrate during the growth process. A minor amount of florite phases 
were observed in the films grown at substrate temperature above 700°C. 

SrBi2Nb209 (SBN) films were prepared at different substrate temperatures from 500-750 
°C at ablation pressure of 100 mTorr. G-29 scans of the as grown SBN films are given in Fig 3. 
The c-axis orientation of the films is more pronounced at higher substrate temperatures, which 
was confirmed by the increasing intensity of (006), 
(008) and (0010) reflections. 

In Fig.4, the room temperature Raman spectra 
of SrxBai.xBi2Ta209 (SBBT) films, grown at 750°C 
substrate temperature, are shown for x = 0.2, 0.5, 0.7 
and 0.8 compositions. The peak frequencies of 
Raman modes from these films were found similar to 
those observed in corresponding ceramic 
compositions. Increasing Ba content in these 
materials decreases the peak frequencies of AiE mode 
at 58 cm"1 and EE mode at 163 cm"1 originating from 
Bi(z) and Ta(x-y) vibrations, respectively [9]. The 
frequency of 830 cm"1 mode that originates from the 
symmetric stretching of TaC>6 octahedra does not 
involve Ba or Sr atoms.   However, the frequency of 

3 

Ö 

Raman Shifts (cm ) 
Fig 4. Room temperature Raman spectra of 
SBBT films deposited at 750 °C. 
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this mode increases with increasing Ba composition. Such behavior could be associated with the 
mass and ionic radii differences of Ba and Sr atoms that influence the environment and hence the 
force constant. 

Sr BaRiTaO 

T=55(fC 

Temperature variation of Raman spectra 
from SrxBai.xBi2Ta209 (SBBT) compositions was 
studied. As shown in Fig. 5, the 28 cm"1 mode, 
which exhibits very strong dependence on A site 
composition, disappears about 200 °C. The 
overall mode intensity does not show drastic 
variation at orthorhombic to tetragonal phase 
transition. However, the 58 cm"1 mode softening 
stops in the tetragonal phase. This behavior can 
be seen in Fig. 5 where the mode frequency 
remains constant above orthorhombic to 
tetragonal phase transition at about 300°C from x 
= 0.8 composition sample. 

Micro-Raman spectroscopy was also 
utilized to study the B-site substitution in layered 
compounds. Room temperature Raman spectra 
of as-grown SBN films are shown in Fig 6. 
Increasing substrate temperature results in better 
crystallization of ablated material that can be 
seen through relatively intense and sharper 
features in the Raman spectra of 750°C prepared 

film. Annealing the as-grown films at temperatures equal to their growth temperature did not 
reveal any significant improvement in the crystallization. The films prepared at 700°C (Fig. 6) 
and annealed at the same temperature (Fig. 7) show identical features in the Raman spectra. 
However, improved crystallinity was observed when these films were annealed at higher 
temperatures. 

Raman shift (cm") 

Fig 5. Temperature dependent Raman 
spectra of SBBT sample at x = 0.8. 
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Fig 6. Micro-Raman spectra of as grown 
SBN films at various substrate temperatures. 
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Fig 7. Room temperature Raman spectra of 
SBN films annealed at different temperatures. 
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Fig 9: P-E hystereis loops of SBN films 
deposited at 700 °C. 

Figure 8 shows the typical hysteresis loops for SBT films grown at 500, 600, 700°C and 
annealed at 750°C for lh in oxygen ambient. The films deposited at 500 °C show relatively better 
ferroelectric properties such as maximum polarization (Pm = 14.2 u.C/cm ), remanent 
polarization (Pr = 4.3 flC/cm2) and the coercive field (Ec ~ 50 kV/cm. The films deposited at 700 
°C show weak ferroelectric properties (Pm = 7.3u.C/cm2), (Pr = 1uC/cm2) and the coercive field 
(Ec ~ 50 kV/cm). The film deposited at 600°C showed Ec = 85 kV/cm. These observations 
suggest that polarization value decreases with increasing substrate temperature. This is 
attributed to increase of preferential c-axis orientation with increasing growth temperature. 

the 
Effect of annealing on ferroelectric properties of SBN films was examined. Fig 9 shows 

P-E  hysteresis   loops  of  SBN  films 
deposited at 700°C and annealed at different 
temperatures. The films show maximum 
polarization 2Pm (- 4.6, 5 and 3.6 U-C/cm2), 
remanent polarization 2P, (~ 1.25, 1 and 1.5 
(iC/cm2) and coercive field Ec  (51, 37 and 

67 kV/cm) at annealing temperatures 700, 
750 and 800°C, respectively. This small 
value of polarization is expected due to 
highly c-axis oriented films as explained in 
x-ray diffraction results of the films. 

Frequency dependent dielectric 
constant and dissipation factor of SBN films 
deposited at 700 °C and post annealed at 700 
and 750°C are plotted in Fig 10. The film 
annealed at 750°C has dielectric constant 
about 115 and loss factor 0.009 at 100 kHz, 

a 
o 
U 
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1k 10k 100k 1M 

Frequency (Hz) 

Fig 10: Dielectric dispersion characteristic curves of 
SBN films deposited at 700 "C, annealed at 700 and 
750 "C. 
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whereas the film annealed at 700°C has dielectric constant about 110 with loss tangent 0.018. 
Relatively high value of dielectric constant with low loss factor in 750°C annealed film is 
attributed to larger grain size of the films. 

CONCLUSION 

Ba and Nb substituted SrBi2Ta209 ceramics were processed using a novel solution based 
route. Thin films were deposited from these ceramic targets on Pt/T^/SiOi/Si substrates using 
PLD technique. The effects of growth conditions on crystallization as well as structural and 
electrical properties in films were investigated. Initial results of films show good hysteretic 
characteristics. Though phase formation begins at much lower temperature, these films 
crystallize in a complete layered perovskite phase when prepared at 700°C, established via 
micro-Raman studies. Increase of SBT lattice parameter with Ba concentration confirmed the 
substitution at A-site. A systematic variation of optical phonon modes at 58 cm"1 (Aig), 163 cm"' 
(Eg) and 830 cm"' with the change in compositions is attributed to the mass and ionic radii of 
cations. Substitution induced changes in transition temperatures of these materials show that, 
transition temperature is inversely proportionate to ionic radii of cations. Effect of doping in SBT 
is reducing ferroelectric and dielectric properties of these materials. Detailed correlation of 
structural and electrical properties are under active investigation. 
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ABSTRACT 

A comparison of pulsed laser deposited PbZrn53Ti„.4703 (PZT) thin film capacitors with SrRuO., 
(SRO) and LaNi03 (LNO) electrodes on (001) yttria-stabilized zirconia (YSZ) and lattice matched (001) 
LaA103 substrates is presented. Both electrode materials allow for the formation of ferroelectric 
capacitors with large remnant polarization (20-30 uC/cm2) and negligible fatigue, although slight 
differences arise regarding the promotion of either the rhombohedral or tetragonal phases of PZT. Far 
more crucial seems to be the tendency of SrRu03 to develop a rougher surface at either small (<30 nm) or 
large thickness (>100 nm), and on YSZ substrates. In those cases a highly defective and possibly low 
dielectric interface forms between the electrode and the ferroelectric layer, resulting in greatly degraded 
ferroelectric performance. LaNi03 is free from these limitations except for the cracks forming at very 
large thickness (>300 nm), and therefore appears as a more versatile electrode material. 

INTRODUCTION 

Ferroelectric thin films are of great interest for a wide range of applications such as pyroelectric and 
piezoelectric sensors, microwave devices, microactuators, and most remarkably, non-volatile random- 
access memories (NVRAMs) [1]. One of the most popular ferroelectric materials is PbZrxTi|.x03 (PZT) in 
the vicinity of the morphotropic phase boundary (x=0.53), where the bulk ceramics show a maximum in 
the remnant polarization to coercive field ratio [2]. Early efforts on the fabrication of PZT capacitors with 
platinum electrodes ultimately showed that fatigue degradation -i.e. loss of remnant polarization with 
cumulative switching- is practically impossible to overcome. The origins and mechanisms of fatigue are 
still controversial, thought it seems related to accumulation of oxygen vacancies at the 
electrode/ferroelectric interface, as was first suggested by the discovery that epitaxial capacitors with 
superconducting YBa2Cu307 electrodes do not show significant fatigue [3]. It is commonly acknowledged 
now that oxide electrodes are indispensable to obtain fatigue-free PhZr^Ti^O., capacitors. Simple oxides 
like Ru02 and Ir02 are desirable from the point of view of device fabrication, but they are not particularly 
well suited for the fabrication of pure perovskite PZT. Therefore, growing attention has been paid to a 
few conductive oxides of the perovskite family, chiefly Lao.sSr0.5Co03 [4] and to a lesser extent SrRu03 

[5] and LaNiO., [6]. All these materials show electrical resistivities of a few hundred uH-cm and have 
been used to fabricate fatigue-free PZT thin film capacitors. However, clear criteria for the choice of the 
electrode material have not given yet. In this work, we report on the comparison of the microstructure and 
ferroelectric properties of PZT capacitors with SrRu03 and LaNi03 electrodes on LaA103 (001) and YSZ 
(001) substrates. 
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EXPERIMENTAL DETAILS 

The thin film heterostructures were deposited by pulsed laser deposition with a 248 nm KrF excimer 
laser at a 10 Hz repetition rate and a 1.8 J/cm2 fluence. High-density ceramic targets with nominal 
compositions SrRuO.,, LaNiO,, and PbuZro.53Tio.47O3 were used to fabricate SRO/PZT/SRO and 
LNO/PZT/LNO capacitors. The optimum deposition parameters for each material were determined 
previously [6-8], and are detailed in Table I. The top electrodes were deposited at relatively low 
temperature and high oxygen pressure in order to minimize damage to the underlying ferroelectric film. 
Arrays of 0.7x0.7 mm2 parallel plate capacitors were defined by depositing the top electrodes through a 
laser-patterned alumina foil mask, placed almost in contact with the substrate. The crystalline structure of 
the films was studied with a four-circle X-ray diffractometer with CuKa radiation whereas their 
morphology was observed by scanning electron microscopy (SEM) and atomic force microscopy (AFM). 
Transmission electron microscopy (TEM) analysis of selected samples was also performed. Polarization- 
electric field hysteresis loops were measured with a Sawyer-Tower circuit; measurements of polarization 
fatigue in the PZT layer were conducted by means of the pulse-switching technique. 

Table I. Deposition parameters and layer thicknesses of the PZT capacitors in this study. 

Temperature (°C) O2 pressure (mbar) Thickness (nm) 
Bottom Electrode 725 (SRO) 

650 (LNO) 
0.1 20-400 

PZT 600 0.34 200-300 
Top Electrode 600 0.2 200 

RESULTS AND DISCUSSION 

XRD profiles of representative samples are shown in Figure 1. The samples grown on LaA103 

perovskite substrates show the usual cube-on-cube epitaxy. Narrow phi scan peaks (not shown here, 
FWHM ~1.0°) and (002) rocking curves (0.3-0.6° for the PZT layers) are indicative of high crystalline 
quality. Due to the non-cubic nature of both SrRu03 (orthorhombic) and LaNi03 (rhombohedral), and the 
formation of domain patterns, the corresponding rocking curves usually have the anomalous shapes 
shown in the insets of Figure 1 a. In both cases the PZT rocking curves are gaussian-like single peaks, in 
appearance not influenced by the domain patterns of the underlying electrodes.The 26 positions of the 
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Figure 1. XRD profiles of the PZT capacitors, a) 29 scans of the samples on LaAlO, and (inset) (002) 
rocking curves, b) 29 scans of the samples on YSZ. c): O-scans of the samples on YSZ; top: (01 l)-family 

of reflections of the (111) oriented PZT crystallites on LNO/YSZ; center: (002)-type reflections of the 
(110) oriented crystallites on either SRO/YSZ or LNO/YSZ; bottom: (11 l)-type reflections of the YSZ 

substrate 
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PZT (002) reflections (44.0° on LNO, 44.4° on SRO), combined with measurements of out-of plane (103) 
and (301) reflections, as well as reciprocal lattice mapping of the (303) and (002) areas lead to the 
conclusion that the PZT grown on SRO is rhombohedral with a=4.07 Ä, while on LNO it is tetragonal 
(a=4.05 Ä, c=4.09 A), fully oriented with the c axis parallel to the growth direction. The phase stability 
near the morphotropic phase boundary is greatly affected by biaxial stress [9]. Therefore, differences in 
thermal and mismatch related stress should be responsible for the differences in the phase formation in the 
PZT layer. The presence of a domain pattern in the bottom electrode may also play a role by disrupting of 
the crystalline order and thus modifying the stress field. It is worth noting that the phase stability can be 
tuned by modifying the deposition parameters, e.g. tetragonal PZT can be obtained on SrRu03 when 
deposited at higher substrate temperatures (750°C), although in that case the samples do suffer from 
extensive lead deficiency. 

The samples deposited onto YSZ substrates show different crystalline orientation depending on the 
electrode material (Fig. lb). The SRO/PZT/SRO heterostructures are (110) oriented, which is 
geometrically favorable because the lattice parameter of YSZ (cubic, a=5.14 A) is approximately V2 times 
larger than the pseudo-cubic lattice parameter of SRO (a~3.93 A). Two different families of crystallites 
appear according to their in-plane arrangement, namely those with the [-110] direction of the films 
aligned with either [110] or [120] of the substrate (A-type and B-type peaks, respectively, in the <J>-scan 
of Figure lc). In spite of the similar lattice parameter (aLNO=3.83 A), the LNO/PZT/LNO heterostructures 
are preferentially (111) oriented. There are also (110) oriented crystallites, but they must be minority as 
the peak height ratio is (Iiio/Inl ~7) for bulk PZT [PDF 33-784]. Both (110) and (111) families of 
crystallites are epitaxially grown on the substrate, as can be deduced by the <J>-scans of Figure lc. 

The morphology and microstructure of the PZT films are heavily dependent on those of the bottom 
electrode, which, in turn, are influenced by the nature of the electrode material itself, as well as by the 
deposition conditions, substrate, and thickness. SEM images of representative samples grown on LaAlO., 
and YSZ with different electrode thickness are shown in Figures 2 and 3. For both electrodes, an 
electrode thickness around 60 nm is adequate to achieve a flat surface (Fig. 2d and 3d) with roughness 
below 1 nm (measured by AFM) and optimum electrode resistivity (-150 pficm) [6,8]. Deviation from 
the optimum thickness derives in undesirable effects, which are much more pronounced in the case of 
SrRuOj. The SrRu03 films thinner than -30 nm are non-continuous but composed of square grains (size 
120 nm) forming a tile-like pattern (Fig. 3e), similar to that reported by Satyalakshmi et al. [10]. This is 
the cause of very poor electrical conductivity and, most importantly, this non-continuous morphology 
propagates upwards to the ferroelectric film (Fig. 3b), resulting in short-circuited capacitors. Very thick 
SRO electrodes (>100 nm) are also inadequate as small hillocks (10-20 nm high, 300 nm in diameter) 
develop. The resulting surface roughness (3-6 nm measured by AFM), is high enough to originate a very 
poor electrode- ferroelectric interface (as shown in the bright-field TEM image in Figure 4a), because of 
the particular deposition conditions: high oxygen pressure (resulting in low adatom mobility because of 
the gas-phase collisions in the ablation plume) and high deposition ratio (1 nm/sec). Both conditions are 
required to minimize lead reevaporation and achieve correct stoichiometry in the films because the target 
(Pb1.1Zro.53Tio.47O3), is only slightly lead enriched. The LaNiO, films show a far wider useful thickness 
range, as films in the 20-300 nm range show flat surface (rms roughness of a few A) and low electrical 
resistivity (-150 pQ-cm). Figure 4b shows the clean interface formed between PZT and a 200 nm LaNiO 3 
bottom electrode. Thicker films, however, may develop cracks (Fig. 3e), which disturbs the growth of the 
PZT film (Fig. 3b) and increases the electrode resistivity [6]. 
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PZT/SRO(60 nm)ilhO PZT/§RO(30 nnj)/LAO 

Figure 2. SEM micrographs of various PZT samples with SrRu03 electrodes 

SEM images of representative samples grown on YSZ with a bottom electrode thickness of 60 nm 
are shown in Figures 2c, 2f, 3c and 3f. The SRO films are composed of rounded grains with a typical size 
of 90 nm, the same as the overgrowing PZT film. LNO forms a much smoother surface without a distinct 
granular structure. The PZT grown on this surface forms small grains averaging under 60 nm. Again, the 
roughness of the surface of the electrode plays a determinant role as the PZT films on SRO, in spite of 
their epitaxial growth and larger grain size, do not show measurable ferroelectricity, while the small- 
grained polycrystalline films on flat LNO present the well shaped hysteresis loops shown in Figure 5a. 

NIRRfMl 

Figure 3. SEM micrographs of various PZT samples with LaNiO, electrodes 
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Figure 4. a) Bright-field TEM micrograph of a PZT sample on LaA103 with 250 nm SrRu03 bottom 
electrode, b) Image of a PZT sample on LaA103 with 200 nm LaNi03 electrode. Each inset shows a 

closer view of the ferroelectric-electrode interface. 

The remnant polarization, -20 pC/cm2 is somewhat lower than in the epitaxial LNO/PZT/LNO 
capacitor on LaAl03 (30 uC/cm2), the latter having a better alignment of the polar axis with the applied 
field. The voids between PZT grains that can be observed on Fig. 2a (and also on Fig 3a) do not seem to 
be detrimental to the performance of the capacitor, because these voids do not propagate downwards to 
the bottom electrode (Fig 4b). The SRO/PZT/SRO(60 nm)/LaA103 capacitors have remarkably lower 
coercive field and slightly lower remnant polarization (25 uC/cm2, Fig 5b) than their LNO counterpart. 
This is typical of rhombohedral versus tetragonal PZT. The sample in Fig 4a, grown on rougher SRO, has 
much lower remnant polarization (6.5 uC/cm2), also shown in Fig. 5b. In all the samples the dependence 
of the coercive field with the frequency of the 20 V„ triangular measuring signal is of the kind f = 
f0e"T/Ec(Fig 6a), first reported by Wieder [11] for BaTi03 single cristals. The activation field y has low 
values of 250-300 kV/cm irrespective of the electrode type, indicative of very fast switching behavior. 
Fatigue tests were also performed by means of the pulse switching technique 112], where double bipolar 
square pulses are applied to the capacitor, and the transient currents flowing through a series resistor are 
recorded, so that polarizations can be calculated by integration of these currents. Square ±10 V, 40 kHz 
pulses were used to fatigue the capacitors. All the samples were virtually fatigue-free at least up to 10 
switching cycles (Fig 6b). No clear dependence of the fatigue behavior on the electrode type and 
condition was observed. 

-400 -300 -200 -100 0  100 200 300 400 

E (kV/cm) 

-400 -300 -200 -100 0  100 200 300 400 

E (kV/cm) 

Figure 5. P-E Hysteresis loops of representative PZT capacitors. 

CONCLUSIONS 

PZT thin film capacitors with SrRu03 (SRO) and LaNi03 (LNO) electrodes were studied. Flat 
bottom electrodes allowing good electrical performance of the capacitor are readily obtained with LaNi03 

on YSZ and LaA103 substrates in a wide thickness range (20-300 nm). SrRu03 is more prone to develop 
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surface roughness, but when the thickness is kept around an optimum value of -60 nm, it allows to 
prepare high-quality rhombohedral PZT in the vicinity of the morphotropic phase boundary with very low 
coercive field (40 kV/cm at 10 Hz). Both electrode materials effectively suppress ferroelectric fatigue. 
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Figure 6. a) Frequence dependence of the coercive field. The activation field y is the slope of the 
ln(frequence) versus Ec~' plot, b) Switching endurance of the PZT capacitors. 
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ABSTRACT 

We have used electrical characterization and secondary ion mass spectroscopy (SIMS) to 
investigate the influence of hydrogen or deuterium (H/D) on the degradation of the electrical 
properties of Pt/BaojSrojTiOj/Pt thin film capacitors after forming gas exposure. Deuterium 
SIMS depth profiling shows that high deuterium concentrations can be incorporated into 
Pt/BSTO/Pt capacitors after forming gas annealing. The increase in H/D concentration in the 
film is accompanied by an increase in the leakage and dielectric relaxation current density. 
Voltage offsets in the capacitance-applied voltage (C-VA) characteristics after forming gas 
exposure at lower temperatures (20 °C) and a suppression in the capacitance density near zero 
applied D.C. bias after forming gas exposure at higher temperatures, suggests that one effect of 
forming gas exposure to Pt/BSTO/Pt thin film capacitors is to introduce positive space charge 
into the BSTO film. Using an equivalent model for a ferroelectric thin film capacitor, which 
incorporates lower permittivity interfacial layers and a nonlinear electric field-electric 
displacement relationship for the film interior, the effects of a uniform distribution of positive 
space charge on the theoretical C-VA and current density applied voltage (J-VA) characteristics 
are investigated. It is shown the model can account for many of the observed changes that occur 
in the experimental C-VA and J-VA characteristics after forming gas exposure. 

INTRODUCTION 

Integration of a high dielectric constant material into a standard CMOS process flow subjects the 
capacitor to various ambients during processing that may degrade the electrical properties of the 
capacitor. One important consideration is the effect of forming gas, which is commonly used to 
control Si02/Si interface states, on the capacitance density and leakage currents of Pt/BSTO/Pt 
thin film capacitors. Many groups have studied the influence of forming gas exposure on the 
electrical properties of high dielectric constant thin film capacitors [1-11]. Most studies [4-8,11] 
have shown that annealing unpassivated Pt/BSTO/Pt thin film capacitors in forming gas results in 
a decrease in capacitance density and large increases in both leakage and dielectric relaxation 
currents rendering the capacitors unsuitable for DRAM applications. While it is fairly well 
established that catalytic metal electrodes, such as Pt, enhance the degradation in electric 
properties observed after forming gas annealing [1-3], the mechanism responsible for lower 
capacitance density and higher leakage currents after forming gas exposure is less understood. 
This study uses deuterium SMS depth profiling and electrical characterization to investigate the 
mechanisms responsible for the reduction in capacitance density and increase in leakage current 
density that are often observed after exposing Pt/BSTO/Pt thin film capacitors to forming gas. 

EXPERIMENT 
Polycrystalline BaojSro.jTiOs thin films were prepared by metal-organic chemical vapor 

deposition (MOCVD) [12]. The MOCVD BSTO thin films were deposited on Si/Si02 substrates 
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with sputter deposited Pt base electrodes. Top Pt electrodes were formed by either sputtering a 
blanket metal layer and patterning by photolithography or by electron-beam evaporation through 
a shadow mask. After the top electrode deposition samples were annealed in 1 atm 02 at 550C 
for 15 minutes. The samples were then placed in flowing forming gas (95% Ar 5% H2 or D2) at 
room temperature or 400 °C for 20 minutes. Electrical measurements were used to characterize 
the complex capacitance, C-VA, relaxation currents, and leakage current of the films. The 
impedance and C-VA characteristics of the capacitors were measured using an HP4194A 
impedance gain phase analyzer. C-VA curves were recorded with an A.C. oscillation level of 50 
mV and frequency of 100 kHz. Current measurements were made using an HP4140B pico 
ammeter. A voltage step technique, which consisted of stepping the voltage in equally spaced 
voltage increments up to the maximum value, was used to measure the steady state leakage 
currents. At low voltages or temperatures longer hold times (typically 100-1000 sec) were 
necessary to reveal the leakage current while at higher voltages and temperatures shorter hold 
times (typically 2-10 sec) were applied to minimize resistance degradation behavior which was 
observed at longer voltage stress times. Deuterium SIMS depth profiling was used to determine 
the approximate deuterium/hydrogen concentration in the films. SIMS depth profiling was 
carried out on a Cameca 5F using a 14.4 keV Cs+ primary beam and negative secondaries. 
Deuterated forming gas was used to increase the signal to background ratio. Hydrogen and 
deuterium forming gas exposure produced similar degradation in electrical properties. 
Information on the approximate deuterium concentration in the BSTO thin films was provided by 
a SIMS calibration standard made by implanting a known quantity of deuterium in the film. 

RESULTS and DISCUSSION 

Current-Time and Current-Applied Field Characteristics 

Figure 1 shows the charging characteristics for a 30 nm BSTO thin film capacitor with Pt 
electrodes that has been exposed to forming gas at 400 °C for 20 minutes over the applied voltage 
range of 0 to 3 volts. The voltage step was 0.2 volts. The time dependence of the charging 
characteristics is similar to that observed for BSTO thin film capacitors without forming gas 
exposure [12]. At lower applied voltages a transient (polarization) current which follows a power 

law dependence, J = Jj~" with n - 1, is observed and at sufficiently long times a steady state 
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Fig. 1 Charging currents for a 30 nm MOCVD 
BSTO capacitor with Pt electrodes annealed at 
400 C for 20 minutes in forming gas. 
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leakage current is approached. If the capacitor is shorted through the ammeter, a discharging 
current equal in magnitude but opposite in sign to the polarization current, flows from the 
capacitor [7]. At higher applied fields the charging currrents quickly approach a steady state 
value and no or very little initial transient current is observed. In addition to a power law 
polarization/depolarization current with power law exponent n ~ 1, in some cases the leakage 
current was observed to steadily decrease over several decades of time following a power law 
dependence with power law exponent n « 1. Unlike the polarization/depolarization currents this 
transient current was not recovered if the capacitor was shorted through the ammeter. In samples 
without forming gas exposure, this behavior has been attributed to charge trapping were the 
distribution and density of traps depends on film microstructure, texture, electrode deposition 
technique, and post electrode annealing treatments [13]. For the sample shown in Fig. 1, a strong 
time dependent leakage current at higher fields is not observed over the applied temperature (-40 
to +60 °C) and time measurement (1-100 sec) interval. 

Fig. 2 shows the charging current density versus applied field for the same 30 nm as 
shown in Fig. 1. For a given voltage the leakage current density was determined by waiting for 
times sufficiently long so that the charging current density approaches a steady value. As shown 
in Fig 2., the temperature dependence of the J-EA characteristic dramatically changes over the 

applied field range. At low applied fields a pronounced temperature dependence is observed, 
while at higher applied fields the current density becomes much less temperature dependent. The 
J -EA characteristic shown in Fig. 2 differs markedly from those reported for Pt/BSTO/Pt 

capacitors with out forming gas exposure [14-15] were the high field regime typicaly exhibits a 
stronger temperature dependence than that shown in Fig 2. The high field regime in Pt/BSTO/Pt 
capacitors with out forming gas has been reasonably fit to thermionic emission [14-15] or 
thermionic field emission models [16-17] where electron emission occurs by thermionic emission 
over an interfacial Schottky barrier or by electron tunneling at energies near the conduction band 
edge, respectively. In the following, we show that the data in Fig 2. can be successfully 
interpreted in terms of electron tunneling through the interfacial Schottky barrier. 

Space Charge Accumulation in Pt/BSTO/Pt Thin Film Capacitors 
Tunneling can dominate the charge transport process in Pt/BSTO/Pt thin film capacitors annealed 
in forming gas due to strong band bending in the film. As discussed below, the strong band 
bending results from high space charge concentrations introduced into the films during 
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forming gas exposure. Evidence that space charge is introduced into BSTO thin film capacitors 
during forming gas exposure can be obtained by comparing the C-VA characteristics prior to and 
after forming gas exposure. Fig. 3 shows the C-VA characteristic after a 20 minute room 
temperature (23 °C) forming gas exposure for a 30 nm MOCVD BSTO thin film capacitor with Pt 
electrodes. In addition to a suppression in peak capacitance, a large voltage offset (-1V) is 
observed in the C-VA characteristic. The negative voltage shift is consistent with a non-uniform 
distribution of positive charge in the film peaked near the top Pt/BSTO interface or a negative 
charge distribution peaked near the BSTO/Pt bottom interface. In order to determine if the charge 
present in the film is due to the presence of hydrogen (H), either by incorporation of H into the 
film or by hydrogen induced reduction, deuterium SIMS depth profiling was used to determine 
the approximate distribution of D/H in the film. Fig. 4 shows the SIMS depth profiles for D and 
H for a 30 nm BSTO capacitor with Pt electrodes after a 20 minute room temperature deuterium 
forming gas (95% Ar 5% D2) exposure. As shown in Fig. 4, a non-uniform distribution of D 
exists in the film which is peaked near the top Pt/BSTO interface. In addition to the non-uniform 
D distribution, a more homogeneous distribution of H is also observed. This H is present in the 
as deposited BSTO films and may be incorporated during film growth from the metal-organic 
precursors used in the MOCVD process. The deuterium SIMS depth profile is consistent with the 
shifts in the C-VA characteristics if the deuterium is positively charged or if deuterium induced 
reduction (creation of positively charged oxygen vacancy defects) of the top Pt/BSTO interface 
has occurred. 

In contrast to the room temperature forming gas exposures, annealing Pt/BSTO/Pt thin 
film capacitors at 400 °C in forming gas results in little voltage offset but a suppression in 
capacitance density at lower applied fields. Fig. 5 shows the C-VA characteristics for a 30 nm 
MOCVD BSTO thin film capacitor after annealing at 400 °C for 20 minutes in forming gas. As 
shown in Fig. 5, the C-VA characteristic exhibits a small voltage offset but a marked suppression 
in peak capacitance density near zero applied D.C. bias. As shown in Fig. 6, deuterium SIMS 
depth profiling indicates that a more homogeneous distribution of D is incorporated into the film 
for this annealing condition. After a 400 °C forming gas exposure, the approximate D 
concentration (normalized yield) near the film center is 9xl019 atoms/cm3 indicating that high 
concentrations of deuterium can be incorporated into Pt/BSTO/Pt thin film capacitors after 
forming gas exposure. As will be shown below, the suppression in capacitance density near zero 
applied D.C. bias can be interpreted in terms of a uniform distribution of space charge being 
incorporated into the film during the 400 °C forming gas exposure. 
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The preceding observations suggest that positive space charge is introduced into 
Pt/BSTO/Pt thin film capacitors after forming gas exposure. In the case of deuterium 
incorporation, with forming gas as the source of deuterium, a possible reaction is 

D2 -> 2D (1) 

D + 00->(OD)0'+e- (2) 

Reaction (1) results from the catalytic activity of Pt which enables the incorporation of H/D in 
BSTO films at temperatures as low as room temperature. In reaction (2) atomic D which has 
diffused to the Pt/BSTO interface forms an OD ion with charge compensation by a conduction 
band electron. In PZT films, the formation of OH bonds in the film after hydrogen forming gas 
exposure has been verified by Raman spectroscopy [10]. 

Several studies have indicated that in perovskite titanates the defect levels associated with 
hydroxide ions [5,18,19-20] and oxygen vacancies [21-22] are shallow. Gilbert et al [5] has 
simulated the possible locations for incorporation of proton (deuteron) interstitials in the 
perovskite lattice according to reaction (2) along with the position of the electron trapping levels 
in the band gap associated with each location. According to Gilbert et al, for incorporation in the 

Ti-0 plane the trapping level is 0.08 eV below the conduction band edge, Ec, while in the Ba-O 

plane the trapping level is Ec -0.04 eV. The position of the trapping levels in the bandgap 

associated with oxygen vacancies, and in particular the second ionization level, has been 
somewhat controversial. Most studies place the first ionization level of the oxygen vacancy at a 
very shallow level (£(. -0.05 eV Hagemann et al [22]). However, the energy of the second 

ionization level has been considered to be both deep and shallow. In the study of Hagemann et al., 
a value of 0.2 eV for the second ionization level was determined. The trapping levels associated 
with the OH/OD and oxygen vacancy defects are sufficiently shallow that they are expected to be 
almost completely ionized, except in the case of nearly degenerately doped thin films, resulting in 
a positive space charge distribution in the film after forming gas exposure. 

Influence of Space Charge on the C-V and J-V Characteristics 
The preceding considerations suggest that positive space charge is introduced into the 

film during forming gas exposure. The SIMS data in Fig. 6, and the fact that no applied field 
offsets are observed in the C-VA characteristics (Fig. 5), suggest that a more homogeneous 
distribution of space charge is introduced into the film during a 400 °C anneal in forming gas. In 
the following, the effects of a uniform distribution of space charge on the C-VA and J-VA 

characteristics of Pt/BSTO/Pt thin film capacitors that have been exposed to forming gas is 
determined by calculating the potential distribution in the film for various uniform space charge 
concentrations. 

We use a common model [13,23-24] to describe a ferroelectric thin film capacitor. The 

thin film capacitor is comprised of an interior region, of width d - 2x0, and two surface layers, 

of width xo , at the top and bottom electrode interfaces. The film interior has dielectric properties 

similar to bulk ferroelectric material and the surface layers are layers of lower permittivity 
material that are taken to be temperature and field independent. Such layers are often postulated 
to describe the thickness dependence of the thin film permittivity even after film stress and Ti 
nonstoichiometry have been taken into account [13,24] and may arise, for example, from a dead 
layer effect as described by Zhou and Newns [23]. The relationship between electric field, EB , 

and displacement, DB , of the film bulk, of width d - 2x0, is described using a third order power 

series expansion in electric displacement [25-26] 

£B=af(T)De+«*£>/, (3) 
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where, in the absence of space charge, of is the inverse of the zero field film bulk dielectric 

permittivity. Taking the appropriate root of Equation (9) gives DB as a function of EB in the 
film bulk 

,2, 

DB(X): 
C(EB(x)) 

2"-'32 

(-:-)"< 
(4) 

The relationship between 

(5) 

where C(E„(x)) = ^^E^ + S^aff + 21affiB{xf )" 

electric displacement, D,, and field, E,, in the interfacial layers is 

Dl(x) = e,E,(x) 

To determine the electric potential in the Pt/BSTO/Pt capacitor, Gauss' equation, 
V»D(x) = qNj, is solved in the dielectric film subject to the appropriate boundary conditions. 

In the present model, Nd represents the net positive space charge due to the (nearly) completely 

ionized shallow donor levels introduced into the film during forming gas exposure as well as any 
contribution resulting from deep trapping levels that may be present in the film. In addition, the 

space charge due to injected free charge carriers, nf, has been neglected. In the limit that the 

injected free charge carriers dominate the space charge in the film, space charge limited 
conduction (SCLC) may be observed [27]. For a uniform volume charge distribution, the electric 
displacement vector is continuous across the interfacial layer - film bulk interfaces and the 
displacement vector through out the film is given by 

D(x) = D(0) + qNJx (6) 

Substituting equations (4) and (5) into (6) and solving for E(x) yields the electric field in each 
region of the film. In the top and bottom interfacial layers 

qNdx 
E,(x) = Es(0) + - (7) 

where Es (0) is the field at the top electrode/film interface, i.e. at x = 0. In the film bulk 

EB{x) = {e,Es(0) + qNllx){af + afalEs{0) + qNax?) (8) 

Substituting equations (7) and (8) into the definition of the electric potential,O(jc) = -(Edx, 

and applying the boundary condition of continuity of the electric potential across each interfacial 
layer - film bulk interface gives 

<D(x) = 

<p{x) 0<x<x„ 

x„ <x<d-x„ (p(x0) + {\i/{x)-y/(x0)) 

<P(x„) + iwid - x„) - yr(x0)) + (<p(x) - <p(d - x0))     d - x0 < x < d 

(9) 

where 

(p(x) = <t>(0)-Es(0)x- 
qNdx

2 

2e, 
(10) 
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and y/(x) = -\EB{x)dx. The surface field Es(0) is determined by applying Kirkoff's voltage 

law 
®(d) = ®(0)-EAd (11) 

where d is the film thickness. Once the surface field is found, by numerically solving Equation 
(11), Equation (9) gives the electric potential through out the film. 

Once the electric field distribution in the film is calculated, the small signal capacitance 
per unit area at a given applied field can then be determined. For the present model, the 
reciprocal small signal capacitance per unit area at a given applied field measured by the 
impedance analyzer is 

1 2x„ 1 

C„, red{EA)     e,  +CB(EA) 

where [28] 

;-/ 
dx 

CB(EA)     J  eB(EB(x,EA)) 

(12) 

(13) 

and the small signal dielectric permittivity of the film bulk is given by eB = dDB/dEA. Subsituting 
Equation (8) into Equation (4) and using the numerically determined dependence of Es (0) on 

EA , yeilds an expression that gives DB as a function of x, Nd, a, , OCu , EA, £i, and x0. 

Differentiation of this expression with respect to E A gives the spatially dependent small signal 
permittivity of the film bulk. Fig. 7 shows an example of the theoretical C-VA characteristics at a 
of 20 °C for a 30 nm MOCVD BSTO thin film capacitor with uniform donor concentrations over 

the range of 10'8 to 8xl019 atoms/cm3. For the calculations the model parameter set af = 2.05 

xlO'°cm/F, «f, = 7.0 xlO19 cm5/C2F, e,= 60e„, and x0 = 15 Ä was used which, as will be shown 

below, is similar to parameter sets that provide a good fit to the experimental data. The similarity 
between the changes which occur in the C-VA characteristics before and after forming gas 
annealing in Fig. 5, with those which occur for increasing uniform positive space charge 
concentrations given in Fig. 7 is evident, suggesting that one effect of the 
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forming gas exposure is to introduce positive 
space charge into the film. Fig. 8 shows a fit of 
the theory to the experimental C-VA 

characteristics prior to and after 400 °C forming 
gas exposure. A fit of the model to the data for 
the sample prior to forming gas exposure yielded 

af= 2.05 xl0l0cm/F, a^ =7.0 xlO19 cm5/C2F, 

£i= 60eo, xo= 15 Ä, and Nd =1018 atoms/cm3. 

For the sample prior to forming gas exposure, a 

value of Nj =10"* atoms/cm3 was used since it 

is close to the space charge concentrations 
600 reported by Copel et al [29] in MOCVD BSTO 

films deposited under similar conditions to those 
used in this study. Calculations using different 

Fig.9 Theoretical reciprocal effective film T"* ^^ COnCentrat,ions «veaIed that sPace 

relative permittivity at zero D.C. bias versus ch^ge concentrations less than approximately 
temperature for a 30 nm BSTO film. 10   atoms/cm' exhibited a small influence on the 

C-VA characteristics, while above approximately 
1019 atoms/cm3 a more pronounced influence was observed. As a result, the choice of Nd = 1018 

atoms/cm' was not critical and other space charge concentrations could give equally good fits to 

the data provided Nd was less than approximately 1019 atoms/cm3. A fit of the model to the data 

for the sample after 400 °C forming gas exposure yielded af = 2.07 xl0I0cm/F, a*{ = 8.2 xlO19 

cm'7C2F, eI= 60eo, x0 = 15 Ä, and Nd = 5.4xl019atoms/cm3. While a slight modification of the 

fitting parameters is observed, the decrease in capacitance density near zero applied bias can 
almost be completely understood interms of the increased space charge density in the film. The 
decrease in small signal permittivity near zero applied bias in the presence of a uniform 
distribution of space charge has been discussed in terms of a shift in the Curie-Weiss constant due 
to the space charge as well as high internal electric fields near the electrode interfaces [30]. The 
influence of low permittivity interfacial layers and space charge, in the context of the present 
model, on the temperature dependence of the effective film relative permittivity 

(£eff = Cn,eaK,„tA I£o) at zer0 D-c- bias as calculated by equations (12-13) is shown in Figure (9). 

For the calculation, it is assumed that the first order coefficient can be expressed as 

a1 = (T-8)/£0C, where 6 is an effective Curie-Weiss temperature that is dependent on film 

stress and stoichiometry (but thickness independent) and C" an effective Curie-Weiss constant. 
A 30 nm BSTO film with no low permittivity interfacial layers and no space charge in the 
dielectric is shown by the dotted line. For bulk film properties the parameter set 6 = 148 K, C" 

= 8xl04 K, and af, = 8.2 xlO" cm5/C2F was used in the calculations. These values are similar to 

those reported for MOCVD BSTO films of similar thickness and stoichiometry [13,24,26]. 
Adding interfacial layers, with permittivity and thickness of e^ 60e„ and xa = 15 Ä, respectively, 

at the top and bottom Pt/BSTO interfaces causes a vertical shift in the Curie-Weiss plot as well as 
a thickness dependent modification of the slope [13-24]. Space charge causes an additional shift 
in the Curie-Weiss plot that, for the given parameter set, is most pronounced for space charge 
concentrations above 1019 atoms/cm3. 

In calculating the J - EA characteristics, image force lowering of the barrier must be 
taken into account. For thin film capacitors, a potential of the form [31 ] 
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O.     (x) = — <i + 2<7 
nd 

7) (14) 
\ndf-x2    nd 

is added to <J»(jt) to give the total potential in the film, * „„„,(-*) = $>(x) + <b imasl,(x). In 

Equation (19) AT is an appropriate high frequency relative dielectric constant and eo is the 

permittivity of free space. Fig. 10 gives an example of the potential distribution (in eV) in a 300 
Ä BSTO thin film capacitor at zero applied bias for donor concentrations over the range of 10 - 

8xl019 atoms/cm3. The parameters used in the calculation are af = 2.05 xl010cm/F, Of* = 7.0 

xlO" cm5/C2F, e,= 60e„, x0= 15 Ä, and 0>(0) = 1.28 eV. These values are similar to values 

reported in the literature for the first and third order LGD coefficients [24,26], thickness and 
permittivity of the so-called 'dead layer' [13,23], and effective barrier for thermionic emission 
[14-15], respectively. A high frequency relative dielectric constant of K = 4.8 was used based on 
values reported in the literature for the optical dielectric constant of BSTO thin films [32]. For 
the given parameters, significant band bending is observed for donor concentrations in the range 
of 1019- 8xl019 atoms/cm3. As shown by the data in Fig. 4, these space charge concentrations are 
precisely in the range of the D/H concentrations expected in Pt/BSTO/Pt thin film capacitors after 
forming gas exposure. This indicates that if the hydrogen present in the film after forming gas 
exposure is ionized significant band bending can occur which greatly impacts charge transport as 
described below. 

The total current density is the sum of a current component due to the emission of carriers 
over the barrier [33] 

(15) J^ff (EA J) = -A"T2 exp(-WB(EA)/kT) 
-Off 

and a component due to the tunnel emission of carriers [34] 

A*T   ffmiix. 
J   Trr -—[ mmTK(W)M^ + sxp[-W/kT]]dW 

h-      •Wmin 
(16) 

In equations (15) and (16) A** is the effective Richardson constant [33], A*  the effective 
Richardson constant for thermionic emission[34], k boltzmann's constant, T the temperature, and 

o 
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Fig. 10 Theoretical potential profiles for a 30 nm 
BSTO capacitor calculated for uniform donor 
concentrations over the range of ldeto 8xl019 

atoms/cm3. 
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Fig. 11 Theoretical J-E characteristics for a 30 
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rk(W) the Kemble transmission probability. rk(W) is given by [34] 

rK(W) = [l + txp(+Q(W))]-] (17) 
where 

Q(W) = I?-j* V2OT
2 (<?<&„,« ~W)dx (18) 

Li Equation (18) h is Plank's constant, m*2 is the tunneling effective mass, and xi and x2 are the 
classical turning points. 

Fig. 11 shows an example of the theoretical J-EA characteristics over the temperature 
range of -40 to 40 °C for a 30 nm MOCVD BSTO thin film capacitor with uniform a uniform 
positive space charge concentration of 5.4x1019 atoms/cm3. For the calculations the model 

parameter set: af = 2.07 xlOlocm/F, a* = 8.2 xlO19 cm5/C2F, e, = 58e0, x„= 15 Ä, A*= 648 

Acm" K" , and m2*= 0.6mo was used. For the calculations shown in Figure (10), over the entire 
applied field range the charge transport process is dominated by thermionic field emission. The 
similarity between the temperature and field dependence of the theoretical current density curves 
given in Fig. 10 and the experimental data in Fig 2, as well as the correct order of magnitude for 
the current density for a reasonable parameter set for BSTO films, suggests that the increase in 
leakage current density after forming gas annealing results from electron tunneling through the 
interfacial Schottky barrier. The enhanced tunneling currents result from an increase in band 
bending in the thin film due to the positive space charge incorporated into the film during 
forming gas exposure. A further discussion of fitting the theory to the experimental J-EA curves 
and of the fitting parameters is given elsewhere [35]. 

CONCLUSION 

We have shown using deuterium SIMS depth profiling that high H/D concentrations can be 
incorporated into Pt/BSTO/Pt capacitors after forming gas annealing. The increase in H/D 
concentration in the film is accompanied by an increase in the leakage and dielectric relaxation 
current density. Voltage offsets in the capacitance-applied voltage (C-VA) characteristics at lower 
temperatures (23 °C) and a suppression in the capacitance density near zero applied D.C. bias at 
higher temperatures, suggests that one effect of forming gas exposure is to introduce positive 
space charge into the BSTO film. Using an equivalent model for a ferroelectric thin film 
capacitor, which incorporates lower permittivity interfacial layers and a nonlinear electric field- 
electric displacement relationship for the film interior, the effects of a uniform distribution of 
positive space charge on the theoretical C-VA and current density applied voltage (J-EA) 
characteristics was investigated. It was shown the model can account for many of the observed 
changes that occur in the experimental C-VA and J-EA characteristics after forming gas exposure. 
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IMPROVED DEPOSITION PROCESS OF CVD-(Ba,Sr)Ti03 ON Ru 
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ABSTRACT 

(Ba,Sr)Ti03 [BST] films were deposited by the flash vaporization CVD method with a 
unique liquid delivery system. An inductively coupled plasma mass spectrometry [ICP-MS] 
analysis revealed the decline of (Ba+Sr)/Ti molar ratio of the initial BST-layer on Ru. By 
readjusting the flow ratio of liquid sources and using a two-step deposition method, we obtained 
30-nm-thick BST films with uniform composition profile, exhibiting good electrical properties. 
The leakage property, however, was severely deteriorated in BST films less than 24 nm thick. A 
SEM observation showed the presence of micro-roughness or micro-hillocks in these films, 
which were confirmed to be caused by Ru oxidation. Therefore, an annealing process of the Ru 
electrode was added for its planarization, and the CVD process was also improved. As a result, 
wc obtained smooth and finely crystallized ~ 20-nm-thick BST films with good electrical 
properties of equivalent Si02 thickness (t.q) ~ 0.45 nm and leakage current < 1 x 10' A/cm . We 
also measured properties of BST films deposited on the 3-D Ru electrode. The results are briefly 

discussed. 

INTRODUCTION 

Metal/insulator/metal [MIM] (Ba,Sr)Ti03 [BST] capacitor has attracted much attention 
for applications in future high-density memories [1-4]. Ruthenium is promising as the electrode 
material, because of its feasibility in micromachining via dry etching. The minimum feature size 
of the future memories is approaching less than 0.15 |im. To meet with such severe design rules, 
the thickness of BST needs to be limited to less than ~ 30 nm. As the film thickness decreases, it 
becomes more difficult to minimize leakage current, because the electrical properties of such 
thin BST films depend particularly on BST/Ru interface characteristics like roughness. In 
addition, as shown in the following, there is some peculiar property in the initial stage of 
BST-CVD growth on Ru that influences the BST films severely. Therefore it is necessary to 
improve the film formation process of CVD-BST films specially optimized for thin BST on Ru, 
to achieve an MJM-BST capacitor suitable for future high-density memories. 

In the present paper, we report an improved formation process of CVD-BST on Ru 
including the control of source flow-ratio, the planarization by Ru annealing and the 
optimization of CVD process, which enables thin BST films of high-permittivity with low 
leakage. We also report on properties of BST films deposited on the 3-D Ru electrode. 

EXPERIMENTAL 

BST films were deposited by MOCVD method, employing a heated flash-vaporizer and a 
unique liquid delivery system with a mixture of source liquids and N2 carrier gas [4, 5]. 
Ba(DPM)2, Sr(DPM)2 and Ti(i-PrO)2(DPM)2 were used as the liquid metal organic sources. THF 
was used as their solvent. 02 was used as a reactant gas for BST-deposition. Deposition 
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temperature was 480°C and chamber pressure was 665 Pa. For electrical measurement, BST 
films were crystallized by a two-step deposition process [4, 6]. The Ru electrode was deposited 
by sputtering method at 350CC in Ar. 

We employed TEM, SEM, inductively coupled plasma mass spectrometry [ICP-MS], 
XPS, XRD and STEM-EDX to investigate the nature of the BST films and Ru. 

RESULTS 

Modification of Source Flow Ratio 
Figure 1 shows total (Ba+Sr)/Ti molar ratio of the BST films deposited on Ru for 2, 4 and 

10 minutes at the same source flow rates, measured by ICP-MS. The sectional 
(Ba+Sr)/Ti-values are also inserted in Fig. 1. It is clear that the (Ba+Sr)/Ti molar ratio of the 
initial BST-layer on Ru was low compared to that of the upper layer. To clarify the reason for 
compositional decline, we investigated the deposition process in detail. We found that when all 
reaction gases faced the Ru surface, a sudden rise of temperature was detected by a 
thermocouple in a substrate stage. This phenomenon is special in the case of a bare Ru substrate 
and is not observed for Si02 or BST-coated Ru substrates. The (Ba+Sr)/Ti molar ratio of 
CVD-BST films generally depends on the growth temperature from 420 to 500°C [7]. Hence the 
deviation is considered to be due to the temperature rise caused by exothermic reaction between 
the reactant gases and Ru. 

We investigated the optimum deposition condition, by changing the flow ratio of liquid 
sources, to minimize the compositional deviation [8]. Figure 2 shows the relationship between 
electrical properties of ~ 30-nm-thick BST films and the source flow ratio ([Ba]+[Sr])/[Ti], for 
the 1st BST deposition. By increasing the flow ratio, equivalent Si02 thickness (t^) of BST 
films decreased from 0.8 nm to 0.5 nm, still with low leakage current. 
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Figure 1. (Ba+Sr)ITi molar ratio of CVD-BST films 

grown on Ru 

with the same source flow rates. 

Figure 2. Electrical properties of CVD-BST films on Ru, 

(a) without and (b)-(d) with modification of the source 
flow ratio for the 1st BST deposition. 

The thickness of the BST films is ~ 30 nm. 
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Figure 3. (a) Cross-sectional TEM image and (b) compositional profile via STEM-EDX. 

BSTfilm consists of columnar crystalline grains, and its composition is uniform across the film. 

Figures 3(a) and 3(b) show a cross-sectional TEM image of a Ru/BST/Ru structure and 
the composition profile measured by STEM-EDX method. This sample was deposited using 
source flow ratios of 0.60 and 0.36 for the 1st and 2nd BST layers, respectively. We observed 
that the BST films consisted of finely crystallized grains with a composition of uniform profile. 
We concluded that the modification in source flow ratio is effective to obtain BST films with a 
uniform composition profile on Ru. 

Ru Planarization Process 
The leakage property, however, was severely deteriorated in BST films less than 24 nm 

thick. The most common reason for increase of leakage current is roughness at interfaces [9]. 
We investigated how the BST/Ru interface altered under CVD conditions. 

Figure 4 shows SEM images of the Ru surface followed by (a) 02 anneal; (b) 02+THF 
anneal after treatment (a); (c) N2 anneal; and (d) O2+THF anneal after treatment (c). Each 
treatment was done at 480°C, 665 Pa for 5 min. The treatment (a) was employed for a 
pre-deposition step in the conventional process to stabilize substrate temperature and chamber 
pressure. The treatment (b) represents CVD process, though without source gases. The 
as-deposited Ru surface had nanometer-scale roughness with a curved face reflecting the Ru 
grain. After Ru exposure to 02, small hillocks formed on the surface as shown in Fig. 4(a). The 
hillocks were confirmed as Ru-oxide by XPS and XRD. These hillocks disappeared after 
treatment (b), indicating Ru-oxide was reduced under THF atmosphere. However, traces of the 
hillocks still remained as shown in Fig. 4(b), and Ru surface was rough as compared to the 
as-deposited surface. Such hillocks were not observed on Ru annealed in a N2 atmosphere as 
shown in Fig. 4(c), and Ru surface after treatment (d) was as smooth as the as-deposited surface. 
Therefore, the pre-deposition process should be done in a N2 atmosphere to minimize the 
roughening of the Ru surface. 
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figure ¥. S£Af images o/Äw surface followed by (a) O, anneal; (b) 02+THF anneal after treatment (a); (c) N2 

anneal; (d) 02+THF anneal after treatment (c); (e) 700°C vacuum anneal; and (f) treatment (e)&(d). 
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Figure 5. Leafage properties and SEM images of 22-nm-BST/Ru prepared with (a) an 02 pre-anneal step, 
(b) Ru vacuum anneal and 02 pre-anneal steps, and (c) Ru vacuum anneal andN2 pre-anneal steps. 
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In addition, another anneal process for Ru was tested. Figure 4(e) is an SEM image of Ru 
after 700°C annealing in a vacuum for 1 min, showing that the Ru surface becomes smoother 
still. Figure 4(f) is an SEM image of the Ru surface after 700CC annealing and treatment (d), 
showing that the Ru surface is very smooth without hillocks. 

Figure 5 shows the leakage property and SEM images of 22-nm-BST/Ru prepared with 
(a) 02 pre-anneal step, (b) Ru vacuum anneal and 02 pre-anneal steps, and (c) Ru vacuum 
anneal and N2 pre-anneal steps, respectively. We observed that the BST film prepared by the (c) 
process had both the smoothest morphology and also the lowest leakage. Finally, by using the 
improved deposition process of CVD-BST on Ru, we obtained smooth and finely crystallized ~ 
20-nm-thick BST films with good electrical properties of t«, ~ 0.45 nm and leakage current < 1 x 
107A/cm2. 

Properties of CVD-BST on 3-D Ru Electrode 
We applied the improved deposition process of BST to 3-D Ru electrodes. Figure 6 shows 

a cross-sectional SEM image of a 3-D Ru/BST/Ru capacitor. The storage node of Ru/TiN/Ti was 
fabricated using 0.35-um scale technology. Ru micromachining was done by O2/CI2 plasma 
etching with a Si02 patterned hard mask. It is important to know whether enough capacitance is 
obtained at the side face of the electrodes, because it is the dominant part of the electrodes used 
in real capacitor structures. Therefore the top face was left capped by the Si02-mask to enable us 
to measure side-face capacitance. A 25-nm-thick BST film was deposited on the patterned 
electrodes using the improved CVD process. Finally, Ru was deposited thereon by sputtering, 
followed by cell plate etching. 

Figure 7 shows the leakage current property of the integrated Ru/BST/Ru capacitors. The 
average value of t^ for the BST films was estimated to be ~ 0.8 nm. The leakage current was 
less than 1 x 10"7 A/cm2 at 1 V. Though the properties are slightly degraded as compared to those 
of a flat capacitor, these experiments demonstrate that a Ru/BST/Ru capacitor is very promising 
for future memory applications. 

Figure 6. Cross-sectional SEM image of the 3-D 
RulBSTIRu capacitor. 

-1.0      0.0       1.0 

Voltage [V] 

Figure 7. Leakage current-voltage characteristics of the 
3-D RulBSTIRu capacitor. 
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CONCLUSIONS 

Improved formation process of CVD-BST on Ru was investigated. We conclude that Ru 
annealing and usage of N2 as a pre-deposition step gas prevent Ru surface from oxidizing and 
roughening, and thus suppress leakage current. By controlling the source flow ratio for the 1st 
BST deposition, it is possible to obtain BST films with a composition of uniform profile and 
therefore to improve the electrical properties of BST films. It is possible to obtain smooth and 
finely crystallized ~ 20-nm-thick BST films with good electrical properties of t», ~ 0.45 nm and 
leakage current < 2 x 10"7 A/cm2. We showed that properties of t«, ~ 0.8 nm and leakage current 
< 1 x 10" A/cm are obtained for the 3-D Ru/BST/Ru capacitor. 
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Manufacturability Study for Etching High-Density BST/Pt Capacitors 

Jay Hwang 
Applied Materials Inc., 974 E. Arques Ave., M/S 81330 
Sunnyvale, CA 94086, U.S.A. 

ABSTRACT 

Profile control, process repeatability and productivity concerns in etching Pt electrodes are 
reviewed specifically for application in fabricating high-density BST/Pt capacitors. The 
approach of using a high temperature cathode in a high-density reactive plasma chamber has 
produced a repeatable >85° Pt profile, stable etch rate and low particle results over a 500-wafer 
marathon test. A "corrosion-like" BST defect can be prevented by adding a post etch treatment to 
remove any corrosive residue from the wafer surface. A feasible manufacturing solution for 
etching BST/Pt capacitors for future high-density DRAM application is demonstrated. 

INTRODUCTION 

A 4x increase in DRAM storage density in every 3-4 years has been a trend for the past 20 
years [1]. As a result, the DRAM design rule is shrinking, and new changes in memory cell 
structure and capacitor material are being proposed to accommodate for the increasing memory 
density [2,3]. One of the new changes in capacitor material is to use a high-K dielectric like BST 
(Barium Strontium Titanate) and a noble metal electrode like Pt (Platinum). BST has a dielectric 
constant in two orders of magnitude higher than the current silicon oxide in use. Pt electrode is 
chosen for its merits of low leakage current and good thermal stability compatible with BST 
deposition condition in a high temperature, high oxygen ambient environment. Because of the 
noble character of the material, Pt etching poses some technical challenges in the areas of profile 
control (pattern fidelity), process repeatability and productivity. This paper outlines how to 
overcome these challenges and to develop a manufacturing solution for etching Pt electrodes to 
form high-density BST/Pt capacitors. 

PATTERN FIDELITY IN ETCH 

Many papers [4-6] have discussed the difficulty of etching Pt electrodes such as the tapering 
of the etched profile or a fence-like residue, see Figure 1, which may be formed on the side wall 
of the etched profile. These issues present a problem in transferring patterns to form high-density 
capacitors. The difficulty is mainly due to a re-deposition of the low volatile by-products 
generated from the physically dominated etching processes. This problem can be addressed by 
applying highly reactive gas plasma and etching the wafer at an elevated temperature [7-9]. The 
high-temperature etch increases the volatility of the by-products while a reactive gas plasma 
assists in chemical etching rather than physical sputtering, therefore avoiding the re-deposition of 
byproducts. Figure 2 shows a result of vertical Pt profile on 0.13 um space obtained from a high- 
temperature etch process in an Applied Materials DPS™ etch chamber. The etched profile is 
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>85°, and there is no fence-like residue. A schematic of DPS™ etch chamber is shown in Figure 

Figure 1. Fence-like residue formed on the 
side wall of the etched profile. 

Figure 2. >85° Pt profile on 0.13 u.m space. 

The DPS™ etch chamber is equipped with a high temperature cathode. The plasma source 
outside the dielectric dome, operating at 2 MHz RF frequency, induces a high density, uniform 
ion flux to the wafer, and is de-coupled from a second RF source power which is capacitively 
biased to the wafer cathode to control ion energy. The biased cathode is operated at 13.56 MHz 
RF frequency. An electrostatic chuck is attached on top of the cathode, which can be heated up 
to 400°C for high temperature wafer processing. The dielectric dome and chamber wall is 
temperature controlled to promote by-product adhesion. The process chamber itself is swappable 
for easy wet cleaning that shortens the wet clean recovery time for better productivity. 

Figure 3. DPS™ etch chamber schematic. Figure 4. Forming Pt "cup" electrodes. 

The high temperature DPS™ etch chamber also can be used to etch Pt for forming a "cup" or 
concave shape of electrodes as shown in Figure 4. The etching sequence for forming the "cup" 
shape electrodes is: first, etch a sacrificial layer on top of the Pt layer, followed with etching Pt 
layer to form separate Pt "cups", and then remove the remaining sacrificial material from inside 
the Pt "cups". Figure 4 shows the final result of Pt "cup" electrodes that was formed by the 
above sequence. 
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PROCESS REPEATABILITY AND PRODUCTIVITY TEST IN MARATHON 

It was noticed that chamber deposits from Pt etch by-products could be electrically 
conductive [7]. If electrically conductive, the conductive deposits would affect RF-power 
coupling into plasma chamber and cause etch rate to drop as shown in Figure 5. This problem 
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Figure 5. Etch rate dropping due to conductive by-products deposition inside the chamber. 

could be resolved by modifying hardware to minimize the interference of conductive deposits to 
RF transmission [7]. It also could be addressed by studying the etch-parameter effect to develop 
an etch process that does not generate conductive by-products [10]. It was found that high 
temperature etching Pt with reactive gas plasma would generally make the by-products non- 
conductive and so produce no effect on etch rate stability. 

Another concern in production is particles generated by the flaking of by-products, which 
could result in a premature need for wet clean. Some marathons have been conducted to check 
particle performance as well as process repeatability in high temperature DPS™ chamber etching 
Pt. Figures 6 to 8 were results from a marathon run etching 500 Pt-wafers. Figure 6 shows the 
particle count was <20 adders per wafer, Figure 7 shows Pt etch rate was stable within ±5 % 
wafer-to-wafer, and Figure 8 exhibits Pt profile on 0.2 \xm features all of which were >85° 
throughout the marathon. These results demonstrate the feasibility of high temperature etching of 
Pt electrodes as a manufacturing process. 
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Figure 6. 500-wafer marathon in DPS™ 
- low particles, <20 adders per wafer 

Figure 7. 500-wafer marathon in DPS™ 
- stable Pt etch rate, ±5 % wafer to wafer 
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Figure 8. 500-wafer marathon in DPS™ - repeatable Pt profile result, all >85°. 

POST-ETCH BST DEFECT PREVENTION 

In stack capacitor fabrication, a Pt electrode is typically etched first to form a storage node, 
BST then deposited on it, followed with a second Pt layer deposition on the BST film. The 
second Pt layer would be plasma-etched to form a second electrode for BST capacitors. A 
"corrosion-like" type of defect would show up on the etched BST surface after etching the 
second electrode (see Figure 9) if a corrosive gas has been used in the etching process. The 
"corrosion-like" defect can be prevented by applying an additional post etch treatment to remove 
the corrosive residue from the wafer surface. 

Figure 9. "Corrosion-like" BST defect resulted from using a corrosive gas. 

Capacitance density as high as 80 fF/|im2 and leakage current as low as lxlO"8 A/cm2 have 
been observed on Pt/BST/Pt planar capacitors which had top Pt electrodes etched in DPS™ 
chamber [11]. The results were measured after the etched wafer had gone through a post etch 
treatment for the removal of corrosive residue and a 550 °C oxygen annealing. 
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SUMMARY 

BST/Pt capacitors have been studied for use in high-density DRAM application. High 
pattern fidelity in etching Pt electrodes has been demonstrated using high temperature DPS™ 
chamber. Pt etch by-products are electrically non-conductive under high temperature chemical 
etching condition. Low particles, stable etch rate and good profile repeatability from a 500-wafer 
marathon result showed high temperature etching Pt electrodes could be a production-worthy 
process in fabrication of high-density BST capacitors. Additional treatment after etching BST 
may be needed to prevent a "corrosion-like" defect. 
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ABSTRACT 

In the last few years a wide spectrum of non-contact, intermittent contact and contact scanning 
probe microscopies have been applied to imaging ferroelectric surfaces. The imaging mechanism 
in non-contact SPM is ultimately related to the total charge distribution on the ferroelectric 
surface, including both polarization and screening charges. Contact voltage modulation 
(piezoresponse) force microscopy (PFM) is sensitive to both local polarization via 
electromechanical coupling and surface charge via capacitive interactions. In the present research 
we analyze the electrostatic and electromechanical contrast in PFM using analytical solutions for 
the electrostatic sphere-dielectric plane problem and for the piezoelectric indentation problem. 
The contribution of electrostatic forces to the image is estimated. Variable-temperature PRI 
imaging of domain structures in BaTi03 is performed and the temperature dependence of the 
piezoresponse is compared with the Ginzburg - Devonshire theory. 

INTRODUCTION 

In the recent years, scanning probe microscopy (SPM) based techniques have been 
successfully employed in the characterization of ferroelectric surfaces on the micron and 
submicron level [1]. The primary SPM techniques used are variants of non-contact electrostatic 
SPM such as Electrostatic Force Mcroscopy (EFM), Scanning Surface Potential Microscopy 
(SSPM) and contact techniques such as Piezoresponse Force Microscopy (PFM). Both SSPM 
and PFM are based on voltage modulation, i.e. during imaging the piezoelectric actuator driving 
the cantilever is disengaged and an ac bias is applied directly to a conductive tip. In PFM the tip 
is brought into contact with the surface and the piezoelectric response of the surface is detected 
as the first harmonic component of the bias-induced tip deflection. In SSPM the tip is held at a 
fixed distance above the surface (typically 10-100 nm) and the first harmonic of the electrostatic 
force between the tip and the surface is nullified by adjusting the constant bias on the tip. A 
detailed analysis of EFM and SSPM imaging on ferroelectric surfaces is given by Kalinin and 
Bonnell [2]. Contrast formation mechanism in PFM is less understood [3-6]. Luo et al [7] found 
that the temperature dependence of piezoresponse contrast is similar to that of the spontaneous 
polarization. This behavior was attributed to a dominance of electrostatic interactions due to the 
presence of unscreened polarization bound charge as proposed by Hong et al [8], since 
electromechanical response based on the piezoelectric coefficient, dn, would diverge in the 
vicinity of the Curie temperature. This hypothesis is also reinforced by the observations of the 
response on nonpiezoelectric surfaces [9] and the existence of a nulling potential that allows 
implementation of nanopotentiometry techniques [10]. In contrast, the existence of lateral PFM 
signal [11], the absence of relaxation behavior in PFM contrast as opposed to SSPM contrast 
[12,13] and numerous observations using both EFM/SSPM and PFM [14,15] clearly point to 
significant electromechanical  contribution to PFM contrast.  In order to resolve the apparent 
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inconsistency between the temperature dependence of PFM contrast and the electromechanical 
description, we analyze possible origins and relative magnitudes of electrostatic vs. 
electromechanical contributions to PFM signal. 

RESULTS AND DISCUSSION 

Tip-surface potential. 

To quantify the electrostatic interaction between a tip of radius  R and a dielectric surface 
with dielectric constant - K, we calculate the tip-surface capacitance Q(Z,K), where z is the tip- 
surface separation. The solution for the conductive tip-dielectric plane problem can be found in 
bispherical coordinates. For a conductive tip and surface («■= «.) the tip-surface capacitance is 

Cc =4rc£0i?sinhj30£(sinh«/30)-
1 , (l) 

71=1 

where cosh/30 =(R + z)/R, compared to 

Cd=4xe0Rsmhß0'£ 
71=1 

y-1 v«-l 

(2) (sinhH/}0) ' 

[16]. While in the limit of small tip surface for the conductive tip-dielectric surface model L__,.     „ „„. „ 
separation Cc diverges logarithmically, Cd converges to the universal "dicleclric" limit 

Q {K)Z=0 = 4neoR~h(^-) (3) 

The distance dependences of tip surface capacitance and surface potential on the surface 
directly below the tip are shown on Fig. 1. Values are calculated for he tip radius R = 50 nm. 
We assume that the separation between the tip and the surface in the contact regime is -0.1 nm 
corresponding to the limiting physical separation. 

10"°        10 
Distance, zIR 

10 100 1000 
Dielectric constant 

Figure 1. (a) Tip-dielectric surface capacitance compared to the metallic limit. Dotted lines delineate the 
region of characteristic tip-surface separations (0.1-I nm) in contact mode, (b) Surface potential below the tip 
for different tip-surface separations as a function of the dielectric constant of the surface. 

For relatively large tip-surface separations Q(z,x) = Cc(z), which is the usual assumption 
in non-contact SPM imaging. The most prominent feature of this solution is that while for low-k 
dielectric materials tip surface capacitance achieves the dielectric limit in contact and hence 
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surface potential is equal to the tip potential, this is not the case for high-* dielectrics such as 
ferroelectric materials. This implies that tip-surface capacitance, capacitive force and electric 
field are significantly smaller than in the dielectric limit. The surface potential below the tip is 
smaller than the tip potential and is inversely proportional to dielectric constant (Fig. lb). This is 
equivalent to the presence of an effective dielectric gap between the tip and the surface that 
attenuates the potential. It should be noted that the presence of a "dead" layer on a ferroelectric 
surface [17] or a layer of native oxide on the tip augments this effect 

Electrostatic model 

From Eq. (1) the capacitive contribution to electrostatic tip-surface force for z = 0.1 nm, R 

= 50 nm can be estimated as Fc = 2.7 ■ lO"8^ - Vs f N/V2, where Vlip and Vs are tip and 

surface potentials respectively. The fact that polarization charge is almost completely screened in 
air allows the exclusion of the Coulombic contribution from the polarization bound charge. 
Moreover, even under the assumption that the tip penetrates the screening layer in the contact 
area, the interaction between the two will not result in tip deflection. For an effective Young 
modulus  of material   E*   =   lOOGPa this  force  is  equivalent to the indentation  depths  of 

hc=2.69-lO~n(vtip-Vsf m/V2. Under typical operating conditions of PFM the total force 

acting on the tip is F = F0 +Fej, where Fo = k d is indentation force exerted by the cantilever of 

spring constant k at setpoint deflection d and Fet is the electrostatic force. Electrostatic force is 

modulated in time as Fd = F](0cos(ax). In the small modulation approximation, FUo « F0, the 

first harmonic of cantilever response for Hertzian indentation [ 18] is: 

R-Pp^F^ (4) 
\AE   ) 

For typical imaging parameters F0 = 100 nN, E* = 1011 Pa and potential difference 
between the domains AV = 150 mV as determined from the EFM and SSPM data [2], the PFM 

—12 
contrast between the domains of opposite polarities is ? A1(B = 3.02-10       m/V . 

Electromechanical model. 

The electromechanical model of PFM contrast is remarkably similar to the well known 
piezoelectric indentation problem. In the classical limit [19], the coupled electromechanical 
problem is solved for mixed value boundary conditions; Vs = Vlip in the contact area and the 
normal component of the electric field Ez= 0 elsewhere. Deformation of a piezoelectric surface 
occurs even when the tip is not in contact due to the non-uniform electric field. In the future 
discussion we distinguish two limits for the electromechanical model: 
1. Strong (classical) indentation: V= Vt\p in the contact area, Ez = 0 elsewhere 
2. Weak (field induced) indentation: contact area is negligible, E: * 0 

Strong indentation. A complete description of strong indentation limit is given by Suresh 
and Giannakopoulos [20], who extended the Herzian contact mechanics for piezoelectric 
materials. The relationship between the load, F, indentor potential, V, and indentation depths, h, 
is determined as 

j.        l 
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Temperature, C 
Figure 2. Surface topography (a), surface potential (b) and piezoresponse images (c) from a-c 
domain region on BaTi03 (100) surface and temperature dependence of PFM contrast in the weak 
indentation limit vs. djj and experimental data (d). 

a1     20 „        „       a3 -A, 
R    3a 

(5a,b) F=a-—BaV 
R 

where a and ß are constants dependent on material properties, a is contact are and R is tip radius 
of curvature. In the electromechanical model one can assume that for a relatively small 
indentation force and in the subresonant frequency region tip displacement is equal to surface 
displacement. Therefore, for small modulation amplitudes, the PFM contrast is 
hm " ti{F-vdc)vac' where the functional form of h{F,Vdc) is given by Eq. (5a,b). For Vdc = 0 
the asymptotic analysis of Eqs. (5a,b) for c+ orientation yields k0 = 4/2 ßla, while for Vdc ->+°°, 
Vdc ->-°° respective limits are k+„ = 5/3 ß/a, k.„ = 2/3 ßla. These limits are independent of tip 
radius and contact force. The width of the transition region from k.„ to k^ can be estimated from 
the second derivative of h(F,V) at V = 0 as V0 .. (9a"V"' )/(2j3ir3). The values of PFM contrast 
in the strong indentation limit are relatively high and are comparable to the corresponding chi 
values (Table I). 

However, applicability of the strong indentation limit to the description of PFM contrast is 
limited. A shown above, in the rigid dielectric approximation Vs « Vtip and hence the basic 
assumption of the strong indentation model in the contact area is not fulfilled. From the 
comparison of piezoelectric and capacitive charges in the contact area, the crossover between the 
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strong and weak indentation limit is expected at contact radius a = Kd 1.1310 m, where Kd 

is the dielectric constant of surface layer fa ~ 1-80). This condition is clearly not fulfilled during 
PFM operation and the description of the contrast is thus done in the weak indentation limit. 

Weak indentation. In the weak indentation limit, the contrihution of the contact area to 
the total electromechanical response of the surface is neglected. Potential distribution in the tip 
surface junction is calculated by the rigid electrostatic model as shown above. Electromechanical 
response of the surface is calculated using Green's function for point force/charge as obtained by 

Karapetian et al. [21] 

h{r) = f±+q
L(sVeVe*x-£*l (6) 

r r 
where / is the point force, q is the point charge, A and L are constants dependent on material 
properties and r is the distance from indentation point. The surface response is: 

Ä(r) = if£(^dS,wherea(r0)=eo^#1 0) i |r — r0| dz 
Noteworthy is that the materials properties define the PFM contrast through the coefficient L, 
while geometric properties of tip-sur&ce system are described by the (materials independent) 
integral in Eq. (7). In the point charge approximation, PFM contrast for BaTi03 can be estimated 

as A «=1.1-10—'' m/V. Characteristic piezoresponse constants for different materials for strong 

and weak indentation limits are compared in Table I. 

Table I. Piezoresponse constants for different materials. 

Composition 
BaTi03 

PZT4 
PZT5a 

Bulk rf33, m/V 
1.9110 TF 

2.9110"1 

3.7310"1 

Strong indentation ko, m/V 
 KW  3.40-10" 

4.96-10" 
6.04-10" 

Weak indentation L, m /C 
 3  1.7610" 

2.S1-10"3 

2.7710"3 

As can be seen from the estimates, the response is higher for electromechanical model, however, 
electrostatics can provide significant contribution to the contrast. For more realistic flattened tips 
the electromechanical contribution increases and the electrostatic contribution decreases due to 
larger contact stiffness. Electromechanical contrast is expected to be relatively insensitive to 
indentation force during PFM experiment. Finally, resolution is limited by tip radius of curvature 
rather than contact area. 

Temperature dynamics of PFM contrast To establish the validity of the weak 
indentation model, we calculated the temperature dependence of PFM contrast. Temperature 
dependence of electroelastic constants for BaTi03 was calculated by Ginzburg-Devonshire 
theory [22]. Note that no divergence is observed in 1(7) (Fig. 2). The physical origin of this 
behavior is that not only the piezoelectric constant, but also the dielectric constant increase with 

temperature. 
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CONCLUSIONS 

An   analytical   model   for   electrostatic   and   electromechanical   contrast   in   PFM   have   been 
developed. The characteristic features of the electrostatic contribution are: 

1. Response decreases with indentation force due to higher contact stiffness 
2. Contrast is expected to exhibit relaxation behavior similar to non-contact SPM 

Within the electromechanical model, weak indentation is shown to describe the PFM contrast 
mechanism.   Electromechanical   contribution   is   estimated   to   be   larger than   electrostatic 
contribution   approximately   by   a   factor   of  3.   This   implies   that   both electrostatic   and 
electromechanical mechanisms are expected to contribute to the PFM contrast. 
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ABSTRACT 

A very high-resolution scanning nonlinear dielectric microscope with nanometer resolution 

was developed for the observation of ferroelectric polarization. We demonstrate that the 

resolution of the microscope is of a sub-nanometer order by measurement of domains in PZT 

and SBT thin films. The experimental result shows that nano-sized 180° c-c ferroelectric domain 

with the width of 1.5 nm for PZT thin film are observed. The result also shows that the 

resolution of the microscope is less than 0.5 nm for the PZT thin film. 

INTRODUCTION 

Recently, we have proposed and developed a new purely electrical technique for imaging 

the state of ferroelectric polarization and local crystal anisotropy of dielectric materials, which 

involves the measurement of point-to-point variation of the nonlinear dielectric constant of a 

specimen, and is termed "scanning nonlinear dielectric microscopy" (SNDM) [1-5]. This is the 

first successful purely electrical method for observing the ferroelectric polarization distribution 

without the influence of the shielding effect by free charge. To date, its resolution has been 

improved down to one nanometer. Moreover, SNDM can evaluate both linear and nonlinear 

dielectric constants quantitatively [6], and also can evaluate the local crystal isotropy, for 

example, crystal polarity of ZnO thin film deposited on LiNb03 substrate without the influence 

of the substrate polarity [7]. 

In this paper, at first we briefly describe the theory for detecting polarization and the 

technique for the nonlinear dielectric response. Next, we report the results of the imaging of the 

ferroelectric domains in PZT and SBT thin films using SNDM with nanometer resolution. 

Especially in a measurement of PZT thin film, it was confirmed that the resolution was 

sub-nanometer order. We also describe the theoretical resolution of SNDM. 
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NONLINEAR DIELECTRIC IMAGING 

First, we briefly describe the theory for detecting polarization. Precise descriptions of the 

principle of the microscope have been reported elsewhere (see refs.3,4). Figure 1 shows the 

system setup of the SNDM using the LC lumped constant resonator probe [4]. In the figure, 

Cs(t) denotes the capacitance of the specimen under the center conductor (the needle or the 

cantilever) of the probe. Cs(t) is a function of time because of the nonlinear dielectric response 

under an applied alternating electric field Ep3(=EpCos(Opt, fp=5kHz). The ratio of the alternating 

variation of capacitance ACs(t) to the static value of capacitance Cso without time dependence is 
given as [3] 

^^ = ^£,cosfi>,/ + ^3S.E*cos2fly (') 
^-SO £33 4£33 

where £33 is a linear dielectric constant and £333 and £3333 are nonlinear dielectric constants. The 

even rank tensor, including the linear dielectric constant £33, does not change with rotation of the 

polarization. On the other hand, the lowest order of the nonlinear dielectric constant £333 is a 
third-rank tensor, similar to the piezoelectric constant, so that there is no £333 in a material with a 

center of symmetry, and the sign of e333 changes in accordance with the inversion of the 
spontaneous polarization. 

This LC resonator is connected to the oscillator tuned to the resonance frequency of the 

resonator. The above mentioned electrical parts (i.e. needle or cantilever, ring, inductance and 
oscillator) are assembled into a small probe for the SNDM. The oscillating frequency of the 

probe (or oscillator) (around 1.3 GHz) is modulated by the change of capacitance ACs(t) due to 
the nonlinear dielectric response under the applied electric field. As a result, the probe 

(oscillator) produces a frequency modulated (FM) signal. By detecting this FM signal using the 

FM demodulator and lock-in amplifier, we obtain a voltage signal proportional to the 

capacitance variation. Each signal corresponding to E333 and £3333 was obtained by setting the 

reference signal of the lock-in amplifier at the frequency cop of the applied electric field and at 

the doubled frequency 2ü)p, respectively. Thus we can detect the nonlinear dielectric constant 
just under the needle and can obtain the fine resolution determined by the diameter of the 
pointed end of the needle and the linear dielectric constant of specimens. 

This SNDM probe is very sensitive to resolve a very small capacitance variation with the 

magnitude of 10"22 F. For this study, the needle of the lumped constant resonator probe was 

fabricated using a metal-coated conductive cantilever. The radius of curvature of the chip was 
around 25 nm. 
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Figure 1. Schematic diagram ofSNDM. 

MEASUREMENT RESULTS 

Figure 2 shows the SNDM (a) and AFM (b) images of a PZT thin film deposited on a 

SrTiCh substrate using metal organic chemical vapor deposition. These images are taken from 

the same location of the sample simultaneously. As shown in figure 2(a), it is clearly seen that 

each grain in the film is composed of several domains. From X-ray diffraction analysis, we have 

confirmed that this PZT film belongs to the tetragonal phase and the diffraction peaks, 
corresponding to both the c-axis and a-axis, were observed. An a-domain does not provide the 

SNDM signal because the crystal symmetry exists along the surface normal direction of the 

a-domain. Therefore dark region in figure 2(a) (no signal region) is the a-domain and the bright 

region in figure 2(a) (positive signal region) is the c-domain. Thus, the images show that we 

succeeded in observing 90° a-c domain distribution in a single grain of the film. 

In contrast to the figure 2, figure 3 shows the measurement results of a PZT thin film made 

by sol-gel method on Pt(lll) / Si substrate. In this case, the polarization direction tilts with 45° 

from the surface normal, because this film belongs to the tetragonal system and the crystal 

orientation perpendicular to the surface is [111] direction. In this figure, the 45° tilted c surface 

((001) surface) at the end of the grain shown by a black region in the image is clearly observed. 

That is, SNDM detected the inclined c-domain which is along the 45° rotated direction from the 

surface normal. 
Figure 4 also shows the SNDM (a) and AFM (b) images taken from a same location of 

SBT thin film. From the images, we found that, by using SNDM, we could easily observe the 

several types of domains even in SBT thin film, whose domains were relatively difficult to be 

observed by other methods such as piezoelectric response imaging technique by using SFM. 
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Figure 2. Images of a PZTfllm on SrTiO] substrate made by MOCVD 

(a) Domain patterns, (b) surface morphology. 
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Figure 3. Images of a PZTfllm on Pt I Si substrate made by sol-gel method, 

(a) Domain patterns, (b) surface morphology. 

These images were taken from a relatively large area. Therefore, we also tried to observe 

very small domains in a PZT film fabricated on SrTi03 substrate. The results are shown in figure 

5.1n order to clarify the direction of the polarization, the phase image was measure. The bright 

area and dark area correspond to the negative polarization and the positive polarization, 

respectively. It shows that we can successfully observe a nano-scale 180° c-c domain structure. 

Figure 5(b) shows a cross sectional image taken along line A-A' in figure 5(a). As shown in 

figure 5(b), we measured a c-c domain with a width of 1.5 nm. Moreover we find that the 

resolution of the microscope is better than 0.5 nm. 
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(a) (b) 
Figure 4. Images of a SBTfilm. (a) Domain patterns, (b) surface morphology. 

To clarify the reason why such high resolution can be easily obtained, even if a relatively 

thick needle is used for the probe, we show the calculated results of the one-dimensional image 

of 180° c-c domain boundary lying at y=0 (We chose y direction as the scanning 

direction)[8][9]. Figure 6 shows the calculated results where Y0 is the tip position normalized 

with respect to the tip radius a. 

The resolution of the SNDM image is heavily dependent on the dielectric constant of the 

specimen. For example, for the case of £33/£o=1000 and =10 nm (a needle tip with a radius of 10 

nm is easily obtainable.) an atomic scale image will be able to be taken by SNDM. 

20nm 

180° 

20nm 

Figure 5. Images of a PZTfilm on SrTiOj substrate made by MOCVD. 
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Figure 6. Theoretical images of the 180° c-c domain boundary. 

CONCLUSION 

We demonstrate that the resolution of the microscope is of a sub-nanometer order by 

measurement of domains in PZT and SBT thin films. The experimental result shows that 

nano-sized 180° c-c ferroelectric domain with the width of 1.5 ran for PZT thin film are 

observed. The result also shows that the resolution of the microscope is less than 0.5 nm for the 

PZT thin film. Thus the SNDM system is very useful for understanding domain structures and 

domain dynamics of ferroelectric thin films. 
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ABSTRACT 

SrBi2Ta209 is one of the layered perovskite ferroelectrics with excellent fatigue resistance and thus 
has gained great interest of semiconductor industries recently in non-volatile ferroelectric random access 
memory (FERAM) applications. The understanding of the lattice vibrational properties of this material 
can provide crucial information on its structure and dielectric behavior. In this work, we carried out 
Raman spectroscopy study of thin film, powder and single crystal SrBiiTaiOg. At temperatures above 
the Curie temperature, all 12 Raman modes expected from the tetragonal (I4/mmm) structure have been 
observed and assigned to the 4 A/g, 6 Eg and 2 B,g modes based the polarized Raman spectra from the 
single crystal samples. At lower temperature, the Raman spectra have revealed all 22 A; modes, but 
only 3 out of the 20 A2 modes and 5 out of the 42 B,/B2 modes were observed in the ferroelectric 
phase {A2iam). The soft mode was found to be of A, symmetry and appearing only when light 

polarization lay in the ab-plane. 

INTRODUCTION 

Bismuth layered perovskite ferroelectrics, Bi2Am.1Bm03nl+3 (A = Na1+, K1+, Ba2+, Ca2+, Sr2+, 

Bi3\... and B = Fe3+, Tr*+, Nb5+, Ta5+, W6+,...), discovered by Aurivillius 47 years ago [1], have 
recently gained great interest for their potential application to non-volatile ferroelectric random access 
memories. SrBi2Ta209, in particular, has been reported to have excellent fatigue resistance [2]. Detailed 

investigation of the lattice vibrational properties is required for understanding the structural properties 
associated with the ferroelectric phase transition and the polarization state and providing a knowledge 
base for characterization of these materials. In this work, we study the lattice vibrational properties of 
SrBi2Ta209 using Raman spectroscopy and explore the potential application of this technique to 

characterization of this material. 
The high temperature paraelectric phase of SrBi2Ta209 has a tetragonal structure with space group 

/ Almmm (a = 3.895 Ä, c = 25.06 Ä) [1] (see Figure 1). At temperatures below the Curie temperature 
(~340°C), small displacive perturbations of the parent tetragonal structure lead to an orthorhombic 
structure with space group A 2{am [3,4] (a = 5.5306, b = 5.5344, c = 24.9839 Ä). Since the 

orthorhombic distortion is very small, we will first assign the experimental Raman lines using the 
undistorted parent structure lA/mmm for simplicity. The pseudo-tetragonal unit cell contains one 
molecular formula, SrBi2Ta209, and gives rise to 42 lattice vibrational modes (see Table I) and 39 

optical modes. The optical modes at zero wavevector are 

TTopt = 4Alg + 2Blg + 6ES + 6A2ll + B2u + 7£„ , 
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• Bi    #Sr     »Ta    Oo 
Table I. Phonon modes in the tetragonal structure. 

Figure 1, Unit cell of the tetragonal 
SrBi2Ta209 structure (I4lmmm). 

Atom Symmetry Phonon Modes 
Sr a» A2u+E„ 
Ta C4v A,K+Ee+A2U+E„ 
Bi Cjv Aj,.+Ee+A2„+Eu 

01 A», A2„+Eu 

02 c2l. Ah+Bis+2El,+A2U+B2„+2Eu 

03 C-fv Aie+Ee+A2„+Eu 

04 02„ Bie+Eg+A2„+Eu 

of which 18 are Raman active. As the Eg modes are degenerate, we expect a total of 12 Raman peaks. 

For the low temperature orthorhombic phase, the lattice distortion destroys the central symmetry and 
roughly doubles the tetragonal unit cell in such a way that the tetragonal cell diagonals in the basal plane 
become approximately the lattice constants a and b of the orthorhombic cell. Similar factor group 
analysis leads to 81 optical modes at the Brillouin-zone center: 

r°opt = 21A, + 20A2 + 19Bj + 21ß2 . 

EXPERIMENTAL 
Thin film samples of SrBi2Ta20g were prepared from a metal-organic solution consisting metal 2- 

ethylhexanoates in either xylenes or n-butyl acetate. The solution was spin coated on oxidized Si wafers 
with a bottom electrode consisting of DC magnetron-sputtered Ti02 and Pt. The single crystal samples 
were grown from a melt consisting of Bi20,, V205, Ti02, S1CO3 and B2O3 using a BbO, self-flux 
method. BaC03. Crystals of size as large as 2 x 2 x 1.5 mm were obtained. Measurements of the 
temperature dependence of dielectric constant indicated that the Curie temperature is around 270°C, 
significantly lower than the reported value (335°C) [5] from the sintered polycrystalline samples 
prepared by solid state reaction. This difference is probably caused by a difference in composition. The 
Raman measurements were performed using a Dilor XY800 monochromator equipped with a LN2 
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Figure 2. Polarized Raman spectra from a single crystal sample at300°C, where x'.y'.z denote 
the incident or scattered polarization direction. 

cooled CCD. The laser beam of the 458 nm Ar-ion laser line was focused down to a spot of about 30 
u.m in diameter onto the sample surface using a 30x objective lens. A hot stage was used to heat 
samples from room temperature up to 300°C. 

RESULTS AND DISCUSSION 
Figure 2 shows polarized spectra of a single crystal SrBi2Ta2C>9 sample in the frequency range of 

10 to 1000 cm-1, where x, y, z are along the a, b ,c crystal axes and x'and f are along the diagonal of 
the basal plane of the tetragonal structure (see Fig. 1). All 4 Als modes of the tetragonal phase appear 
at 75, 160, 330, and 813 cm"1 in the z(x'rx')z scattering configuration, the 2 S;s modes at 295 and 320 

crrr1 inihez(x',y')z scattering configuration, and the 6Es modes at 51, 80, 130, 213, 600, and 810 
cm1 in H\ey'(x',z)y scattering configuration. The assignments of the 12 Raman modes in the tetragonal 

phase are listed in Table n. 
The lowest-energy Eg peak should correspond to the rigid layer mode involving a relative motion of 

the two Bi-O planes. This mode, as expected, appears at almost the same frequency (within ~3 cm"1) 
for all the Bi-based layered ferroelectrics Bi2Am.1Bm03m+3 with different A and B metal atoms [6]. 

The analog of this mode can also be found in Bi-based layered high-Tc superconductors at a similar 

frequency [7]. The other Eg mode involving the in-plane motion of the Bi and O atoms in the BiO planes 

can be assigned to the 80 cm"1 peak. The difference between this mode and the first one is that the two 
atoms in the same plane vibrate out-of-phase instead of in-phase. The lowest Alg mode at 75 cm"1, on 

the other hand, should be attributed to the z-axis vibration of the heaviest Bi atoms. The Eg peak at 130 

cm"1 and the Aig peak at 161 cm'1 could be assigned to the in-plane and out-of-plane vibrations of Ta, 
respectively. The higher frequency peaks involve dominantly the lighter oxygen vibrations. The Eg peak 

at 213 cm"1 and the Big peak at 295 cm"1 are very likely the in-plane and the out-of-plane vibrations of 
the 04 atoms in the BiO planes, respectively. In the latter mode, the nearest neighboring 04 atoms of 
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the same planes move out-of-phase. The Blg peak at 320 cm"1 and the Alg peak at 330 cm"'might 

correspond to the out-of-phase and in-phase z-axis vibration of the 02 atoms in the TaO planes, 
respectively. The in-plane vibration mode of the 04 atoms gives rise to the Es peak at 810 cm"1. Finally, 
we assign the Eg peak at 600 cm"', and the Alg peak at 813 cm"1 to the in-plane and out-of-plane 

vibration modes of the apical oxygen atom (03) of the TiOs octahedron. 

Table II. Raman mode assignment for the tetragonal structure. 
Frequency (cm"1) Symmetry Assignment 

51 Es B -O x(y)-axis in-phase vibration 
75 At, Bi z-axis vibration 
80 £, Bi-0 x(y)-axis out-of-phase vibration 
130 E, Ta x(y)-axis vibration 
161 Ah Ta z-axis vibration 
213 Es 04 x(y)-axis vibration 
295 Bis 04 z-axis vibration 
320 BlM 02 z-axis out-of-phase vibration 
330 Ah 02 z-axis in-phase vibration 
600 E. 03 x(y)-axis vibration 
810 £. 02 x(y)-axis vibration 
813 Ah 03 z-axis vibration 

1    1   i    |   i    i   i    | 
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20°C 

h  i 
XX       A 

/Uv A   xz 

■ ' 1 . . . 1 , . . 1 . 

B 
es 

Oä 

200      400      600 
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Figure 3. 
(T=20 °C). 

200      400      600 
Raman Shift (cm'') 

Polarized Raman spectra of a single crystal SrBi2Ta20g in the orthorhombic phase 
The x' andy' are along the diagonals of the tetragonal unit cell. 

Figures 3a and 3b display the polarized Raman spectra from the single crystal sample in the 
ferroelectric orthorhombic phase. More Raman lines have emerged due to the orthorhombic distortion 
that leads to a doubled unit cell. The spectra taken with the parallel polarization geometry (xx, yy, x'x', 
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Figure 4. Raman spectrum from a SrBi2Ta20g film at room temperature (a) and the comparison 

of low frequency spectra from a single crystal and a film (b). 

zz) show all 21 A, modes at 25, 38, 60, 72, 82, 117, 144, 160, 182, 210, 230, 244, 293, 320, 365, 
430, 460, 520, 603, 687, and 815 cm"1. Thexz spectrum, however, only reveals 10 of the 19 
expected B, modes, only 4 more (at 173,457,516, and 716 cm'1) than the correlated Es modes in the 
tetragonal phase. Similarly, only 8 of the expected 20 A2 modes have been resolved at 29,73, 145, 
190, 300, 325,430, and 460 cm"1 in the*'/ spectrum that corresponds to the B,g geometry in the 
tetragonal case. Figure 4(a) shows the Raman spectrum of a SrBi2Ta209 film. Comparing with the 

polarized spectra of the single crystal, the film seems to be randomly oriented. 
The most striking effect of the ferroelectric phase transition on the phonon spectra is the emergence 

of two strong low frequency peaks at 25 and 29 cm"1, which very likely are responsible for the phase 
transition. Kojima and co-workers have observed a soft phonon mode in single crystal BuTiiO^, 
CaBitTitOis, and SrBUuO^ [6]. A soft mode has also been reported by Liu and co-workers in 
polycrystalline SrBi2Nb209 [8]. In all cases, the soft modes appear in a frequency range from 20 to 30 
cm"1 in the ferroelectric phase. However, since both groups did not report any polarized Raman study, 
only one peak was seen between 20 and 30 cm"1 and its symmetry has not been analyzed. It is clear in 
Fig. 4(b) that the two peaks appearing in the x'x' (A, or A/, in the tetragonal phase) and*'/ (A2 orB,g 

in the tetragonal phase) spectra of the single crystal show up as only one broader peak for the 
polycrystalline film. To identify the soft mode, Raman spectra were taken for the two symmetries at 
different temperatures between room temperature and 300°C (see Fig. 5). One can see that the 
frequency and the intensity of the A; line decreases toward zero when the sample is heated up to the 
transition temperature. On the contrary, the A2 peak only softens slightly and remains at fixed frequency 
at the phase transition although its intensity diminishes. Therefore, the A, Raman line at 25 cm"1 is the 

true soft mode. 
Figure 6 displays the squares of the lowest A; and A2 peak frequencies. Again one can see that the 

A2 mode only shows normal softening upon heating and remains at finite frequency near the phase 
transition. The temperature dependence of the squared frequency for the A, peak is approximately 
proportional to T0 -T, where T0 = 338°C. This strongly indicates that this mode is an underdamped soft 
mode and the ferroelectric phase transition is displacive. Similar phonon softening behavior has been 
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also observed in the film sample. However, since it was hard to separate the two lowest frequency 
peaks in the polycrystalline sample, the temperature dependence of the soft mode could not be 
determined accurately. 

20        30        40 
Raman Shift (cm1) 

20        30        40 
Raman Shift (cm1) 

Figure 5. Temperature dependence of the lowest frequency A, (a) and A2 (b) Raman peaks. 
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Figure 6. Temperature dependence of frequency 
squared for the lowest Ai andA2 modes. 

CONCLUSIONS: 
Raman measurements were carried out on 

single crystal and thin film SrBi2Ta209. Polarized 

Raman spectra of the tetragonal phase revealed 
all the expected modes that can be reasonably 
assigned based on their symmetries and 
frequencies. All A; modes have been observed in 
the orthorhombic phase, but only few are seen 
for the less symmetric modes. The two lowest 
modes have been distinguished using their 
different symmetries. The soft mode has been 
found to have the A; symmetry. 
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ABSTRACT 
The understanding of the polarization switching process of ferroelectric capacitors is highly 

relevant for the development and optimization of FeRAM devices. We report on the characteri- 
zation of Pb(Zr,Ti)03 thin films which have been studied by means of dedicated rectangle pulse 
measurements. Decreasing the voltage level of the excitation pulses decelerates the polarization 
switching significantly to the range of milliseconds and reduces the switchable polarization. In 
this work the influence of niobium (Nb) doping on the switching properties of PZT thin films 
prepared by CSD are investigated to reach the aspired conditions of low voltage operation, read 
and write access pulses in the range of nanoseconds. For the implementation of the transient be- 
havior of ferroelectric capacitors in circuit design and simulation tools it is necessary to develop 
a model which precisely describes the polarization hysteresis, the pulse switching behavior as 
well as the small signal capacitance. The fundamental considerations for this model are 
presented, based on an ideal ferroelectric capacitor, taking into account the Curie-von Schweidler 
behavior. The latter is observed in non-ferroelectric high-K materials as well as in ferroelectric 
thin films. 

INTRODUCTION 
Thin films of perovskite materials such as lead zirconate titanate (PZT) [1] and layered 

perovskites such as strontium bismuth tantalate (SBT) [2] are being intensively studied for their 
application in high density ferroelectric random access memories (FeRAM) integrated circuits 
[3]. In addition to processing issues of integrating these materials in semiconductor technology, 
the ferroelectric properties and their reliability are of major interest. In comparison to non-ferro- 
electric barium strontium titanate (BST), where the dielectric relaxation has been extensively ex- 
plored [4], relaxation in ferroelectric materials has not yet received the attention it deserves. In 
this work the voltage step characterization is exploited to elucidate the origin of relaxation in 
ferroelectric materials for the fast read and write access of the memory cell. 

The intrinsic switching time of the reversal in ferroelectric thin films is assumed to be below 
nanoseconds [5,6]. These times are only obtained when voltages much higher then the coercitive 
voltage are instantaneously applied. For low voltage levels, the switching process can be very 
slow. This is of great interest for the application in fast access memories, since it can in principle 
limit the access time of the memory cell, especially, in the desired low voltage operation range. 
To remind the reader of the empirical equations found by W. Merz [7] which can describe the 
current response during a polarization reversal in ferroelectric single crystals, typical switching 
data measured by Pulvari and Kuebler [8] at triglycine-fluoberyllate (TGFB) are shown in Figure 
1 (right). The data are characterized by the exponential equations as shown in the figure. They 
describe that with increasing excitation field the switching time fs, defined as the instant of the 
maximum current, due to the polarization reversal, is decreased and the value of the maximum 
current w is increased. The activation field a in both equations is the same value. Later it will 
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be more useful to define the switching time h as the instant at which the polarization reversal is 
finished. This does not affect the activation field a. 

imax°=exp(-a/E)- isn- 

\                               TGFB 

\    .                       0.3 mm2,150 pirn 

40- 
'\     \ reductionofFieldE\ 

20- /V\\ 
\/ .^-'v-V^     ■-«, i           , 

0 0 l.Öp      2.0p      3.0M      4.0M      5.0M 

ts   o=exp(a/E) Time[s] 

Figure 1. Left: Schematic of domain structure during polarization reversal in ferroelectric single crystal 
Right: Evoked current response with vaiying electrical excitation field [8]. The current maximum due to 
the polarization switching obeys shown the equations found by W. Merz [7J. 

From the work of Merz [7] it is known that the polarization switching in ferroelectric single 
crystals takes place by creating nuclei of needle and wedge shape of oppositely directed domains 
as sketched in Figure 1 (left) and sidewise movement of the domain walls until the polarization is 
reversed. 

It is referred to as the intrinsic ferroelectric switching, which is dependent on the rate of nu- 
cleation of opposite domain nuclei, the shape of the domains, the friction of the domain walls, 
the velocity of the domain walls and their dependence on the electrical field, etc.. In the follow- 
ing the electrical data obtained from ferroelectric thin films is examined and compared to the 
polarization switching data found for ferroelectric single crystals. 

MODELING 

The intrinsic ferroelectric polarization reversal can be modeled by the application of the 
Kolmogorov-Avrami (K-A) model [9,10] extended to the case of applied field dependent side- 
wise velocity of the domain walls. Such a method has been successfully developed by the group 
of Ishibashi [11-13]. They have included the field dependence of the polarization switching and 
modeled the D-E hysteresis loops depending on the excitation frequency of triangle as well of si- 
nusoidal signals and found good agreement to experimental data of tri-glycine sulfate (TGS) sin- 
gle crystals. The K-A is a statistical model which describes the phase transition kinetics in 
infinite media and was originally developed to model the crystallization process of metals. In 
ferroelectrics it can describe the time dependent fractional area c(/) of the switched polarization 
and reads in a simple form as 

c{t) = 1 - exp[ -(t/ta)" ] (1) 

with t0 being mainly determined by the nucleation rate, the wall mobility, and the applied 
field and n mainly by the dimensionality of the domains. Additional work on this field has been 
performed by the group of Shur [14]. 
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To illustrate the effect of the intrinsic ferroelectric switching on the P-V hysteresis loops and 
on the current response to an applied voltage step the Equation (1) has been implemented into an 
SPICE model [15,16]. The result is shown in Figure 2. The domain wall velocity has been taken 
into account by using the empirical equation found by Miller and Savage [17] 

v = v. exp( -a/£ ) (2) 

with v«, and a being constants and E being the applied electrical field. 

The simulation is performed for a time independent n = 2 which means that no new nuclei 
occur and there are cylinders which grow sidewise with time. 
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Figure 2. P-V Hysteresis loop (left) and current response (right) on applied voltage step using K-A 
model implemented in SPICE. 

The output of the simulation shows the link between the Merz behavior of the transient cur- 
rents and the frequency dependence of the hysteresis loop. 

SAMPLE PREPARATION 

The polarization switching behavior has been investigated at two different PZT thin film ca- 
pacitor samples, with Zr:Ti ratio of 30:70, one sample undoped and one doped with 1 % niobium 
(Nb). All other process parameters are kept equal. It is assumed that niobium, which is a soft 
dopant, counteracts the p-type conductivity arising due to lead vacancies in PZT, and increases 
the electrical resistivity of bulk PZT ceramics [18]. This has been confirmed by leakage current 
measurements carried out at both samples (see Table I) 

Table I. Leakage currents at 1.4V 

Nb content Current density 
0% 1.6  10"7 A/cm2 

1% 1.3   10"9 A/cm2 

The samples were prepared by a modified Budd and Payne [19] chemical solution deposition 
(CSD) method. The thickness amounts to approx. 140nm. By introducing 1% niobium the 
hysteresis properties are not significantly changed, and the remanent polarization reaches very 
good values (Figure 3). 
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Figure 3. P-V Hysteresis loop of undoped and Nb doped PZT 30/70. 

EXPERIMENT 

A typical procedure to determine the switching behavior of ferroelectric thin films is to 
record the charge response of a ferroelectric capacitor on a, so called, PUND signal. (A good il- 
lustration is given in reference [20]). By means of this procedure the switchable polarization is 
determined as a function of the voltage and the pulse width. The method is close to the 
application of FRAM devices but has the drawback that the variation of the parameters also 
affects the prehistory of the samples. Therefore, in this work the Voltage Step Technique is used, 
as illustrated in Figure 4. The excitation signal consists of two hysteresis cycles to full saturation', 
than a waiting period of one second, to allow relaxation processes to subside, and than a voltage' 
step to switch the polarization. The response is measured by means of a shunt resistance or a 
sense capacitor for short times and virtual ground for the time range of microseconds and longer. 
In each case, either the current response is measured and the charge is determined by integration, 
or the charge response is measured and the current is determined by numerical differentiation. 
With voltage levels of the excitation step in the range of the coercive voltage it is possible to 
slow down the polarization reversal and to separate it from the dielectric charging. By this, it can 
be guaranteed that the voltage step is fully applied during the polarization reversal, which is 
crucial for an evaluation of the switching currents according to Merz (see also Ref [21]). 

AAr8©! 
100Hz 

CSDprepcredPZT 
2500um? 

25-C ^r-T V V~ 

IOJJ     100M     1m     10m   100m 
time (sec) 

Figure 4. Left: Excitation pattern for voltage step measurement. Right: Polarization response of CSD 
prepared PZT thin film. 
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The determination of the absolute value of the polarization is not trivial. It is assumed that the 
absolute values of the positive and negative polarization in the saturation of a hysteresis loop are 
equal, i.e., the saturation points of a hysteresis loops are symmetrical. Hence, during the two 
hysteresis cycles the absolute course of the polarization is known. However, measuring the 
charge response of a ferroelectric thin film with a sense capacitor or an integration capacitor in 
virtual ground circuit (coulombmeter) has always the error introduced by the discharging of the 
sense capacitor. The more the discharging is reduced the slower is the measuring system 
concerning the response on the change of charge of the ferroelectric capacitor. Hence, it is not 
possible to measure the change of the charge in the period from the hysteresis loops to the 
voltage step (here one second) and afterwards to measure a fast charge response in the range 
below microseconds. Every coulombmeter is inherently either exact or fast. 

Fortunately, the course of the polarization after driving the voltage to zero after the hysteresis 
loops is well known [22]. It exhibits a linear decrease over a logarithmic time scale as shown in 
Figure 5. It can be described by the equation P=A+B log(r). To determine the polarization at the 
instant of the voltage step the relaxation data is extrapolated. 
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Figure 5. Decrease of the polarization after the hysteresis loops. 

RESULTS AND DISCUSSION 

The evolution of the current after applying a voltage step in undoped PZT thin film 
capacitors differs significantly from the evolution in ferroelectric single crystals. The current 
response in single crystals exhibits a 'switching hump', i.e. an increase of the current, during the 
polarization reversal (see Figure 1 right). Whereas in undoped PZT (Figure 6 left) the current 
monotonously decreases. The current response shows a Curie-von Schweidler behavior with a 
change of slope at the moment of the polarization reversal (Figure 6 left). So, the dominant 
mechanism contributing to the current is completely different. In single crystals the current is 
determined by the domain reversal and for thin films it is related to the dielectric loss (see also 

Ref. [23]). 
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Figure 6. Current response (upper) and evolution of polarization (lower) after applying a voltage step ' 
with varying level. Left: undopedPZT, righf.1% niobium doped. 

Since it is assumed that the dielectric losses in thin films are responsible for the deceleration 
of the polarization, the reversal of the PZT thin film capacitor is compared to behavior in 
niobium doped PZT. Small signal (C-V) measurements revealed that the dielectric losses indeed 
could be reduced by niobium doping, which is shown in Figure 7. It can be observed that the 
dielectric capacitance in the saturation state, i.e., at a bias voltage of 3V, is not significantly 
affected by doping, whereas the dielectric loss is distinctly decreased. 
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Figure 7. Small signal capacitance (left) and loss factor tan S (right) ofundoped und Nb doped PZT vs 
slowly cycled bias voltage sweep (C-V measurement). 

In Figure 6 the comparison of the course of the current and the polarization is shown of 
undoped and 1 % Nb doped PZT. The current response of the Nb-doped sample exhibits the 
switching hump which is well known from ferroelectric single crystals. So by niobium doping it 
is possible to reduce the Curie-von Schweidler type dielectric loss behavior and to observe the 
intrinsic ferroelectric switching. 

CC7.6.6 



For better comparison of the data, in Figure 8 the current response of Nb-doped PZT is 
plotted in a linear-linear diagram. It shows the same behavior in the current response as found for 
single crystals (Figure 1) and as simulated by implementing the K-A model (Figure 2). In 
principle it is possible to describe the switching time of the Nb-doped sample by means of the 
Merz-equations (Figure 1), however, one has to keep in mind that an important condition for the 
application of these equations is that the voltage has to be constant during the polarization 
reversal. Here, due to the sample dimensions, the voltage drop over the inevitable series 
resistance (50£2 internal resistance plus 50£2 of shunt resistance) reaches more than 100 mV in 
the case that a voltage level of 1.6V is applied. So for more precise measurements with higher 
voltage levels the sample pad size has to be reduced. Nevertheless, the measurements show that 
indeed the intrinsic ferroelectric polarization is observed. It is assumed that by reducing the 
capacitor electrode area the switching time can be decreased to the range of nanoseconds by 
adapting the voltage. 
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Figure 8. Current response of Nb-doped PZT thin film plotted in linear-linear diagram. 

To estimate the switching time of these films at higher voltage levels the data are evaluated 
using the Merz-equations and plotted in a reciprocal-logarithmic plot in Figure 9 (right). Here, 
the switching time is defined as the instant at which the polarization reversal is completed, since 
the current response of undoped PZT shows no current maximum. For further details of the 
definition of the switching time the reader is referred to Ref [24] (pp.199). 
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Figure9. Left: Comparison of current response of undoped and Nb-doped PZT. 

With increasing voltage levels the switching time is decreased and gives in good 
approximation a straight line in the reciprocal-log plot. It is shown that due to the niobium 
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doping the switching time is decreased by almost two decades. The extrapolation of the 
switching data of the Nb-doped samples reveals that a switching time in the nanosecond range 
can be expected for applied voltage levels of about 2 V. So, for the ferroelectric storage capacitor 
in the FeRAM device niobium doping is highly beneficial. 

It is assumed that the ferroelectric polarization reversal is determined by two mechanisms, 
the intrinsic ferroelectric polarization reversal which arises from the nucleation of opposite 
domains and the field dependent movement of the domain walls and the losses of dielectric 
polarization processes which lead to a deceleration of the polarization reversal. In principle this 
can be modeled by assuming that the ferroelectric material is screened by polarization 
mechanisms at the film-electrode or grain-grain interface in polycrystalline thin films. These 
mechanisms lead to the Curie-von Schweidler behavior in ferroelectric thin films in the time 
domain [25-27] and the linear dispersion over a broad frequency range in the frequency domain 

CONCLUSIONS 

The ferroelectric polarization reversal in ferroelectric thin films can be slowed down to the 
range of milliseconds by applying voltage step levels in the order of the coercive voltage. The 
comparison of the current response of undoped PZT to the polarization switching current of 
ferroelectric single crystals shows that they differ significantly. The transient current of undoped 
PZT thin film capacitors cannot be explained by the classical theory of nucleation and growth of 
opposite domains. Rather the current response obeys the Curie-von Schweidler law which is 
applicable to all kinds of electroceramic thin films, ferroelectric as well as non-ferroelectric. For 
1% niobium doped PZT the dielectric losses are significantly reduced and the switching time is 
drastically improved by about two decades in time. The Curie-von Schweidler currents are 
likewise reduced significantly. This leads to the assumption that the ferroelectric polarization 
reversal is determined by two mechanisms, the intrinsic ferroelectric polarization reversal which 
arises from the nucleation of opposite domains and the field dependent movement of the domain 
walls and the losses of dielectric polarization processes which leads to screening of the intrinsic 
ferroelectric polarization switching. The physical origin of these processes has not yet been fully 
elucidated but some models have been proposed [28] which can describe this behavior in non- 
crystalline materials. 

For the application of the ferroelectric capacitor under investigation as a storage device in an 
FeRAM this implies that it is possible to switch the polarization with a voltage pulse of approx. 
2 V with a pulsewidth of a few nanoseconds in the case the dielectric loss mechanisms can be 
reduced. An important issue in this context is the scalability of the material, i.e., the possibility to 
reduce the film thickness without losing the aspired high polarization values. A reduced 
thickness leads to an increased field and presumably to a further reduction of the switching time 
or the applied voltage level, respectively. 
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ABSTRACT 

Self-polarization of Pb(Tii.xZrx)03 (PZT) thin films is explained on the basis of the 
formation of a Ti02-x-enriched interlayer close to the bottom electrode. Electrons provided by 
oxygen vacancies generate a n-type interface layer in the PZT at the electrode. A graded 
ferroelectric layer is then formed by electron injection from the bottom electrode and electron 
trapping on Ti    ions. A "built-in" difference in free energy forms which acts to pole the 
ferroelectric. Band bending was observed by contact potential difference measurements at a 
distance of 70 to 90 nm from the bottom electrode. 

INTRODUCTION 

Pyroelectric active films show a self-polarization effect, i. e., the presence of a significant 
amount of polarization after material synthesis without any poling treatment. Self-polarization 
occurs due to the presence of an internal electric field which is at least as large as the coercive 
field at the Curie temperature. As a consequence the film will be poled whenever it is cooled 
down below the paraelectric-ferroelectric transition temperature. Although already discovered 
in the 1960's, the self-polarization mechanism is still an object of controversy. Self- 
polarization was observed in thin films prepared by different deposition techniques on 
different substrates [1]. Strong self-polarization occurs in sputtered PZT films with a 
zirconium ratio Zr/Zr+Ti < 0.4 [2]. These films exhibit a (111) oriented texture with a 
"Christmas-tree"-like domain structure [3]. The (111) orientation is not the one with largest 
remanent polarization, but rather the orientation which does not allow the polar vector to lie in 
the plane of the film. In this case, most of the ferroelectric domains have an angle of -55° to 
the surface normal. Thus, 58% of polarization can be achieved normal to the substrate. Self- 
poling effects have also been observed in ferroelectric materials cooled below the Curie 
temperature in the presence of a temperature or strain gradient [4-6]. 

Different mechanisms of self-polarization based on stress induced and space charge 
induced polarization were considered [1]. Stress induced self-polarization does not exceed 10 
to 15% of the polarization value achieved by poling [1], while space charge induced 
polarization in Ti-rich compositions reaches up to 100% of this value [2]. The presence of 
space charge layers is easily identified by a large enough shift of the ferroelectric hysteresis 
curve P(E) on the E-axis. This effect has been known in natural colemanite crystals for more 
than 40 years and in ferroelectric ceramics modified with acceptors for more than 20 years 
[7]. In this later case, the internal electric field is attributed to defect dipoles consisting of 
acceptor ions on the Ti sites associated with oxygen vacancies [8]. A defect chemistry based 
hypothesis of self-polarization including also mobile electrons was proposed in [9]. During 
cooling from high deposition temperature, oxygen vacancies are created under reducing 
conditions and are preferentially trapped near the bottom electrode. Cooling in an oxidizing 
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atmosphere will reduce the oxygen vacancy concentration and that of the vacancy-related 
complexes such as oxygen vacancies associated with lead vacancies which are formed due to 
the inherent PbO loss during PZT processing. In result, no internal bias field builds up. The 
electrical field present during cooling in reducing ambient aligns dipolar defect complexes 
which polarize the ferroelectric below the Curie temperature. Later the same group [10] 
claimed that the ability to align the defect dipoles occurs only in the ferroelectric, noncubic 
phase of the material, i.e. at temperatures below the Curie temperature, and defect-dipole 
alignment does not occur in the nonferroelectric ceramics. 

Dipolar defect complexes including Pb atoms are not a good candidate for frozen dipoles 
causing thin film polarization by a defect chemistry mechanism. ESR shows that under 
illumination Pb ions are aligned even at room temperature [10]. Because of the Pb lattice site 
is surrounded by eight equivalent Ti06 octahedra, the strong [111] directionality of the dipole 
driving force is difficult to explain. Once formed, excess Pb near the bottom platinum 
electrode is easily lost by Pb diffusion through the Pt layer [11]. On the other hand, PbO 
excess favors the formation of a (001/100) texture [12]. As far as self-polarization was 
obtained mostly in PbTi03 or Ti-rich PZT thin films [1], the presence of Zr containing defect 
complexes is not necessary. 

In this work, evidence for a self-polarization mechanism based on the formation of Ti3+ 

ions in a Ti02-x-rich interface layer is discussed. 

EXPERIMENTAL 

PZT thin films of about 1 um thickness were deposited by RF-sputtering (13.56 MHz) on 
Si/Si02/adhesion layer/(l 1 l)Pt substrates. The zirconium ratio Zr/Zr+Ti in the ceramic target 
was chosen < 0.3 to obtain a strong effect of self-polarization. Film microstructure 
characterization was performed by AFM, electron microscopy, XRD and stress analysis by 
Raman piezo-spectroscopy and wafer curvature technique. Composition analysis included 
XPS, SIMS and glow discharge optical emission spectroscopy (GD-OES). Electrical 
characterization was accomplished after a top NiCr electrode deposition by DC-sputtering and 
consists of measurements of impedance characteristics and pyroelectric coefficients. Details 
of film deposition and characterization were published elsewhere [3]. 

Samples for work function profiling were prepared by reactive ion etching (RIE) using a 
CHF3/Ar gas mixture in an Oxford Plasma Technology Plasmafab 80+ reactor. For work 
function estimation, the contact potential difference (CPD) method was used. A modified 
Anderson method [13] was realized in an electron gun setup generating a beam with a 
diameter of 1.5 to 2 mm. The anode is driven by a potential UA of 100 to 150 V while the 
electron energy is varied by the potential difference between the cathode and the sample. The 
advantage of the chosen setup with electron slow down in the retarding field between sample 
and anode is that the electron energy has no influence on electron current and beam 
focalization because in the gun all potentials are constant with respect to the cathode. Any 
change in the work function of the surface produces a shift of the retarding curve by an 
amount equal to the CPD. If the potential difference between the cathode and the sample Uca,h 

corresponds to the work function difference, the current in the sample circuit saturates due to 
the collection of all electrons emitted by the cathode. Thus, by retarding curve measurements 
of different samples, the work function difference may be estimated. For calibration, a 
graphite sample was used which was heated to 1000 °C in vacuum before each measurement. 
For the graphite work function values of 4.4 to 4.8 eV are given in literature. We used a value 
of d> = 4.4 eV determined by the CPD method at room temperature [14]. 
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RESULTS AND DISCUSSION 

The XPS determined composition was sensitive to ion bombardment of the sample 
surface [1]. The sample surface was depleted of Pb during argon bombardment. Therefore, 
composition profiling was performed by GD-OES. An example of a composition profile of a 
self-polarized PZT with (111) texture and a Pb02 rich surface layer deposited on a thin Ti02 

seed layer is shown in figure 1. 
A (111) textured platinum bottom electrode is not a sufficient condition for the deposition 

of (111) textured PZT films. All kinds of orientations can be obtained on Pt(l 11) [15]. In the 
case of PbTi03 deposition, a (100) texture is obtained on (111 )Pt with no unintentional 
titanium present on the surface [16,17]. Therefore, a seeding layer of TiOx is recommended to 
enhance (111) PZT nucleation [17]. One idea of Ti02 seeding orientation effect is that 
titanium rich PZT lowers the perovskite transformation temperature [18]. The nucleation 
temperature of PZT on Pt is about 520°C compared to less than 350°C for PbTiOs [19]. On 
the other hand, a bare Pt(l 11) bottom electrode cannot provide a [11 l]-oriented perovskite 
structure as well as a bare titanium seed layer which needs partial oxidation. Titania is more 
effective in nucleating a (111) texture because on a (111) textured platinum electrode the 
electrical driving force is screened by the metals conductivity. Therefore, initially the 
substrate is covered on its surface by a skeleton of the perovskite structure consisting of TiOn 
octahedra matched with one of their eight faces to the (111) platinum substrate. 

Actually, little is know about the structure of the TiOx seed layer. Some initial 
investigations of a 1 nm thick TiOx seed layer by Auger electron spectroscopy (AES), X-ray 
photoelectron spectroscopy (XPS) and X-ray photoelectron diffraction (XPD) were reported 
in [17]. XPS confirmed a chemical composition of Ti02, AES complete surface coverage. 
Although Ti 2p XPD showed best coincidence of azimutally averaged scans with a rutile 
(110) structure, this gives only evidence of a rutile-like short range order and is not in 
contradiction to our assumption. The loss of seeding effectiveness with a larger TiOx layer 
thickness is explained in our model by recrystallization of the seed layer into a rutile structure 
when bulk energies become dominating over surface ones. 
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Figure 1. GD-OES-Prqfile of (111) PZT thin film deposited on TiOx seed layer 

Thus, the Pt(111) electrode provides a peculiar texture of the TiOx seed layer. This seed 
layer works as a nucleation plane of (111) PZT transforming structure information by an 
electrical driving force. 

Figure 2 presents the secondary electron image of a sample prepared for work function 
profiling. The bright region at the left side corresponds to an etching process up to the 
platinum electrode with some residues on the surface. The dark regions at the left edge are 
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visible CFX polymer films formed during reactive ion etching. The middle part with a film 
thickness gradient from 70 to 95 nm is located at the edge of the transition layer (cp. figure 1) 
and the right part has a PZT film thickness of about 130 nm. In order to preserve surface 
structure, the sample was cleaned only by heating up to 200°C during vacuum pumping. AES 
shows carbon contamination of the surface and the middle part is characterized by an 
enhanced Ti peak. Due to surface contamination and etch residues the work function of the 
left part, * = 3.6 eV was lower than the values reported for platinum in literature (5.17 to 5.5 
eV) [20,21 ]. On the other hand the higher resistivity of PZT film reduces the slope of the 
retarding curves and work function values are overestimated. For instance, strong surface 
charging is obtained in the right part of the sample and the estimated work function value, $ = 
6.60+0.22 eV, is unusually high. Therefore, only the work function difference is determined 
for the middle part with the thickness gradient. The results shown on figure 3a give evidence 
for band bending at least up to the edge of the transition layer with a thickness of about 100 
nm. This is in contradiction to C-V measurements on parallel samples with a space charge 
layer thickness of 8 to 15 nm [22]. Figure 3b illustrates an energy band diagram based on the 
one proposed by us in [22] and built assuming that the overestimation of work function due to 
higher resistivity and the decrease of work function due to surface contamination by etch 
residues are nearly of the same magnitude. 
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Figure 3. Work function profile, a - work function difference, b - energy band diagram 

In a previous work [22], we have determined refractive index and polarization profiles 
formed due to the presence of a non-ferroelectric interface layer. We attribute the formation of 
the non-ferroelectric interface layer to electron trapping at Ti4+ sites. The additional electron 
occupies anti-bonding states and thereby weakens ferroelectricity [23]. This non-ferroelectric 
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interface layer is also well known for PZT deposited on non-noble titanium substrates where a 
change of PZT stoichiometry near the electrode due to oxygen diffusion into the Ti substrate 
is observed [24]. A similar non-ferroelectric interface layer increasing in thickness with time 
is formed during electric field cycling due to vacancy migration to the region close to the 
electrodes [25,26]. This loss of switchable polarization by repeated polarization reversals is 
called ferroelectric fatigue. The fatigue resistance is improved and the leakage current is 
reduced if the oxygen deficient layer near the electrode is suppressed [27]. For a band bending 
at the Pt/PZT interface in order of Atp=l eV [22] an electric field of about 1 MV/cm is 
generated in a space charge layer of a thickness of d = 10 nm. This band bending leads to a 
significant lowering of the electron barrier induced by image forces (Schottky effect): 

AO= tZ^L = 0.i4eV 
\ 47tee0 • d 

where £ = 7.3 is the dielectric constant in the optical frequency region. The injected electrons 
occupy the lowest possible states in the band gap forming thus Ti3+ near Ec-0.7 eV [20]. As 
well known for BaTi03 [28], electrons are easily distributed within a n-type layer by polaronic 
conduction due to electron hopping between Ti + and Ti + ions. The Ti'+ containing defect in 
the oxygen deficient interface layer could be the postulated in [29] intrinsic neutral Ti3+-Vo2+- 
Ti3+ complex. 

The formation of Ti3+ defects caused by a transition from p to n stoichiometry with AC- 
switching was also considered as the origin of ferroelectric fatigue [30]. Ti + with its more 
negatively charge than the host ion Ti4+ is move toward a positive charged oxygen vacancy, 
thus shorting the dipole and freezing in its position. Due to this fatigue-induced distortion in 
the oxygen octahedron, such a defect causes a local inhibition of the nucleation for the 
opposite domains. In this sense, the self-polarized films investigated in this work should be 
considered as degraded ferroelectrics. 

The gradient of polarization normal to the substrate plane formed by the occupancy of 
electrons in Ti 3d anti-bonding states is related to a gradient of the free energy in 
phenomenological thermodynamic theories as discussed for graded ferroelectric devices in 
[31]. This "built-in" difference in free energy acts to pole the ferroelectric similar to the 
application of the electric field to an ungraded ferroelectric. Calculations of the thickness 
profile of polarization from the solution of the Euler-Lagrange equation by minimization of 
the free energy with given polarization boundary conditions are in progress now. 

CONCLUSIONS 

Deposition of PZT on platinized silicon wafers coated with a thin Ti02.x seeding layer 
results in the formation of a polarization profile without additional poling due to the formation 
of a graded ferroelectric interface layer. Contact potential difference measurements 
demonstrate that the graded ferroelectric layer is at least as thick as the Ti02-*-rich transition 
layer and that the thickness of the n-type layer formed due to bottom electrode-PZT 
interaction should be less than 70 nm. 
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ABSTRACT 

A manmade ferroelectric-paraelectric heterostructure, a BaTi03 / SrTi03 superlattice, was 
studied to explore the effect of strain on ferroelectricity. An atomically abrupt BaTi03 / SrTi03 

superlattice was grown on a (001) SrTi03 substrate by reactive molecular beam epitaxy. Both 
BaTi03 and SrTi03 layers were grown with their individual thicknesses less than the critical 
thickness for the formation of interfacial misfit dislocations, leaving the entire superlattice fully 
coherent with the substrate. This resulted in a uniformly and highly strained BaTi03 layer to 
study the effect of strain on ferroelectricity. Quantitative high-resolution transmission electron 
microscopy was employed to examine the atomic positions of cations and anions in the strained 
BaTi03 layers. It was found that the relative static displacement of cations (Ti4+, Ba2+) to anions 
(O2) is larger than that of bulk BaTi03. Our observation thus illustrates the strain-induced 
elevation of spontaneous polarization in BaTi03 thin films. 

INTRODUCTION 

As miniaturization of modern semiconductor devices continues, the size of oxide 
components will be reduced to the nanometer scale. At this scale, the behavior of functional 
oxides is strongly size- and strain-dependent and interface-controlled. Specifically, integration 
of ferroelectric thin films with lattice-mismatched and thermal expansion mismatched materials 
will introduce significant strains in the ferroelectric thin films, which in turn affects the physical 
properties and device performance. The strain effect thus refers to the relationship between 
strain acting on the material and its properties, such as the paraelectric-ferroelectric phase 
transition temperature (7V), spontaneous polarization (Ps), and dielectric permittivity. Many 
attempts have been made to measure the effect of strain on ferroelectricity, most of them 
involving poly- and single-crystalline thin films [1-5]. Generally, biaxial tensile strain was 
found to depress the paraelectric-ferroelectric phase transition temperature, spontaneous 
polarization, and remanent polarization (Pr), while biaxial compressive strain had opposite 
effects. Theoretical work has been dedicated to calculating the strain effect [6-10]. However, 
the agreement between experimental results and theoretical calculations has only recently 
become quantitative [11,12], because of difficulties in determining the state of strain due to the 
polycrystalline nature of the films, residual stress, and inhomogeneity induced by defects in the 
lattice and film/substrate interfaces. 

The artificial heterostructures (superlattices) incorporating ferro- and para-electric 
components with relatively large mutual lattice mismatch, on the other hand, offer many 
opportunities to probe ferroelectric strain effects with the added advantage that the strain tensor 
has a simple form.  As several prior studies have demonstrated [5,13,14], if the superlattice is 
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grown with individual thicknesses of each component less than the critical thickness for the 
formation of interfacial misfit dislocations, the in-plane lattice parameters of the entire 
superiattice should be the constant, leaving a uniform strain with biaxial character in the 
epilayers. Our studies capitalize upon this advantage of the superiattice thin films. 

At room temperature, BaTi03 is tetragonal (and ferroelectric) with bulk lattice parameters 
a = 3.992 A and c = 4.036 Ä, while SrTi03 is cubic (and paraelectric) with bulk lattice parameter 
a = 3.905 A [15]. If we assume that the lattice constants of the thin films are fully constrained 
by the thick (1 mm) underlying (001) SrTi03 substrate, the combination of BaTiOa and SrTi03 

layers would result in a large in-plane strain of -2.2% at the interface. The resulting stress 
imposed on the BaTi03 is ~109 Pa, which can result in a resolvable variation in ferroelectricity. 

EXPERIMENTAL 

The BaTi03 / SrTi03 superiattice was grown on an (001)SrTiO3 substrate by reactive 
molecular beam epitaxy (MBE). The MBE setup was described in detail elsewhere [16]. In this 
work, a superiattice with nominal individual layer thickness of five monolayers (denoted by 
(BaTi03)5 / (SrTi03)s) was grown. Molecular beams of strontium, titanium, and barium were 
generated using conventional effusion cells and supplied to the substrate in a sequential manner. 
Ozone (03) was used as an oxidation medium. The growth temperature was 650 °C. A cross- 
section transmission electron microscopy (TEM) specimen was prepared following the standard 
procedure which was ended with ion milling to electron transparency. High-resolution 
transmission electron microscopy (HRTEM) studies were performed within a 4000EX 
microscope equipped with Gatan Image Filter (GIF). The microscope was operated at 400 kV, 
giving the best point-to-point resolution of 1.7 Ä. TEM images were processed using Gatan's 
DigitalMicrograph software. HRTEM image simulations were performed using the EMS 
software package [17]. 

The as-grown film exhibited significant leakage current and high dielectric loss. This was 
attributed to the high concentration of oxygen vacancies in the as-grown film because it was 
grown under high vacuum. To reduce the concentration of oxygen vacancies, annealing in 1 atm 
flowing pure oxygen was performed at 1000 °C for 13 hours. The annealed film displayed 
greatly improved electrical properties. [18] As we shall show below, interdiffusion is small 
under this annealing condition, and the superiattice structure shows quite good stability. 

RESULTS AND DISCUSSION 

Nano-scale control of the superiattice structure is key to investigating the intrinsic strain 
effect in this work. To demonstrate this, conventional TEM and HRTEM characterizations were 
employed to examine the microstructure and the atomic structure of the BaTi03 / SrTi03 
superiattice. 

Figure 1(a) shows a low-magnification cross-sectional TEM image of the film. The 
corresponding selected area electron diffraction (SAED) pattern is shown in Fig. 1(b), recorded 
with the electron beam incident along the [100]-zone axis of the SrTi03 substrate. The layers 
with high and low intensities in the image correspond to SrTi03 and BaTi03 layers, respectively. 
Excellent regularity of the superiattice is seen. In the enlarged SAED pattern [Fig. 1(c)], sharp 
satellite diffraction spots along the growth direction reveal the high degree of sharpness of the 
interfaces. 
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Figure 2(a) and (b) show the HRTEM images of the two samples of the same BaTi03 / 
SrTi03 superlattice before and after annealing, respectively. It is seen from the images that the 
BaTi03 / SrTi03 superlattice structure remains unchanged during annealing. This result 
indicates that the interdiffusion of Ba and Sr (both A-sites in the perovskite unit cell) is quite 
slow. The demonstrated stability of the superlattice structure at the relatively high temperature 
allows us to incorporate oxygen into the thin film by annealing without producing a solid 
solution of the two constituents, making the investigation of the intrinsic physical properties of 
such a customized oxide heterostructure possible. The low interdiffusivity between A-sites is 
most likely due to the absence of grain boundaries in the thin films. In both films, atomically 
abrupt interfaces were observed, and no misfit dislocations were found in any studied portion of 
the TEM specimen. The overall coherence of the film with the SrTi03 substrate indicates the in- 
plane lattice constants of the entire superlattice are the same as that of SrTi03, i.e., the BaTi03 

layers are highly compressed in the a-b plane so as to match the lattice constant of SrTi03. 
Based on the crystallographic data of bulk SrTi03 and BaTi03, the in-plane {a-b plane) biaxial 
strain and the corresponding Poisson expansion along the c-axis of BaTi03 can be calculated. 
The in-plane compressive stress is 5.03 GPa by inserting en = 0.022 (biaxial compressive strain 
in the a-b plane), v= 0.361, and E= 146.2 GPa into the formula <7„ =[£7(1- v)]en .   In the 

BaTi03/SrTi03 

Fig. 1. (a) Low-magnification cross-sectional TEM image of a BaTi03 / SrTi03 superlattice. 
The layers with high and low intensities correspond to SrTi03 and BaTi03 layers, respectively, 
(b) The selected area electron diffraction pattern of the same film along the [100]-zone axis of 
SrTi03. The enlarged pattern (c) showing the superlattice reflections along the growth direction. 

presence of the compressive stress in a-b plane, the corresponding Poisson expansion along the 
c-axis is ei3 =-[2v/(l - v)]eu =0.024. The cla ratio of the strained BaTi03 is accordingly 
calculated to be 1.045. To investigate the strain effect upon the crystallographic properties of 
BaTi03, the experimental cla ratio was measured in the HRTEM image. The lattice length was 
measured from the positions of the intensity maxima at each barium atom column in the digitized 
HRTEM image. The distortion of the digital image is essentially less than 0.8%. The measured 
cla ratio is -1.05 which is in good agreement with the elastic calculation. 

The increase of the cla ratio in BaTi03 is regarded as an indication of the elevation of 
ferroelectricity [19], however, this phenomenon is more accurately described as the increase of 
the relative displacement of cations (Ti44, Ba2+) to anions (O2"). Cation displacement is the 
underlying physical mechanism by which the net dipole moment in a unit cell changes. To 
explore this issue, quantitative HRTEM was employed to examine the atomic positions of 
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Figure 2. HRTEM images of a BaTi03 / SrTi03 superlattice. (a) The as-grown film 
(TSUb = 650 °C) and (b) after annealing at 1000 °C for 13 hours in flowing oxygen. It is seen that 
the superlattice structure is stable to relatively high temperature. 

cations and anions in strained BaTi03. Figure 3(a) shows an experimental HRTEM image 
involving four unit cells of BaTiO,, while Fig. 3(b) is the corresponding Fourier-filtered image. 
Fig. 3(c) is the computer simulated image using the atomic structure of bulk BaTi03 (unstrained 
state), which are Ba (0, 0, 0); Ti (1/2, 1/2, 1/2 +0.0135); Oi (1/2, 1/2, -0.025), 0„ (1/2, 0, 1/2 - 
0.015). It is apparent that the simulated image does not fit the experimental image well, 
suggesting that the atomic positions of the strained BaTi03 differ quantitatively from those of the 
bulk form. To clarify this possibility, the atomic positions of cations and anions of the bulk 
BaTi03 were modified while retaining the space group symmetry of the structure. A series of 
image simulations as functions of specimen thickness and objective lens focus value was 
subsequently performed to find the best fitting condition. Figure 4(d) shows the simulated image 
of the modified BaTi03 which best fits the experimental image, the modified atomic structure 
used in this simulation being Ba(0,0, 0); Ti(l/2,1/2, 1/2 +0.0135); O, (1/2, 1/2, -0.128), On (1/2, 
0, 1/2 -0.025). For displacive ferroelectrics, the polarization originating from the relative ionic 
displacement (ionic dipole) can be calculated by summing the ionic shifts per unit cell, e.g. 
P = (M V)E Zrldn, where P is the polarization, V is the volume of the unit cell, Z„ is the effective 
charge of n-th ion, and d„ is the atomic displacement vector of the rc-th ion. The ionic 
polarization of unstrained and strained BaTi03 is accordingly calculated to be 16.5 u.C/cm2 and 
43.0 |lC/cm2, respectively. We note that the polarization measured in bulk BaTi03 along the 
c-axis is in fact 26 uC/cm2 [20], indicating the ionic shifts only contribute a part of the 
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polarization. Nonetheless, our quantitative HRTEM studies provide evidence of a strain-induced 
elevation of spontaneous polarization in the strained BaTi03 thin films. 

Modified Landau-Devonshire thermodynamic theories have been developed to calculate the 
effect of stress on the phase transition temperature and the spontaneous polarization. Using the 
formula relating the polarization and the internal stresses, developed by Rossetti et al.^ [7], we 
determined that the polarization under the compressive stress of 5.03 GPa is 47 (xC/cm . Thus, 
the experimental results obtained by our HRTEM investigation are in good agreement with the 
theoretical calculation. 

Figure 3. HRTEM images of BaTi03 involving four unit cells, (a) Experimental image, (b) the 
corresponding Fourier-filtered image, (c) the computer simulated image using the atomic 
structure of bulk BaTi03, and (d) the computer simulated image using the refined atomic 
structure which best fits the experimental one. 

CONCLUSIONS 

Using quantitative HRTEM, we were able to resolve the strain-induced elevation of 
spontaneous polarization in a strained BaTi03 thin film contained within in a BaTi03 / SrTi03 

superlattice.  In such nano-scale customized heterostructures, the strains involved are uniform 
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and have a simple form, enabling a quantitative comparison with theoretical calculations. 
Moreover, the ability to maintain such highly-strained ferroelectrics on a macroscopic scale 
along with the demonstrated elevated polarization enables us to tailor useful ferroelectric 
properties from the microscopic to the macroscopic scale. 
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ABSTRACT 

Piezoresponse scanning force microscopy (PFM) was applied to study the nanoscale 
mechanism of retention loss in SrBi2Ta209 (SBT) thin films. Experiments were conducted by 
performing local polarization reversal within an individual grain with subsequent imaging of a 
resulting domain structure at different time intervals. The retention behavior of the films was 
studied as a function of switching conditions and electrode material. SFM was also used for 
nanoscale mapping of leakage current sites and investigation of electrical conduction 
mechanism at these sites. For the first time, the development of dielectric breakdown in SBT 
films was directly observed at nanoscale. 

INTRODUCTION 

The ability of ferroelectric films to maintain their polarization in the absence of external 
voltage provides the unique nonvolatility of ferroelectric memories [1]. However, commercial 
application of ferroelectric films is hindered by the degradation effects which limit the lifetime 
and reliability of ferroelectric-based devices. Numerous efforts have been undertaken to better 
understand the physical mechanism of the retention failure which manifests itself in the 
spontaneous reversal of polarization leading to a progressive loss of stored data. It has been 
proposed that retention failure in thin ferroelectric films is largely determined by the 
depolarizing fields resulting from incomplete compensation of the polarization charges at the 
film-electrode interface [2,3], However, so far most of the studies of this effect focused on 
controlling macroscopic integral parameters of ferroelectric capacitors and could not provide 
information on the exact nature of polarization decay. In this respect, application of high 
resolution techniques such as scanning force microscopy (SFM) in conjunction with 
conventional electrical measurements may provide an opportunity to achieve a unique insight 
into the real physical processes which occur in ferroelectric thin films. Recently, it was shown 
that SFM operating in the piezoresponse mode, or piezoresponse scanning force microscopy 
(PFM), is a well-suited technique both for nanoscale imaging and control of ferroelectric 
domains and for investigation of the basic mechanism of degradation processes in ferroelectric 
thin films by direct observation of their domain structures [4-12]. The aim of this paper is to 
investigate the nanoscale retention behavior of ferroelectric SrBi2Ta20g (SBT) thin films. One 
of the advantages of these films compared to films of the PZT family is their fatigue-free 
behavior [13]. However, their retention properties, which are closely related to the performance 
of memory devices, have been less studied [ 14-16]. In this article, we report on PFM studies of 
the mechanism of polarization retention loss in SBT films via the direct observation of then- 
domain structures. Another issue which will be addressed here is nanoscale electrical 
characterization of SBT films and direct mapping leakage current sites by SFM. 

EXPERIMENT 

The principle of domain observation in PFM was described in detail elsewhere [4]. In 
brief, it is based on the detection of the local electromechanical vibration of the ferroelectric 
sample caused by an external ac voltage applied through the conductive tip. The voltage with a 
frequency a), causes a film vibration with the same frequency due to the converse piezoelectric 
effect. The modulated deflection signal from the cantilever is detected using the lock-in 
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technique. The phase of the vibration signal depends on the sign of the piezoelectric coefficient 
and polarization direction. This means that regions with opposite orientation of polarization 
should appear as regions of different contrast in the piezoresponse image. 

In this study, a commercial force microscope Autoprobe CP (Park Scientific Instruments) 
was used. The external dc or ac voltage was applied to a standard gold coated Si3N4 cantilever 
with a spring constant of 0.1 N/m and a resonant frequency of 34 kHz. The probing tip with an 
apex curvature radius of about 20 nm was in mechanical contact with the film surface during 
the measurements (repulsive force regime). The domains were imaged by scanning the film 
surface while applying the 3.5 V, 10 kHz ac voltage to the tip. A topographic image of the film 
surface was taken simultaneously with the domain image. At the scan rate of 1 Hz, it took about 
4 min to acquire one pair of images. However in some cases, this time could be reduced to 2 
min or 1 min by obtaining only part of the image containing the area of interest. The time 
required for image acquisition determined the time resolution for retention measurements. For 
retention studies, local polarization reversal was induced by applying a voltage pulse of a 
certain polarity through the probing tip positioned at the center of a single-domain region. 
Subsequently, the evolution of the domain structure was monitored by acquiring piezoresponse 
images of the poled area at different time intervals |"5]. The retention behavior was determined 
by measuring the time dependence of the fraction of the area retaining the switched polarization 
with taking into account the magnitude of the piezoresponse signal within the written domain. 
For this purpose, the recorded domain patterns were analyzed using the ULTIMAGE 2.5.1 
image processing program [17]. This approach allowed us to obtain quantitative information on 
the dynamics of polarization decay at nanoscale. 

Nanoscale mapping of local current and measurements of local I/V characteristics have 
been performed by means of SFM with a lock-in amplifier in the SFM set-up being substituted 
by an I/V converter. The leakage current images were obtained by scanning the sample with the 
tip connected to the converter while applying a constant dc bias to the bottom electrode. This 
approach allows direct studies of the conduction and breakdown mechanisms in ferroelectric 
films and establishing correlation between the film morphology and the I/V map. 

The SBT samples used in this study were 140-nm-thick CVD grown films which were 
deposited at 400 -C to 450 °C followed by post annealing for 1 h at 700 9C in an oxygen 
atmosphere. Two types of the bottom electrodes were used in retention measurements, namely 
Ir(120 nm) and Pt(180 nm) electrodes sputtered on silicon wafers with 
TiC>2(25nm)/SiC>2(300nm) layers. I/V measurements were conducted using SBT/Ir films. 
Auger electron spectroscopy of the SBT films on the Ir electrode showed the presence of a 
25nm-thick IrC>2 layer at the SBT/Ir interface after annealing. Details of the film preparation 
have been presented elsewhere [18]. The ferroelectric testing of the samples gave the following 
values of remnant polarization Pr and coercive voltage Vc for an applied voltage of 5 V: Pr = 
8.2 uC/cm2 and Vc = 0.68 V for the SBT/Pt film; Pr = 6.6 uC/cm2 and Vc = 0.85 V for the 
SBT/Ir02 film. 

RESULTS AND DISCUSSION 

Retention behavior of SBT films 

Figures 1(a) and (b) show simultaneously acquired topographic and piezoresponse 
images of the SBT/Pt sample. The topographic image reveals the crystallite structure with 
clearly resolved morphological features. By monitoring the phase of the piezoresponse signal it 
was determined that the dark regions in Fig. 1(b) represent domains with the polarization vector 
oriented toward the bottom electrode (hereafter designated "positive" domains), while the 
bright regions correspond to domains oriented upward ("negative" domains). According to 
earlier SFM data, the gray tone in the piezoresponse can be attributed to the crystallographic 
orientation of the grains deviating from the (100) direction [19, 20]. Note that the secondary 
non-ferroelectric phases of SBT which usually exhibit very different morphology could also 
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cause a gray tone in the piezoresponse image (for example, the small inclusions in the central 
part in Fig. 1 (a) exhibit a gray tone in Fig. 1 (b)). 

Figure 1. Simultaneously obtained (a) topographic and (b) piezoresponse images of 
the SrBi2Ta20g film on the Pt electrode. White and black regions in the 
piezoresponse image correspond to negative and positive domains, respectively. 

For retention measurements, single grains about 200-400 nm in size which exhibit a 
sharp as-grown domain contrast, were chosen. A topographic image of the SBT/Pt sample in 
Fig. 2(a) shows two grains, mostly in a positive polarization state (oriented downward) which 
was deduced from the piezoresponse image in Fig. 2(b). Application of a switching (poling) 
voltage pulse of -6 V, 5 s to the left grain resulted in the formation of a negative domain about 
180 nm in size seen as a bright spot in the center of the grain (Fig. 2(c)). Figures 2(d), 2(e) and 
2(f) illustrate the process of retention loss in the SBT/Pt film appearing as a gradual decrease 
in the size of the written domain due to spontaneous backswitching. As no significant change 
in the magnitude of the piezoresponse signal within the domain was detected, it can be stated 
that the backswitching process proceeds mainly through the sidewise motion of domain walls. 
It should be noted that the thickness of the domain walls of the shrinking domain ranges from 
19 nm to 36 nm, which is larger than the value from 8 nm to 14 nm measured for the 
boundaries of stable domains (Fig. 1(b)). [The latter figures reflect only the thickness of the 
"visible" domain wall, which is determined by the experimental conditions, not the real 
physical thickness of the 180s domain wall which could be as thin as several unit cells]. This 
effect, which reflects the basic mechanism of polarization decay, is caused by the disparity 
between the time resolution of the imaging method and the velocity of the moving domain wall. 
From a quantitative analysis of the domain images it can be inferred that during the 
backswitching process the wall speed changes. 

Figure 3 shows the time dependence of the normalized retained polarization P(t) with 
respect to the initial polarization P0 for different poling times. The retained polarization P(t) 
shows a log-time dependence: P(t) = Po - mlog(tlto), where m can be interpreted as a decay 
rate [21]. The log-time dependence suggests a broad distribution of relaxation times in SBT 
films even at the nanoscale level. Note that the shape of the shrinking domain becomes 
irregular due to the spatial variation in the wall velocity. 

The above results, obtained using SBT/Pt films, concerned domains in a negative 
polarization state, i.e. oriented toward the film surface. However, the exaggerated asymmetry of 
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Figure 2. Retention loss observed in the SBT/Pt film: (a) topographic image; (b) as- 
grown domain structure; (c) domain structure about 1 min after dc poling (-6 V; 5 s); 
(d-f) domain structures acquired at different time intervals after the removal of the dc 
bias: (d) 5 min after poling; (e) 20 min after poling; (f) 40 min after poling. 
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Figure 3. Dynamics of retention loss in the SBT/Pt film for different poling times. The 
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boundary conditions in the tip/film/electrode heterostructure should lead to a significant 
difference in the stability of domains of opposite polarities due to the presence of a strong 
internal bias. To verify this assumption we carried out retention measurements of positive 
domains, i.e. oriented toward the bottom electrode, using the same experimental approach: an 
as-grown negative domain, detected on the film surface was switched by applying a positive 
voltage pulse, after which the evolution of the written positive domain was examined by 
acquiring piezoresponse images at different times. Indeed, it was found that positive domains 
exhibited quite different retention behavior compared to negative domains, namely, they were 
found to be fairly stable and did not show any significant dependence on switching parameters 
up to 96 hours of retention. This behavior is illustrated in Fig. 4(a). While the negative domain 
produced by a (-6 V; 1 s) voltage pulse disappeared in 6 minutes, the positive domain written 
by a (6 V; 1 s) voltage pulse showed almost no decay 48 hours after poling. 

On the other hand, it has been found that in SBT films deposited on Ir02 electrode 
domains of both polarities exhibit very good retention as illustrated in Fig. 4(b). Both negative 
and positive domains written by (8 V; 1 s) switching pulses showed almost no sign of 
relaxation to the original slate for 96 h, in striking contrast to the retention behavior of the SBT 
films on Pt electrode. It should be noted that the threshold switching voltage in the SBT/IrC>2 
sample was higher than in the SBT/Pt film and that reliable switching of the same scale in the 
SBT/Ir02 sample was achieved at a higher switching amplitude. 
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Figure 4. Retained polarization as a function of time for positive and  negative 
domains in the (a) SBTlPt and (b) SBTIIr02film. 

Retention loss in ferroelectric capacitors is generally attributed to the presence of the internal 
electric field due to two basic effects: incomplete screening of the depolarizing field and 
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formation of a depletion layer at the film/electrode interface [2, 3]. The incomplete 
compensation of the polarization charges by the electrode charges [3] leads to the existence of 
a residual depolarizing field, E,-d, which is compensated via redistribution of electronic charges 
in the interior of the film and subsequent formation of the space (screening) charge trapped 
near the film/electrode interface. The residual depolarizing field is polarization dependent and 
quickly changes its sign upon polarization reversal. At the same time, the field produced by the 
space charge, the screening field Es, retains its sign long after switching, since its decay rate is 
determined not by the RC time constant of the electric circuit but rather by the Maxwell 
relaxation time, which is a function of the bulk conductivity of the film. 

However, the observed difference between the retention properties of SBT/Pt and 
SBT/Ir02 films suggests a strong effect of the film/electrode interface on their retention 
behavior. A built-in internal bias could arise at the film/electrode interface due to the difference 
between the work functions of the metal electrode and a semiconductor ferroelectric film. The 
built-in bias is not polarization-dependent and is always pointing in one direction. Formation of 
the built-in bias in the SBT/Pt sample can be understood from analysis of the band structure of 
the SBT/Pt interface [22, 23]. It has been showed that in SBT films, which behave like a p-type 
semiconductor, an inversion n-type layer exists near the SBT/Pt interface. Electrons entrapped 
at positively charged oxygen vacancies produce an internal bias in the depletion layer, which 
was estimated to be about 2 nm thick. From that analysis it could be inferred that the internal 
bias Ehi should point to the electrode. 

In stable conditions, for as-grown domains of both polarities the residual depolarizing 
field is fully compensated by the screening field of the space charge. After an external bias is 
applied to the film to produce the opposite domain, the screening field which stabilized the 
original domain, tends to switch the new domain back. However, as shown above, in SBT/Pt 
films only negative domains follow this pattern while positive domains exhibit strong retention. 
The reason for this different retention behavior of opposite domains can be attributed to the 
presence of the built-in electric bias Ebj in the depletion layer. This field, which is oriented 
downward, generates nuclei of positive domains near the film/electrode interface triggering the 
backswitching process. Forward growth of these nuclei towards the film surface is driven by 
the screening field Es which extends through the film thickness. As a result, the decay of the 
written negative domain is observed. In contrast, when a positive domain is written by the 
external voltage, its polarization points in the same direction as E\,\ and, hence, the nucleation of 
negative domains at the interface is hampered and backswitching of the positive domain does 
not occur. The sidewise wall motion mechanism of polarization decay can be explained by the 
higher nucleation probability at the existing domain wall as such nuclei have lower energy [24]. 
The nuclei grow through the film forming steps on the existing domain wall. It is likely that 
nucleation occurs at the facets of these growing steps which leads to the apparent broadening 
of the moving domain wall. 

The suggested model implies that the depletion layer plays an important role in the 
retention behavior of SBT films by triggering the backswitching process. Hence, the retention 
behavior would be significantly improved in the absence of the built-in electric bias at the 
interface. This situation could be realized by using metal oxide electrodes, such as IrC>2 which 
forms a more ohmic contact with SBT than Pt [23]. The oxide electrode provides a source of 
oxygen ions which should result in the reduced built-in field at the interface and enhanced 
retention. The excellent retention behavior observed in the SBT/IrC>2 films supports this model 
and the role of the depletion layers. 

Nanoscale I/V measurements and leakage current mapping 

Nanoscale measurements of the local current-voltage (I/V) characteristics and mapping of 
leakage current can be performed by means of SFM if a lock-in amplifier in the SFM set-up is 
substituted by an I/V converter [26, 27]. By positioning the tip at a selected point on the film 
surface and by sweeping a dc voltage, the I/V characteristics in this particular point can be 
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directly measured. A leakage current map can be obtained simultaneously with the topographic 
image by scanning the sample with the tip held under a constant dc bias. Upon an increase in 
the bias from scan to scan the formation of the sites of high leakage as a result of induced local 

Figure 5. (a) Topographic image of the IrlSBTIIr capacitor. The scanning area is 5x5 
fim' ■ (b) FIV curve measured at the same capacitor. 

dielectric breakdown can be observed. This approach allows direct studies of the conduction 
and breakdown mechanisms of ferroelectric films and establishing correlation between the film 
morphology and the I/V map. These measurements were carried out using SBT/Ir02 films with 
different Sr/Bi ratio: 0.90/2.00 and 0.84/2.31; The sensitivity of our system was about 5 pA. 

Figure 5(a) shows a topographic image of an Ir/SBT/Ir capacitor: the top Ir electrode of 
about 1 urn in diameter was sputtered on the 5x5 urn2 plate of SBT deposited on the Ir bottom 
electrode. A current flow through the capacitor was measured by positioning the tip at the top 
electrode and by sweeping a dc voltage. The current-voltage characteristics of the capacitor for 
the dc voltage ranging from -6 V to 6 V are shown in Fig. 5(b). It can be seen that the I/V curve 
is almost symmetric for positive and negative bias and the voltage dependence of the current is 
quadratic above 2 V suggesting the space-charge-limited conduction mechanism [23]. 

Nanoscale mapping of leakage current sites revealed qualitatively different microscopic 
conduction mechanisms in the SBT films with different Sr/Bi ratio. Figure 6 shows the 
topographic and current images of the SBT (0.84/2.31) film. In the current image obtained 
under the -8.5 V bias, brighter regions can be seen on the gray background. Location of these 
regions, which represent areas with a higher level of the leakage current (of about 30 pA), 
coincides with location of the grain boundaries in the topographic image. This observation 
suggests that in the SBT (0.84/2.31) films breakdown occurs mainly along the grain 
boundaries. On the other hand, current images taken from the SBT(0.90/2.00) film show that 
breakdown in this film also begins along the boundaries of some particular grains. However, 
upon an increase in the dc bias the breakdown process proceeds via an increase in the leakage 
current through the grains themselves. This mechanism of breakdown is illustrated in Fig. 7. 
The leakage current measured at the -9 V bias was about 7 nA, i.e. 3 orders of magnitude 
higher than in the SBT (0.84/2.31) films. The reason for such a different behavior is not clear. 
This effect could be due to the defect structure of the grains or due to the variations in the 
bottom electrode properties. Further I/V measurements as well as local structure analysis are 
necessary to clarify why these particular grains serve as the breakdown sites. 

CC8.5.7 



Figure 6. Topographic (a) and current (b) images of the SBT (0.84/2.31) film at the dc 
bias of-8.5 V. Bright regions in the current image correspond to the higher values of 
leakage current. The scanning area is 2x2 pim^. 

is-T- gj»ki 

Figure 7. Topographic (a) and current (b-d) images of the SBT (0.90/2.00) film 
obtained at the successively increasing dc bias (b) -6 V; (c) -6.5 V; (d) -7 V. Bright 
regions in the current image correspond to the higher values of leakage current. 
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CONCLUSIONS 

In this study, the nanoscale mechanism of retention loss in SBT films has been studied 
by means of piezoresponse force microscopy (PFM). It has been found that the retention 
behavior of SBT films on Pt electrodes is polarization-dependent: positive domains with the 
polarization vector pointing to the bottom electrode exhibit excellent stability in contrast to 
negative domains which show poor retention. This effect is attributed to the presence of the 
polarization-independent built-in bias at the SBT/Pt interface which triggers the backswitching 
process by nucleating positive domains. Once started, this process is further governed by the 
polarization-dependent space charge field which screens the original polarization state. The 
backswitching of negative domains, which proceeds via the sidewise motion of domain walls, 
shows a log-time dependence suggesting a broad distribution of relaxation times at the 
nanoscale level. This model is supported by the observed stability of both the positive and 
negative domains in the SBT films with Ir02 electrodes due to the inhibited nucleation at the 
ohmic SBT/Ir02 interface. 

It has been shown that measurements of the I/V characteristics of the ferroelectric thin 
films and capacitors can be performed at the nanoscale level by means of SFM. Currents as 
low as 5 pA could be reliably detected by SFM operating in the contact mode and using a 
conductive probe. Nanoscale measurements of the local I/V characteristics and mapping of 
leakage current allows direct studies of the conduction and breakdown mechanisms of 
ferroelectric films and establishing correlation between the film morphology and the I/V map. 
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ABSTRACT 

Epitaxial ferroelectric films undergoing a cubic-tetragonal phase transformation relax internal 
stresses due to the structural phase transformation and the difference in the thermal expansion 
coefficients of the film and the substrate by forming polydomain structures. The most commonly 
observed polydomain structure is the clalcla polytwin that relieves the internal stresses only 
partially. Relatively thicker films may completely reduce internal stresses if all three variants of 
the ferroelectric phase are brought together such that the film has the same in-plane size as the 
substrate. In this article, we provide experimental evidence on the formation of the 3-domain 
structure based on transmission electron microscopy in 450 nm thick (001) PbZr0.2Tin.sO3 films 
on (001) SrTi03 grown by pulsed laser deposition. X-ray diffraction studies show that the film is 
fully relaxed. Experimental data is analyzed in terms of a domain stability map. 

INTRODUCTION 

Polydomain formation in epitaxial ferroelectric films undergoing a cubic-tetragonal phase 
transformation is a mechanism that relaxes internal stresses that are a result of the lattice misfit 
due to the structural phase transformation and the difference in the thermal expansion 
coefficients of the film and the substrate. The polydomain structure consists of the three possible 
orientational domains of the tetragonal phase separated from each other by elastically compatible 
90° domain walls. Figure la shows all possible orientational variants of the ferroelectric phase 
and possible polydomain structures due to a cubic-tetragonal transformation. Ferroelectric films 
are deposited at temperatures above the transition temperature and the internal stresses are 
usually completely relaxed by misfit dislocations at this temperature [1,2]. Thus, just before the 
structural phase transformation at Tc the films are usually stress-free and tensile internal stresses 
develop below Tc due to the phase transformation. Therefore, most common microstructure 
observed in epitaxial films PbTi03 [2] and tetragonal Pb(Zr,Ti)03 solid solutions [4] is the 
clalcla polydomain consisting of alternating platelets of c-domains with the tetragonal axis 
perpendicular to the film-substrate interface and a-domains with the c-axis of the tetragonal film 
along [100] or [010] directions, called ar and a2-domains, respectively (Figure lb). The clalcla 
polytwin structure relaxes the internal stresses only partially by reducing the biaxial stress state to 
a uniaxial one. The internal stresses due to lattice misfit can be completely reduced if all of the 
three variants of the tetragonal phase are arranged such that the film has the same in-plane size as 
the substrate [5,6]. In this article, we present experimental results that confirm the existence of 3- 
domain structures in epitaxial ferroelectric films and we show that the internal stresses in these 
ferroelectric films are indeed completely relaxed. 
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Figure 1. (a) Cubic paraelectric phase and the three ferroelectric tetragonal variants, (b) the simple 2-domain 
clalcla polydomain structures, and (c) the cellular 3-domain architecture. 

THEORY 

If a ferroelectric film is grown epitaxially on a thick cubic substrate such that (001 )ßh, is 
parallel to (00l)subslrn,(, the misfit due to the difference in lattice parameters of the film and the 
substrate may be described by the following misfit strain tensors for o,-, a2-, and c-domains, 
respectively, as: 

0 0^ 

0 

0 bM ) 

0s) 

0 

(s 

CM J 

0 

0 

0^ 

0 (1) 

'eu    0 
0    e'T 

°     °    g*- 
where e'T = eM +eT, £M ={a- äs )las is the effective misfit strain, £f=(c-a)/a is the tetragonality of 

the ferroelectric lattice, a and c are the unconstrained lattice parameters of the film, and äs is the 
effective substrate lattice parameter taking into account the relaxation by misfit dislocations at 
the deposition temperature TG [1,2]. For a homogenous mixture of domains, the condition for 
complete relaxation of the average stress is <eu >=<£vv>=0, where <£„> and <£„> are the 
average strains along [100] and [010] directions, i.e.: 

'0   0 0 
«, e" +a2ef +a3£3" = 0   0 0 

J)   0   (a, +a2)eM +a,e;, 

Here,   au   a2, and a3 are  the  volume  fractions  of ax-,  a2-,  and  c-domains,  respectively 
(a,+ö2+ff3=l). Full relaxation is attained is attained for a\=a2, and: 

al=2eMlsT+\, (3) 

if -(£T/2)<eM <0. The resultant domain structure is due to (i) relaxation by misfit dislocations at 
Ta and (('/) relaxation by polydomain formation below the transformation temperature Tc. These 

(2) 
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two different mechanisms are taken into account through the dislocation density dependence of 
the misfit strain, i.e., eM , and the tetragonality, eT. 

The architecture of the 3-domain structures is dictated by the energy of the interdomain 
interfaces, the energy of the junctions where the three domains come together, and by the 
microstresses at the film-substrate interface [7]. These factors increase the total energy of the 
system although the elastic energy of macrostresses is effectively reduced to zero. Their interplay 
results in a critical thickness below which the 3-domain state is not stable [5]. A complete 
theoretical treatment of the 3-domain structures will be presented in a future article. 

EXPERIMENTAL RESULTS AND DISCUSSION 

Experimentally, 450 nm thick (001) PbZro.2Tio.8O3 (PZT) films on (001) SrTiOj (STO) 
substrates were deposited at 650°C and 100 mTorr oxygen partial pressure by pulsed laser 
deposition (PLD). X-ray diffraction (XRD) experiments for all samples were done on a four- 
circle Siemens D5000 diffractometer with monochromatic Cu K« radiation. Crystallographic 
characterization was accomplished with standard 19-26scans, <9-rocking curves, and f scans. 
Epitaxial growth in the samples was established from tp-scans and the presence of only 00/ type 
reflections in the 6-26 diffraction pattern. A Phillips 430 transmission electron microscope 
(TEM) operated at 300 keV was employed to obtain plan-view microstructures. The samples 
were prepared by dimpling and ion milling from the substrate side. 

The 6-26diffraction pattern in the 40-50° range is shown in Figure 2a. The lattice parameters 
calculated from the 200 and 002 6-26diffractions of PZT give a=0.3930 nm and c=0.4130 nm, 
very close to the lattice parameters of the target and the bulk lattice parameters [8], indicating 
that the epitaxial stresses are completely relieved. The fraction of c-domains is approximately 
0.80, established form the relative integrated intensities of the 200 and 002 PZT 0-rocking 
curves following the methodology of Hsu and Raj and Kang etal. [9]. 
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Figure 2. XRD pattern of the sample in the 40-50" range. 
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m (c) 
Figure 3. (a) Bright field micrograph taken from a plane-view TEM sample showing the cellular arrangement of all 
the three domains and (b) and (c)dark field image staken with(IOO) and (010) reflections. 

The plane view TEM micrograph in Figure 3a displays the microstructure that consists of all 
the three possible domains of the tetragonal ferroelectric phase. The film is divided into cells of 
odomains in the (001) plane bound by a,- and ö2-domains along the [100] and [010] directions, 
respectively. The c-domain fraction is consistent with XRD results and the fractions of «i-and a2 

domains are equal as predicted theoretically. Furthermore, high-resolution TEM reveals the 
presence a pseudo-orthogonal network of misfit dislocations with Burgers vectors b=[100] and 
b=[010] (see Fig. 3b and c). Spacing between dislocations is -40 nm, corresponding to a linear 
density of 0.0025 nm"1. Since the tetragonality for PZT is approximately 5.2 % [8] and the 
observed c-domain fraction is -0.80, eM ={a-as )/Ss should be equal to -0.5 %. Therefore, 

5S should be 0.3954 nm at room temperature (compared to the bulk lattice parameter of STO 
which is 0.3905 nm [8]), corresponding to a 73 % relaxation by misfit dislocations when 
extrapolated to the deposition temperature (thermal expansion coefficient of STO=llxlO"6 °C"'). 
The theoretical linear dislocation density is approximately 0.0030 nm"1, in good agreement with 
experimental observation. 

The results can be elegantly combined on a domain stability map as shown in Figure 4 using 
the effective misfit strain concept [1,2] and the temperature dependencies of the lattice 
parameters of the film and the substrate. The domain stability map is constructed by comparing 
the total elastic energies of all possible single domain and polydomain structures following the 
formalism of our previous article [10]. Full theoretical derivation leading to the domain stability 
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map and its analysis will be given elsewhere. It can be shown that ar and a2-single domains are 
not stable for any given pair of eM and £r. Furthermore, the clalcla polytwins are also unstable 
because for any pair of eM and eT, their energy is always larger than either the single domain c, 
the aila2laila2 polydomain, or the 3-domain structure. The lower and upper limits of the c- 
domain fraction a3 [see Eq. (3)] for the 3-domain structure define the phase stability boundaries 
between a\la2la\lai and the 3-domain state and the 3-domain state and the single domain c, 
respectively (a3=0, i.e., er=-2eM and a3=l, i.e., eM=0). Within the stability area of the 3-domain 
structure, a3 gradually changes from 0 to 1 as the misfit approaches 0. To compare theoretical 
analysis with experimental results, the effective misfit strain and tetragonality pairs for the PZT 
film on STO substrate are evaluated at different temperatures and their respective positions on 

-0.8      -0.6      -0.4      -0.2       0.0 

Effective Misfit Strain, eit {%) 
Figure 4. Domain stability map for 450 nm thick (001) PZT films on (001) STO substrates. Filled circles represent 
the expected position of the theoretical effective misfit strain and tetragonality pairs at different temperatures form 
2S°C to 400"C. On the thin line in the 3-domain region (equi-fraction line), the c-domain fraction is constant and is 

equal to 0.80. 

the domain stability map are marked (see Figure 4, full circles). On the thin line given by 
eT = -10 • £M, a3 is constant and is equal to 0.80 [see Eq. (3)]. This line passes through the point 
[£M (25°C), er (25°C)], indicating that the c-domain fraction is -0.80 at room temperature. or3 

increases with increasing temperature since the slopes of the equi-fraction lines approach the 
vertical axis given by eM =0. 

The domain structure shown in Figure 3a may play an important role in the switching 
characteristics of ferroelectric films. We have shown experimentally that the switching in (001) 
PZT films on (001) LaA103 substrates proceeds faster in thicker films (-400 nm) compared to 
thinner films of thickness h<\Q0 nm under pulsed testing conditions [11]. The microstructure of 
the films observed via TEM changed from a single-domain state (A<60 nm) to a polydomain 
structure (h> 60 nm) with gradual decline in the c-domain fraction coupled with increase in the 
density of 90° domain walls. The polydomain formation was accompanied by relaxation of 
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internal stresses. Although it is difficult to single out the formation of polydomain structure as 
the only reason for faster switching in these films with increasing h, together with atomic force 
microscopy studies that show heterogeneous nucleation of reversed domains at 90° domain walls 
in 400 nm PZT films on STO substrates [12], it is reasonable to hypothesize that they have a 
distinct contribution to the process of polarization reversal. 

CONCLUSION 

We have shown that in epitaxial tetragonal ferroelectric films, the internal stresses may be 
completely relaxed with the formation of a polydomain structure that consists of all the three 
variants of the ferroelectric tetragonal phase. TEM observations prove the existence of such 
structures and x-ray diffraction studies show that the internal stresses are indeed relieved by the 
creation of the three-domain architectures. A domain stability map is constructed that takes into 
account the possibility of the formation of the 3-domain structures. Theoretically predicted 
domain fraction is in excellent agreement with experimental results. The specifics regarding the 
dislocation structure, full TEM and XRD analysis, and theory can be found in [13]. 
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ABSTRACT 

Near field optical second harmonic microscopy has been applied to imaging of the c/a/c/a 
polydomain structure of epitaxial PbZrxTii_x03 thin films in the 0<x<0.4 range. An uncoated 
adiabatically tapered fiber tip was employed in our microscope which, according to our 
previous research [5] could yeild a resolution of up to 80 nm. Experimentally measured near- 
field second harmonic images have been compared with the results of theoretical 
calculations. Good agreement between theory and experiment has been demonstrated. Thus, 
novel optical technique for nanometer scale ferroelectric domain imaging has been 
developed. 

INTRODUCTION 

Ferroelectric thin films attract much current attention for applications in nonvolatile 
random access memories [1] because of the ability of these materials to sustain spontaneous 
polarization below the Curie temperature. The ultimate performance of thin film memory 
devices depends on the spatial-temporal properties of individual ferroelectric domains. A 
better understanding of these properties requires experiments performed with nanometer 
spatial and sub-nanosecond temporal resolution. Near-field optical microscopy may be the 
technique of choice for such purposes. Optical second harmonic generation is widely used to 
characterize the average structure and crystal orientation of ferroelectric films [2]. Near-field 
second harmonic microscopy is the logical extension of these far-field teniques. The main 
advantages of near-field second harmonic microscopy in comparison with other scanning 
probe techniques, such as the recently developed piezoresponse atomic force microscopy [3], 
are the possibility of fast time-resolved measurements, and substantially smaller perturbation 
of the sample under investigation. 

EXPRIMENTAL SETUP 

Our experimental setup is shown in Fig.l. Weakly focused light (illuminated spot diameter 
on the order of 50u.m) from a Ti:sapphire laser system consisting of an oscillator and a 
regenerative amplifier operating at 810 nm (repetition rate up to 250 kHz, 100-fs pulse 
duration, and up to 10 uj pulse energy) was directed at an angle of incidence around 50° onto 
the sample surface. Excitation power at the sample surface was kept well below the ablation 
threshold. The local SHG was collected using an uncoated adiabatically tapered fiber tip, 
which is pulled at the end of a single mode fiber by the standard heating and pulling 
procedure. Tip curvature was measured using a scanning electron microscope. A fiber tip 
with an end diameter of about 50nm was scanned over the sample surface with a constant tip- 
surface distance of a few nanometers using shear force feedback control. As a result, 
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Figure 1. Schematic view of our near-field SH microscopy setup. P- and S- polarization 
directions of the fundamental light are indicated. 

surface topography images were obtained while simultaneously recording the SH near-field 
images. 

EXPRIMENTAL RESULTS AND DISCUSSION 

1. Near-field image of a/c/a/c structures 

Optical second harmonic generation (SHG) is a sensitive technique for characterization 
and investigation of the symmetry properties of different samples [4]. It is known to be 
affected by crystal structure, magnetic and ferroelectric order, mechanical strain, etc. Very 
recently we have introduced an apertureless near-field optical technique for second harmonic 
imaging using a bare tapered optical fiber tip externally illuminated with femtosecond laser 
pulses [5]. We have presented initial evidences of high spatial resolution of this technique (of 
the order of 80 nm), and indicated its sensitivity to local crystal symmetry. In this paper, we 
apply our technique to the imaging of polydomain c/a/c/a structures (consisting of alternating 
c-domains with the tetragonal axis perpendicular to the film-substrate interface, and a- 
domains with the c axis of the tetragonal film along either [100] or [010] directions of the 
substrate) that are commonly observed in thin epitaxial PbZrxTii.x03 films in the 0<x<0.4 
range, and in many other ferroelectric films such as BaTi03, PbTi03, KNb03, etc[6], 

A typical set of images of a 0.5 um thick pulsed laser deposited epitaxial PbZrxTi].x03 film 
grown on a centrosymmetric Lao.5Sr0.5Co03 (LSCO) substrate obtained under excitation with 
P-polarized fundamental light is presented in Fig.2. The SH image in Fig.2(b) obtained under 
illumination with P-polarized fundamental light clearly shows fine grid-like structure of SHG 
from the film surface consistent with the known arrangement of c- and a-domains in the film 
that is visible in the high vertical resolution AFM image of the film in Fig.2(c) [6], Spatial 
distribution of fundamental light was also measured and did not show any similar variations 
on this scale. 
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Figure 2. (a) topographical and (b) SH near-field optical image of a PbZrxTi,-x03 film. 
Images were 1.5 urn by 1.5 urn. Average number of SH photons collected through the tip was 
of the order of 200 photons per second, (c) 1.5 um by 1.5 |om AFM image of the same film. 
"Grid" structure corresponds to the boundaries of a-domains. 

2. Rotation symmetry of near field SHG from single crystal BaTi03 

In order to understand the main contrast mechanisms in the SH images, we performed a 
study of the polarization properties of the near- and far-field SH signal using a poled single 
crystal of BaTi03 as a sample (BaTi03 and Pb(ZrxTii.x)03 have similar perovskite structure 
and belong to the same tetragonal symmetry class). Phase-matched SHG is prohibited in the 
bulk of BaTi03 because of its strong dispersion [7]. As a result, the measured SH signal 
originates at the surface, which makes the experimental situation look very similar to the case 
of a thin film. Near-field SH signal dependencies on the polarization of the fundamental light 
for three different poling directions of BaTi03 crystal are shown in Fig.3. The SH signal 
exhibits 4-fold symmetry with respect to polarization angle rotation in the case (a) of poling 
direction located in the incidence plane of the fundamental light parallel to the crystal 
surface. The symmetry becomes 2-fold in the case (b) when the optical axis is perpendicular 
to the incidence plane. In case (c) (when the poling direction is perpendicular to the crystal 
surface) SH signal is much weaker than in cases (a) and (b). Big differences between these 
dependencies indicate that the near-field SHG may be used to recover local poling direction 
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Figure 3. Near-field SH signal dependencies on the polarization of fundamental light for three 
different poling directions of BaTi03 crystal (shown in Fig.4) with respect to the incoming 
fundamental light. P- and S- polarization directions of the fundamental light are indicated. 
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Figure 4. Orientation of the BaTi03 crystal with respect to the illuminating fundamental light 
for curves (a), (b), and (c) in Fig.3. 

in thin ferroelectric films.     In  order to do this, we must achieve some theoretical 
understanding of the reasons for such a difference. 

Surprisingly, most of the features of the near-field SHG may be understood from a very 
simple theoretical model described below. Let us consider fundamental light illuminating the 
tip of the microscope located near the BaTi03 crystal surface. Three different cases of the 
poling vector orientation are shown in Fig.4(a,b,c), where a is the incidence angle, and the z- 
axis is chosen to coincide with the poling direction of the crystal. All three cases may be 
considered in a similar way, so we will concentrate on case (b) and only present the final 
results for the cases (a) and (c). Let us consider the fundamental optical field distribution in 
the tip-sample region at distances much smaller then the wavelength A. of the fundamental 
light. In this region the quasi-electrostatic approximation may be used. The tip shape may be 
approximated as an ellipsoid with a very high aspect ratio. For P-polarized excitation light 
and y-component (the component perpendicular to the sample surface) of the optical field the 
exact analytic solution of the Laplace equation gives Etip(co)=EEyo(co) where e is the dielectric 
constant of the tip, Eyo is the incoming field and E,ip is the y-component of the field just 
below the tip apex. As a result, for the incidence angles a around n/2 the local SHG under the 
tip is enhanced by a factor of n8 (since I(2co),ip=E2

tip(2o))=E4
tip(m)=n8E4

yo(o))), where n is the 
tip refractive index. Assuming n=1.6 the enhancement factor equals about 40. It may be even 
higher (of the order of (2e)4 ) in the vicinity of a sample surface with a high dielectric 
constant, such as a metal or a ferroelectric, due to the image potential. In our discussion to 
follow, we will not consider any particular value of the field enhancement factor. Instead, we 
denote the fundamental field enhancement factor by y. The fundamental optical field 
components under the tip apex at a polarization angle $ can be written as: 

Ex = Ecos<l)coscx,       Ey = (Y/£b)Ecos<t>sina, = Esin(|), (1) 

where eb is the dielectric constant of BaTi03, <])=0 and <|>=90o correspond to P-polarized and 
S-polarized excitation light respectively. Taking into account the non-zero components of the 
second harmonic susceptibility tensor for BaTi03: %(2 _-v<2) X(2W = X<2)x/.x=17.7xlO-12 

nW,XU
z>T=X<)zxx= - 18.8xlOl2m/V, andx(2)

ZZ2 = -7.1xl012 m/V (where z is the poling 
direction) [8], the second harmonic field components at the lip apex may be written as: 

D<2)
x = x(2)xzxE2sin24)cosa, D(2)

y = (y/eb)x
(2)

xzxE
2sin24>sina, (2) 

D(2,z= (Y2/eb
2)x,2)

2XxE2cos2(t)sin2a + x(2)zxxE2cos20cos2a + x(2,zz2E
2sin24> 
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If we assume that the microscope tip collects only dipole radiation, 
optical signal will be proportional to 

I<2) = D<2,
2
2 + D(2)2 

the second harmonic 

(3) 

(SH dipoles that oscillate along the y-direction do not radiate towards the tip). Similar 
calculations of the field at the tip apex are easy to perform for cases (a) and (c). Let us point 
out that within our model the angular dependencies of the field E for the points in space 
around the tip apex should be approximately the same as in (1). Only the enhancement factor 
y is different for these points (its value changes from a maximum just under the tip apex to 
y=l far from the apex). So, in the final result one must replace the factors y4 and y2 by the 
average values <y4> and <y2> taken over all the area around the tip apex where the SH signal 
is collected. 

The final results of our calculations are presented in Fig.5. The best agreement with 
experimentally measured symmetry properties of the near-field SH polarization curves was 
achieved in the y = 5 -7 range for the field enhancement factor. This is reasonably close to the 
expected value of y= 2etiP. A much smaller value of the SH signal in case (c) is a 
consequence of the fact that t2) contains terms proportional to <y4> in the cases (a) and (b), 
but in case (c) the SH signal f2) is proportional to <y2> : 

F = D(2>X
2 + DI ,(2) 1 . 

y ■ :(<y2>/eb
2)X(2)x7.x2E4(sin22<))sin2a+cos4(|)sin22a) (4) 

The transition from near-field mode to far-field mode of the microscope operation (which 
corresponds to an increase in the tip-sample separation from a few nanometers to a distance 
of a few wavelengths of light) can be described mathematically within our model as a 
transition from y = 5 - 7 to "pi (no field enhancement by the tip). Results of numerical 
calculations for such a transition performed using (3) are also in good qualitative agreement 
with our experiment results. Both theoretical and experimental data have the same symmetry 
of the SH polarization dependencies in the near-field and far-field zones. This indicates that 
our simple model provides an adequate description of the essential physics involved in near- 
field observation of SHG from ferroelectric samples. 

600 

500 

100 200 300 
Polarization angle (degrees) 

Figure 5. Theoretical near-field SH signal dependencies on the polarization angle of 
fundamental light obtained in the geometry (a), (b) and (c) from Fig.4 for the field 
enhancement factor y = 7 and a = 45°. 
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Based on the developed understanding of the SHG contrast due to differences in 
ferroelectric poling directions, we have calculated spatial distribution of local SHG from a 
typical PbZrxTii.x03 film area showing c/a/c/a polydomain structure assuming lOOnm spatial 
resolution of the microscope. The results of such calculations are presented in Fig.6 for the 
case of P-polarized excitation light. As it is evident from Fig.3, SHG from c-domains forms a 
low background of the image. Much brighter SHG from 30-50 nm wide a-domains forms a 
grid-like structure that corresponds to the real geometry of domains (with some corrugations 
due to 100 nm spatial resolution of the microscope). Thus, the grid-like features observed in 
Fig.2(b) may be identified as a-domains of the PbZrxTii_x03 film. 

Figure 6. Calculated 1.5 um by 1.5 um image of SHG from a typical c/a/c/a polydomain film 
structure obtained assuming 100 nm spatial resolution of the microscope and experimentally 
measured (Fig.3) SH contrast between different poling directions. 
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ABSTRACT 

Motivated by the growing impact of PZT film orientation on ferroelectric film properties as film 
thickness is scaled down, we present basic studies on orientation selection in sol-gel derived PZT 
films, using pre-annealed Pt/Ti electrode layers as a model electrode system. FTIR was used to 
study, on a real temperature scale, chemical reactions in the films during the initial thermal steps 
prior to crystallization. We found that the chemical structure of the pyrolyzed film has a much 
larger impact on orientation selection than has previously been realized. In addition to pyrolysis 
conditions, the ambient used for the crystallization step was found to play a crucial role in 
orientation selection. As film thickness decreases, excessive oxygen incorporation in the films is 
seen to result in the loss of the preferential (111) texture when crystallization is performed in air. 
By performing crystallizations in N2, 40 nm thick PZT films with a strongly preferential (111) 
orientation could be obtained. 

INTRODUCTION 

Chemical solution deposition (CSD) is an established technique to prepare high quality Pb(Zn. 
x,Tix)03 (PZT) ferroelectric thin films for integration with silicon integrated circuitry. The large 
effect of orientation on Pr, poling behavior, and hysteresis loop abruptness has emphasized the 
need for methods to tightly control film orientation [1]. Due to the continued reduction of the 
operating voltage of silicon ICs, the reduction in the switching voltage of the films has become 
especially urgent in light of their application in nonvolatile memories based on destructive 
readout of a ferroelectric capacitor [2-4J. In our previous investigations on sol-gel derived PZT 
films, we uncovered the loss of preferential (111) orientation as the principal cause for hysteresis 
loop slanting and Pr reduction, observed in sub-100 nm PZT films on Pt electrodes [5]. This 
demonstrates the growing impact of film orientation on ferroelectric film properties as film 
thickness is scaled down. 
A good model system for basic studies on orientation selection in PZT is self-textured (111) Pt. 
Polycrystalline Pt films with a sharp (111) fiber texture are readily obtained in a reproducible 
way by sputtering on Si02/Si substrates using a thin (-10 nm) Ti layer to promote adhesion. In 
the literature on orientation selection in PZT, there is general agreement that the two dominant 
PZT orientations commonly observed on (111) Pt, PZT (100) and PZT (111), can be traced to the 
minimal PZT surface and minimal PZT/Pt interface energy configurations of the PZT nucleus on 
a (111) textured Pt electrode surface, respectively [6]. Moreover, it has been proposed that the 
(111) orientation of the PZT nucleus on a Pt (111) surface is energetically favored over the (100) 
PZT orientation in case a thin crystalline Ti02 seeding layer is present [7]. 
For sol-gel derived PZT films on (111) textured Pt electrodes, a great variety of factors have 
been shown to affect the relative amounts of (111) and (100) oriented material in the films after 
crystallization. Examples of such factors are precursor type and homogeneity [8-11], the Pb 
excess [12], type and heat treatment of the bottom electrode [13-15], as well as the temperatures 
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and heating rates applied for pyrolysis and crystallization [16]. A variety of models exist to 
explain these dependencies [6, 15-18]. For instance, Brooks et at. have speculated that variations 
in the valence of Pb are responsible for the observed variation in the PZT(111)/PZT(100) 
intensity ratio as a funtion of pyrolysis temperature [15]. Huang et al. [17] propose that oxidation 
reactions of the precursor are responsible for the reduction of Pb and the subsequent formation of 
Pt3Pb intermetallic, thought to serve as template for PZT (111) growth. Schwartz et al. [ 18] have 
shown that variations in the crystallization temperature, as a result of variations in precursor 
chemistry, can drastically alter the nucleation mechanism and hence the properties of sol-gel 
prepared PZT films. 
These observations convincingly demonstrate that the amorphous PZT gel to crystalline 
perovskite transformation mechanism is influenced significantly by chemical factors, as could be 
expected for a truly chemical preparation method such as sol-gel. However, the absence from the 
cited work of chemical structure studies, performed directly on the film during thermal 
processing, limits their applicability beyond the specific precursor chemistry employed. In this 
paper, we will firstly demonstrate that fundamental chemical information obtained from FTIR 
can gTeatly clarify the relationship between the thermal process sequence and the resulting 
orientation. Building on the insights gained from the FTIR studies, we present a comparison 
between the orientation selection behavior for films with standard thickness (200 nm) with 
reduced thickness (200 - 40 nm) films. 

EXPERIMENTAL 

Precursor solutions of three different Zr/Ti ratios (40/60, 30/70, 20/80) were prepared according 
to the procedure developed by Nouwen et al. [19]. This method has the peculiarity of using 
butoxyethanol, a less harmful and less reactive solvent compared with the more commonly used 
methoxyethanol. Pb acetate, and Zr and Ti propoxide were used as metal starting compounds. 
Precursor solutions were deposited by spin coating wafers at 3000 rpm for 30 s onto annealed 
Pt/Ti bottom electrodes. These bottom electrodes were prepared by deposition, using RF 
sputtering, of 10 nm Ti followed by 100 nm Pt on thermally oxidized (100) Si wafers. The 
reactive Pt/Ti stack was subsequently stabilized by rapid thermal annealing (RTA) at 700°C for 5 
minutes in 02. The result of this heat treatment is the presence of a small amount of Ti02 on top 
of Pt (111), making PZT (111) the energetically preferred orientation [20]. 
To study chemical evolution after deposition, the films were fired on a hot plate at a temperature 
varying between 50 and 600C for two minutes and analyzed with absorption-reflection infrared 
spectroscopy (AR-FTIR). This technique, which allows the identification of organic species left 
in the film, takes advantage of the fact that the PZT is deposited on a highly reflective surface 
like platinum. The AR-FTIR apparatus consists of an infrared spectrometer and a specular 
variable angle reflectance attachment [21]. To optimize the signal intensity an incident angle of 
50 degrees was used. 
To investigate the effect of processing parameters on chemical evolution with temperature, PZT 
films, with thickness varying from 40 to 200 nm, were fabricated using different heating 
schedules and analyzed by AR-FTIR prior to crystallization. Different thicknesses were obtained 
by employing different dilution ratios of the precursor in the butoxyethanol solvent. Both the 
pyrolysis temperature, the number of pyrolysis steps, and their duration was varied. 
Crystallization was performed at 600C, 30 min on hotplate in air, unless specified differently. A 
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measure for the degree of preferential orientation of the films was obtained by comparing the 
0-26 XRD peak intensities. 

RESULTS AND DISCUSSION 

Absorption-reflection FTIR spectra of sol-gel PZT films on Pt electrodes 

Figure 1 summarizes the chemical and structural information obtainable from FTIR 
measurements on sol-gel derived PZT films. Shown are the spectra recorded for a 30/70 PZT 
film prepared using butoxyethanol as the solvent, as a function of temperature [22]. In the as 
spun film, a broad band is observed between 700 and 450 cm"1, which relates to vibrations of the 
metal-oxygen bond. As the temperature is increased, this band gradually sharpens and at 600C, 
when the film is fully crystallized, only a sharp peak at 690 cm"1, attributed to M06 octahedra 
vibration [11], is present. The band between 1566 and 1414 cm"1, due to acetate groups, starts to 
decrease as the temperature increases and disappears completely between 300 and 350C. In the 
same temperature range (300-350C), a band between 1500 and 1300 cm"1, attributed to 
carbonates, appears. The presence of this band up to 550C indicates the persistence of carbonates 
until just below the temperature where the crystallization starts. 

OH Acetates      .. _ M-O 

4000 3500 3000 2500 2000 1500 1000 500 

Wa\aiuni>er(crri) 

Figure 1: AR-FTIR spectra as function of temperature for a 30/70 PZT film. The evolution of 
the OH band (3380 cm"1), which increases up to 200SC and decreases to disappear at 400aC, 
gives insight in hydrolysis and condensation. Acetate bands (1600-1400 cm") change into 
carbonate, which are present up to 550BC. The sharpening of the M06 band (700-450 cm"1) 
allows to monitor PZT crystallization. 

The broad OH band (-3380 cm"1), a salient feature of the AR-FTIR spectra, is of particular 
importance because it allows to monitor the presence of metal hydroxide, a necessary 
intermediate between the metal alkoxide and metal oxide bonding states. The intensity of the OH 
band increases up to 200C when the hydrolysis reaction (1) causes the number of hydroxyl 
groups to peak: 
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M-OR + H20 -» M-OH + R-OH (1) 

Above 200C, the intensity of this band starts to decrease as a result of condensation reactions (2), 
(3), to disappear entirely when the condensation process is complete: 

M-OH + M-OH -» M-O-M + H20 
M-OR + M-OH -» M-O-M + ROH 

(2) 
(3) 

Interestingly, the kinetics of the condensation process, as reflected in the temperature 
dependence of the intensity of the OH band, were found to depend strongly on the details of the 
pyrolysis treatment. Figure 2 compares the AR-FTIR spectra for PZT 30/70 films subjected to 
two distinct pyrolysis treatments: 200C (2 min) followed by 350C (2 min); or 350C (2 min) only. 
In the case where a prior "drying" step at 200C is applied, the OH band vanishes almost 
completely when subjected to a subsequent pyrolysis step at 350C, indicating the full 
condensation of OH bonds to yield M-O-M (reaction (2)). Meanwhile, if the sample is brought 
directly to 350C without prior drying step, a sizeable amount of OH bonds is left in the film at 
350C. We propose that due to the omission of the drying step, not all of the OR bonds have a 
chance to hydrolyze before the condensation reactions start. As a result, condensation in the film 
subjected to a single 350C step does not only involve the reaction of two OH groups to produce 
one water molecule (2) but also the reaction of OH with OR to produce alcohol (3). Presumably, 
the slower kinetics of the latter reaction (3) compared to reaction (2) explains the persistence of 
residual OH groups in the film pyrolyzed at 350C. 

200C, 350C Z min 

\       -^ 
 ,—r^StJ      / ■ 

^    / 

./-"' /1 V /\ /   1 
l            350C 2 ir 

OH 

4000     3500     3000     2500     2CC0     1500     10CO      500 

Waveiiumber (cm-1) 

Figure 2: AR-FTIR spectra of two 30/70 PZT films pyrolyzed at 350C, 2 min. In one case a 
drying step at 200C for 2 min was applied prior to the pyrolysis step at 350C. The difference in 
the intensity of the OH band should be noticed. 

Effect of residual organics on orientation selection in PZT 

A first example of how the AR-FTIR technique can provide insights in the role of chemical 
factors in orientation development, is shown in Figures 3 and 4. Figure 3 compares the AR-FTIR 
spectra of two identical 30/70 PZT films, subjected to two different pyrolysis treatments. Film 1 
received a 10 s pyrolysis treatment at 350C, whereas for film 2 the 350C steps was performed for 
2 min. As can be seen from the AR-FTIR spectra, film 2 is acetate-free while film 1 contains still 
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acetates due to the shorter pyrolysis time. This difference in chemical structure turns out to have 
a large influence on orientation development after crystallization. XRD patterns of the films 
crystallized at 600C for 30 min on hot plate, shown in Figure 4, demonstrate that while film 1 is 
strongly (111) oriented, film 2 has a mixed (111)/(100) texture. 

350C 2 min         S^^s- 

1       YY 
Acetates 7\\J\ 

OH                350C 10 s 

ss 
I 
X c 
e 

4000   3500   3000   2500   2000   1500   1000    500 

V\favenurrber (cm-1) 

Figure 3: AR-FTIR spectra of 30/70 PZT films pyrolyzed for different times at 350C. The one 
that was pyrolyzed for 10 seconds still contains large amounts of acetates while in the film that 
was subjected to a 2 min pyrolysis step, acetates have already transformed into carbonates. 
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Figure 4: XRD patterns of the same two films of Figure 3 after crystallization at 600C for 30 
min on a hot plate. The film pyrolyzed for 10 seconds shows a much higher degree of (111) 
orientation than the one subjected to a 2 min pyrolysis step. 

Z. Huang et al. [17] have proposed that burning off of organic molecules originating from the 
precursor can locally reduce the oxygen partial pressure in the film, resulting in the reduction of 
PbO to metallic lead at the Pt/PZT interface. They also demonstrate the (transient) formation of 
a Pt3Pb inter-metallic, which serves as a template for (111) growth of the PZT. Table 1 gives an 
overview of the interfacial compounds proposed by other authors to promote nucleation of (111) 
textured PZT grains in CSD-derived PZT films on Pt. 
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- i 200 

\        Si (200) | 
1 
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(Ill) (100) Ref. 
PtjTi Self-textured, F-face 6 

Pt5.,Pb PbO 16 
PtjPb - 17 

O-deficient pyrochlore O-excess pyrochlore (Pb'l+/Pb2*) 15 

Table 1: Interfacial phases proposed by other authors to explain the texture selection of sol-gel 
derived PZT on Pt (111) electrode layers. 

We note that all the transient phases, believed to induce (111) growth, are stabilized in a 
reducing ambient. Hence, the strong (111) texture in the film pyrolyzed for a shorter time period 
can be linked to the presence of oxidizable carbon in the form of acetate molecules, as observed 
by FTIR. The burn-off of acetate to C02 and H20 during the crystallization step is likely to have 
lowered the oxygen partial pressure at the PZT/Pt interface to the point where it caused the 
formation of one of the transient compounds, shown in Table 1. In conclusion, these results 
demonstrate that texture development is not solely dependent on the pyrolysis temperature as 
shown earlier by Brooks et al. [15], but on the duration of the pyrolysis treatment as well. 

Effect of residual OH groups 

Figure 5 shows the effect of the difference in OH band intensity which was discussed above, on 
film texture. Again, a large difference in film texture is seen, even though the pyrolysis 
temperature is the same in both cases. The larger OH bond density in the pyrolyzed film, caused 
by the omission of the drying step at 200C, obviously results in a lesser degree of orientation of 
the crystallized film. 

300000 - 

35  40  45  50  55  60 

2 theta 

Figure 5: XRD patterns after crystallization at 600C on HP for 30 min for two 30/70 PZT films, 
pyrolyzed at 350C for 2 min. The PZT peaks are indicated. In one case, a drying step at 200C 
for 2 min was applied prior to pyrolysis. The film that experienced the 200C drying step prior to 
pyrolysis features a much larger PZT (111)/ PZT (100) XRD peak intensity ratio. 

A proof that these observations are more generally valid is given in Figure 6, which shows the 
effect of a prior drying step at 200C on the (111) PZT peak intensity after crystallization, for 
films pyrolyzed at 350C, 400C and 450C. For pyrolysis at 400C and 450C, the decrease in the 
(111) PZT intensity as the drying step at 200C is omitted, is still observed, even though the effect 
is less pronounced than for pyrolysis at 350C. 
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Figure 6: Effect of pyrolysis temperature and drying step at 200C on the intensity of the PZT 
(111) peak for 200 nm thick 30/70 PZT films. Both the drying and pyrolysis steps were 
performed for 2 min. All the films were crystallized at 600C on hot plate for 30 minutes. 

In Figures 7 and 8, some fhermodynamical arguments are presented which could explain why the 
presence of OH bonds in the film as it transforms from amorphous to crystalline, can result in a 
mixed oriented film. The details of this model are presented in a forthcoming paper [23]. The 
presence of OH bonds in the amorphous metal oxide imparts an excess Gibbs free energy to the 
film. When OH bonds are removed through condensation reaction (2), internal free volume is 
eliminated by densification, resulting in a reduction of the excess Gibbs free energy term. 
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Figure 7: Schematic diagram of the Gibbs free energy G as a function of temperature, for the 
crystalline perovskite phase, the ideal supercooled liquid, and a sol-gel derived amorphous film 
with and without OH bonds present (adapted from Ref. 18). |AG'V|, the driving force for 
crystallization of a metal oxide film in which all OH bonds have been removed by condensation, 
is smaller than |AG2

V|, the driving force in case a large amount of OH bonds are still present in 
the film. (Tmp and TCTyst are the melting and crystallization temperatures, respectively.) 

The excess Gibbs free energy of the OH containing film also increases the thermodynamical 
driving force for transformation from the the amorphous metal oxide to the crystalline perovskite 
(Figure 7). As illustrated in Figure 8, this increase in the thermodynamical driving force lowers 
the barrier for heterogeneous nucleation, allowing the nucleation of (100) oriented PZT to 
happen along with the energetically favored (111) PZT. 
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Figure 8: Free energy of a growing perovskite nucleus at the PZT/Pt interface, as a function of 
nucleus radius. For films containing OH, the driving force is increased, resulting in a reduction 
of the barrier height fornucleation of both (111) and (100) oriented PZT grains. 

Orientation selection in thin (< 100 nm) films 

Films with thicknesses down to 40 nm were prepared to assess the effect of film thickness on 
orientation selection mechanisms. While for 200nm thick films, orientation is significantly 
affected by pyrolysis treatment, electrode characteristics, Pb excess, and heating rate during 
crystallization (Figure 9), the influence of these factors vanishes as the film thickness is scaled 
down below 100 nm. This effect is illustrated in Figure 10, which shows, as a function of film 
thickness, the influence of two different pyrolysis treatments on the (111)/(100) orientation ratio. 
We identified the oxygen partial pressure in the crystallization ambient as the single, dominant 
factor affecting orientation in sub-100 nm films. As shown in Figure 11, the orientation of films 
crystallized in air shifts to fully (100) as their thickness is reduced below 100 nm. Meanwhile, if 
the crystallization is carried out in N2, the orientation of the films becomes fully (111), regardless 
of film thickness. This effect is further illustrated in Figure 12, which demonstrates that the 
effect of crystallization in N2 is to "switch" the film orientation from purely (100) for a 40 nm 
thick film crystallized films in air to purely (111) for a 40 nm thick film crystallized in 02. We 
propose that for sub-100 nm films, the greater transparency of the film to 02 from the 
crystallization ambient leads to an increased oxygen partial pressure at the PZT/Pt interface, 
resulting in the suppression of the (111) PZT growth mode. The suppression of the (111) PZT 
orientation as film thickness is reduced is thus consistent with PZT (111) templating on one of 
the interfacial compounds listed in Table 1, which can be formed at the Pt/PZT interface under 
non-oxidizing conditions. 
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Figure 9: Effect of different factors on the 1(111)/I(100) peak intensity ratio in 20/80 PZT films 
with a thickness of 200 nm. Pyrolysis was carried out at 200C, 2 min followed by 400C, 2min, 
unless indicated differently. 
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Figure 10: Effect of film thickness on the 1(111)/I(100) orientation ratio for films subjected to 
two different pyrolysis treatments (350C, 2 min; and 200C, 2 min followed by 350C, 2 min). 
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Figure 11: Effect of film thickness on the I(lll)/I(100) orientation ratio for films subjected to 
two different crystallization treatments. 
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Figure 12: XRD spectra for 40 nm thick films, crystallized (a) in air (hot plate, 30 min, 600C), 
and in N2 (RTP, 30 min, 600C). 

CONCLUSIONS 

Chemical processes occurring in the precursor during the thermal steps preceding crystallization 
may have a larger effect on orientation selection than has previously been realized. Monitoring 
the chemical reactions in the films during pyrolysis by AR-FTIR has allowed us to identify two 
distinct cases where chemical structure has a clear impact on orientation. Firstly, the presence of 
residual organics in the film was shown to favor (111) textured growth. The likely mechanism is 
templating on an interfacial compound formed under reducing conditions at the PZT/Pt interface. 
Secondly, films with a large density of OH bonds prior to crystallization consistently turn out 
poorly oriented. By performing a drying step at 200C prior to the pyrolysis step, the (111)/(100) 
ratio of the films is increased as the films are OH free upon crystallization. We suggest that OH 
groups, present at the moment when the film starts to crystallize, impart an excess Gibbs free 
energy to the film, resulting in a greater thermodynamical driving force for crystallization from 
the amorphous metal oxide to the perovskite. This increased thermodynamical driving is 
believed to be responsible for the activation of (100) growth mode along with the energetically 
preferred (111) orientation. 
As film thickness is reduced, orientation selection becomes controlled by the oxygen partial 
pressure during the crystallization treatment. In the sub-100 nm thickness regime, this effect is 
dominant over other factors such as pyrolysis conditions, heating rate during crystallization, 
electrode properties, and Pb excess. By performing crystallizations in N2,40 nm thick PZT films 
with a strongly preferential (111) orientation could be obtained. 
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ABSTRACT 

Surface reaction mechanisms in the chemical vapor deposition of (Ba,Sr)Ti03 [BST] 
films were studied by investigating the effects of 02 gas and source supply ratios on the 
characteristics of atomic incorporation rates. The atomic incorporation rates of Ba, Sr, and Ti 
increased with increasing incident flux of each source material, and then the values of the atomic 
incorporation rates became saturated. The saturated values increased monotonously with 
increasing 02 gas flow rate, in a range where atomic incorporation reactions might be controlled 
by the kinetics on the film surface (kinetically limited). Accordingly, 02 gas may effect the 
behavior of film precursors on BST film growth surfaces. From this, we assumed a CVD 
model, where the precursors are transported onto the film surface and adsorbed on adsorptive 
sites, and where the 02 gas has an effect on the formation of the adsorptive sites. With this 
model, atomic incorporation rates and overall sticking coefficients for the CVD of BST films 
were numerically simulated, and were in good agreement with experimental results for several 02 

flow rates and source supply ratios. 

INTRODUCTION 

Three-dimensional (3D) stacked cells with high-dielectric-constant (Ba,Sr)Ti03 [BST] 
film have been proposed for Gbit-scale memories and beyond. Capacitors with such stacked 
cells require the BST film prepared by a chemical vapor deposition (CVD) method to have 
conformal step coverage. For this purpose, various apparatuses and processes for preparing 
BST thin films by liquid-source CVD have been developed to fabricate stacked capacitors in 
Gbit-scale integration [1-2]. The source materials have usually been bis (dipivaloylmethanato) 
barium [Ba(DPM)2], bis (dipivaloylmethanato) strontium [Sr(DPM)2], and titanium bis 
(isopropoxyl) bis (dipivaloylmethanato) [Ti(i-PrO)2(DPM)2] dissolved into organic solvent 
tetrahydrofuran (THF:C4H80). There is a report of conformal trench coverage values of >70% 
with a trench having an aspect ratio of 3.3 for CVD-BST films [3]. 

In order to improve the step coverage, it is important to understand the chemistry of 
precursors on the film surfaces. Accordingly, we measured the atomic densities contained in 
CVD-BST films using an X-ray fluorescence (XRF) method, and investigated characteristics of 
the atomic incorporation rates of Ba, Sr, and Ti at several source gas supply ratios at different 
substrate temperatures. Moreover, we discussed a CVD model for BST film under the 
assumption of the Langmuir isotherm adsorbing mechanism. In the model, adsorptive sites 
were assumed to be formed on the BST growth film surface. This assumption made it possible 
for film precursors to be adsorbed on the sites with their own sticking coefficients. Here, the 
sticking coefficients of the Ba and Sr precursors were considered to be affected by the species 
of precursors adsorbed thereon. Numerical simulations were performed on the assumed model, 
and calculated atomic incorporation rates showed a good agreement with the experimental results 

To further understand the surface reaction mechanisms in the CVD process, we studied 
the effects of 02 gas and source supply ratios on the behavior of precursors on the film surface. 
As reported in our previous paper [5], BST film characteristics including the step coverage are 
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strongly dependent on the 02 gas rates and source supply ratios in the CVD atmosphere. 
Therefore, we investigated the characteristics of atomic incorporation rates for BST films 
prepared for several 02 gas flow rates and source supply ratios. Then, we assumed a CVD 
model, where the effects of 02 gas were introduced into our previous model. Numerical 
simulations were performed on the assumed model, and atomic incorporation rates were 
calculated in the CVD for several 02 flow rates and source gas supply ratios. Moreover, overall 
sticking coefficient #m in the CVD of BST was estimated from the step coverage of the BST 
film deposited on the trench substrate. The obtained results were discussed by comparing them 
with calculated results using the atomic incorporation rates. 

EXPERIMENT 

Figure 1 shows a schematic diagram of the liquid source CVD apparatus used for the 
experiment. The source materials were Ba(DPM)2, Sr(DPM)2, and Ti(i-PrO)2(DPM)2 dissolved 
in THF. A mixture of these solutions was fed into a vaporizer, and then the vaporized gas and 
carrier N2 gas were mixed with oxidizer gas in a mixer. The resulting mixture was then 
introduced onto a heated substrate through a gas nozzle, and following this, the BST thin film 
was deposited onto a Si substrate. The film deposition conditions were as follows: an oxidizer 
gas flow rate of 1.0 slm, a substrate temperature Ts of 480 °C, a reactor pressure P of 5 Torr, and 
a carrier N2 flow rate of 0.2 slm. Here, the oxidizing gas consisted of 02 gas diluted with N2 

gas, where the ratio of 02 was in the range of 0.1 - 1.0. The flow rates of the supplied Ba, Sr, 
and Ti sources and their ratios y = [Ba(DPM)2+Sr(DPM)2]/[Ti(i-PrO)2(DPM)2] are 
summarized in Table I. The atomic densities of Ba, Sr, and Ti in the BST film were measured 
using an XRF method to investigate the atomic incorporation rates. 

RESULTS AND DISCUSSION 

Characteristics of atomic incorporation rates 

Figures 2(a), 2(b), and 2(c) show atomic incorporation rates of Ba, Sr, and Ti as a 
function of the 02 flow rate for several y of 0.10-0.85. Here, the value of the 02 flow rate 
corresponds to the rate of 02 in the oxidizer gas (02+N2) flow rate. In Figs. 2(a)-2(c), the 
atomic incorporation rates of Ba, Sr, and Ti (/&„ /Sr, fa) increase monotonously with increasing 
02 flow rate from 0.1 to 1.0 slm, implying that 02 gas might activate film deposition reactions. 
Moreover, the increasing rates of 7Ba, 7Sr, and 7Ti differ with y. Therefore, we replotted the 
experimental results of/Ba, hr, and fa as a function of the incident flux of each source material Ft 

(i=Ba,Sr,Ti) onto the substrate for 02 flow rates of 0.1, 0.5, and 1.0 slm, as shown in Figs. 3(a), 
3(b), and 3(c), respectively. 

In these figures, the symbols represent the experimental results of I\. The flux F\ was 
estimated using the gas pressure values, the gas flow rates, and the residence time of the gases in 
the reactor. In Figs. 3(a) and 3(b), 7Ba and /Sr increase monotonously with increasing incident 
fluxintherangeofFBaOrFs,from0.3XlOl7to0.7Xl017cm"2 • s"1 for 02 flow rates of 0.1, 0.5, 
and 1.0 slm, where atomic incorporation reactions might be controlled by mass transport [6]. 
On the other hand, in the range of FBa or 7\Sr from 0.7 X1017 to 1.5 X1017 cm"2 • s"1, such 
reactions might be controlled by the kinetics on the film surface [6], because the 7Ba or 7Sr values 
became saturated. The saturated values increase monotonously with increasing 02 flow rate 
from 0.1 to 1.0 slm. Therefore, these experimental results suggest that 02 gas activates the 
behavior of film precursors on the film surface in the CVD of BST. Similar characteristics were 
observed in the experimental results of 7Ti shown in Fig. 3(c). The experimental results of fa 
were saturated in the range of FTi from 2.0X 1017 to 5.0X 1017 cm"2 • s"1, and decreased with 
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decreasing 02 flow rate from 1.0 to 0.1 slm. Here, the decreasing rate of /Ti tended to increase 
with increasing y -values. This suggests that the activating effects of 02 gas may increase with 
increasing densities of Ba or Sr precursors on the film surface. 

A CVD model for BST films 

In the above section, it was found that 02 gas might strongly effect the surface 
reactions in the CVD of BST. Therefore, we extended the CVD model by introducing effects of 
02 gas on the behavior of film precursors on the surface. A schematic diagram of the model is 
shown in Fig. 4. In the extended model, precursors adsorbed on the film surface 
decompose, and oxygen is adsorbed thereon. Then, the decomposed products with adsorbed 
oxygen are assumed to behave as adsorptive sites on the film surface. The effects of 02 gas on 
Ba or Sr precursors might differ from those on Ti precursors in experimental results. It 
has been reported that the bonds of Ba-0 or Sr-0 are most easily broken in the molecules of 
Ba(DPM)2 or Sr(DPM)2 [7]. Therefore, we assumed that Ba-0 or Sr-0 bonds come to be 
broken in adsorbed Ba or Sr precursors, and that the oxygen decomposed from the 02 gas 
comes to be adsorbed thereon. Then, adsorptive sites are formed as shown in Fig. 4. On the 
other hand, it has also reported that the bonds of Ti-O do not decompose easily in the molecules 
of Ti(i-PrO)2(DPM)2 [8]. Then, as shown in Fig. 4, we assumed that adsorptive sites from Ti 
precursors could be formed without 02 gas. 

From the assumptions of the above CVD model, /Ba, /sr, and /Ti were formulated. In 
the range of F\ (i=Ba,Sr,Ti) where incorporation reactions might be controlled by mass transport, 
atomic incorporation rates are assumed to be mainly determined by the values of F\. Then, I-, 
can be expressed as, 

Ii = ßiF[=(\-&Ti)  ßa+0T,ßa,    (i=Ba,Sr) (1) 
/Ti= ^Ti^Ti, ® 

where <9T, is the coverage of the Ti precursors adsorbed on the film surface. In addition, ßn and 
ßa, (i=Ba,Sr) are the sticking coefficients on the adsorptive sites consisting of the Ti precursors 
and those consisting of all other precursors except the Ti precursors, respectively. Values of ß 
;,, ßa„ and ßn are summarized in Table II; they were estimated from a part of the 
experimental results in Figs. 3(a)-3(c). On the other hand, in the range of Ft controlled by the 
kinetics on the film surface, the atomic incorporation rates may be limited by the surface density 
of the adsorptive sites.     Therefore, h (i=Ba,Sr,Ti) can be expressed as, 

/Ba=ABa ft ( (1 - !?Ti) « (02)+ 0 T, ß*J /?Bal 1, (3) 
/sr=Asr   /?{(l-<?Ti)a(02)+(?Ti//sr2/^Srl), (4) 

/Ti=^Ti   ft f(l- *Ti) « (02)+ ^Ti }, (5) 
where p denotes the surface density of the adsorptive sites. The factor o (02) in Eqs. (5)-(5) 
indicates the coverage of the oxygen atoms on the film surface. Here, a (02) is a function of the 
02 gas flow rate. Values of the sticking coefficients are shown in Table II; /Ba, hz, and In were 
numerically simulated using Eqs. (l)-(5). Numerical results of IB„ h„ and /Ti are shown by the 
solid lines in Figs. 3(a), 3(b), and 3(c), respectively. As shown in these figures, the numerical 
results of /Ba, h„ and /Ti are in good agreement with the experimental results. 

Overall sticking coefficients 

Figures 5(a), 5(b), and 5(c) show cross-sectional SEM micrographs of the BST film step 
coverage at 02 flow rates of 0.1, 0.5, and 1.0 slm, respectively. The source supply ratio y is 
0.5. The step consisted of a 1 u m-thick Si02 layer formed on the Si substrate, and the ratio of 
the trench depth to the width D/W =2.5. The step coverage of dmJdmm in Figs. 5(a), 5(b), and 
5(c) arc about 80, 60, and 40%, respectively, where dmin and dmm arc the film thicknesses on 
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sidewalls near the bottom and on the top surface. This implies that the sidewall coverage tends 
to be reduced as the 02 flow rate increases. Moreover, values of d^Jdmix obtained for the 
trenches of DIW =0.5-2.5 are shown in Fig. 6. In this figure, the solid lines represent calculated 
coverage obtained using a trench-deposition-method [5]. By comparing the calculated values 
with the experimental results for d^JdmM, we estimated overall sticking coefficient /?ov values 
as 0.0001, 0.002, and 0.005, respectively. This suggests that ßow increases drastically with 
increasing 02 flow rate. Figure 7 shows /?ov values at several y -values. The figure also 
shows /?ov values obtained from the calculated values of/Ba, /Sr, and 7Ti in Figs. 3(a)-3(c) by the 
solid lines. As shown in this figure, both of the experimental and simulated /?ov values 
increase with increasing y, and the increasing rate of //ov increases with increasing 02 flow 
rate from 0.1 to 1.0 slm. Accordingly, these results imply that the model shown in Fig. 4 which 
includes effects of 02 appropriately explains the surface reaction mechanisms in the CVD of 
BST. 

CONCLUSIONS 

Surface reaction mechanisms in the CVD of BST films were studied by investigating the 
effects of 02 gas and source supply ratios on the characteristics of atomic incorporation rates 
The atomic incorporation rates of Ba, Sr, and Ti increased with increasing incident flux of each 
source material, and then their values became saturated. The saturated values increased 
monotonously with increasing 02 gas flow rate, in a range where atomic incorporation reactions 
might be controlled by the kinetics on the film surface. Accordingly, these experimental results 
suggest that 02 gas may effect the behavior of film precursors on the film growth surface in the 
CVD of BST. From this, we assumed a CVD model, where the film precursors adsorbed on the 
film surface decompose, and where the oxygen is adsorbed thereon. We further assumed that 
the decomposed products with adsorbed oxygen come to behave as the adsorptive sites on the 
film surfaces, and that these sites come to adsorb the successive film precursors. Then, the 
atomic incorporation rates and overall sticking coefficients for the CVD of BST films were 
numerically simulated on the assumed model, and were in good agreement with experimental 
results at several 02 flow rates and source supply ratios. 
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Fig. 1 Schematic diagram of a CVD-BST apparatus. 

Table I. Supply source flow rate 
f  

Liquid source flow rate 
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Fig. 2 Atomic incorporation rates of (a) Ba, (b) Sr, and (c) Ti as a function of supply O, flow rate for 
different source concentrations y from 0.10 toO.85. Here, the atomic incorporation rates were obtained 
using an XRF method. 
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Fig. 4 Schematic diagram oi'a CVD model for BST film introducing contributions of 02 gas into the 
formation of adsorptive sites on the film surface. 

Table II  Sticking coefficients of film precursors 

species / ßn ß ,2 

Ba 9.4* 10-« 1.3* 10-4 
Sr 1.0x 10-3 8.9« 10-5 

Ti 1.6* ICH 1.6* 10-» 

ße><-\- 0Ti)/5Bat+0 rß Ba2 

/?Sr=0 -ÖTi)/8s,i+e rß Si2 

ßv-ß m-ß Ti2 - 

Fig. 5 Cross-sectional SEM of the BST film step coverage 
for DflV =2.5 obtained in the cases of (a) O20.Islm, (b) O; 
0.5slm, and (c) 02 l.Oslm. 
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Fig. 6 Plots of d„Jd^ versus W/D in cases of O, gas 

flow rates of 0.1, 0.5, and 1.0 slm. Here, the solid lines 
represent calculated results obtained by Monte Carlo 
simulation for several sticking coefficients. 
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ABSTRACT 
We report on the performance of a planetary multi-wafer MOCVD reactor which handles 5 

six inch wafers simultaneously. The reactor is combined with a liquid delivery system which 
mixes the liquid precursors from three different sources: 0.35 molar solutions of Ba(thd)2 and 
Sr(thd)2 and a 0.4 molar solution of Ti(0-i-Pr)2(thd)2. The microstructure and the film stress 
were investigated by X-ray diffraction and the composition of the films was determined by X-ray 
fluorescence analysis. As a direct consequence of the reactor design we obtain a high uniformity 
of the films over 6 inch wafers, as well as high efficiencies for the precursor incorporation. Film 
growth is discussed within a wide parameter field and the finally achieved electrical properties, 
e.g., permittivity, loss tangent, leakage current, are discussed in relation to the microstructural 
properties. 

INTRODUCTION 

(BaxSri.x)Ti03, (BST), is one of the prime candidates as a high-k-dielectric in integrated high- 
density capacitors for future multi-GBit DRAM memory cells1 as well as for dielectric tuneable 
devices and remarkable progress has been achieved in the metal-organic chemical vapor 
deposition (MOCVD) of thin BST films2"5. Most of the experimental reactors used for the 
development of mass production tools presently have a single wafer showerhead design " and we 
report as a comparison on the performance of a planetary multi-wafer reactor offering extremely 
high throughput due to possible batch mode processing which results in low cost of ownership. 
We report on the properties of BST films which were deposited on Pt/Ti02/SiO;>/Si wafers. The 
composition and microstructure of the films were routinely investigated by X-ray diffraction 
(XRD) and X-ray fluorescence (XRF) analysis using different calibration standards prepared by 
chemical solution deposition. Additional substrates without Ti adhesion layer were used for the 
XRF analysis since the penetration depth of the X-ray beam is too large to distinguish the Ti of 
the BST from the Ti of the adhesion layer. The electrical properties were investigated after 
sputter-deposition and structuring of Pt top electrodes. 

BST properties depend critically on the stoichiometry, the microstructure, as well as on the 
films thickness. For the present discussion we select films of a composition around 
(Bao.7Sro.3)Ti03. Through process variations we grew a broad field of BST thin films with 
different stoichiometry, i.e. different ratios of the Group-WTi content. We first discuss the 
thickness dependence of the film properties and concentrate then on films with a thickness of 
30nm, which is close to envisaged application for DRAMS. We selected films which are slightly 
Ti rich to discuss the influence of the growth temperature (565°C to 655°C ) on the 
microstructure and the electrical properties; the influence of the sample stoichiometry is 
discussed additionally for films deposited at 625 and 565°C. 
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FILM DEPOSITION 

An AKTRON 2600G3 Planetary Reactor® was used, which can handle five 6-inch wafers 
simultaneously. The gas inlet is in the center of the reactor providing a pure horizontal gas flow, 
which makes this reactor a radial flow system. A liquid precursor delivery system, ATMI-300B6, 
mixes the liquid precursors of three different sources: 0.35 molar solutions of Ba(thd)2 and 
Sr(thd)2 and a 0.4 molar solution of Ti(0-iPr)2(thd)2. The liquid mixture is delivered by a micro- 
pump to the vaporizer on top of the reactor. The process conditions are summarized in Table 1. 
All temperatures referred in this paper are susceptor temperatures. The actual wafer surface 
temperatures are measured to be at least 25°C lower. 

The efficiency of the precursor use, defined as the ratio of the quantity deposited on all 5 
wafers and the amount of the individual precursor elements contained in the consumed liquid, is 
an important parameter for the costs of ownership. The observed values of 45% for Ti and 35- 
40% for Ba and Sr are extraordinarily high as compared to the values reported for conventional 
showerhead reactors3. As these efficiencies were similar for the range of temperatures 
investigated we may conclude that all depositions were achieved within the mass-transport 
limited reaction range. Finally, due to the gas-foil rotation principle we obtained a good homo- 
geneity of stoichiometry and film thickness over 6" wafers7. These results are supported by recent 
ellipsometric measurements which yield as an example a thickness of 32,4 ± 0,4 nm and a 
stoichiometry variation of 53,8 ± 0,3 at% Ti. Similarly small differences were observed between 
the five simultaneously processed wafers (mean thickness 32,3 ± 0,2 nm). 

Table 1: Typical deposition conditions 
Susceptor temperature 565 - 655°C 
Reactor pressure 2 mbar 
02 flow rate 50-500 seem 
N20 flow rate 50-500 seem 
Liquid source feeding rate 0.08ml/s 
Vaporization temperature 225 - 245°C 

seem: standard cm3 per minute 

MICROSTRUCTURAL PROPERTIES 

Fig.la shows the XRD patterns of slightly Ti-rich films deposited at different temperatures on 
Pt-substrates with a strong (11 l)-texture. We observe a very strong (lOO)-texture for depositions 
above 595°C and a transition to more polycrystalline and finally poorly crystalline growth at 
lower temperatures. With increasing Ti-content we observe an additional trend of a decrease of 
the (lOO)-texture as shown in Fig. lb for a deposition temperature of 595°C. The (100)-oriented 
films observed at high deposition temperatures show a width of the rocking curves of only 2-3 
degrees; as this width is similar to that of the underlying Pt7, we observe locally a nearly epitaxial 
growth. This perfectly columnar growth is further documented by the details of the line profiles 
as shown in Fig. 2: thickness fringes are clearly visible in high resolution scans. The wavelength 
of the oscillations, AO, yields immediately the film thickness, d = X / (2-AO-cosO); X is the 
wavelength of the Cu-Ka radiation used. 

CC9.4.2 



30 40 50 
2 theta [degree] 

Pt (111) 

30 40 50 
2 theta [degree] 

Fig.l: a) XRD-diagrams for films deposited at different temperatures. All films are slightly Ti 
rich, (GrII/Ti = 0.95-0.97). b) films of different stoichiometry deposited at 595°C. 

The thickness obtained for the thin samples shown in Fig. 2 is in very good agreement with 
the XRF estimation obtained using the ideal density of BST of 5.758 g/cm3. These results 
indicate perfectly mono-crystalline (lOO)-oriented grains and sharp interfaces. This conclusion is 
supported by HRTEM, Fig. 3, which directly demonstrates this (100)-orientation of the BST on 
(111)-Pt and the clean and sharp interfaces. Lowering the deposition temperature to 625°C yields 
a damping of the oscillations which indicates less perfect alignment and at 595°C the oscillations 
are no longer visible. For depositions at T > 625°C, the dominant (lOO)-growth is stable over a 
rather wide range of stoichiometries (Gr-II/Ti = 0.92 to 1.03), and only if the films are far off 
stoichiometric there is a polycrystalline growth. 

The absolute value of the lattice parameter, as measured normal to the film plane, is, however, 
smaller than the expected bulk value. This difference results from a tensile stress of the film, 
which is thermally induced during cooling down of the film due to the different thermal 
expansion coefficients of BST and of the Si-substrate. Detailed strain measurements8 yield a 
tetragonal distortion of the film which can be quantified by the distortion e = Ad/d with values 
between -0.6 and -1.1 % or by the c/a-ratio = (d+Ad)/d with values between 0.994 and 0.989. 
From this distortion, the film stress, a, can be estimated and stresses between 500 and 900MPa 
were observed. Within these variations the expected dependence from the deposition temperature 
cannot be verified, as there are additional variations due to different film and/or substrate 
perfection, which cannot be separated. The c/a-ratio is always smaller than 1, thus opposite to the 
ferroelectric phase, which is characterized by a larger c-axis. The substrate induced opposite 
lattice distortion yields therefore a plausible argument for the suppression of the phase transition 

in these films. 
There is indication for a steady increase of the (lOO)-texture with increasing Group-II content 

for films grown at lower temperatures as demonstrated at the example of Fig. lb. In addition, 
small changes of the peak-profile as well as of the average lattice parameter, are observed in spite 
of larger errors, due to the weaker and broader peaks. Fig. 4 summarizes the lattice parameters for 
films which had a dominant (200)-reflection; there is no change observed for the Ti-rich samples 
and a steady increase with a rising Grll-content as regards the Gr-II rich samples. Similar 
observations had been reported for SrTi03 films9 and attributed to the incorporation of the excess 
Gr-n elements in the form of Ruddlesden Popper phases. In addition, we observe a change of the 
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Fig. 2: Thickness oscillations close to the 
(100)-reflection of samples grown at 655°C. 

Fig. 3: HRTEM micrograph showing the Pt- 
BST interface for a sample deposited at 655°C. 

peak profile along with the variation of the average lattice parameter, there is a broadening and a 
tail to the low angle side which indicates an inhomogeneous incorporation of the excess group-II 
elements. Remarkable is the fact, that these structures seem not very stable, as there is a 
rearrangement to a more homogeneous structure during annealing in oxygen at a temperature of 
550°C which is necessary after deposition of the Pt-top-electrodes. 

For the Ti-rich samples there is no indication for a change of the lattice parameter and also no 
change of the line profile. Such a behavior is compatible with the formation of stable precipitates 
of amorphous TiOx at the grain boundaries as it has been observed at very high Ti content  , and 
there is no indication for the incorporation of larger amounts of surplus Ti in the interior of the 
gtains. 

ELECTRICAL PROPERTIES 

For the electrical characterisation Pt top electrodes were deposited by magnetron sputtering. 
Electrode sizes of a diameter between 0.1 to 1.13 mm were obtained by a lift-off process. An 
additional post-annealing was performed ex-situ. The standard characterisation included the 
dielectric permittivity, er, measured at a frequency of 1 kHz and the dissipation loss, tan8. More 
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Fig. 4: Dependence of the average lattice 
parameter, a, on the stoichiometry. 

Fig. 5: Thickness dependence of the 
dielectric constant. 
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Fig.7: Leakage current, J, as a function of 
stoichiometry and deposition temperature. 

detailed investigations include the leakage current, the frequency dependence of the relative 
permittivity and the relaxation characteristics as well as the response to DRAM pulses. All 
measurements were performed at room temperature. 

Fig. 5 shows the permittivity for the crystallographic perfect samples shown in Fig. 2. The 
scatter of the data points may be caused by the somewhat different stoichiometry of the samples 
(Gr-D/Ti =0.93 corresponding to 51.8%Ti). We observe the expected increase with thickness, 
which has been discussed in terms of dead/or interface layer1. Applying this model we obtain an 
interface capacitance of 120 fF/u.m2 and a bulk permittivity of £ = 670. Compared to published 
results" the bulk value seems in good agreement to samples of similar stoichiometry, however 
the interface capacitance is lower by a factor of two. The reason for this difference needs further 
investigation. 

Fig. 6 and 7 summarize the dependence of the dielectric permittivity, er, and of the leakage 
current, J, of films with a thickness of =30nm on the deposition temperature and on the film 
stoichiometry. In spite of the change in the lattice parameter (Fig. 4), which indicates a different 
incorporation of the surplus elements and the change in crystallinity and/or texture, Fig. lb, no 
obvious change close to the ideal stoichiometric ratio of Gr-U/Ti = 1 is observed. More obvious 
is, however, a dependence on the deposition temperature, i.e., a decrease of e, with decreasing 
temperature. In particular, we obtain a typical value of er = 208 for Ti-rich films (GrU/Ti = 0.97) 
grown at 625°C, which corresponds to a specific capacitance of C/A = 59.1 fF/jim2. For a film at 
565°C this value is reduced to er = 110 or 30.2 fF/um2. Similar to earlier results7 we observe an 
almost constant dispersion of the permittivity over the whole frequency range from 1 Hz to 1 
MHz. The leakage current at 1 V bias (Fig.7) shows similar dependencies on stoichiometry and 
crystallinity as permittivity, i.e. an improvement with deposition temperature and only minor 
dependence on stoichiometry. The dissipation factor, tan5, has values between 0,002-0,004 and 
shows no systematic variation within the investigated range of deposition parameters. DRAM 
pulse measurements8 on all samples showed less than 5% loss of charge in the first second after 
pulse load up to a field of 300 kV/cm. No strong dependence on stoichiometry was observed 
again. 
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CONCLUSION 

(Bao.7Sro.3)Ti03 films of 30nm thickness were grown at different deposition temperatures and 
with different stoichiotnetry within a planetary reactor and structure property relations could be 
investigated within a broad range of parameters. 
For deposition temperatures over 600CC we obtain a perfect (lOO)-fiber structure on Pt-(111), 
which is revealed by thickness fringes in the XRD scans and very clean and sharp interfaces in 
HRTEM. The incorporation of the excess Gr-II elements yields an increase of the lattice 
parameter within rather unstable structures which rearrange during post-annealing at 550°C. Ti 
excess has no influence on the XRD pattern. 
Electrical data show an improvement with increasing deposition temperature and only minor 
changes with stoichiometry although there are major changes in the microstructure. The electrical 
data for the strongly textured films seem well suited for DRAM application, e.g., C/A = 60fF/um2 

and J=3,7T0"10 A/cm2 at 1 V. At the lowest deposition temperature of 565°C polycrystalline 
growth is observed. Nevertheless, electrical data, such as C/A~ 30fF/|im2, are still in a range 
suitable for DRAM application. 
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ABSTRACT 

Piezoresponse measurements using scanning probe microscopy (SPM) were performed for 

island structures at the initial growth stage of Pb(Zr,Ti)03 (PZT) (Zr/Ti=0/100, 24/76 and 74/26) 

thin films prepared by metalorganic chemical vapor deposition(MOCVD). Deposition times were 

varied from 5s to 7min to control the size of PZT islands. When deposition times were shorter 

than 3min, (111 )-oriented triangular-shaped PZT islands were observed before forming a 

continuous film. The width and height of PZT islands deposited at 3min were 160 and 70nm for 

Zr/Ti = 0/100, 100 and 30nm for Zr/Ti = 24/76, and 80 and 20nm for Zr/Ti = 74/26, respectively. 

The size of islands decreased with increasing the Zr composition. Hysteresis loops due to 

polarization switching were observed in the phase difference and displacement of piezoresponse 

measured using scanning probe microscopy (SPM). This result proves that nano-size PZT islands 

have weak ferroelectricity. The minimum width and height of PZT islands which showed 

ferroelectricity were 70 and 30nm for Zr/Ti=24/76. 

INTRODUCTION 

Recently, many efforts have been made toward the realization of megabit scaled non-volatile 

ferroelectric random access memories (NV-FeRAMs) using 1 transistor and 1 capacitor (1T1C) 

cell structure. To go beyond megabit NV-FeRAMs, will require the reduction in the capacitor 

size and thickness of ferroelectric thin films below l(im2 and lOOnm, respectively. In such small 

ferroelectric capacitors, size effects will have large influences on electrical properties of 

ferroelectric thin films. 

There have been a variety of reports on the size effects of thin films. For example, the 

calculated value of remanent polarization was reported for SrBi2Ta2Oi> films with decreasing 

grain size and film thickness [1]. We have also reported on the thickness dependence of electrical 

properties of epitaxial Pb(Zr,Ti)03 (PZT) thin films grown on SrRuO3/SrTiO3(100) [2-4]. In 

these studies, it was found that PZT thin films with thickness of 40nm showed D-E hysteresis 

loops with high remanent polarization (Pr~40p_C/cm2) [2-4]. However, the area (><t)50um) of 

capacitors was much larger than that expected in high-integrated NV-FeRAMs. Therefore, it is 

still unknown whether capacitors show good ferroelectricity or not when the capacitor area is 
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reduced below l|im2. 

At the initial stage of metalorganic chemical vapor deposition (MOCVD) growth of PbTi03 

(PTO) and PZT thin films, island structures are observed before a continuous film is formed [5, 
6]. These island structures are isolated from each other and can be considered as sub-micron 

ferroelectric capacitors except for the absence of top electrodes. Therefore, using these island 

structures, ferroelectric properties of sub-micron capacitors can be easily investigated without 

complicated manufacturing processes. Our recent interests have been focused on whether the 

island structure showed ferroelectricity or not [7, 8]. From transmission electron microscopy 

(TEM) observations, it was found that PTO islands had twin structure (90° domain) derived from 
tetragonal structure and that they could have ferroelectricity from the viewpoint of crystalline 

structure [7]. In addition, it was also shown that PZT island structures had ferroelectricity by 
piezoresponse measurements using scanning probe microscopy (SPM) [8]. 

In this study, we reported on details of piezoresponse measurements using SPM for PZT 
island structures with different compositions at the initial stage of MOCVD growth. 

EXPERIMENTAL PROCEDURE 

Pb(Zr,Ti)03 (PZT) (Zr/Ti=0/100, 24/76 and 74/26) island structures were grown on 
Pt( 111 VSiOi/Si substrates at 580°C by MOCVD. Triethyl n-pentoxy lead 

((C2H5)3PbOCH2C(CH3)3), tetra-tertiary-butoxy zirconium (Zr(0-t-C4H9)4) and tetra-iso-propoxy 
titanium (Ti(0-i-C3H7)4) were used as source precursors and 02 was used as an oxidizing gas. 

The growth conditions have been described in detail elsewhere [9]. The growth rates calculated 

from the thicknesses of films deposited for 20 min were 6.7, 6.0 and 8.0 nm/min for Zr/Ti=0/100, 

24/76 and 74/26, respectively. The orientation and composition were examined by X-ray 

diffraction (XRD) and energy-dispersive X-ray (EDX) analysis for films deposited for 20 or 

40min, respectively. PZT island structures were prepared at deposition times from 5s to 7min. 

The surface morphology and cross-sectional structure of PZT island structures were 

characterized by scanning electron microscopy (SEM), atomic force microscopy (AFM) and 
TEM. Piezoresponse measurements were carried out using an SPM system shown in Fig.l [8, 

10-12]. Conductive cantilevers used in this study were made of Au-coated Si. The elastic 
constant and resonance frequency of the cantilever were 14-16N/m and 133-137kHz, 

respectively. The frequency and amplitude of the applied ac signal were 40kHz and 1.5-2.0 Vpp 

and the dc bias voltage was swept from -5 to 5V at lOOmHz. 
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Figure 1 A schematic diagram of our SPM system for piezoresponse measurements. 

RESULTS AND DISCUSSION 

Figures 2-4 show AFM images of PZT island structures with Zr/Ti ratios of 0/100, 24/76 and 

74/26, respectively. At the initial stage of MOCVD growth of PZT films, triangular-shaped PZT 

islands were observed independently of Zr/Ti ratios, as shown in Figs.2-4. The triangular shape 

directly reflected that PZT islands had (11 l)-orientated perovskite structure [5-8]. For a Zr/Ti 

ratio of 0/100, the length of the base of triangular islands increased from 50 to 160nm as the 

deposition time increased from 30s to 3min while the height increased from 35 to 70nm. At a 

deposition time of 7min, small islands coalesced into large islands. For Zr/Ti ratios of 24/76 and 

74/26, coalescence of small islands with subsequent formation of continuous films were also 

observed as the deposition time increased. The width and height of islands deposited for 3min 

were 100 and 30nm for Zr/Ti = 24/76, and 80 and 20nm for Zr/Ti = 74/26, respectively. The 

width and height of islands at the same deposition time decreased as the Zr composition 

increased. This result corresponds to the fact that higher growth temperature is needed to 

crystallize Zr-rich PZT than for Ti-rich PZT. TEM observations revealed that these PZT islands 

had tetragonal or rhombohedral structures [7, 8]. 

To clarify whether PZT islands have ferroelectricity or not, piezoresponse measurements 

using SPM were taken for PZT island structures. In the piezoresponse measurements, the 

direction of spontaneous polarization can be determined by detecting the phase difference 

between the SPM tip vibration signal and applied ac voltage, when a small ac voltage is applied 

between a conductive cantilever and bottom electrode [8, 10-12]. The tip displacement 

corresponds to that of PZT surface caused by the piezoelectric effects. In addition, polarization 

reversal is directly evaluated by applying a dc bias voltage simultaneously. 
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35 30 0.00 71.25 0.00 

Figure 2 ATM images of PZT (Zr/Ti=0/I00) island structures deposited for (a) 30s, (b) imin and (c) 
7min. Scan area is Ixl/lm. 

29 64 0.00 

Figure 3 AFM images of PZT (Zr/Ti=24/76) island structures deposited for (a) Imin, (b) 3min and (c) 
7min. Scan area is Ixlflm. 

15 53      o.oo 23.99        0 00 

Figure 4 AFM images of PZT (Zr/Ti=74/26) island structures deposited for (a) Imin, (b) 3min and (c) 
7min. Scan area is Ixljum. 
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Fig.5 shows typical results of piezoresponse measurements as a function of dc bias voltage 

forPZT islands with various Zr/Ti ratios and deposition times. The measurements were carried 

out with the SPM tip fixed on the center of PZT islands. The phase difference of 0 and 180° 

correspond to the polarization upward and downward, respectively. The amplitude of 

piezoelectric vibration was calculated as a displacement per IV, which was equivalent to dn 

value. Both phase difference and amplitude showed hysteresis curves as the dc bias voltage 

changed from -5 to 5 V. These piezoresponse results directly indicate that PZT islands have 

ferroelectricity. In our experiments, the minimum width and height of the islands which showed 

ferroelectricity were 50 and 20nm, 70 and 30nm, and 70 and 8nm for Zr/Ti ratios of 0/100, 24/76 

and 74/26, respectively. However, ferroelectricity observed in PZT island structures was very 
weak because coercive voltages of 1.5-2.0V were quite larger than expected values, 0.1V (if the 

height and coercive field were 20nm and 50kV/cm) and because the maximum value of 
displacement, 4-6pm/V, was much smaller than that measured in continuous films, 20-50pm/V, 

or reported values in bulk ceramics [13]. We think that this degradation of ferroelectricity is 

caused by an internal stress which was remained without relaxation in isolated islands. 
The displacement curves of piezoresponce were dependent on the Zr/Ti ratios while no 

distinct dependence of the phase differnce was observed. In tetragonal PZT islands with Zr/Ti 
ratios =0/100 and 24/76, saturated curves were observed. On the other hand, in rhombohedral 

PZT islands (Zr/Ti=74/26), the displacement was not saturated and increased as the dc bias 

voltage increased. This difference in the displacement curves between tetragonal and 
rhombohedarl PZT islands is influenced by the size of islands and internal stress as well as the 

Zr/Ti ratio. Therefore, further investigation on the relationship between the size of PZT islands 

and domain structure within each island is now in progress. 

dc bias voltage [V] dc bias voltage [V] dc bias voliage IV] 

Figure 5 Piezoresponse of PZT island structures. Zr/Ti ratios and deposition times are (a) 0/100 and 
30s, (b) 24176 and 3min and (c) 74126 and imin.Open and closed circles indicate phase difference and 
displacement, respectively. 
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CONCLUSIONS 

PZT island stractures at the initial stage of MOCVD growth were investigated by 

piezoresponse measurements using SPM. From AFM observations, coalescence of small PZT 

islands with subsequent formation of continuous films were observed as the deposition time 

increased. The width and height of PZT islands at the same deposition time decreased as the Zr 

composition increased because higher temperature is needed for the crystallization of Zr-rich 

PZT than Ti-rich PZT. Piezoresponse measurements proved that PZT island structure had weak 

ferroelectricity. The displacement curves of piezoresponse were dependent on the Zr/Ti ratio. 

The minimum width and height of the islands which shows ferroelectricity were 50 and 20nm, 
70 and 30nm, and 70 and 8nm for Zr/Ti = 0/100, 24/76 and 74/26, respectively. The minimum 
size which showed ferroelectricity is expected to be comparable with a capacitor size in 

gigabit-scaled NV-FeRAMs, and PZT thin films can be applied for such ultrahigh integrated 
NV-FeRAMs. 
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ABSTRACT 

We have used the new approach to fatigue phenomenon for analysis of the switching current 
and C-V characteristic evolution during cycling in PZT thin films. It was shown that in 
accordance with theoretical predictions the rejuvenation stage precedes the fatigue one. We have 
demonstrated that fatigue behavior corresponds to the spreading of the internal bias field 
distribution function during ac switching. 

INTRODUCTION 

Suppression of switching charge by ac voltage cycling known as fatigue effect is one of the 
key problems impeding wide application of ferroelectric memory [1-9]. It was shown by direct 
observation that fatigue leads to arising and growth of non-switching regions ("frozen" domains) 
[8,9]. Recently we propose and investigate by computer simulation a new approach to 
explanation of fatigue kinetics based on self-organized evolution of spatially nonuniform internal 
bias field [10,11]. We suppose that domain kinetics during cycling is a self-organized process, as 
spatial distribution of the internal bias field depends on the previous domain kinetics and in turn 
defines the subsequent one. Analysis of this model by computer simulation predicts existence of 
initial rejuvenation stage with exponential increasing of the switching charge, which precedes the 
exponential charge decreasing during fatigue cycling [10,11]. In this paper we present the 
experimental testing of our theoretical predictions. 

EXPERIMENT 

The investigated Pb(Zr0.2Ti0 g)03 thin films (100-200-nm-thick) were grown on Pt/Ti/SiCVSi 
substrates by chemical solution deposition [7]. The films were deposited by a multi-layer spin- 
coating. They were pyrolized after each deposition step at 400°C and crystallized finally in O2 at 
700°C. X-ray diffraction patterns showed the films to be mainly [111] oriented. The Pt top 
electrodes were sputtered and the capacitor structures (100x100 um2) underwent a postanneal at 
700°C in 02 [7]. The fatigue measurements were carried out by applying a bipolar rectangular or 
triangular pulse train with 100% duty cycle and the amplitude Ucyc = 3 - 8 V. The cycling 
frequency fcyc ranged from 10 Hz to 1 MHz. The hysteresis loops (Fig. la) and dependencies of 
switching current on field (Fig. lc) and on time (Fig. Id) were measured in triangular waveform 
(f = 10 - 100 Hz, U = 5 - 7 V) after a certain number of switching cycles. Measurements and 
cycling have been done in temperature range 20 - 200°C using the aixACCT TF Analyzer 2000. 
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Reversible complex dielectric permittivity was measured applying additional high frequency 
weak ac field during switching. C-V measurements (Fig. lb) were carried out at room 
temperature in triangular waveform with amplitude U = 5 V, switching frequency f = 10 Hz, 
modulation frequency fra„d = 10 kHz and modulation amplitude Vmnd = 50 mV. Fatigue-induced 
evolution of hysteresis loops P(U) and switching currents j(t) and j(U), so as both components of 
reversible dielectric permittivity during cycling e'(U) and e"(U) has been analyzed. 

CYCLING IN RECTANGULAR PULSES 

The switching charge dependence on the cycle number N demonstrates two stages of the 
process (Fig. 2). The first, rejuvenation stage corresponds to initial growth of remnant 
polarization. The second, fatigue stage manifests itself as conventional decrease of maximum 
and remnant polarization after long-time cycling. 

Fatigue behavior at room temperature in the whole frequency range was found to be 
practically frequency independent, which is in accord with [7]. Only the numbers of switching 
cycles defines the polarization decrease. Such behavior allows us to accelerate the fatigue test in 
wide range of switching cycles number (from 10 to 108) by using the measurements at three 
subsequently increased frequencies (10 Hz, 3 kHz and 1 MHz) (Fig. 2b). 

The measured dependence of the maximum switching charge (polarization) on N has been 
fitted according to our model [10,11] by the exponential decrease with two rate constants, which 
can be attributed to different mechanisms of internal bias field relaxation [13-15] 

P™x(N) = P„ + Pfi exp(- N/Nn) + PE exp(- N/Nß) (1) 

where P„~ limit of switching polarization for long-time cycling; Pn, Pn - amplitudes of fatigue; 
Nfi, No -rate constants. 

According to [10,11] the remnant polarization versus N data has been fitted by: 

Pr(N) = Pmax(N) - AP„ - Prj exp(- N/Nrj) (2) 

where Prj - amplitude of rejuvenation; Nrj - rejuvenation rate constant, AP„ - difference 
between switching polarization limit for Pmax and Pr. 
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Figure 2. Maximum and remnant polarization for cycling with varying frequencies fitted by equations (1) and (2). 
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Essential change of the switching current shape was observed during cycling (Fig. 3a). It can 
be seen (Fig. 3b) that maximum current value jmax is extremely sensitive to the cycle number and 
its extremum corresponds to transition from rejuvenation stage to fatigue one. 

We suppose that for switching in triangular pulses with low frequencies the polarization 
reversal can be considered as quasi-static switching in step-by-step increasing external field 
Ecx(n), where n is the step number. For spatially nonuniform internal bias field Eb the switching 
in the regions in which E|0C = Ecx(n) + Eb > E,h is finished before next external field increasing 
[12]. The whole area of the switched regions AA(n) at each step (duration At) determines the 
switching current at corresponding external field produced by applied voltage 

j(n) = 2PsAA(n)]/At (3) 

Thus time dependence of switching current is defined by the spatial distribution of internal 
bias field, which usually follows Gaussian [12]. The switching current during given cycle was 
fitted by sum of two Gaussians corresponding to areas with different sign of internal bias field 

j(t) = Ai/w, exp[- 2(t-tc,)7w, ] + A2/w2 exp[- 2(t-tc2)7w2 ] (4) 

where Ar and A2 are proportional to the switching areas with different sign of internal bias field, 
wi and w2 - dispersions of the internal bias field spatial distribution function, tci and tc2 are the 
moments when switching field approaches the value corresponding to maximum of the internal 
bias field distribution function. 
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Figure 3. (a) Switching currents for different number of switching cycles (UcyC = 6 V, V = 7 V, d - 205 nm) and 
(b) behavior of the fitting parameters. 
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Figure 4. (a) Evolution of current and (b) change of remnant polarisation and current maximum during cycling 
(Ucyc = SV,V = 5V,d= 137 nm). 

As all parameters in (4) are determined for the given cycle, the analysis of switching current 
change during cycling allows us to extract the information about the evolution of spatial 
distribution function of the internal bias field. The obtained decrease of the total switching area 
Ai + A2 during fatigue cycling characterizes the increasing of the frozen domain area. 

Essential shift of the distribution function maximum to lower fields is obtained during 
fatigue stage only. The observed essential increase of Gaussian dispersion w with cycling 
correlates with simulated smearing of internal bias field distribution function [10,11]. Therefore 
all obtained experimental results support our approach to fatigue phenomenon as spatially 
inhomogeneous dynamic imprint effect. 

INVESTIGATION OF REJUVENATION STAGE 

Detail investigation of rejuvenation stage was carried out by applying the triangular pulses 
used for hysteresis measurements. The change of switching current shape during rejuvenation 
stage is presented at Figure 4a. 

The value of remnant polarization exponentially increases during rejuvenation stage (Fig. 
4b) similar to that obtained for cycling in rectangular pulses (Fig. 2b). According to [10,11] the 
increase of the current maximum jraax (Fig. 4b) has been described by 

jmax(N)=jo+jiexp(-N/N|) (5) 
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Figure S. (a) Fitting of switching current and (b) dependence of the fitting parameters on the cycle number. 
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Figure 6. Evolution of the £ and e" loops during cycling. 

Detail analysis of the evolution of switching current shape during cycling at the rejuvenation 
stage (Fig. 5) demonstrates two main features. First, decreasing of Gaussian dispersions, which is 
due to the narrowing of the internal bias field distribution function. Second, converging of the 
distribution function maximums. Both features are correlated with the behavior predicted by our 
model [10,11]. 

C-V MEASUREMENTS 

Reversible complex dielectric permittivity measured during cycling is very sensitive to the 
evolution of the domain structure. The shape of e' and s" loops essentially changes (Fig. 6). It 
can be seen that behavior of e" is similar to that obtained for switching current. 
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Figure 7. Amplitude variation during switching cycle of the complex dielectric permittivity components vs. cycle 
number. 

The input of the mobile domain structure to dielectric permittivity has been characterized by 
the parameters As'™* and As"max obtained as an amplitude of permittivity variation during the 
proper switching cycle. The dependence of Ae"ma;t (Fig. 7) on the cycle number demonstrates 
the same exponential behavior as obtained for the switching current data (Fig. 3b and 4b). 

CONCLUSION 

The new approach has been used for analysis of the switching current pulse and C-V 
characteristic evolution during cycling in PZT thin films. Rejuvenation and fatigue stages of the 
process have been revealed. It was shown that conventional fatigue stage always follows the 
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rejuvenation one. Switching current shape and current maximum value demonstrate essential 
sensitivity to cycling. The revealed evolution of spatially nonuniform distribution of internal bias 
field during periodical switching is an adequate characteristic of fatigue phenomenon. The 
evolution of the internal bias field can be attributed to competition of various mechanisms of the 
bulk screening of residual depolarization field [13-15]. All experimental data confirms the 
predictions of spatially inhomogeneous dynamic imprint model [10,11]. Detail analysis of the 
evolution of the switching current data and C-V characteristics for different fatigue cycling 
conditions will be published elsewhere. 
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ABSTRACT 

Single crystalline, ferroelectric BaTi03 as material with the highest piezoelectric constants 
among the perovskites with ordered sublattices was implanted with mIn(1L1Cd). The electric 
field gradient at the Ti position was measured with perturbed yy-angular correlation spectroscopy 
(PAC) while the crystal was exposed to an external electric field. A quadratic dependence could 
be observed: vQ(E) = (34.8(1) + 0.16(4) E/kV/mm + 0.080(2) E2/kV2/mm2) MHz. Point charge 
model calculations reproduce the linear change of Vzz, but not the quadratic term. The 
polarizability of the host ions of BaTi03 is known to be nonlinear with respect to an electric 
field. The resulting quadratic shift of the electron density is reflected in the strength of the EFG. 

INTRODUCTION 

In solids, the electric field gradient (EFG) at a certain lattice site is determined mainly by the 
atoms in its nearest neighborhood, i.e. their electronic properties and the distances to each other. 
Therefore, variations of lattice constants lead to changes in EFG. Lattice constants change when 
the temperature is varied. Such studies have been performed for numerous materials with 
perturbed yy-angular correlation spectroscopy (PAC) [1]. A few papers report on the response of 
the EFG on hydrostatic pressure [2] or on the bending angle of a single crystal [3]. 

Another way of applying uniaxial stress can be achieved by the inverse piezoelectric effect. 
In polar crystals lattice constants change or atoms are shifted when an electric field is applied 
externally resulting in an influence on the EFG at lattice sites. We have carried out experiments 
in order to observe these slight changes in LiNb03 with PAC recently. The measurements 
revealed only a tiny change of the EFG in dependence on the external electric field. 

In this report we present further studies using a different material. The primary requirement 
for the success of such an experiment is a high piezoelectric constant of the material. Solids used 
as piezoelectric actuators with very high piezoelectric constants like SrxBa[_xNb03 are not useful 
for PAC investigations because of the random occupation of the Ba sublattice by Ba and Sr 
atoms. This would result in a strongly damped spectrum since the probes are not exposed to an 
unique EFG. Therefore we have chosen BaTi03 as an ordered material with piezoelectric 
constants larger than those of LiNb03. 

Calculations of EFG at lattice sites in BaTi03 with WIEN97 [4] using the FP-LAPW method 
will be presented. Since these first principles calculations are rather complex, we have chosen a 
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much more easy way of naive point charge model calculations [5] in order to simulate the 
behaviour of EFG under uniaxial strain. 

EXPERIMENTAL DETAILS 

BaTi03 crystallizes in the Perovskite structure and exhibits at room temperature a tetragonal 
ferroelectric phase. The single crystalline sample from 'Forschungsinstitut für mineralische und 
metallische Werkstoffe - Edelsteine/Edelmetalle - GmbH', Idar-Oberstein, had a size of 6 x 8 
mm2 and a thickness of 1 mm. The polar axis along c was perpendicular to the plane. The sample 
had been prepared from a crystal grown with 100 ppm Co in the melt for optoelectronics use. 
BaTi03 is very attractive as material for optical and holographic storage [6] and optical 
waveguides [7]. PAC studies in this material have been carried out with different nuclear probes 
for almost three decades, already [8-10]. 

We have implanted luIn(luCd) at the isotope separator at Bonn university with an energy of 
160 keV and a dose of 2.2xl013 cm-2 and a beam spot of 5 mm diameter. In order to remove the 
implantation damage the sample has been annealed for 2.5 h at 1700 K in air. The crystal was 
adjusted in a special Teflon holder to apply the electric field. The c-axis and consequently the 
symmetry axis of the EFG were oriented perpendicular to the detector plane. Aluminum 
electrodes with a diameter of 6 mm covered the implanted area. Transformer oil with a 
breakdown field strength of 6 kV/mm has been used for insulation. The breakdown field strength 
of the sample is much higher, about 40 kV/mm for nominally undoped BaTi03 [11]. 

The PAC technique [12] is sensitive to electric field gradients (EFG) present at the site of the 
probe atom luln(H1Cd). The EFG reflects the deviation the electron charge density from cubic 
symmetry. An EFG causes a hyperfine splitting of an excited state of the mCd nuclei. The EFG 
is mainly described by the quadrupole coupling constant 

v0=eQVjh   (1) 

(Q - nuclear quadrupole moment, Vzz - largest component of diagonalized EFG tensor). This 
quantity is measured by PAC and unique for a lattice site in defect free material. The fraction of 
probe atoms involved in this complex can be determined from the characteristic modulation of 
the PAC spectrum R(t). A small damping of the observed modulation due to the superposition of 
slightly different EFG caused by defects relatively far away from the probe atom is described by 
the width AVQ assuming a Lorentzian distribution of these EFG. The PAC-measurements have 
been carried out at ambient temperature. 

Calculations of EFG were performed with the WIEN97 implementation [4] of the Full- 
Potential Linearized-Augmented-Plane-Wave (FP-LAPW) method [13]. We worked in the GGA 
(generalized gradient approximation), in which recent progress has been made going beyond the 
LSDA (the local spin density approximation) by adding gradient terms of the electron density to 
the exchange-correlation energy or its corresponding potential [14]. For methodological purposes 
the unit cell is divided into non-overlapping spheres with radius RMT (muffin-tin radius) and an 
interstitial region. The atomic spheres radii for BaTi03 were used as follows: RMT(Ba) = 2.3 Ä, 
R

MT(
TI

) = 1-7 Ä, RMT(OI) = 1.8 A and RMT(
02

) = 2-° A, respectively. We took for the 
parameter RKmax, which controls the size of the basis-set in these calculations, the value of 8. 
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Figure 1. PAC spectrum and its Fourier transform of''' In("' Cd) implanted into a BaTiOj single 
crystal. The sample has been annealed at 1700 K for 2.5 h. The c-axis has been oriented perpendicular 
to the detector plane. 

Integration in reciprocal space was performed using the tetrahedron method taking 500 k-points 
in the whole Brillouin zone. As convergence parameter the charge convergence criterion of 
0.0005 was chosen. The value of 14 for GMAX (the magnitude of the largest vector in charge 
density Fourier expansion) was used. The lattice parameters were taken from [15]: a = b = 
3.9945 A, c = 4.0335 Ä, z(Ti) = 0.5153, z(01) = -0.024, z(02) = 0.4850. 

Point charge model calculations have been carried out starting with same atomic positions 
[15]. The lattice contributions to the EFG at the Ti-site have been calculated. The deformation of 
the unit cell caused by the external electric field has been taken into account as changes in the 
lattice constants. The electric field along the c-axis causes a strain along both the c- and the a- 
axis. The relative changes for a field of 4 kV/mm are Aa/a = 1.6x10"* and AC/C = -1.4xl04. The 
signs depend on the direction of the electric field with respect to the direction of the spontaneous 
polarization and are opposite to each other in any case. 

RESULTS 

The PAC spectrum and its Fourier transform of lnIn(lnCd) in BaTi03 are shown in figure 1. 
90(5) % of the probes are exposed to an axially symmetric EFG with the quadrupole coupling 
constant of vQ = 34.8(1) MHz and a distribution of AVQ = 1.0(1) MHz. The second harmonic is 
not visible in the Fourier transform due to the special orientation of the crystal. A number of 
arguments indicate the substitution of '' 1In(1' 'Cd) on the Ti-site [8]. One of these is the 
comparison of the measured EFG with those measured by NMR, which is host element specific, 
and with results of calculations. For this purpose, the largest component Vz2 of the EFG at the 
Ba- and Ti-site in BaTi03 are summarized in table 1. With mIn(mCd) a single EFG has been 
measured. The values for Vzz at the Ba- and Ti-sites have been calculated from the measured 
value of the EFG at the position of mIn(mCd) according to 

^=,77 =('-rJn/o-rJa,K-,c„ (2) 
(Vzz x = largest component of EFG observed with atom X at a certain lattice site, (1 - /_ )x = 
Sternheimer factor for an ion of element X [16]). The value for nlIn(mCd) at the Ba-site is one 
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lattice 
site 

PAC 
^InC^Cd) 

NMR 
[17] 

Theory 

T = OK 

Theory [18] 

T = 0 K       T = 296 K 

inl020V/m2 

Ba (54.5(2)) 4.35 5.6 2.97 6.00 

Ti 5.72(2) 6.82 3.1 0.59 6.85 

Ol 8.9 

02 12.8 

Table 1. Largest component Vzz of the electric field gradient at the Ba- and Ti-site in BaTiOf. With 
ulln('"Cd) a single EFG has been measured which is expected to be the one at the Ti-site [8]. 
Nevertheless, the value that ,,!!n(nlCd) at the Ba-site would give is written in brackets. More NMR 
results with 47Ti, 49Ti and ,37Ba have been compiled in [17]. Our theoretical approach with WIEN did 
not take into account lattice vibrations which is indicated as T = 0K. The values taken from [18] have 
been calculated both without lattice vibrations and taking into account lattice vibrations (T = 296 K). 

order of magnitude higher than the results of both NMR and theories. Our theoretical approach 
with WEN97 results in values that differ for the Ti-site by a factor of two and for the Ba-site by 
30 % from the NMR-values. 

The first harmonics in the Fourier spectra of measurements with electric field applied to the 
sample are drawn enlarged in figure 2. The electric field strength is defined as positive by 
connecting the non-implanted side of the crystal to the positive output of the high voltage supply. 
A shift of the peak to higher frequencies with increasing electric field strength is clearly visible. 
The corresponding quadrupole coupling constants in dependence on the electric field strength 
applied are shown in figure 3 for all PAC spectra recorded. 
The fit to the experimental values results in the function 

vQ(£) = 34.8(l)MHz + 0.16(4) MHz 
kV/mm 

E+ 0.080(2)- MHz 

(kV/mm)2 
rEJ    (3). 

DISCUSSION 

The comparison of experimental and theoretical EFG in table 1 proves the substitution of 
mIn(mCd) at the Ti-site as suggested in the literature [8]. Our theoretical approach with 
WEN97 results in values that differ for the Ti-site by a factor of two and for the Ba-site by 30 % 
from the NMR-values. This may have two reasons. First, the EFG probably depends strong on 
the exact positions of the Ti- and O-ions in the unit cell. The calculated values may differ when 
using another set of atomic positions. Second, LMTO-calcuIations suggest a significant 
contribution of thermal fluctuation to the EFG [18]. WIEN97 does not take into account such 
lattice vibrations. Nevertheless, this contribution does not seem to be as strong as discussed in 
[18] since our values of the EFG differ less from the experimental ones than those calculated by 
LMTO without thermal fluctuations. 

The linear change of the quadrupole coupling constant for BaTi03 is AVQ/AE = 0.16 
MHz/kV/mm. This is 10 times the value of 0.017 MHz/kV/mm observed for LiNb03. This has 
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been expected looking into the piezoelectric constants. The piezoelectric strain constant d33 

determines the strain in c-direction S33 = d33E33 of a Perovskite structure crystal with respect to 
the external electric field strength E3 along c-axis. The strain constants are d33 = 3.6x1fr11 C/N 
and 0.6X1011 C/N for BaTi03 [19] and LiNb03 [20], respectively, and differ by a factor of 6. 

The relative changes AVQ/VQ caused by the electric field strength of 1 kV/mm differ even 
more, by a factor of 40. The values are AVQ/vQ = 4.6xl0"3 (BaTi03) and 0.1 lxlO"3 (LiNb03). 

It turns out that the linear contribution can be simulated with point charge model calculations. 
The point charge model calculations result in a purely linear dependence of the EFG on the 
electric field strength. An electric field of 1 kV/mm causes a relative change of the quadrupole 
coupling constant of AVQ/VQ = lxlO"2, twice the experimental value but the agreement is 
satisfactorily good. 

The model does not propose a second order dependence. This may have two reasons. The 
first order effect of an external electric field is well studied concerning the influence on lattice 
constants. But only little information is available concerning the influence of an external electric 

-4-2024 

E (kV/mm) 

Figure 3. Dependence of the quadrupole coupling constant vQ of"'ln("lCd) in BaTiO} on the 
externally applied electric field E. The solid line represents a fit of a second order polynomial to the 

values measured 
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field on the atomic positions in the unit cell. One can imagine that the atoms are shifted relative 
to each other when a field is applied. 

The polarizability of the host ions of BaTi03 is known to result in a quadratic shift of 
electron density with respect to an electric field strength carried by photons. When a static 
electric field is applied externally, the polarization occurs in a similar nonlinear way. The 
resulting quadratic shift of the electron density is reflected in the strength of the EFG. 

CONCLUSIONS 

We have shown the nonlinear dependence of the electric field gradient (EFG) at the Ti-site in 
BaTi03 on the strength of an external electric field. This effect is meant to reflect the nonlinear 
polarization of the electron shells. So, PAC spectrocsopy is feasible to be used for the 
investigation of the polarizability of electron shells in solids. 
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ABSTRACT 

Monte Carlo simulations of some typical order-disorder ferroelectrics such as TGS, 
NaN02 and DKDP nanocrystals were studied using a Transverse Ising Model Hamiltonian with 
four-spins interactions. The microscopic parameters corresponding to this Hamiltonian were 
adjusted to fit the experimental polarization-temperature curves for each one of the materials in 
the bulk phase. Then the dependences of the ferroelectric-paraelectric phase transition 
temperatures, Tc, on the sizes of those crystals were studied with Monte Carlo simulations of the 
order-disorder system. We report a weak dependence of Tc on the size of the crystal (d) for these 
materials above d~6nm. The addition of surface effects showed that the expected low- 
temperature shift of Tc due to size effects, can be reverted. 

INTRODUCTION 

The great advances in nanostructures technology brought the researchers on the area of 
ferroelectrics to the necessity of studying the behavior of ferroelectric crystals as their 
dimensions are reduced to the order of a few nanometers. In particular, it is of main importance 
to understand the dependence of the ferroelectric-paraelectric phase transition temperature, Tc, 
on the size and on the surface conditions of the crystal. Many experimental and theoretical 
research have been done on this subject starting from the works by Känzig and co-workers [ 1,2] 
and Kneikamp and Heywang [3] reporting a dependence of the dielectric permitivity of BaTi03 

ceramics on their grain size. Details of this kind of dependence are still under study [4] because 
there exist many contradictory results among the different experimental reports. For example, in 
the case of ferroelectric TGS films, Hadni and Thomas [5] observed that Curie temperature 
decreases with increasing thickness, but other measurements report the opposite behavior [6]. For 
particles, experiments showed that the transition temperature decreases with decreasing size [7], 
but the surface and size effects of well known materials are still not totally understood [8]. 

In our previous works [9, 10], we carried out Monte Carlo simulations using the 
Transverse Ising Model Hamiltonian with four-spin interactions to study the general behavior of 
ferrroelectric nanoparticles and films and the influence on this geometrically restricted 
configuration of changes in the surface microscopic parameters of the Hamiltonian. In some 
respects, we able to explain the possible reasons of the contradictory results reported by different 
authors, considering that the samples were prepared using different experimental procedures. 
Specifically, we started by obtaining the expected low-T shifting of Tc as the size of the particle 
is reduced and the associated change from first order to second order of the ferroelectric 
transition. However, our simulations shown that surface effects could drive Tc up and, if the 
magnitude of the surface interaction parameters become significantly larger than the internal 
values, the particle could spontaneously polarize its surface and its interior at different 
temperatures. 
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In this work we apply our simulation method to the case of some typical order-disorder 
ferroelectrics, in particular, Sodium Nitrite, NaN02; Deuterated Potassium Dihydrogen 
Phosphate, KD2PO„ (DKDP); and Triglycinc Sulphate (TGS). Wc first introduce the formalism 
and explain how we determined the corresponding microscopic parameters of the Hamiltonian 
for each one of these materials. Secondly, we report the results of our simulations about the size 
dependence of Tc for each material and about the effects that can be anticipated when the 
experimental process for particle formation introduces significant microscopic differences 
between the surface and the interior of the particles. In the final section, we summarize our 
results and present conclusions. 

THE MODEL AND THE MICROSCOPIC PARAMETERS 

Monte Carlo simulations were carried out using the Metropolis algorithm and describing 
the system with a model Hamiltonian [11] that is a generalization of the DeGennes Hamiltonian 
of an Ising model in a transverse field, including four pseudospin interactions. We extended our 
calculations up to nearest neighbors interactions in a simple cubic pseudospin lattice. Under these 
conditions the hamiltonian reduces to: 

H = -0£ S|c-^JIS^--J4ZSfS^S1
z 

i 2   ij 4     ijkl        J 

where Q is the tunneling frequency, Sfare the x (r)=x) and z (T|=Z) components of the 

pseudospin (PS) at lattice site i. J and J4 are the two- and four-PS interaction coefficients, 
respectively. 

The macroscopic polarization, P, is obtained from the configurational average of S! from 
stabilized Monte Carlo sweeps (MCS). We used an Ultra Sparc 1 computer in which 104 MCS in 
a 5x5x5 lattice (N=5) takes approximately 15 seconds. We designed a numerical algorithm that 
stabilizes the initial configuration for a chosen initial temperature, and calculated the average 
<S'> at other temperatures by incrementing it by short intervals. We selected three times the 
correlation time as the criterion to choose the independent equilibrium configurations to be 
averaged [12]. For N< 10 we averaged 104 equilibrium configurations and we chose 103 for larger 
lattices. Tc is obtained from the maximum of the electric susceptibility, x, statistically expressed 
as [12]: 

Z = {\/kBT)[<P2>-<P>2\       where,       P = (2u/a^sz) 

and u is the elementary dipole moment of the unit cell and a is the lattice constant. 
The microscopic parameters of each bulk material, J and J4, were obtained by fitting the 

calculated T-dependence of P to the experimental data. Figure 1 shows the comparison between 
our simulations and the corresponding experimental data for TGS [13], NaN02 [13], and DKDP 
(88% D) [14]. The best J and J4 are summarized in Table I, where kB is the Boltzman constant. 
The ratio J4/J is related with the sharpness of the phase transition. As can be seen from Table I, 
the smallest ratio is for TGS which shows a second order phase transition and the largest is for 
the case of DKDP where a clear first order transition can be observed. For all these materials 
Q~0. 
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Figure 1. Comparison between the experimental temperature dependence of the normalized 
macroscopic polarization (dots) and the simulations (line). 

Table I. The values of the microscopic bulk parameters for the three materials 

7/kB (K) 7«/kB (K) JIJ4 
TGS 246.1 196.9 0.8 

NaN02 257.3 643.2 2.5 

DKDP(88%D) 98.0 490.1 5.0 

SIZE EFFECTS 

The above simulations for the bulk materials were run considering periodic boundary 
conditions at the "surface" of the pseudospin lattice. Numerical size effects were reduced by 
increasing the size of the periodically repeated lattice until reaching a convergent result for P. To 
study size effects on these materials, we eliminated the periodic boundary conditions from the 
"surface" of the lattice. In order to get the same bulk results but without the periodic boundary 
conditions, the size of the lattice was increased considerably. Starting from this lattice size, the 
number of lattice-cells was continuously reduced. The most significant effects were observed in 
the value of the critical temperature, Tc.. Figure 2 shows the dependence of Tc on the size of the 
crystal. As it is expected, Tc reduces as the size of the crystal is reduced in the three materials. In 
the figure, the critical temperature for each size was normalized by the corresponding bulk value. 
The size is reported as the number of cells (N) along one lattice axis, so that the volume of the 
crystal would be N3a\ where "a" is the lattice constant of the pseudospin cubic lattice. 

As shown in figure 2, the size dependence of Tc for these materials is weaker than for 
displacive-type ferroelectrics like BaTi03 in which a size-driven shift of Tc is observed for 
particles with sizes below N-500 (or below N-120 for the case of PbTiQ3). In TGS, NaN02 and 
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Figure 2. The dependence ofTc on the size of the crystal 

DKDP, the changes in Tc are observed below N~40. In particular, TGS shows stronger size 
dependence (starting at N~40) and DKDP the weakest (starting at N~20). This critical N can be 
correlated with the characteristics of the bulk phase transition throughout the J4/J ratio. The 
material with the sharper phase transition (and larger ratio) requires smaller sizes to start 
changing Tc. However, figure 2 also shows that fTb-Tj (Tb is the bulk value of Tc) becomes larger 
in DKDP than in the other materials for very small particles (N<5). The temperature dependence 
of P changes from first order to second order type in the case of DKDP and NaN02 when the size 
of the particles is reduced. There is a continuous modification of this T-dependence of P as the 
size of the particles approaches zero and no critical size in which the ferroelectricity is destroyed 
can be observed in any of the three materials. This is consistent with other reports on the 
behavior of order-disorder ferroelectrics [15]. 

SURFACE EFFECTS 

All the above simulations were carried out assuming that the microscopic conditions at 
the surface were identical to the conditions at the interior of the particles. However, significant 
changes can occur at the surface that will change the PS interaction coefficients, in order to study 
these effects for the three materials, we recalculated the T-dependence of P when the value of 7 
and J4 at the surface (Js and J4S) were different to the ones at the interior of the particle (as given 
in Table I). Figure 3 shows how the size dependence of Tc changes in DKDP when the two- and 
the four-PS surface interaction coefficients become weaker or stronger than the internal values. 
The legend indicates the value of the surface parameter that was increased or reduced with 
respect to the internal one. The dashed line was included as a reference corresponding to the case 
Js=J and J4S=J4. According to the simulations, Tc and the characteristics of the phase transition 
(first order- or second order-type) change because of the surface effects. As shown in Fig. 3, 
variations in the two-PS interaction coefficient is responsible of the bigger changes in the 
ferroelectric response. It is also observed that, increasing the magnitude of the surface 
parameters, the low-T shifting of Tc produced by the size effects can be reduced. 

The strengthening of the surface ferroelectric interaction leads to a decoupling between 
the surface and the interior of the particle. In this situation, the surface can become ordered at 
higher temperature as compared to the interior. Figure 4 shows the ferroelectric behavior of a 
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Figure 3. Modification of the Tc behavior due to she effects in DKDP. 

DKDP particle with a size corresponding to N=30 and with7s=47. The T-dependence of P (total 
P, surface contribution to P, and internal contribution), as well as of the normalized 
susceptibility, clearly show two transitions. As observed from the figure, the higher temperature 
transition is related to the ordering of the surface and the lower temperature transition to the 
"delayed" ordering of the internal part of the particle as the temperature decreases [10]. 

The typical low-T shifting of Tc as the size of the particle is reduced can be reverted when 
the experimental conditions result in a large JSIJ ratio. Figure 5 shows the size-dependence of Tc 

for a DKDP particle with JSIJ=A as compared with case of figure 2 (JS=J). In this figure, a high-T 
shifting is observed when N was reduced due to the strong surface ferrolectric interactions. This 
effect has been experimentally observed in KDP particles [16]. For larger sizes one can 
distinguish between the size dependence of the "surface-Tc " (dashed line) and the "interior-Tc" 
(dotted line). This surface effect was also obtained in NaN02 and TGS with smaller JSIJ ratios. 

Among other possible causes for size and surface effects is the action of a depolarization 
field. This effect was not considered in the above analysis. A microscopic model to study such 
effect which includes an electric field along z-direction will be presented elsewhere. 
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CONCLUSIONS 

We studied size and surface effects in DKDP, NaN02 and TGS by performing Monte 
Carlo simulations of the ferroelectric response of the nanoparticles. We modeled the ferroelectric 
interaction with a Hamiltonian that considered up to four pseudospin interactions. The 
microscopic parameters were obtained by fitting the results of the average polarization with the 
experimental values reported for these materials. The obtained values of these parameters 
showed a good correspondence with the related thermodynamic phenomenological parameters 
[13, 14]. The better correspondence was obtained for the two-PS interaction coefficient. The 
expected low-T shifting of the critical temperature was obtained for the three materials when the 
sizes of the particles were reduced gradually. This shifting was related with a change from a first- 
order to a second-order phase transition behavior for the case of DKDP. Significant low-T 
shifting is obtained only for very small particles (N<15 or d<6nm) as compared with the 
perovskites where similar changes are observed for larger particles (N-200 or d~80nm) [17]. 

Surface effects are larger when the experimental conditions mainly affect the two-PS 
interaction coefficient. Strengthening of the ferroelectric interactions at the surface can revert the 
size effects commonly observed in the particles and the simulations confirm the contradictory 
experimental results reported for these materials. The three studied materials behave in a similar 
way and the effects depend on the J4IJ ratio. 
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ABSTRACT 

Epitaxial (001)-, (116)- and pseudo (103)-oriented Sr^Mi^iOg (SBT (0.35/2.2/2.0)) films were 

successfully grown on (001), (110) and (111) SrTi03 substrates, respectively. High-resolution 

X-ray diffraction reciprocal space mapping (HRXRD-RSM) measurements and pole figure 

measurements clearly indicated that the (116)-oriented SBT (0.35/2.2/2.0) film consisted of two 

growth domains those c-axis are separated 180° apart in in-plane and pseudo (103)-oriented SBT 

film consisted of three growth domains those c-axis are separated 120° apart in in-plane. 

Moreover, lattice parameter measurements indicated that SBT films grew in fully relaxed state. 

INTRODUCTION 

Bismuth layer structured ferroelectric materials, such as SrBi2Ta209 (SBT) and Bi4Ti30i2 

(BIT), have attractive attention for ferroelectric random access memory (FeRAM) application. 

SBT, in particular, has been widely studied and recently, the FeRAM consisted of SBT capacitor 

has been commercially available. However, the character of SBT crystal in the form of thin film 

has not been fully understood yet. Therefore, it is important to investigate the physical properties 

including growth mechanism on crystalline substrate using epitaxial grade SBT film is highly 

desired. From Rietveld refinement using X-ray and neutron for SBT polycrystalline powder 

material, the lattice parameters and crystal symmetry of SBT crystal was identified. ' The 

refined space group, A2iam, indicates that the mirror plane exists parallel to a-b plane, therefore, 

the spontaneous polarization is expected not to exist along c-axis of SBT unit cell. This leads 

extensive interest on controlling the preferred orientation of SBT crystal. From the practical 

point of view, SBT film is prepared on fiber textured conductive bottom electrodes, such as Pt1, 
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and IrOx5, and typically these bottom electrodes materials have (111) preferred orientation when 

those are grown on conventional oxidized (001) Si substrate. Recently, we reported that the SBT 

film grown on (111) preferentially oriented Pt bottom electrode grown by MOCVD has {1031 

preferred orientation.6 We attributed the preferentially oriented SBT film growth to the local 

epitaxial growth between (111) oriented Pt bottom electrode and (103) SBT. In fact, the lattice 

mismatches between (111) Pt and (103) SBT arc estimated to be 0.14% along [010] SBT and 

4.5% along [103] SBT and these rather small lattice mismatches are probably sufficient for 

promoting epitaxial growth or controlling the preferred orientation of SBT crystal. In the present 

study, we have prepared epitaxial SBT films that have three different orientation, (001), (116) 

and pseudo (103), on (001), (110) and (111) SrTi03 substrates, respectively, and epitaxial 

relations and growth mechanisms were investigated. 

EXPERIMENTAL DETAILES 

Epitaxial SBT (0.35/2.2,-2.0) films were grown from two source materials, Sr[Ta(0 C2H5)6]2 and 

Bi(CH3)3, by MOCVD at deposition temperatures of 750, 820 and 850°C on (001), (110) and 

(111) SrTi03 (STO) substrates, respectively. More detail growth conditions were published in the 

previous report7 from our group. Epitaxial relations between the SBT (0.35/2.2/2.0) films and the 

STO substrates and lattice parameters of SBT ,0.35/2.2/2.0) films were investigated employing 

high-resolution X-ray diffraction reciprocal space mapping (HRXRD-RSM*) technique using 

X'Pert-MRD system (Philips, Netherlands). The film compositions were characterized by PW 

2404 wavelength dispersive X-ray fluorescence spectrometer (Philips, Netherlands). The film 

compositions were Sr/Ta=0.35 and Bi/Ta=l.l for all of the films. Interfacial atomic 

configurations between SBT ,0.35/2.2/2.0) films and STO substrates were characterized by 

transmission electron microscopy (TEM, Topcon 002B, Japan). 

DISCUSSION 

Figures l(a)-l(c) show HRXRD-RSM results for the epitaxial SBT,o.35/2.2/2.o) films grown 

on (001), (110) and (111) STO substrates, respectively. The results show that 001, hh6h and h03h 

diffraction spots are only laying along film surface normal direction and this indicates the SBT 
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Figure 1. XKD-RSM results for epitaxial Sr„^Bi2,Ta209films grown on (a) (001); (b) (110) and (c) (111) SrTiO.,; 

(d) magnification around (206) Sr0j!Bi2.iTa,O91 (111) SrTiO., substrate. S denotes substrate diffraction. 

(0.35/2.2/2.0) films have (001), (116) and pseudo (103) orientation. The magnification around 206 

SBT/ 111 STO diffractions (fig. 1(d)) indicates that the 206 diffraction spot of SBT,0.35/2.2/2.0) 

tilted about 0.6 deg from [111] STO to [112] STO direction. This indicates that the SBT 

(0.35/2.2/2.0) film grown on (111) STO substrate has, strictly, (10MZ) orientation. This is the 

reason why we call the SBT (0.35/2.2/2.0, film grown on (111) STO substrate as pseudo (103) 

orientation. The epitaxial relations between SBT ,0.35/2.2/2.0) films and STO substrates were found 

as (001)[100] SBT || (001)[110] STO, (116)[TT6] SBT || (110)[Tl0] STO and (103)[103j 

SBT || (111)[112] STO for the SBT films grown on (001), (110) and (111) STO substrates, 

respectively. The lattice parameters of SBT ,0.35/2.2/2.0) films were evaluated from several sets of 

HRXRD-RSMs and those were obtained as (a, b, c)= (0.552, 0.554, 2.500), (0.552, 0.554, 

0.2496), (0.552, 0.553, 2.498) ran for (001), (116) and pseudo (103) oriented SBT ,0.35/2.2/2.0) films, 

respectively. These obtained lattice parameters were almost matched to the reported values for 

SBT powder materials2"4 and those indicates that the SBT (0.35/2.2/2.0) films were almost fully 

relaxed. Pole figure measurements for the (116) oriented and the pseudo (103) oriented SBT 

(0.35/2.2/2.0) films, shown in Fig. 2, indicate that the (116)-oriented SBT ,0.35/2.2/2.0) film consisted of 

two growth domains those c-axis are separated 180° apart in in-plane and pseudo (103)-oriented 
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Figare 2. Pole figure measurements of SBT tlU5,22l20), (a) 115 diffraction of(116)-orientedSBTmm2l2B); (b) 113 

diffraction ofpseudo (lOi)-oriented SBT ,(us,22i20). 

SBT (0.35/2.2/2.0) film consisted three growth domains those c-axis are separated 120° apart in 

in-plane. Finally, growth domain configurations of epitaxially grown SBT (0.35/2.2/2.0) films 
prepared on three differently oriented STO substrates were obtained as schematically shown in 
fig. 3. 

TEM images are shown in Figs. 4. Figure 4(a) shows wavy shaped contrast. As 

characterized by Suzuki et al.9, this is attributed to the stacking faults along c-axis of SBT 

(035/2.2/2.0) crystal and this was also observed in the other two films. In the case of SBT (0.35/2.2^.0) 

film growth on (110) STO substrate, faceted (100) or (010) STO was observed as is shown in fig. 

4(b) and the SBT (0.35/2.2/2.0) crystal seemed to directly grow on these faceted (100) or (010) 

planes. Moreover, this image clearly shows that the (116)-oriented SBT((,35/2.2/2.o> film consisted 
of two growth domains those c-axis are separated 180° apart in in-plane and grain boundaries are 

introduced at an atomic step of faceted STO substrate surface. A lower magnification TEM 

image (not shown in here) for this (116) oriented SBT (0.35/2.2/2.0) film shows that the two growth 

domains are aligned alternatively and form mesh type of domain structure and the linear density 

Figure 3. Schematic drawings of growth domain configurations of epitaxially grown SBT ltum2l20)füms grown on 

(a) (001) STO; (b) (110) STO and (c) (111) SrTi03 substrates. 
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Figure 4. High-resolution TFM images of (a) (OOl)-orienled; (b) (U6)-oriented and (c) pseudo (103)-oriented 

SBT,OJSI2.2,2.0) films- 

of this growth domain boundary, in this case, was estimated as 0.019 nm" . 
As indicated by HRXRD-RSM characterization, SBT <fi.35n.2nm films grew on STO 

substrates incoherently. This growth mechanism of SBT (0.35/2.2/2.0) film is fairly different from 

Pb(Zrx,Tii.x)03 (PZT) case. PZT thin film is well known to release the growth strain introduced 

to the film during the film growth by forming multiple domain configurations. For example, 

Roytburd et al. reported that the tetragonal PZT film introduce mixed domain configurations, 

such as ...ai/Vai..., ...aj/c/ai... etc depend on the valance between the magnitudes of the strain 

introduced by the lattice mismatches taking difference of thermal expansion coefficient between 

the PZT and the substrate into account and tetragonality strain of tetragonal PZT crystal. This 

indicates that the controlling of preferred orientation of PZT crystal affects more severely on 

total polarization charge than SBT. Therefore, preferred orientation control is essential in the 

case of PZT. This difference between SBT and PZT is expected to bring an advantage for SBT in 

spatial uniformity of crystal orientation over a large wefer. 

CONCLUSIONS 

We succeeded in preparing epitaxial Sro.35Bi2.2Ta209 (SBT (0.35/2.2/2.0)) films with three different 

orientations, such as (001), (116) and (103.07) orientation, on (001), (110) and (111) SrTi03 

substrates, respectively. (116)-oriented SBT ,0.35/2.2/2.0) film shows two growth domains those 

c-axis arc separated 180° apart in in-plane and TEM study shows that these domains are aligned 

alternatively and form mesh type of domain structure. On the other hand, (103.07)-oriented SBT 

(0.35/2.2/2.0) film shows the existence of three growth domains those c-axis are separated 120° apart 

in in-plane. Moreover, fairly small amount of residual strain in all of the SBT (0.35/2.2/2.0) films 

were ascertained by the lattice parameter measurements employing HRXRD-RSM technique and 

TEM observations show the existence of stacking faults along c-axis of SBT ,0.35/2.2/2.0) crystals. 
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ABSTRACT 

X-ray diffraction was used to probe the structural changes associated with the conversion 
of the paraelectric phase to the ferroelectric phase that results from the application of a large 
external electric field. The samples under study are ultrathin (150 to 250 A) Langmuir-Blodgett 
films of the copolymer vinylidene fluoride (70%) with trifluoroethylene (30%) deposited on 
aluminum-coated silicon. Theta-2theta X-ray diffraction was used to measure the change in 
inter-layer spacing perpendicular to the film surface. Upon heating at zero external electric field, 
the crystalline films undergo a structural phase transition, at 100+ 5°C, from the all-trans 
ferroelectric phase to the trans-gauche paraelectric phase. [1,2] Above the phase transition 
temperature, the non-polar paraelectric phase can be converted back to the polar ferroelectric 
phase, in a smooth continuous process, using a large external electric field (~1 GV/m). For 
example, at 100° C the ferroelectric phase first appears above 0.2 GV/m and increases steadily in 
proportion while the paraelectric phase decreases until complete conversion to the ferroelectric 
phase is achieved at approximately 0.6 GV/m. 

INTRODUCTION 

Ferroelectricity was first realized and identified by John Valasek in 1920, with the 
observation that the spontaneous polarization of Rochellc salt was reversible in the presence of 
an applied electric field. [3] Ferroelectric materials are analogous to ferromagnetic materials in 
that they both possess a net macroscopic dipole, a hysteresis effect, and a phase transition at a 
Curie temperature. At the Curie temperature, ferroelectric materials undergo a structural phase 
transition from a structure with net electric polarization, the ferroelectric phase, to a structure 
with no net polarization, the paraelectric phase. One family of ferroelectric materials are the 
copolymers of vinylidene fluoride with trifluoroethylene or P(VDF-TrFE). In the present study 
all films are composed of copolymers of 70% vinylidene fluoride with 30% trifluoroethylene. 
Using Langmuir-Blodgett deposition it is possible to obtain ultrathin (5->5000 Ä) films of 
P(VDF-TrFE). We have investigated the effect an applied electric field has on the ferroelectric- 
paraelectric phase transition, using theta-2theta X-ray diffraction and dielectric measurements. 
We have shown that the application of a sufficiently large electric field causes the ferroelectric- 
paraelectric phase transition to be shifted to higher temperature. [4] 

Sample Preparation 

Solvent-cast and spin-coated films of PVDF and P(VDF-TrFE) have long been studied 
for their ferroelectric properties, however films made by these methods possess severe 
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limitations due to their polymorphous nature. [5] In order to obtain an increased degree of order 
and crystallinity, the Langmuir-Blodgett technique has been employed in the fabrication of 
ultrathin films of P(VDF-TrFE) 70:30 by our collaborators at the Institute of Crystallography in 
Moscow. In general, the Langmuir-Blodgett technique involves the deposition of one-molecule- 
thick layers, known as monolayers, onto a solid substrate, such as glass or silicon. By making a 
series of depositions it is then possible to build up any number of monolayers on each substrate. 
As a result, the Langmuir-Blodgett technique allows for precise nanoscale growth control on 
samples that possess a degree of order and crystallinity much higher than that obtained in thicker 
polymorphous films. [6] Samples made for this study ranged in thickness from 5 monolayers (25 
A) to 150 monolayers (750 A). In the following study all samples were made using horizontal 
dipping (Langmuir-Schaefer variation) on a glass or silicon substrate coated with a 500 A 
aluminum electrode. After LB deposition another layer of aluminum (500 A) was evaporated 
onto the top of the copolymer film, creating a simple capacitor. 

Sample Structure 

Copolymer films of P(VDF-TrFE) can have several crystalline phases. The most 
interesting, and the focus of this research, are the ß and a structures, which correspond to the 
ferroelectric and paraelectric phases respectively. [5,7,8] The ferroelectric phase possesses a net 
dipole moment, directed from the electronegative fluorine atoms to the relatively electropositive 
hydrogen atoms. In the ferroelectric phase the copolymer chains are in an all-trans (TTTT) 
conformation, as shown in figure la, with the copolymer chains packing in a quasihexagonal 
manner as depicted in figure lc. While in the paraelectric phase the chains are in an alternating 
trans-gauche (TGTG*) conformation, as in figure lb, packing in a manner such that alternating 
chains are anti-parallel, figure Id, leaving the crystal structure with no net polarization. 

«^      Y        ^A 

FIGURE 1. a) All-trans (TTTT) conformation of the ferroelectric ß phase and b) trans-gauche (TGTG*) 
conformation of the paraelectric a phase found in PVDF; c) packing of polymer chains while in the 
ferroelectric phase (looking down the chains) and d) packing of chains while in the paraelectric phase. 
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EXPERIMENTAL 

The properties of the Langmuir-Blodgett films of P(VDF-TrFE) were probed by two 
methods, capacitance measurements and X-ray diffraction measurements. Capacitance 
measurements were used to determine the dielectric constant, while X-ray diffraction 
measurements were used to measure the lattice spacing, where both properties are sensitive to 
changes in the crystal across the phase transition. 

Near the phase transition temperature, it is known that due to the structural transition 
from the polar all-trans conformation to the non-polar trans-gauche conformation, there will be a 
large change in spontaneous polarization when crossing the phase transition temperature. [1] 
The dielectric constant will peak at the transition, where the polarization is most sensitive to 
changes in the temperature and the electric field. Therefore, measuring the temperature 
dependence of the capacitance allows one to measure the temperature dependence of the 
dielectric constant, which in turn allows for the qualitative understanding of the changes in 
spontaneous polarization of P(VDF-TrFE). A Hewlett Packard 4192A Impedance Analyzer was 
used to measure the a.c. capacitance and resistance of the P(VDF-TrFE) films as a function of 
temperature. Where a test frequency of 1 kHz was used, and the temperature was ramped at a 
rate of 1 ° C/minute. 

Using theta-2theta X-ray diffraction, it is possible to measure the effects of elevated 
temperature and application of an external electric field on the crystal spacing along the direction 
perpendicular to the surface of the Langmuir-Blodgett films of P(VDF-TrFE), as indicated in 
figure lc and figure Id. Because the d spacing of the ferroelectric ß phase and the paraelectric a 
phase are different, their relative proportions at any temperature or applied field could be 
calculated from the integrated intensities of their X-ray Bragg peaks. All X-ray diffraction 
measurements were made on a theta-2theta Rigaku diffractometer, with CuKa radiation 
(wavelength = 1.542 Ä). 

RESULTS 

Past structural measurements, performed on thicker polymorphous films of P(VDF- 
TrFE), fabricated using casting and solvent spin coating, have established the existence of 
thermal hysteresis in the lattice spacing near the ferroelectric-paraelectric phase transition. [9] In 
addition, structural and dielectric studies have also established the coexistence of the 
ferroelectric and paraelectric phases in ultrathin Langmuir-Blodgett films of P(VDF-TrFE) 
70:30. [1,2] The observed metastability of phases near the phase transition temperature indicates 
the first-order nature of the ferroelectric-paraelectric phase transition. Ferroelectric theory also 
predicts that the structural and dielectric properties of P(VDF-TrFE) are dependent not only upon 
temperature but also on applied electric field. [1,3] Using the experimental methods described 
above we have investigated the electric-field dependence of the ferroelectric-paraelectric phase 
transition in ultrathin Langmuir-Blodgett films of P(VDF-TrFE). 

Using capacitance measurements, Ducharme et al. have demonstrated that in the presence 
of an applied electric field the ferroelectric-paraelectric phase transition can be shifted to a higher 
temperature. [1] This behavior can be observed in figure 2, which shows results from an 
electric-field and temperature dependent capacitance study. According to prevailing models this 
shift is due to the interaction of the internal dipole of P(VDF-TrFE) with the applied electric 
field, which should stabilize the spontaneous polarization at higher temperatures. [3] The 
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Figure 2. Capacitance measurements made at zero electric field (solid line) and with an applied of 0.33 GV/m 
(dotted line) made upon heating and cooling. (Adapted from Ref. 1. © 1998 by the American Physical 
Society, reprinted with permission.) 

external electric field enhances the polar all-trans conformation compared to the non-polar trans- 
gauche conformation by requiring that an additional amount of thermal energy must be supplied 
in order to rotate the alternating monomer units by ± 60° and overcome the dipolar energy. As a 
result, the conversion of the ferroelectric phase to the paraelectric phase, and vice-versa, will 
occur at a higher temperature when an external electric field is present. 

Electric-field dependent X-ray diffraction scans were performed at 100 °C. At this 
temperature, in the absence of an applied electric field, the copolymer is entirely in the 
paraelectric phase. The sample was first annealed at 120 °C for one hour to ensure that the 
copolymer had been entirely converted to the paraelectric phase and to improve the crystallinity 
of the copolymer film. After annealing, the film was then cooled back down to 100 °C for the X- 
ray diffraction measurements. While the sample temperature was maintained at 100 °C an 
external electric field was simultaneously applied using a d.c. voltage from a function generator. 
X-ray diffraction data was recorded at incremental steps of 2.5 volts, incrementing the electric 
field by 0.10 GV/m in the 25-nm thick films, up to a maximum of 0.70 GV/m. 

Electric-field dependent Bragg diffraction scans at a fixed temperature for a 50- 
monolayer sample are shown in figure 3a.   One can see that with zero electric field the 
copolymer was entirely in the paraelectric phase, represented by the peak at 20 = 18.2°. As the 
applied electric field was increased from 0.0 GV/m to 0.2 GV/m there is little change in the 
observed X-ray diffraction scan; the sample remains entirely in the paraelectric phase. However, 
upon increasing the electric field to 0.4 GV/m one can see a dramatic change, with the 
appearance of an additional X-ray diffraction peak at 26 = 19.9°, associated with the all-trans ß 
phase, and a decrease in the intensity of the 18.2° diffraction peak, associated with the trans- 
gauche a phase. When the electric field was increased to 0.5 GV/m and then 0.6 GV/m the 
paraelectric peak progressively diminished in intensity while the ferroelectric peak 
simultaneously increases in intensity.   This demonstrates the conversion of the trans-gauche 
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Figure 3. a) Electric-field dependent X-ray diffraction data, recorded at 100° C, with increasing electric field, 
from a 50 monolayer Langmuir-Blodgctt film of P(VDF-TrFE); b) Electric field dependence of the integrated 
intensities for the paraclcctric phase (circles) and the ferroelectric phase (squares). 

paraelectric structure (figure la) to the all-trans ferroelectric structure (figure lc) by the applied 
electric field. 

In figure 3b the relative integrated intensities of the ferroelectric and paraelectric 
diffraction peaks from figure 3a have been plotted as a function of applied electric field with 
circles and squares representing the paraelectric and ferroelectric data respectively. Because the 
cross section of the X-ray beam was larger than the electrodes, it was necessary to subtract the 
contribution of the residual a phase, persisting in areas with no electrodes, from the intensities of 
the paraelectric peak. Summarizing the results of figure 3b, at low field there is no evidence of 
the ferroelectric phase at 100 °C, but at increasing field there was a gradual conversion of the 
trans-gauche paraelectric a phase to the all-trans ferroelectric ß phase. The loss of the 
paraelectric phase is accompanied by creation of an equivalent amount of the ferroelectric phase; 
the electric field is converting one phase into the other phase. The region of paraelectric- 
ferroelectric coexistence, upon increasing field, extends from 0.20 GV/m to 0.60 GV/m, where 
full conversion from the paraelectric to the ferroelectric phase occurs at approximately 0.60 
GV/m. The incongruous increase in the paraelectric intensity at 0.60 GV/m was likely caused by 
electrode degradation during the X-ray diffraction measurements. Inspection of the sample after 
the experiment revealed considerable electrode degradation. 

CONCLUSION 

In the preceding study we have demonstrated gradual conversion of the paraelectric phase 
to the ferroelectric phase by application of an external electric field in ultrathin Langmuir- 
Blodgett copolymer films of P(VDF-TrFE) 70:30. The X-ray diffraction studies have shown 
directly that, under the influence of an external electric field, the ferroelectric phase could exist 
at temperatures above the zero field phase transition temperature. These results are consistent 
with the picture of the VDF copolymers as fcrroelectrics that possess a first-order phase 
transition. 
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ABSTRACT 

(l-jt)Pb(YbwNb|/2)03-xPbTi03 (PYbN-PT, x=0.5) epitaxial films were grown on 
(001)SrRuO3/(001)LaAlO3 and (11 !)SrRu03/(l 11 )SrTi03 substrates by pulsed laser deposition. 
(OOl)PYbN-PT epitaxial films with high phase purity and good crystalline quality were obtained 
for a wide range of deposition rates (60-90 nm/min) and temperatures (620-680 °C). 
(11 l)PYbN-PT films were also obtained at temperatures in the range of 600 °C to 620 °C. The 
ferroelectric and piezoelectric properties were investigated on both (001) and (111) PYbN-PT 
films. The remanent polarizations of (001 )PYbN-PT and (111 )PYbN-PT films were as high as 34 
HC/cm2 and 26 |0.C/cm2, respectively. On (OOl)PYbN-PT films with a thickness of 900 nm, an e3, 
coefficient of-13 C/m2 and an aging rate of 2.5% per decade were observed. 

INTRODUCTION 

Piezoelectric thin films have received considerable attention in recent years for their potential 
application to microelectromechanical systems (MEMS) such as microsensors and microactuators 
[1 ]. Since Pb(Zr,Ti)03 (PZT) exhibits attractive piezoelectric responses, PZT thin films have been 
widely studied [2-4]. However, the piezoelectric coefficients (dy) measured for PZT films are 
limited to those values typical of hard PZT ceramics. 

Recently, it has been reported that single crystals of relaxor ferroelectrics-PbTi03 solid 
solutions such as Pb(Mg,/3Nb2/3)03-PbTi03 (PMN-PT) and Pb(Zn1/3Nb2/3)03-PbTi03 (PZN-PT) 
exhibit very large piezoelectric responses [5]. A piezoelectric d33 coefficient of 2500 pC/N has 
been observed for <001 > oriented rhombohedral crystals, even though < 111 > is the polar direction. 
Furthermore, the response appears to be largely intrinsic. Therefore epitaxial films of relaxor 
ferroelectrics-PbTi03 solid solutions may also exhibit high piezoelectric responses [6]. Maria et al. 
[7] have reported that PMN-PT epitaxial films show enhanced piezoelectric coefficient relative to 
PZT films. In the present study, we focus on (1 -;OPb(Yb1/2Nb1/2)0.,-xPbTiOa (PYbN-PT) epitaxial 
films. To compare with the piezoelectric properties of single crystals of relaxor 
ferroeleetrics-PbTi03 solid solutions, (001) and (111) epitaxial PYbN-PT films were prepared. 
There are several reports concerning the synthesis and characterization of PYbN-PT bulk ceramics 
[8,9]. PYbN-PT with compositions in the range from x=0.2 to 0.49 exhibits relaxor ferroelectric 
behavior. Since PYbN-PT has the highest Curie point (-360 °C) near the morphotropic phase 
boundary (jr~0.5) of the known relaxor ferroelectric-PbTi03 solid solutions, piezoelectric 
properties with good temperature stability can be expected. Although Bomand et al. [10-12] have 
reported on the growth and ferroelectric properties of PYbN-PT epitaxial films, to the best of the 
authors' knowledge, there are no reports about the piezoelectric properties of PYbN-PT films. 
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Experimental Procedure 

To prepare (001) and (111) epitaxial PYbN-PT films, (001)LaAlO3 and (11 l)SrTi03 single 
crystal wafers were used as the substrates. (Note that in this paper, the Miller indexes of all 
material are given in terms of a pseudocubic unit cell.) PYbN-PT films and SrRu03 bottom 
electrodes were prepared by pulsed laser deposition (PLD). The laser used was a KrF excimer laser 
(Lambda Physik Compex 102) with a 248 nm wavelength. SrRu03 bottom electrodes (200-300 
nm thick) were deposited using stoichiometric SrRu03 ceramic targets (Target Materials Inc.). 
Details on the epitaxial growth of SrRu03 are given elsewhere [10,11,13], To deposit PYbN-PT 
films, sintered ceramics of PYbN-PT with the 50:50 composition, including 25 wt% excess PbO, 
were used as targets. The excess PbO compensated lead loss in the films during growth. Oxygen 
and oz»ne gases were introduced to the deposition chamber using a commercial ozone generator 
(PCI). The specific deposition conditions of the SrRu03 bottom electrode and PYbN-PT films are 
given in Table I. 

The crystalline phases and orientation of the films were evaluated by x-ray diffraction. 6-29 
scans and CO scans were conducted using a Scintag Pad V diffractometer. The <]) scans for texture 
analyses were performed using an XPERT Phillips four circle diffractometer. Cu-Koc radiation 
was used in all cases. 

For electrical measurement, circular Pt top electrodes ((|>=0.1-0.6 mm) were sputtered on the 
film surface through a shadow mask. Low and high-field dielectric properties were measured using 
an impedance analyzer (HP4192A) or a Radiant Technologies RT66A standard ferroelectrics 
tester. The effective e3Kef0 coefficients and their aging behaviors were characterized using a 
modification of the wafer flexure method described previously [14,15]. An effective e3l(eff) 

coefficient, e3Kef0=charge/strain was calculated from the resulting data assuming the Poisson's 
ration of 0.3. Prior to each test, samples were poled with a DC electric field (typically two or three 
times their coercive field) for 20 min. On all measurements of ferroelectric and piezoelectric 
properties, the electric field was applied to the top electrode. 

Table I.  Deposition conditions for SrRu03 and PYbN-PT epitaxial films. 

SrRu03 (l-^PYbN-xPT 

Temperature 730 °C 580-700 °C 
Atmosphere 100% o2 10% O,-90% 02 
Pressure 200 mTorr 400 mTorr 
Laser energy density 1.2J/cm2 1.5 J/cm2 

Laser frequency 10 Hz 3, 5 Hz 
Number of laser shots 15000 2700 
Target Stoichiometric *=0.5 

25% excess PbO 
Target to substrate distance 8 cm 4.5 cm 

Results and discussion 

Figure 1 shows a XRD 9-26 pattern of a PYbN-PT film deposited at a substrate temperature of 
660 °C and a laser frequency of 3 Hz on a (001 )SrRuO3/(001 )LaA103 substrate. The film showed 
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Figure 1. XRD 9-2 6 pattern of a PYbN-PTfilm 
deposited at a substrate temperature of 660 °C and 
a laser frequency of 3 Hz on a (OOl)SrRuOs 
/(OOl)LaAIOj substrate.iß) perovskite PYbN-PT, 
(■) LaAlO,,, (A)SrRu03, (♦) pyrochlore. 
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Figure 2. Qscan of (303) for the (OOI)PYbN-PT 
film deposited at a substrate temperature of 
660 °C and a laser frequency of 3 Hz. 

good (001) orientation. The full width at half maximum (FWHM) of the 6-26 profile and rocking 
curve (co scan) for PYbN-PT 002 were 0.15° and 0.49°, respectively. The former is limited by the 
instrument resolution. A small peak presented at 34.7° was corresponded to pyrochlore. The 
quantity of pyrochlore phase estimated from the ratio of the diffraction peak intensities of the 
pyrochlore phase (34.7°) to PYbN-PT (002) was <1%. Figure 2 shows a <|> scan of the PYbN-PT 
(303) peak. There was no indication of misoriented grains in the plane. The heteroepitaxial growth 
of the PYbN-PT films on the substrates was confirmed by four equally spaced peaks separated by 

90°. 
To optimize the growth conditions, PYbN-PT films were deposited at various substrate 

temperatures and laser frequencies. The quantity of pyrochlore phase and FWHM of the 
6-20 profile and rocking curve for the films are shown in figure 3. The thickness of all films was 
0.9 |im. The growth rates at laser frequencies of 3 Hz and 5 Hz were 60 nm/min and 90 nm/min, 
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Figure 3. The quantity of pyrochlore phase and 
FWHM of the 9-2 8profile and rocking curve (co 
scan) of PYbN-PT (002) for films deposited at 
various temperatures and laser frequencies of 3 
Hz and 5 Hz. 
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respectively. (001) epitaxial PYbN-PT films were obtained up to 670 °C at 3 Hz. At 670 °C, 
however, the quantity of pyrochlore phase increased to 6%. The FWHM of the 6-26 profile and 
rocking curve width also increased. Therefore, for growth with a 3 Hz laser frequency, perovskite 
PYbN-PT was favored up to 660 °C. On the other hand, (OOl)PYbN-PT films with <0.5% 
pyrochlore phase could be achieved for temperatures below 680 °C at 5 Hz. As compared to the 
growth conditions reported previously, PYbN-PT perovskite thin films with high phase purity 
were obtained for a wide range of deposition rates and temperatures at high deposition pressures 
(400 mTorr). The optimum temperature to grow perovskite PYbN-PT increases with increasing 
growth rate. These results indicate that Pb is volatile during the deposition. The pyrochlore phase 
appears due to Pb deficiency. 

Figure 4 shows the polarization hysteresis loops for the (001 )PYbN-PT films shown in figure 
3. The films deposited at 650 and 670 °C showed the largest remanent polarization (Pr) at laser 
frequencies of 3 Hz and 5 Hz, respectively. The ferroelectric properties of the (001 )PYbN-PT films 
were adversely affected by the pyrochlore phase, as the film deposited at 670 °C and 3 Hz showed 
a poor hysteresis loop. For PYbN-PT films with high phase purity, the coercive field increased 
with increasing of the growth temperature. 

To obtain (111) epitaxial PYbN-PT films, the films were deposited on (11 l)SrRu03 

/(l 1 l)SrTi03 substrates. Figure 5 shows XRD 6-26 patterns of the films deposited at 3 Hz and 
various substrate temperatures. The thickness of these films and growth rate were 1.3 u,m and 75 
nm/min, respectively. For depositions at 580 °C, a diffraction peak corresponding to the 
pyrochlore phase was present at 49.1°. In this case, the pyrochlore phase was probably stabilized 
by low growth temperature rather than Pb deficiency. Although the optimum growth temperature 
for (001 )PYbN-PT films was around 660 °C, the temperature for (11 l)PYbN-PT films was around 
600 °C. Since the quality of (OOl)PYbN-PT films deposited on (001)SrRuO3/(001)SrTiO3 

substrates at 660 °C were similar to that on (001)SrRuO3/(001)LaAlO3 substrates, the difference 
of the optimum growth temperature between (OOl)PYbN-PT films and (11 l)PYbN-PT films does 
not come from the difference of substrate material but from the difference of orientation. The 
polarization hysteresis loops for (OOl)PYbN-PT films are shown in figure 6. Pr of the film 
deposited at 600 °C was the largest. 
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Figure 4. Polarization hysteresis loops for (001 )PYbN-PT films deposited at various temperatures and 
laser frequencies of (a) 3 Hz and (b) 5 Hz. 
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Figure 5. XRD 0-26 patterns of PYbN-PTfilms 
deposited at various substrate temperatures on the 
(1 H)SrRuO}l(l11)LaAI03 substrates. 
Opewvskite PYbN-PT, (■) SrTi03. (A)SrRu03, 
(♦) pyrochlore. FWHM of the 0-2 0profile and w 
scan for the PYbN-PT (111) are also shown. 
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Figure 6. Polarization hysteresis loops for 
(lll)PYbN-PT films deposited at various 
substrate temperatures. 

The piezoelectric coefficient e31(eff) and its aging behavior were measured on the several films. 
The dielectric and piezoelectric properties of the (001) and (11 l)PYbN-PT films shown in figures 
4 and 6 are summarized in Table II. The e31(ef)) coefficients were asymmetric with poling direction. 
These asymmetric properties are due to the internal bias electric field of the films, because the 
hysteresis loops were also sifted along the electric field axis as shown in figure 4 [15,16]. When the 
hysteresis loops were shifted to the positive direction, the e3i(efj) coefficients after poling with the 
top electrode negative were higher than those with the top electrode positive. The highest e31(rf0 

coefficient (-13 C/m2) was obtained on the (OOl)PYbN-PT film deposited at 670 °C and 5 Hz after 
poling with an electric field of-167 kV/cm. The aging rate was 2.5% per decade. The e31(eff) 
coefficients for (111 )PYbN-PT films were lower than those for (001 )PYbN-PT films. This result is 
comparable to that previously reported for single crystal of relaxor-PT solid solutions. 

Table II. The dielectric and piezoelectric properties of the (001) and (11 l)PYbN-PT films. Et: dielectric 
constant, Ep: poling field (kV/cm). 

Orientation 
Substrate 

Temperature 
Laser 

Frequency 
Er 

(at 1 kHz) e3i(cfn 

(001) 620 °C 3 Hz 1100 -7.0C/m2(Ep=167) -2.8C/m2(Ep=-167) 
(001) 650 °C 3 Hz 800 -8.1 C/m2(Ep=167) -11.0 C/m2 (Ep=-167) 
(001) 670 °C 5 Hz 800 -9.3 C/m2 (Ep=167) -13.0 C/m2 (Ep=-167) 
(111) 600 °C 3 Hz 1430 -2.6C/m2(Ep=115) -2.5 C/m2 (Ep=-115) 
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Conclusions 

The ferroelectric and piezoelectric properties of Pb(Ybi/2Nbi/2)03 -PbTi03 (PYbN-PT) 
epitaxial films with a 50:50 composition were investigated. (001) and (111) PYbN-PT films with 
high quality and good ferroelectric properties were obtained on (001)LaAlO3 and (11 l)SrTi03 

substrates with SrRu03 bottom electrodes. For (001 )PYbN-PT films, to deposit at higher substrate 
temperatures, higher growth rates are required due to Pb volatility. The piezoelectric coefficient 
(e3i(eff)) was measured by the wafer flexure technique. To the authors'knowledge, this is the first 
report of the piezoelectric properties of PYbN-PT films. (001 )PYbN-PT films have higher 
piezoelectric coefficients (e31(cfl)) than (11 l)PYbN-PT films. An e31 coefficient of-13 C/m2 and an 
aging rate of 2.5 % per decade were observed for (001) PYbN-PT films with a thickness of 900 nm. 
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ABSTRACT 

For the first time AgTao.3sNbo.62O3 (ATN) films have been grown on the Lao.7Sro.3Co03 

(LSCO)/LaA103 single crystal as well as onto PIäO (Ptlr) polycrystalline substrate. 
Comprehensive X-ray diffraction analyses reveal epitaxial quality of ATN and LSCO films 
on the LaAlO3(001) substrate, while ATN/Ptlr films have been found to be (001) 
preferentially oriented. Dielectric spectroscopy performed for ATN films and bulk ceramics 
in a wide temperature range 77 to 420 K shows the structural monoclinic Mi-to-monoclinic 
M2 phase transition occurs in films at the temperature 60 °C lower than in ceramics. The 
tracing of the ferroelectric hysteresis P-E loops indicates the ferroelectric state in ATN films 
at temperatures below 125 K and yields remnant polarization of 0.4 u.C/cm2 @ 77 K. Weak 
frequency dispersion, high temperature stability of dielectric properties as well as low 
processing temperature of 550 °C make ATN films to be attractive for various applications. 

INTRODUCTION 

The great potential of high dielectric permittivity and low loss ferroelectrics as frequency 
agile materials, has recently attracted great attention. Such materials, when incorporated into 
devices, need to operate over wide bandwidths, handle high microwave power without 
breakdown, possess wide electrical tuning, and minimal loss. Perovskite (Ba,Sr)Ti03 (BST) 
[1], SrTi03 (STO) [2], and BaTi03 (BTO) [3] films are considered to be the candidates for 
electrically tunable microwave components. A recent microwave-submillimeter-to-infrared 
spectroscopic study [4] has proved silver niobate-tantalate solid solutions AgTaxNbi.x03 
(ATN) should also be regarded to the family of microwave ceramics. 

A.Kania [5] has reported perovskite silver niobate-tantalate solid solutions show high 
dielectric permittivity and low loss tan 8 in bulk ceramics, but to the best of our knowledge 
ATN has not been yet investigated in thin film form. One possible reason is the high 
volatility of the Ag component, which complicates ferroelectric thin film fabrication. In this 
paper, we report on highly crystalline ATN films deposited on LSCO/LaAlOi single crystal 
and onto Pt8oIr2o (Ptlr) polycrystalline substrates, as well as results of comparative analyses 
of ATN bulk ceramics and thin film dielectric and ferroelectric properties. Fabricated ATN 
films exhibit high temperature stability and weak frequency dispersion of dielectric 
properties, dielectric permittivity about 500 and loss tan 8 ~ 0.008 at 100 kHz, electrical 
tunability l-e(56 kV/cm)/e(0) ~ 32%@77 K, and remnant polarization P, (77 K) ~ 0.4 
u.C/cm2. 
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EXPERIMENTAL PROCEDURES 

Table I. Processing conditions for AgTan.3sNbo.62O3 
(ATN) and LaojSro.sCoOs (LSCO) films. 

Processing parameters ATN LSCO 

Oxygen pressure (mTorr) 350 300 

Substrate temperature (°C) 550 700 

Target-to-substrate distance (mm) 50 55 

Laser energy density (J/cm2) 3-4 3-4 

Laser repetition rate (Hz) 15 20 

Deposition rate (A/pulse) 0.45 0.175 

Film thickness (urn) 0.4 0.4 

Annealing oxygen pressure (Torr) 600 700 

Annealing time (min) 20 20 

A 248 nm KrF excimer laser 
was used to ablate stoichiometric 
LSCO and ATN ceramic targets. 
The processing parameters used 
to grow ATN and LSCO films are 
listed in the Table I. Optimized 
processing conditions have been 
found to be similar to fabricate 
ATN films both onto 
LSCO/LaA103 single crystal and 
on the nicely polished Ptlr 
polycrystalline substrate. To 
calibrate the deposition rate, 
shown in the Table I, LSCO and 
ATN films thickness was 
measured by a-step meter. X-ray 
diffraction (XRD) 6-26 -scans, cp- 
scans and rocking curves were measured using an x-ray powder diffractometer Siemens 
D5000 with a Cu-Ka source. The temperature and frequency dependencies of dielectric 
characteristics were recorded using Philips PM6304 LCR meter with 30 mV rms signal 
voltage. 1 pC resolution electrometer circuit driven by 1 kHz triangular waveform signal and 
calibrated with the Radiant Technology RT66A pulsed tester has been employed to trace 
ferroelectric hysteresis loops. Silver 5x4 mm2 and gold 2.4x10"3 mm2 electrodes were made 
for ceramic bulk and ATN film capacitors, respectively. The corresponding accuracy of 
polarization measurements was 5 pC/cm2 for bulk ceramic capacitor and 0.4 nC/cm2 for film 
capacitor. 

RESULTS AND 
DISCUSSION 

XRD data for the 
ATN films deposited 
onto Ptlr substrates at 
different substrate 
temperatures ranged 
from 500 °C to 700 °C 
are shown Fig. 1. The 
ATN film prepared at 
substrate temperature 
500 °C looks like x-ray 
amorphous. Appearance 
of strong ATN-001, 
110,   and   220   Bragg 
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Fig 1. X-ray 6-26 diffraction patterns of ATN on Ptlr substrates 
deposited at different substrate temperatures from 500 °C to 700°C 
Symbol * indicates Agpoor Ag2Nb40n oxide (PDF card 21-1086). 
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Fig. 2 XRD 9-28 -scans for: a) ATN ceramic target; 
b) ATN onto polycrystalline Ptlr substrate, and c) 
ATN /LSCO bilayer film onto LaA103 single crystal. 
Symbols * in b) indicate Ag2Nb40n oxide. 
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Fig. 3 XRD rocking curves (CD-scans) of ATN-002, 
LSCO-002, and LaAlO3-002 for ATN/LSCO film 
grown onto LaA103 single crystal. The insert shows <p- 
scans of off-normal (103) planes measured at oblique 
geometry. 

reflections at substrate 
temperature of 550 °C indicate 
the crystallization of the 
perovskite ATN phase. 
Further increase of the 
temperature leads to the 
decomposition of perovskite 
phase to the Ag poor 
Ag2Nb40u oxide (PDF card 
21-1086). 

XRD pattern of ATN 
ceramic target [Fig. 2(a)] 
shows perovskite structure 
with the lattice parameters a 
= b = 3.921 Ä and c = 3.933 
Ä. ATN films grown on the 
Pt8oh"2o polycrystalline 
substrates [Fig. 2(b)] exhibit 
preferential c-axis orientation. 
The intensities of ATN-001 
and 110 reflections are in the 
ratio of /ATN-OOI : /ATN-IIO = 
0.43 while it is only of 0.057 
for ATN ceramic target. 
Slight traces of Ag2Nb40u 
oxide, identified in XRD 
pattern of ATN/Ptlr film and 
marked by symbols * in 
Fig.2(b), indicate Ag lost 
during PLD process on Ptlr 
substrate. ATN and LSCO 
films grown onto LaAlCh 
single crystal [Fig.2(c)] have 
superior c-axis orientation 
with very narrow rocking 
curves shown in Fig. 3: 
FWHM = 0.64° and 0.47° 
for ATN and LSCO layer 
respectively. Four fold 
symmetry sharp (p-scans of 
ATN-103 (Gsam = 57.76°, 
2Gdet =  76.87°),  LSCO-103 
(9sam     =      57.82°,      29da     = 

79.00°), and LaAlO3-103 (9sam= 58.33°, 29det = 79.86°) planes in the insert to Fig. 3 indicate 
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Fig 4 Temperature dependencies of the 
dielectric permittivity e' and the dissipation 
factor tan 5 measured at 100 kHz in: a) ATN 
ceramics; b) ATN film onto Ptlr substrate, and 
c) epitaxial ATN/LSCO/LaA103 heterostructure. 
Supposed phase boundaries M\-M2-Mi in ATN 
ceramics arc shown in (a). 

Fig. 5 Frequency dispersion of the 
dielectric permittivity e' and loss tan 8 at 
room temperature in a) ATN ceramics; b) 
ATN/Ptlr thin film, and c) epitaxial 
ATN/LSCO /LaA103 heterostructure. The 
steps in tan S plot (similar to Figs. 4a and 
4c) are caused by limited (0.1 %) 
resolution of the LCR meter. 

strong in-plane texture of ATN and LSCO films growing in epitaxial relationship with 
LaA103 substrate. By combining XRD data from 6-20 scan [Fig. 2(c)] and (p-scan (Fig. 3) 
the following lattice parameters have been obtained: for LSCO out-off-plane parameter c = 
3.821 Ä and in-plane parameters a = h = 3.908 Ä; for ATN film c = 3.924 k,a = b = 3.902 
Ä. 

Temperature dependencies of dielectric permittivity e' and loss tan 5 in films qualitatively 
reproduce those in ATN ceramics (refer Fig. 4). In a wide temperature range from 77 K to 
420 K, e' (100 kHz) experiences moderate for ATN ceramics and much smaller for ATN 
films variations around the mean value of 500. In the bulk AgTao.3sNbo.62O3 ceramics two 
local maxima of E'(7) at 182 K and 394 K point out Mi-M2 and M2-M3 structural phase 
transitions. In ATN/Ptlr and ATN/LSCO films the M\-M2 transition, attributed to the ferro- 
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Fig. 6 Sequence of ferroelectric P-E hysteresis loops 
measured at various temperatures: a) ATN ceramics; 
b) ATN/Ptlr thin film, and c) epitaxial 
ATN/LSCO/LaA103 heterostructure. P-E loops are 
offset in vertical direction for clarity. Remnant 
polarization Pr and coercive field £c vs temperature 
are shown in the insert. 

antiferroelectric phase 
transformation, shows up with 
much broaden maximum than 
in ATN ceramics and shifts to 
lower temperature: 121 and 
102 K respectively. The 
position of M2-Af3 transition in 
ATN films is difficult to 
define. It displays itself by a 
slack shoulder on the high 
temperature wing of M\-M2 

transition at 361 and 315 K in 
ATN/Ptlr and ATN/LSCO 
film respectively. Although the 
processing conditions have 
been optimized to get LSCO 
resistivity as low as 1 mCl-cm 
@ 300 K, nevertheless the 
resistivity increase at 
temperatures above 200 K 
causes an increase of loss tan 8. 

The dielectric test performed 
at room temperature has 
revealed a weak frequency 
dispersion of e' (300 K) in 
frequency range 400 Hz-100 
kHz: 2.4 % in ATN ceramics, 
10.6 % in ATN/Ptlr, and 8.7 % 
in ATN/LSCO film (Fig. 5). 
Both e' and tan 5 
monotonously decrease in the 
frequency range 400 Hz -100 
kHz. 

The resistivity of ATN/Ptlr 
and ATN/LSCO films was 
around 6-8-10" flcm at 30 
kV/cm and 77 K and lowered 
ten times at room temperature. 
The maximum polarization in 
ATN films was achieved as 

low as 0.4 |iC/cm2 @ 77 K. Therefore, special precautions have been undertaken to 
eliminate inserted parasitic capacitance and inserted loss from LSCO counter electrode. To 
trace ferroelectric hysteresis loops, the electrometer circuit was driven by 1 kHz triangular 
waveform signal approaching to the pre-breakdown condition. To distinguish between the 
'lossy capacitor' and ferroelectric response, P-E tracing has been performed in the frequency 
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range 50 Hz-5 kHz. The shape of P-E loop was found to be frequency independent. 
Although weak hysteresis of polarization was appearing already at T ~ 190 K, distinct P-E 
loops indicating the ferroelectric state are observed at temperatures lower those where the 
local maximum of the dielectric permittivity and anomalies of tan 8 vs. T occur. In measured 
temperature range the averaged pyroelectric coefficient dPlclT was found to be 2.6, 2.7 and 
2.3 nC/cm2 K, while the measurements of the incremental polarizability (e-l)/4n = dPIdE 
yielded the electrical tunability 1 - e(£„wv)/e(0) of 70 %, 29 %, and 32 % in ATN ceramics, 
ATN/Ptlr and ATN/LSCO films, respectively. The maximum polarization achieved by 
applying 30 kV/cm was found to be 1.92, 1.42, 1.24 uC/cm2 @ 77 K and 1.27, 1.16, and 
1.09 u.C/cm2 @ 195 K for ATN/LSCO/ LaAlO,, ATN/Ptlr thin film, and ATN bulk ceramic 
capacitors correspondingly. As shown in the insert to Fig. 6, the remnant polarization in 
ATN/Ptlr film appeared to be higher while in ATN/LSCO film was lower than in ATN 
ceramics in whole temperature range 77-125 K. 

SUMMARY AND CONCLUSIONS 

In summary, ferroelectric AgTao.38Nbo.62O3 films have been pulsed laser deposited onto 
polycrystalline Pt8oIr2o substrate as well as onto LaojSrojCoOs/LaAlOs single crystal from 
stoichiometric ceramic target. Fabricated films have been found to be single-phase, 
exclusively c-axis oriented on the LaA103 single crystal, while preferentially c-axis oriented 
on the PtSoIr2o polycrystalline substrate. Two anomalies in temperature dependencies of the 
dielectric permittivity e' and loss tan 5 indicate MrM2 and M2-M} structural phase 
transitions. Hysteresis of ferroelectric P-E loops indicates ferroelectric state in ATN films at 
temperatures below 125 K. Remnant polarization of 0.4 uC/cm2 and electrical tunability as 
high as 32% @ 77K, tan 8 (100 kHz) as low as 0.008, and high temperature stability of the 
dielectric properties promise new silver niobate-tanlalate films for various applications. 
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targets and to Dr. J. Petzelt, who drawn our attention to microwave properties of this 
ceramics. 
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Dielectric and Piezoelectric Properties of PZT 52/48 Thick Films 
with (100) and Random Crystallorgraphic Orientation 
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University Park, PA 16802 

ABSTRACT 

Ferroelectric Pb(Zr,.xTix)03 (PZT) films have been extensively studied for active components 
in microelectromechanical systems. The properties of PZT films depend on many parameters, 
including composition, orientation, film thickness and microstructure. In this study, the effects 
of crystallographic orientation on the dielectric and transverse piezoelectric properties of 
Pb(Zr0.52Tio.48)03 (PZT 52/48) films are reported. Crack free random and highly (100) oriented 
PZT(52/48) films up to ~ 7 um thick were deposited using a sol-gel process on Pt 
(11 lyTi/SiOj/Si and PtUOOySiCySi substrates, respectively. The dielectric permittivity (at 
1kHz) for the (100) oriented films was 980-1000, and for the random films ~ 930-950. In both 
cases, tan8 was less than 0.03. The remanent polarization (~ 30 uC/cm2) of random PZT films 
was larger than that of (100) oriented PZT films. The transverse piezoelectric coefficient (d3J(eff)) 
of PZT films was measured by the wafer flexure method. The d3i(eft) coefficient of random PZT 
thick films (-80pC/N) was larger than that of (100) oriented films (-60pC/N) when poled at 80 
kV/cm for 15 min. 

INTRODUCTION 

Recently, there has been an increasing interest in ferroelectric lead zirconate titanate (PZT) 
films because of their wide range of applications in microelectronics, microelectromechnical 
systems (MEMS) and ultrasonic imaging. Potential applications include membrane sensors [1], 
micro-accelerometers [2] and micro-motors [3]. In general, these devices are based on films of 
thicknesses less than 1 um. However, applications based on piezoelectric films are not limited 
to the realm of microdevices, and some potential applications require more thick films that have 
large piezoelectric coefficients and high energy densities. Therefore, PZT thick films are of 
interest. 

There are a number of groups which have successfully fabricated PZT system thick films. 
Tsuzuki et al. [4] prepared PLZT thick films by multiple electrophoretic deposition and sintering 
processing. Sayer et al. [5] have reported the thick PZT ceramic coating using a sol-gel based 
ceramic-ceramic 0-3 composites. Cross et al. [6] prepared the PZT thick films by modified sol- 
gel process using acetic acid route. Milne et al. [7] also fabricated the PZT thick films using 
titanium diisopropoxide biacetylacetonate as raw materials. However, preparing thick uniform 
PZT films with large area by the sol-gel technique is still challenging due to cracking that 
results from large stresses between the substrate and film. 

In this paper, crack-free sol-gel PZT thick films with the morphotropic phase boundary 
(MPB) composition of Pb(Zr0.52Tio.48)03 (PZT 52/48) were deposited on Pt(lll)/Ti/Si02 and Pt 
(lOOySiOySi substrates, respectively. The dielectric and piezoelectric properties of PZT films 
with different orientation were investigated. 
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EXPERIMENTAL PROCEDURES 

The sol-gel PZT solutions were prepared using 2-methoxyethanol (2-MOE) as the solvent. 
Initially, lead acetate trihydrate was dissolved in 2-methoxyethanol at 80 °C, then refluxed at 
115 "Cfor Ihr under Ar. The water of hydration was distilled at 115 °C under vacuum (-130 
mbar). Appropriate quantities of zirconium n-propoxide and titanium iso-propoxide were stirred 
in 2-MOE at 25°C. Upon completion of the dehydration step, the rotary flask containing the 
lead acetate complex was cooled well below 100°C and the zirconium and titanium precursors 
were added. This mixture was refluxed for 2 hr at 120°C. To compensate for lead volatilization 
during film heat treatments, 20mol% excess lead was added to the solutions. 

Following the reflux step, the solution was distilled at 120°C again with the aid of vacuum. 
The mixture was allowed to cool to room temperature, and 22.5 vol% acetylacetonate (2,4 
pentanedione) was introduced while stirring, which acted as a chelating agent to prevent 
solution hydrolysis in the presence of atmospheric moisture. 2-MOE was added to achieve a 
final solution with 0.75 molar concentration. 

The solution was deposited onto platinized silicon substrates [Pt(l 11)/Ti/Si02/Si, Nova 
Electronics; Pt(100)/SiO;>/Si, Inostek Inc.] by spin-coating at 1500 rpm for 30 seconds on a 
photoresist spinner. After deposition, each layer was subjected to a two-stage pyrolysis 
sequence to drive out solvent and decompose organic compounds. A 1 minute heat treatment at 
300°C was immediately followed by one at 450°C (1 minute). The amorphous layer was then 
crystallized to phase-pure perovskite at 700°C for 30 seconds using rapid thermal annealing 
(RTA). Every layer thickness is about 0.2 urn. Thicker PZT films were fabricated by repeating 
this procedure to achieve the desired film thickness [8]. Platinum top electrodes with diameters 
of 1.5 mm were sputter deposited and then annealed at 700CC for 20 seconds by RTA prior to 
electrical characterization. 

The structure of the PZT films was examined using a Scintag x-ray diffractometer (XRD) 
with Ni filtered CuKoc radiation. The x-ray diffraction (XRD) patterns were recorded at a rate of 
I7min in the 29 range of 20°-60°. The thickness of the films was measured using a surface 
profiler (Tencor Instruments). The morphology of the films was observed using a scanning 
electron microscope (SEM; Hitachi, S-3500N) and atomic force microscope (AFM, Digital 
Instruments Nanoscope). The dielectric permittivity was measured using an impedance analyzer 
(HP4194A, Hewlett-Packard) with an oscillation amplitude of 30 mV. High field hysteresis 
properties were characterized using a RT66A (Radiant Technology, Albuquerque, NM) 
ferroelectric test system. The transverse piezoelectric (d3,) coefficients of the films were 
characterized using a modification of wafer flexure method described previously [9]. The aging 
rate of the d3, coefficients was measured after the poling field was removed. 

RESULTS AND DISCUSSION 

Figure 1 shows the XRD patterns of 0.45 um to 7 um PZT thick films deposited on (111 )- 
Pt(120nm)/Ti(20nm)/Si(200nm)/ substrates heated at 700°C for 30 seconds. It can be seen that 
highly (111) preferred orientation occurs in PZT films with thicknesses less than 1.2 urn as 
shown in figure 1(a) and 1(b). At these thicknesses, orientation is strongly affected by the (111) 
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Figure 1. XRD patterns of the sol-gel 
derived PZT 52148 films deposited on 
Pt(lll)m/Si02/Si substrates with different 
thickness (a) 0.45 pm, (b) 1.2 pn, 
(c) 1.85 fim and (d) 7.0 pm 

Figure 2. XRD patterns of sol- 
gel derived 7.3 fim PZT 52148 
film deposited on Pt 
(lOO)ISiOilSi substrates 

Pt/Ti electrodes. However, the intensity of the (111) perovskite peak decreases with increasing 
thickness from 1.8 (im to 7.0 urn as shown in figure 1 (c) and 1 (d). That is, for this processing 
route, on (11 l)-oriented electrodes PZT films approach random orientation with increasing 
thickness. This may come from a mismatch between every layer during sol-gel deposition. 
Figure 2 shows the XRD patterns of 7.3 p.m PZT thick films deposited on (100)- 
Pt(150nm)/SiO2(300)nm/Si substrates. These films have highly (100) preferred orientation, 
suggesting nucleation dominated by the oriented Pt electrode. Only very small (110) and (211) 
peaks were observed in figure 2. 

Figure 3 shows SEM pictures of random and (100) oriented PZT films. The cross sectional 
view of the films shows that the thickness was over 7 urn, every layer corresponds to one 
crystallization step, and grains are approximately equi-axed. Figure 4 shows AFM surface 
images of random and (100) oriented PZT films. From figure 4(a) it is seen that the (100) 

(a) 

Figure 3. SEM cross sectional views for sol-gel derived PZT films (a) (100) oriented film 
and (b) random film 
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Figure 4. AFM images of surface sol-gel derived PZT (a) (100) oriented film and (b) random 
film 

oriented film consisted of large grains with grain sizes ranging from 100 nm to 130 nm. Random 
PZT films consisted of uniform small grains as shown in figure 4(b), an average grain size of 
about 80 nm. The difference in grain size may stem either from the difference in the nucleation 
rate of films for the two different electrode orientations or from differences in the electrode grain 
sizes. 

The frequency dependence of dielectric permittivity at room temperature for the random and 
(lOO)-oriented films is shown in figure 5(a) and (b). It can be seen that the dielectric constant 
(-985) of the (100) oriented film at 1 kHz was slightly higher than that (-950) of the random 
film. In both cases, the dielectric loss of the films was below 0.03 at 1kHz (room temperature). 

The ferroelectric hysteresis loops of random and (100) oriented PZT 52/48 thick films are 
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Figure 5. Frequency dependence of dielectric permittivity and loss at room temperature 
for PZT films (a)(100) oriented and (b) random films 
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Figure 6. Polarization as a function of electric 
field for random and (100) oriented PZT 52148 
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Figure 7. The d;i coefficient of random and 
(100) oriented PZT thick film with different 
poling electric field for 15 Min 

shown in figure 6. The remanent polarization (Pr) in the random films is about 30 |lC/cm for 
Eraax = 180 kV/cm, and the saturation polarization (Ps) is over 40 u.C/cm2. When compared for 
the same field level the Pr and P^ of random PZT films are larger than those of (100) oriented 
PZT films shown in figure 6. 

The d-ii coefficients of the films were characterized using a modification of the wafer flexure 
technique [10]. The effective piezoelectric coefficient d3Uef0 of the films can be determined by 
the stress-strain relationship using plate theory [11]. The in-plane stress (a{) of the films 
generated by a pressure difference in the cavity is, 

o,=Ee/l-v, (1) 

where E is the Young's modulus of the film (Young's modulus of PZT films is lOIGPa), v the 
Poisson's ratio of the sample (~l/3), and e the in-plane strain in the sample mounted on the 
stress rig measured with a strain gauge. 

Supposing that the biaxial stress (atot) is the same for the perpendicular direction on the 
sample surface, 

O- = G|+CT2, (2) 

J31(ef0 can be obtained by 

d3I(eff) = Q/2cl A' (3) 

where Q is the charge, and A the area of top electrode. Figure 7 shows the d31(eff) coefficient of 
random and (100) oriented PZT thick film with different poling electric fields (the poling time 
was 15 minutes). The d31(ell) increased as the poling field approached the coercive field of the 
film, and then saturated at a poling field of about three times the coercive field. The random PZT 
films had a larger piezoelectric coefficient (-80 pC/N) compared to the (100) oriented films (-60 
pC/N). It is suggested that this is due to the larger intrinsic contribution for piezoelectric 
properties in random PZT films which showed larger remanent polarizations than (100) oriented 
films (see figure 6). 
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The aging rates of the transverse piezoelectric coefficient for random and (100)- oriented 
PZT films were also measured using the wafer flexure technique. The d3](eff) coefficients were 
monitored at regular intervals after poling at 80 kV/cm for 15 minutes, and normalized d3I(eff) 

were plotted versus the logarithm of time. The aging rates were then obtained from the slopes. 
The aging rale of the random PZT film was about 4.2% / decade, and (100) oriented films was 
about 9% / decade. In addition, it was found that the d31(eff) coefficients is different when top 
electrode connect positive or negative during poling, detail results will be reported. 

CONCLUSIONS 

Random and (100) oriented PZT (52/48) films up to ~ 7 (im thick were fabricated using a 
modified sol-gel process on Pt (111)/Ti/Si02/Si and Pt (lOOySiCySi substrates, respectively. 
The dielectric permittivity (at 1kHz) of the (lOO)-oriented films was slightly higher than that of 
the random films. In both cases, the dielectric loss was less than 0.03. However, the remanent 
polarization of random PZT films was larger than that of (100) oriented PZT films. The 
transverse piezoelectric coefficient (d31(eff)) of random PZT thick films was also larger than that 
of (lOO)-oriented films when poled at 80 kV/cm for 15 min. The aging rates of PZT films was 
in the range of 4-9% per decade. 
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ABSTRACT 

Pulsed laser deposition (PLD) was used to growth thin films of lead zirconium titanate 
(PZT) and lead zinc niobate-barium titanate (PZN-BT). The PZT films were prepared from 
commercial PZT-5H ceramic target and the PZN-BT made from target made using a modified 
Columbite method. The PZT films had dielectric constants of 300 and loss of 0.03 at 10kHz, 
whilst for the PZN-BT films they were 350 and 0.03 respectively at 300K. Hysteresis 
measurements confirmed their switching properties 

A piezoresponse microscope based on a modified atomic force microscope was developed 
to determine electromechanical response at a sub-micrometer resolution. The PZT films yielded 
d33 ~100pm/V- Mapping measurements on the PZT demonstrated local switching of individual 
grains. First measurements of piezoresponse of PZN-BT yielded values in the region 150-200 
pm/V. 

INTRODUCTION 

Recently there has been great interest in thin film applications of electroceramics, for 
example for high frequency ultrasound imaging of tissue [1], This has resulted in effort to 
prepare and characterise electroceramic materials and their responses at the micron and sub- 
micron level. Conventional methods such as laser Doppler interferometry are of little use, 
particularly with the potential for small sample geometry's in thin films. Recently, piezoresponse 
imaging (a generic term to describe scanning probe microscope based electromechanical 
measurement) has been developing particularly with lead zirconium titanate (PZT) films [2,3]. 
Much of the work is stimulated by applications of PZT for memory and electronics application. 

In this paper we describe the development of our piezoresponse microscope and 
demonstrate its functionality by measurement of the properties of routine PZT thin films. Due to 
the difficulty of synthesis, a small number of groups have access to high quality elecrostrictive 
thin films such as lead magnesium niobate (PMN) and lead zirconium niobate (PZN) of interest 
in next generation transducer and actuator applications. Therefore, few if any, investigations by 
piezoresponse on these systems have been reported. In this paper we report for the first time the 
electromechanical response of Pb(Zni/3Nb2/3)03-BaTi03 (PZN-BT) films using piezoresponse 
techniques. 
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EXPERIMENT 

PZT thin film growth 

The thin films were prepared by standard pulsed laser deposition. A SrRu03 conducting 
lower electrode is grown on the substrate prior to the growth of the electroceramic thin film. This 
takes place at 800 "C and the SrRu03 is typically 150 nm thick. 

For PZT growth we used a 1" diameter polycrystalline ceramic disc cut from a rod of 
commercial PZT-5H (Morgan-Matroc). The films were prepared using conditions similar to our 
protocols for other lead based compounds [4], The PZT films discussed below were deposited at 
a temperature of 600 °C. The pressure during deposition was 0.25 mbar of flowing oxygen. 
Deposition times varied but typically 15 minutes at a laser repetition rate of 10 Hz and energy 
density of ~ 2.5J/cm2 yielded a film of around 400 nm thickness. On completion of the PZT 
deposition substrate temperature was raised to 615 °C oxygen pressure ramped to 900 mbar. The 
film was then annealed for one hour at these conditions to ensure complete oxygenation. Without 
this anneal the electroceramic thin films typically exhibit high dielectric loss [5]. 

X-ray diffraction confirms that the films grow in a high oriented state with respect to the 
substrate. Compositional measurements indicate good stoichiometry. 

Counts 

PZT 
[0011 MgO 

|2O0) 

SRO 
|002) 

PZT 
(002)" 

.}} 

SRO 
[004) 

20 25 30 35 40 45 50 

Angle 29 (Degrees) 

Figure 1. 0-26 scan of a {100 )MgO/SrRu03/PZT thin film structure 

The dielectric performance of PZT films were determined at room temperature using a 
HP 4263B LCR meter and a Radiant Technologies Precision Workstation. Small gold contact 
pads were thermally evaporated on the top of the PZT film and the two capacitors in series 
model was assumed. Dielectric constant were typically 300-400 at 10 kHz and the dielectric loss 
(tan 8) was 0.01. Hysteresis loops (Figure 2) confirmed the quality of the PZT thin films. 
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Figure 2. Polarisation hysteresis loop of a 400 nm thick PZT thin film grown at 600 °C 

PZN-BT thin film growth 

The 20%(Pb(Znl/3Nb2/3)O3} - 80%{BaTiO3} films (0.2PZT-0.8BT) were prepared from 
a target made using a modified Coulombite method [4] whose first stage pre-fires weighted 
stoichiometric amounts of ZnO and Nb205, with 1% excess ZnO. In the second stage PbO and 
BaTi03 are added and the mixture is re-fired and then pressed and sintered in air to form the 
target. The target composition was confirmed by microprobe measurement. 

The films and capacitor structures were grown in the same way as described above. In 
this case the 0.2PZN-0.8BT layer was deposited at 600 °C, in 0.25 mbar of oxygen, followed by 
an anneal in 900 mbar oxygen at 615 °C, for one hour. 

Dielectric characterisation of the 0.2PZN-0.8BT showed relaxor behaviour with dielectric 
constant of-350 and tan 8 of -0.03 at 10kHz in room temperature. 
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Figure 3. (a) 9-29 scan of a (100) MgO/SrRuO3/0.2PZT-0.8BT thin film structure, (b) 
temperature dependence of dielectric constant and loss at various frequencies 
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Piezoresponse microscope 

The piezoresponse microscope is constructed around a Digital Instruments Nanoscopc E 
atomic force microscope, in manner similar to several groups in the literature [2,3]. Briefly, the 
microscope is operated in contact mode and the external driving signal from a HP 33120A 
source is supplied to the sample via contact made to either the lower electrode or the Au upper 
contacts. The oscillations induced in the microscope tip by the vibration of the thin film surface 
are measured in a phase-locked loop using a EG&G 5209 lock-in amplifier. In most of the 
experiments reported a conducting Pt/Ir coated Si tip is used; it has a spring constant of 0.28 N/m 
and a resonant frequency greater than 60 kHz. A schematic diagram of the microscope is 
illustrated in Figure 5. 

Figure 4. (a) Photograph of the Nanoscope E AFM head, (b) block diagram of the microscope 
and ancillary instrumentation. 

RESULTS 

Piezoresponse of PZT films 

Measured d33-V loops on the electrodes of the PZT film are plotted in Figure 5. Different 
behaviour is observed on each electrode and experiments not reported here show that there is 
some variation in the measured d33 values on the same electrode. 
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Figure 5. Piezoresponse loops taken on the Au contacts as indicated in the photograph. The 
dashed lines in the graphs is the loop measured on the other electrode for comparison. 

Piezoresponse scanning images were also obtained with the PZT thin film. Figure 6 
shows the topography and piezoresponse images acquired simultaneously. The piezoresponse 
images were obtained using a 3 VRMs and 10 kHz voltage with a conducting tip acting as the 
upper electrode and the SrRu03 as the lower electrode in the capacitor. After the scan, the tip 
was kept on the position marked with a cross and a dc voltage level of 25 V was applied for 5 s. 
The scanning was resumed with the dc voltage reset to zero. The result of the poling is shown in 
Figure 6(b). Comparison of between Figures 6 (a) and (b) shows the reversing of the 
piezoresponse signal corresponding to the grain being poled. Note that switching has changed 
some of the neighbouring grains as well. 

(a) (b) 

Figure 6. (a) Topography and piezoresponse of a PZT film and (b) after applying 25V at the 
position + for 5 seconds. 
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Piezoresponse of PZN-BT 

The electromechanical response of the 0.2PZN-0.8BT film was measured using 
piezoresponse. In this case a Si3N4 tip was located on the gold electrode of the capacitor. Then a 
1 VRMS 10 kHz signal was applied and the deflection monitored as a function of applied field. 
The results are shown in Figure 7. A maximum response of-180 pm/V was obtained. 

d 
33 

150 

Y\ (pm/V) 100 
1  V\ 

50 

-    ^ 
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X, 

Figure 7. Piezoresponse of a PZN-BT films measured on a Au electrode in a capacitor structure. 

DISCUSSION 

PZT d33 loops measured on both electrodes have magnitudes in agreement with the 
results reported [2]. Reversing of the piezoresponse signal indicates that polarisation has been 
reversed accordingly. In Figure 6 we note that a "black" grain in contact with the grain being 
poled is switched to "white" whereas the sense of the poling was "white-to-black". Such effect 
could be the result of induced polarisation reversing due to domain interaction. Further 
investigation of the the switching observed and its relation to the in-plane mineralogy and 
surface topography of the film is required. Electromechanical response of 0.2PZN-0.8BT films 
has been measured and has been reported for the first time. The results show hysteresis in d33 

behaviour.The d33lra>; values obtained are about one order of magnitude lower than those reported 
on related composite PZN-PT in bulk single crystal form [6]: d33 m„ ranged from ~1100 pm/V 
(PZN) up to -2500 (0.92PZN-0.08PT) in <001> oriented rhombohedral crystals. Closer values 
were reported [7] on thin film 0.9PMN-0.1PT: d33max -65 pm/V measured with AFM, in 
agreement with the interferometer measurements on thin film PMN [8] yielding d33max~62 pm/V. 
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A DIELECTRIC BOLOMETER BEHAVIOR OF BST THIN FILM PREPARED BY 
METAL-ORGANIC-DECOMPOSITION WITH EXCELLENT REPRODUCIBILITY 

IN THERMAL CYCLING TEST 

Minoni Noda, Hong Zhu, Huaping Xu, Tomonori Mukaigawa, Kazuhiko Hashimoto and Masanori 

Okuyama, Osaka Prefecture Super-Eye-Image-Sensor (SEIS) Project, Osaka, JAPAN. 

ABSTRACT 

We have proposed a new type of simple detector pixel circuit and device structure for application of 

dielectric bolometer mode (DB) of infrared (IR) image sensor. The DB mode has merits such as unccoled 

room temperature operation, chopperless, low power dissipation, and high-sensitivity. A stable 

Bai.xSrxTi03 (BST) thin film has been successfully developed as a dielectric bolometer material for IR 

detector by Metal-Organic-Decomposition (MOD) method. The film was prepared on both 

Pt/Ti/Si02/Si-bulk and Pl/Ti/NSG/^VSiQz membrane structures, where an IR light is detected at the 

membrane as a change in dielectric constant (e). So, the important issue for realizing a reliable IR sensor 

with high-sensitivity has been achieved to have a good thermal stability in e against change in the detector 

temperature. XRD patterns and D-E hysteresis curves were measured and revealed that the BST film has a 

good perovskite structure and shows an adequate ferroelectric loops, especially for final annealing 

temperature higher than 700 "C. Temperature Coefficient of Dielectric constant (TCD), which decides the 

IR sensitivity, of the MOD made BST film is about 1 %/K. The reproducibility in e, namely IR detector 
capacitance, was found to be very good in temperature ranging from about 10 to 80 °C within a relative 

change of 2 %. Finally, the stabilities in both the temperature dependence of e and the output level have 
been obtained with a fairly large IR detectivity, where voltage sensitivity(Rv) and specific detectivity(D*) 

were about 1.2 kV/W and 2.9e8 cmHz 1/2/W, respectively. 

1. INTRODUCTION 

Recently, development of highly-sensitive, low-cost, unccoled thermal detectors or imagers has 

increasingly become a mainstream activity in the field of infrared (IR) sensing[l]. In order to close the 

performance gap by attaining the ultimate noise-equivalent-temperature-difference (NETD) about 5mK set 

by uncooled thermal detection mechanism[2], various new monolithic schemes have been envisioned to 

integrate advanced sensor material processes and micromachining techniques with existing on-chip 

Si-readout technology. Especially dielectric bolometer (DB) using ferroelectric film is very advantageous 

due to its chopperless operation, high-sensitivity like pyroelectric mode and low power operation, to 

fabricate an excellent IR imager. 
This paper deals with 1) BST thin film for DB mode detector prepared by Metal-Organic- 

Decomposition, 2) electrical properties of BST thin film capacitor as a DB mode detector, featuring 

reproducibility of temperature dependence of BST capacitance after thermal cycling, and 3) resultant IR 

response in the detector. 
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2. DETECTOR PIXEL STRUCTURE OF DB MODE 

Figures 1(a) and (b) show our developed detector pixel circuit and its device structure at an 

IR-detecting capacitor, where the circuit operation was described in detail clsewhcrc[3"|. A main operation 

in the dielectric bolometer-type detector is as follows, l)when temperature of ferroelectric material in the 

detecting capacitor is increased compared to the other reference capacitor, its dielectric constant changes 

and therefore its capacitance becomes changed, 2)the change in the capacitance is detected as a voltage 

change, which is amplified through some operational amplifiers. As one of the DB mode detector circuit, 

the serially-connected capacitor-capacitor circuit was selected because its simple configuration is very 

effective in reducing its pixel size and then increasing the pixel density in an Uncooled Focal Plane Array 

(UFPA). A source-follower output buffer was also added to the output stage in the detector pixel circuit in 
order to reduce output impedance, therefore resulting in noise reduction. 

Vsupply+ 
0      X    Y 

c      11 
Detecting V  MOSFET 

Capacitor'Tc+AC 

o Vswly- 

Rgures 1.     (a) Detector pixel circuit and (b) its device structure at an IR-detecting capacitor. 

3. PREPARATION OF BST THIN FILM BY MOD 

Metal-Organic-Decomposition (MOD) solutions of 0.06 M (mol/liter) with Ba/Sr ratio of 75/25 have been 

used to prepare BST film. The precursor solution was prepared by complex of barium 

carboxylate(Ba(COOH)2), strontium carboxylate(Sr(COOH)2) and titanium alcoholate(Ti(OR)n), which 
were from Kojundo Chemical Laboratory Co. Ltd. The deposition process and parameter is listed in Table I. 
A typical process to make BST film is to spin-coat the solution on the micromachined Si wafer at 4000 rpm, 

20 seconds at first; then the film is baked on hot plate at 150 °C for 10 minutes to remove the solvent; and 

then the film is given a pyrolysis heat treatment in a silica tube furnace at 470 °C for 30 minutes in air to 

remove the residual oiganics and promote chemical reaction. All the three processes were repeated several 

times until the desired thickness of the film is obtained. Finally, the film with certain thickness is annealed 

in the furnace in air at 600-800uC for 5 to 60 minutes to make the thin film become crystallized. Usually a 

10-layer BST film is deposited with a thickness about 400 nm. The bulk substrate material of Pt/Ti/SiCVSi 

is used to find the best condition to deposit BST film. The micromachined Pt/Ti/NSG(Non-doped Silicate 

Glass)/Si3N4/Si02/Si chip is used to fabricate the sensor. The ferroelectric properties of the BST film are 
measured with RT6000 System(Radiant Technologies Co.). 
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1. Spin coating 500 rpm 5 soc, 

2000-4000 rpm, 20 sec 

2. Drying 150 V-, 10 min. Table I. Process and parameters 

3. Prebaking 470 r, 30 min. of   MOD. 
4. Final annealing 600-800 T:, 5-60 min. 

4. CRYSTALLINE AND FERROELECTRIC PROPERTY OF BST THIN FUJVI 

A good BST film should have a smooth surface and should have no macro- or micro-cracks for capacitor 

fabrication. A smooth surface is very important to the later process in the sensor fabrication as the upper 

Pt/Ti electrode is directly deposited and patterned on the BST surface. What is more, cracks in BST film 

will have serious effects on the electrical property. The surfaces of the BST films deposited at different 

spin-coating rates and under different final annealing temperatures have been observed under optical 

microscope and all the samples are prepared on bulk material of WTi/SiChJSi substrate. It was found that 

the films spin coated at 2000 rpm all have macro-cracks even though they are annealed at different 

temperatures of 600,700 and 800 °C. This is because each layer of the film spin coated at 2000 rpm is thick 

and this makes the final film have high internal stress during the final high temperature annealing process. 

The surface of the BST films spin coated at 3000 and 4000 rpm, on the other hand, are good and no 

macro-crack is observed. Therefore, the film deposited at low spin coating rate tends to have crack on the 

substrate, so the film should be deposited at a high spin coating rate. Between 3000 rpm and 4000 rpm spin 

coating rate, 4000rpm is preferred as it gives a thinner thickness of each layer. 
Figure 2 shows the X Ray Diffraction (XRD) patterns of BST films spin-coated at 4000rpm annealed for 

1 hour at 600, 700 and 800 °C, respectively. Depending on the precursors a Ba-Ti-O-carbonate phase is 

possible to be seen in XRD charts as intermediate phase. It is estimated from the chart BaOx especially BaO 

or BaC03 phases are existed. BST film annealed at 600 °C shows the broad BaOx peak, but does not show 

any perovskite BST (101) and (110) peaks, which shows that the BST crystalline is not formed at 600 °C. 

Films annealed at 700 and 800 °C show perovskite BST (101) and (110) peaks dominating pattern, which 

o    spin coating rate 
^   4000rpm       _ 

Figure 2. XRD patterns of BST films spin-coated at 4000 

rpm annealed at different temperatures for 1 hour. 

Figure 3. XRD patterns of BST films spin-coated at 4000 

rpm annealed at 800 °C with different annealing time. 
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shows the film becomes crystallized at these temperatures. The film annealed at 800 °C seems to have a 

large and better crystalline than that annealed at 700 "C, as its (101) and (110) peaks have higher intensities 

and are sharper than those of (101) and (110) peaks annealed at 700 °C. From the XRD iesults,it is clarified 
that the best condition to anneal the BST film is more than 700 °C. 

Figure 3 shows the XRD patterns of the films spin coated at 4000 rpm and annealed at 800 °C for 5,10 

and 30 minutes, respectively. The three films all have almost the same XRD pattern. In the case of the film 

annealed for 5 minutes, the main peak of BST can be seen clearly, which means that the film has become 

crystallized. It seems that the annealing temperature is more important than annealing time. At a proper 

temperature, even a short time annealing is enough to make the film become crystallized. 

Figure 4 shows the surface micrograph of BST film observed by Atomic Force Microscope (AFM). The 
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Figure 5. Hysteresis loops of BST film spin coated at 3000 rpm annealed for 1 hour with different annealing temperatures. 
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Figure 4. AFM image of the BST film spin coated at 
4000 rpm annealed at 800 °C for 1 hour. 

Figure 6. Hysteresis loops of BST film spin coated at 
4000ipm annealed at 800°C temperature with different 
annealing time. 

grain size of film spuvcoated at 4000 rpm, annealed at 800 °C for 1 hour is not large, and in the range from 

50 to 80 nm. Observed from a three dimensional view, the surface of the film is very smooth and the 
roughness is about 10 nm. 

Figure 5 shows the hysteresis loops of BST film spin-coated at 3000rpm annealed for 1 hour at different 
temperatures. The films annealed at 800 and 700 °C can withstand 20 V bias, while the film annealed at 600 

°C can only withstand 5 V bias. The best loop among them is the one annealed at 800 °C, a slim sloop, 

while a fat loop when annealed 700 °C. The film annealed at 600 °C almost shows a leak loop. Considered 
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from the XRD patterns of the films annealed at different temperatures in Hg. 1, the BST crystalline almost 

has not formed when the film is annealed at 600 °C. The films annealed at 800 and 700 °C almost have the 
same XRD pattern, showing clear perovskite BST peaks, but their hysteresis loops are quite different from 

each other. This indicates that the microstructure has great effects on the electrical property of the BST film. 

Figure 6 shows the hysteresis loops of BST film spin-coated at 4000rpm annealed at 800 °C with 

different annealing time. The four kinds of films all can withstand 20 V bias. The loops of the films 

annealed for 60 and 30 minutes are almost the same, a slim loop showing typical ferroelectric 

characteristics in both cases. The loops of the films annealed for 10 and 5 minutes are not as good as those 

annealed for 60 and 30 minutes, both showing a fat loop. The loop of the film annealed for 10 minutes is 

better than that annealed for 5 minutes. Then it seems that the ferroelectric property of the film annealed for 

long time is better than that annealed for short time. This is probably because that long time annealing tends 

to result in grain growth and resultant larger grain size of the film. From the XRD pattern in Fig. 2, we can 

see that the films annealed for 30, 10 and 5 minutes almost have the same kind of XRD pattern, but their 

hysteresis loops are quite different from each other. Therefore, we should say that the microstructure of the 

film has great effects on the ferroelectric property of BST film. Many papers have reported that the 

ferroelectric properties have great connection with the grain size of the film [4], And that BST film with 

large grain size tends to have better ferroelectric property. Considering that long time annealing tends to 

show a BST film with large grain size, annealing time of 60 minutes is preferred. 
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Figures 7. Capacitance in IR sensing capacitor vs. temperature with final annealing time of 5(a) and 60(b) minitues, respectively. 

5. THERMAL CYCLING TEST IN TEMPERATURE DEPENDENCE OF BST CAPACITOR 

To realize a high-sensitivity and practical usability in the DB-mode IR sensor, it is quite serious issue to 

have a stable and reproducible temperature dependence of capacitance in IR sensing capacitor after thermal 

cycling. We have measured, therefore, a number of the dependence using the above BST preparation 

conditions. Figures 7(a) and (b) show the capacitance in IR sensing capacitor vs. temperature with final 

annealing time of 5 and 60 minitues, respectively. For annealing time of 5 min. in Fig.7(a), it is found that 

the capacitance is monotonously decreased with the temperature for the measured temperature range and 

temperature dependence of dielectric constantfTCD) is about 1%/K. And that dielectric loss (D) is in the 

range between about 0.1 to 0.05. The difference in the C-T curves against the thermal cycling is fairly small, 
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although the curve seems to be more stabilized after the first cycling. The most important point is that the 

difference in the TCD, namely the gradient of the curve, should be low against the thermal cycling around 

room temperature. For annealing time of 60 min. in Fig.7(b), on the other hand, the situation is almost the 

same as the former case but the stability against the thermal cycling seems to be better than the former 

within a relative change of 2%, although the TCD itself is smaller than the 1%/K. It is estimated that this is 

due to smaller dielectric loss (D), ranging from about 0.055 to 0.045, and film degradation by leakage is 

more suppressed than the former. Therefore, we have selected the latter annealing time of 60 minitues for 

IR sensor fabrication from the viewpoint of the TCD stability against the thermal cycling. 

7. IR RESPONSE OF DETECTOR PIXEL 

Figure 8 shows an IR response of a fabricated detector pixel with the MOD BST film. An IR chopping is 

used in order to make clear the difference between with and without IR irradiation, although the chopping is 

principally unecessary in the DB mode. It is found from the figure that the voltage sensitivity (Rv) and 

specific detectivity (D*) are about 1.2 kV/W and 2.9e8 cmHz 1/2/W, respectively, with noise voltage (V„) of 

100 nV. These values are fairly competitive with the state-of-the-art performance of the other type uncooled 
IRsensors[l,2]. 
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Figure 8 IR response of a fabricated 
detector pixel with the MOD BST 
film. 

CONCLUSIONS 

A Ba).xSrxTi03 ferroelectric thin film for detector pixel of uncooled infrared (IR) image sensor was 
prepared and investigated by using MOD. Their electrical characteristics such as temperature dependence 
of capacitance and insulation are very good from the viewpoints of stability against thermal cycling. The 

MOD film was applied to our proposed DB mode of IR detector. Finally, the DB-mode operation in the 

detector pixel was confirmed on the integrated device structure, and the resultant voltage sensitivity (Rv) 

and specific detectivity (D") were observed to be about 1.2 kV/W and 2.9e8 cmHz m/W, respectively. It is 

concluded that the BST film is sufficiently applicable to uncooled DB mode IR sensor fabrication. 
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ABSTRACT 

Bao.8Sr0.2Ti03 thin films that are suitable for infrared detector applications have been 
prepared with a sol-gel process using a highly diluted precursor solution. Columnar structure 
with grain size close to 200 nm was obtained with layer-by-layer homoepitaxy due to a very 
small thickness of individual layer. The measured pyroelecrtic coefficient is larger than 3.1x10" 
C/m2K at the temperatures ranging from 10 to 26 °C and reaches the maximum value of 4.1x10" 
C/m2K at 16.8 °C. The infrared detectivity of 4.6xl07 cmHz^W"1 has been obtained at 19 CC and 
10 Hz in the Bao.8Sr0.2Ti03 films deposited on thick (500 |xm) platinum coated silicon substrates. 
The better infrared response can be expected by the improvement in the thermal isolation of 
pyroelectric element and the electrode materials. 

INTRODUCTION 

Barium strontium titanate (BST) has been extensively studied for advanced dynamic random 
access memory (DRAM) and uncooled infrared detector applications [1, 2], due to its high 
dielectric constant and composition dependent Curie temperature (from 30 to 400 K). Thin films 
of BST have been prepared by many growth techniques, such as rf- magnetron sputtering, laser 
ablation, metalorganic chemical vapor deposition [3-5], and sol-gel process [6-8]. Compared to 
other deposition methods, sol-gel process offers some advantages, such as homogeneity, 
stoichiometry control, and the ability to coat large and complex area substrates. However, the 
sol-gel derived BST films always fail to display pronounced ferroelectric hysteresis loops [6-8], 
which makes it unsuitable for infrared detector applications. In this paper, we report on the 
deposition of pyroelectric Ba0.8Sro.2Ti03 thin films that are suitable for infrared detector 
applications by a sol-gel process using a 0.05M solution precursor. 

EXPERIMENTAL DETADLS 

The starting materials were barium acetate, strontium acetate and titanium butoxide. Barium 
acetate and strontium acetate were mixed h a ratio of Ba/Sr of 4/1, and then dissolved into 
heated acetic acid. This was followed by an addition of equimolar amounts of titanium butoxide 
stabilized by appropriate acetylacetone under constant stirring. The mixture was then filtrated as 
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the stock solution. The coating solution of 0.05 M was prepared by diluting the stock solution 

with acetic acid. The Bao.gSro^TiCb films were deposited on Pt/Ti/Si02/Si substrates by spin 

coating of the 0.05 M solution at 6000 rpm for 40 s. After coating of each kryer, the films were 

given a pyrolysis heat treatment at 350 °C for 5 min to remove residual organic s, and then 

annealed at 750 °C for 10 min in air. The average thickness of a single-coated as-annealed layer, 

measured by an ellipsometer, was found to be about 8 nm The desired film thickness of 
approximately 800 nm was achieved by repeating the spin-coating and heat-treating cycles. 

The structure of the films was analyzed with X-ray diffractometry (XRD; Model D5000, 

Siemens, Karlsruhe, Germany). The microstructure was observed using field emission scanning 

electron microscopy (FE-SEM; Model XL30 FEG, Philips, Eindhoven, the Netherlands). The 

electrical measurements were performed on the films in metal-ferroelectric-metal (MFM) 

configuration. Pt dots with an area of 3.4310"3 cm2 were evaporated through a mask on the films 

to form metal-ferroelectric-metal (MFM) capacitors. The temperature dependence of dielectric 

constant was obtained with an HP4284 LCR meter (Hewlett-Packard, Palo Alto, CA). The 
pyroelectric coefficient p in the Bao.8Sr0.2Ti03 thin films was measured by a direct technique 

initially used by Byer and Roundy [9]. Prior to the measurement of p, the sample was poled at 9 

V for 15 min at room temperature. The variation of spontaneous polarization produces a 
displacement current / parallel to the polar axis given by 

I=Ap(T)^, (1) 

where p(T) is the pyroelectric coefficient evaluated at temperature T,     is the temperature 

change rate, and A is the area of the top electrode. In the direct measurement technique, the 

device is mounted on a copper block and rcsistivcly heated (or cooled) at a constant rate. The 

pyroelectric current / was measured using a Keithley Model 6517 Electrometer. A temperature 

change rate of 3 °C per minute was used in our measurement. The infrared response 

characterization was performed on the Bao.gSnnTiCb film capacitors with the dynamic method 

suggested by Chynoweth [10]. A 500 K blackbody with a chopping frequency of 10 Hz was used 

as the infrared radiation source. The pyroelectric response produced by the small temperature 

oscillations in the specimen was monitored with a digital HP54540A oscilloscope through a 

voltage amplifier with an amplification of 6000 and a bandwidth of 1 Hz. A poling procedure 

was also applied to the devices before the measurements in order to improve the alignment of the 
ferroelectric domains. 

DISCUSSION 

XRD analyses revealed a tetragonal perovskite lattice with a distortion of 1.009 for the 

Ba0.8Sro.2Ti03 films. FE-SEM investigation showed that the films exhibited columnar grains with 

a diameter of 100 to 200 nm, which is attributed to the columnar growth of the films derived 
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from highly diluted solution. The detailed discussion was reported in our other papers [11,12]. 
Fig. 1 shows the temperature dependence of the dielectric properties for the Bao-sSro^TiCb 

thin films. The dielectric constant (er) was calculated from the capacitance, which was measured 
at 1kHz and zero bias with a HP4284A LCR meter. The temperatures for the dielectric constant 
measurement ranged from -30 to 35 °C. As the temperature increased from -30 to -9 °C, the 
dielectric constant increased slowly from 560 to 590. The dielectric peak at about -9 °C 
corresponds to the orthorhombic-tetragonal phase transition; as the temperature increased from 4 
to 25 °C, the dielectric constant increased drastically from 592 to 754. The dielectric peak at 
about 25 °C corresponds to the tetragonal-cubic phase transition. Compared to Bao sSro^TiOj 
bulk ceramics, the orthorhombic-tetragonal phase transition for the sol-gel derived Bao.8Sro.2TiC>3 
thin films shifted to the higher temperatures, while the tetragonal-cubic phase transition shifted 
to the lower temperatures. These unusual properties are likely to be related to the small grain size 
[13]. The dissipation factor (tanS) was less than 2% in the temperatures ranging from -30 to 35 
CC and showed two peaks located at about -9 °C and 25 °C, respectively. 

Temperature (C) 

Figurer 1. Temperature dependence of the dielectric constant and dissipation factor for the 

Bao.sSro.iTiO} thin films. 

Fig 2 gives the temperature dependence of the pyroelectric coefficient, p-T. The measured 
pyroelectric coefficient was larger than 2.0xl0"4 C/m2K at the temperatures ranging from 5 to 30 
°C and reached the maximum value of 4.1xl0"4 C/m2K at 16.8 °C, which is about twice the value 
of pyroelectric coefficient of lithium tantalate (LiTa03) single crystal that is currently used for 
infrared detector applications [2]. 
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Figure 2. Temperature dependence of the pyroelectric coefficient for the Ba0sSr02TiO3 thin films 
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A useful comparative figure of merit used in comparing pyroelectric materials is defined as 
FD=p/c(eo£rtan5)1/2 (2) 

where £o is the permittivity of vacuum space, p, c, er and tan5 are pyroelectric coefficient, 
volume specific heat, dielectric constant and dissipation factor of the pyroelectric materials, 
respectively. From the known bulk volume specific heat value c=2.5xl06 J/m3K and the 
measured z, and tan5 shown in Fig. 1, the estimated figure of merit at various temperatures for the 
Bao.8Sro.2TO3 film is shown in Fig. 3. The maximum of the value of Fn for the Bao.8Sro.2TO3 
film is about 3.9xl0"5 Pa"1'2 at 32 °C. Compared to LiTa03 single crystal (FD=4.9xl05 Pa"1/2), 
the prepared BaogSrn2Ti03 film showed a less lower figure of merit, because of its high 
dielectric constant. However, for the thermal imaging applications, small area elements imply a 
need for high dielectric constant, to obtain good capacitance matching [2]. So the Bao.8Sro.2TO3 
films deposited on Pt/Ti/Si02/Si substrates from a 0.05M solution are more suitable for the 
thermal imaging applications than LiTa03 single crystal, especially for 'integrated' detectors. 

-15-10 -5   0    5   10 15 20 25 30 35 40 
Temperature fC) 

Figure 3. Temperature dependence of the figure of the merit for the Bao.sSro.2HO3 thin films 

Fig. 4 shows the pyroelectric response voltage vs the radiation time, Vs-t, which was 
obtained at a chopping frequency of 10 Hz under a temperature of 19 °C and a wet of 58%. From 
this figure, it can be seen that the response voltage was modulated by the chopped blackbody 
radiation at a frequency of 10 Hz. This demonstrated that the response signal resulted from the 
pyroelectric properties in the Bao.8Sro.2TO3 thin films, instead of trapped charge release. If the 
signal was caused by trapped charge release, one can not explain the fact that the response signal 
shows an oscillating waveform with almost constant amplitude and the same frequency as 
chopping [10]. 

The incident energy flux can be calculated from the equation: 

*s 
o-7T 

2-JIKL
2 Q) 

where <DS is the blackbody radiation energy, i.e. the incident energy flux. Tb is the 
temperature of blackbody. To is the ambient temperature. Ah is the area of emission aperture of 
the blackbody. Aj is the area of the pyroelectric element. L is distance between the pyroelectric 
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element and the emission aperture, a is Stefan constant (5.67xl0"12 Wcrri^K"4 ). In our 
experiment, 7^=500 K, Tg=292 K, Ab=n/4 cm2, ^rf=3.4xl0"3 cm2, and L=16 cm. So *., is about 
3.6xl0"7 W. The measured pyroelectric response voltage (Vs) and the noise voltage (V„), shown 
in figure 4, were used to calculate a normalized detectivity D , which is defined as 

D 
V 

(4) 

Where Vs is pyroelectric response voltage, V„ is noise voltage, and A/is the amplifier bandwidth. 
The D* value of 292 K and 10 Hz is about 4.6x106 cmHz"2W"'. The relatively low value of D* in 
the Ba0.8Sro.2Ti03 films deposited on thick (500 urn) platinum coated silicon substrates should be 
mainly attributed to the high reflectivity of the top electrode of Pt and the high thermal 
conductivity and the high heat capacity of the device duo to the thick substrate. In addition, the 
wet ambience also reduces the D* value due to the increasing of the thermal noise of the device. 
Improvements in the quality and design of the sol-gel derived Bao.sSro^TiCh film infrared 
detector are under consideration and are expected to greatly increase the performance. 

300        400        500        600 

Time (ms) 

Figure 4. The pyroelectric response voltage vs the radiation time for the Bao.sSro.2T1O'3 thin film 
capacitors with a top electrode area of 3.4x10' cm . 

CONCLUSIONS 

Quality Bao.8Sro.2Ti03 thin films have been fabricated by a sol-gel process using a highly 
diluted precursor solution. A columnar structure with grain size close to 200 nm was obtained 
with layer-by-layer homoepitaxy due to a very small thickness of individual layer. Two 
dielectric peaks in the dielectric constant-temperature curve were measured at about -9 °C and 
25 °C, respectively. The measured pyroelectric coefficient was larger than 2.0xl0"4 C/m2K at the 
temperatures ranging from 5 to 30 °C and reached the maximum value of 4.1x10"4 C/mpK at 16.8 
°C. The infrared detectivity of 4.6xl06 cmHz"2W"' has been obtained at 19 °C and 10 Hz in the 
Bao.8Sro.2Ti03 films deposited on thick (500 urn) platinum coated silicon substrates. The better 
infrared response can be expected by the improvement in the thermal isolation of pyroelectric 
element and the electrode materials. 
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ABSTRACT 

The Thermally Stimulated Depolarization Current (TSDC) and pyroelectric properties of the 
modified SBN ferroelectric ceramic system were studied for different lanthanum and titanium doping 
concentrations. The TSDC measurements show the pyroelectric peak for all compositions while a 
second smaller peak at higher temperature, possibly associated to induced vacancy-impurity dipoles, is 
also observed in all cases. The second peak contribution was experimentally and mathematically 
eliminated to determine the remanent polarization and pyroelectric coefficient, both associated only to 
permanent ferroelectric dipoles. The figures of merit for sensor devices are determined for all 
compositions and compared with those of other pyroelectric systems. The LaiwoSnussBaoj 
Nb1.95Tio.05O5.975 sample, in particular, has excellent pyroelectric response, making this material very 
suitable for pyroelectricity-derived applications. 

INTRODUCTION 

To select a material for pyroelectric sensors three different criteria have been used in the literature 

[1-2], each one with an associated figure of merit [3-4]: 1) The voltage response defined as Fv = -^-^ 

where the pyroelectric voltage response is to be maximized. 2) The detectivity D = —-r^—g where the 

signal to noise ratio of the pyroelectric detector is to be maximized and 3) the current response Ft = ^, 

used to characterize detectors in the transverse mode wheTe a fast response and a wide bandwidth are 
needed. In the latter expressions, /? is the pyroelectric coefficient; C is the volume specific heat, £ the 
dielectric permittivity and tan8 the dielectric losses of the material. 
Among the ferroelectric materials with outstanding properties, niobate crystals with tungsten-bronze 
structure, like the SrABai-xNb20<, (SBN) system, stand out [1,5]. Their high pyroelectric and electro- 
optic coefficients and low dielectric permittivity characterize these materials [5], SBN solid solutions 
have been selected for a number of technological applications such as pyroelectric detector [6], and 
electro-optic [7], photorefractive [8] and acoustic surface wave (SAW) devices ]9J. 
Defects such as vacancies and impurities strongly affect the material property [10]. It is seen, for 
instance, that the transition temperature takes lower values as the concentration of vacancies and/or 
dopants increase as opposed to the case where all the crystallographic sites are completely occupied 
[11]. Rare earth doping of the SBN system will lead to lower Tc and improve dielectric and 
pyroelectric properties at room temperature [12-13]. Specifically, lanthanum doping will produce a 
very stable polarized material at room temperature [14]. 
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In the SBN system, as well as in all tungsten-bronze niobates, the B site cation (niobium in this case) 
is the ferroactive ion [151. A strong effect is to be expected in the material propeities when Nb is 
substituted by Ti, not only because the ferroactive ion is being partially substituted but also because a 
4+ valence ion (Ti) is replacing a 5+ valence ion (Nb) [16]. Vacancies in the oxygen sites must then 
appear to maintain charge neutrality increasing the number of defects in the structure leading to a 
decrease in the transition temperature of the material [17-18], 
In previous reports the influence of small amounts of lanthanum in SBN ceramics has been studied [19- 
21]. In this work, the pyroelectric properties of the Sr„.25.Aao.o3Bao.7Nb2.yTiv06-y/2 (LSBNT) ceramic 
system are studied with the purpose of evaluating its properties for pyroelectric detection devices. 

EXPERIMENTAL PROCEDURE 

The raw materials BaC03, SrC03, La203, Nb205 and Ti02 with high purity grade (> 99.9 %) were 
used to prepare the Sru.255La0.03Ba0.7Nb2.yTiyO6-y/2 (LSBNT) ceramic system. To examine the influence 
of titanium content on the properties of the sintered material fory = 0.01 (LSBNT1), 0.03 (LSBNT3), 
0.05 (LSBNT5) and 0.1 (LSBNT 10); the powders were prefired for 2 hours at 1100°C and then 
uniaxially die-pressed at 612 Mpa, into 10 mm in diameter disks. Finally, the samples were sintered for 
5 hours at 12509C. 

To measure the TSDC, silver paste was deposited on the flat faces of the samples as electrodes and 
polarized afterward using a dc voltage. The samples were heated up to poling temperature (Tp) and a dc 
bias (Vp) was then applied. After 30 minutes, the samples were let to cool down, in the presence of an 
external electric field, down to ambient temperature, where the bias voltage is turned off. The 
polarization electric field varied from 10 to 20kV/cm. The polarization state of the material was studied 
through the measurement of the TSDC by means of the Static Charge Integration Method, using a 
PHILIPS PM2525 multimeter with a sensitivity of 0.1 nA. The samples were studied in a temperature 
range between room temperature and 250^, registered with a Chromel-Alumel thermocouple and a 
YFE 2503 multimeter. The heating ratio was 68C/min. 

RESULTS AND DISCUSSION 

The curves showing the dependence of the thermally stimulated current with temperature for 
samples of LSBNT1 and LSBNT3, polarized at different fields, are presented in figure 1, where two 
peaks are observed for both samples. The highest peak is related to the pyroelectric current originated 
from the polarization of the ferroelectric domains since it appears in the same temperature range as the 
permittivity maximum [18]. The height of this peak will increase very slightly with the polarization 
field due to the increase in the domain orientation. 

The second peak, of lower intensity, is located at 200SC approximately and grows with the 
polarization field. This peak, however, is associated either to induced dipoles or to motion of charge. 
Usually, injected charge motion takes place at higher temperatures for these materials [19,23]. As a 
matter of fact, some measurements were performed at temperatures above 200SC and negative values of 
the current were obtained that were associated to inject charge motion [19]. Moreover, since LSBN 
ceramics do not presents this second peak in pyroelectric measurement [19], it is evident that its 
presence is associated to the inclusion of titanium in the system. 
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Figure 1. Curves of thermally stimulated current for samples a) LSBNTI and h) LSBNT3 polarized at 
(*) lOkV/em, (O) ISkV/an and ( M) 20kVlcm. 

In the system under study, the vacancy concentration is increased by the substitution of ions of 
different valence, that is, Ti4+ by Nb5+. To maintain charge neutrality, vacancies must exist in the A 
sites of the tetragonal tungsten bronze (TTB) structure as well as in the oxygen sites [16]. These 
vacancies can form, together with the added impurities, induced dipoles of the vacancy-impurity type, 
which may be oriented under the action of a strong electric field and that will contribute to the 
thermally stimulated current giving rise to a peak in the current vs temperature measurements. In our 
case, the second peak does not change position with the increment in the titanium concentration. 

Measurements are now being performed to elucidate the true source of this second peak. The applied 
method is able to eliminate the pyroelectric contribution and determine the activation energy associated 
to the mechanism involved in this second peak. The results will be the subject of a future publication. 

Figure 2 shows the pyroelectric current, remanenl polarization (T\) and pyroelectric coefficient (p) 
curves as functions of temperature for samples of different compositions and previously polarized at 
20kV/cm. In this case the second peak contribution was mathematically subtracted to obtain the true 
remanent polarization from the ferroelectric domains contribution. For this purpose, the second peak 
was fitted by a Gaussian function and removed from the original depolarization currenl curve. 

In the three sets of curves, a decrease in each of those variables with the titanium content may be 
observed, evidencing that titanium doping lowers the total dipole moment per unit volume of the 
material. A decrease in the temperature corresponding to the maximum value of the pyroelectric 
coefficient (Tp) with titanium content is also noted and is reported in Table 1, together with the values 
of the temperature of the maximum permittivity (Te) obtained from the thermoelectric analysis 
measurements [181. All the relevant properties characterizing the pyroelectric effect in the studied 
samples are collected in Table 1. 
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Figure 2. Curves of a) pyroelectric current, b) remanent polarization (Pr) and c) pyroelectric 
coefficient (p), for LSBNT1 ( M), LSBNT3 (0),LSBNT5 (A) andLSBNTIO (*) samples, previously 
polarized at 20KVIcm. 

Table 1. Magnitudes of the relevant properties characterizing the pyroelectric behavior of the LSBNT 
system for different titanium content. Ip is the maximum pyroelectric current, Pr is the remanent 
polarization, p is the maximum pyroelectric coefficient, Tp is the temperature of maximum pyroelectric 
current, and Te the temperature of maximum permittivity [18].  

Sample 

LSBNT1 
LSBNT3 
LSBNT5 
LSBNT10 

IP 

(nA) 
14.8 
10.1 
8.4 
5.2 

Pr 

(uC/cm2) 
18.9 
11.6 
10.3 
4.8 

(uC/cm2 gC) 
0.28 
0.18 
0.15 
0.09 

TP 

(aC) 
131 
110 
95 
69 

Te 

(BC) 
154 
139 
120 
79 

The figures of merit Fv, D and F,, for several materials used as pyroelectric sensor are presented in 
Table 2. Also included are the corresponding values for LSBNT 1 and LSBNT5 samples at 50ÖC. For 
LSBNT5 sample, the results compare well with those reported for doped/undoped SBN single crystals 
[13] and PZT ceramics [24], the latter could be taken as a standard material for pyroelectric detection. 
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Table 2. Figures of merit (Fv, D and Fi) and other parameters for different ferroelectric materials at 
room temperature and for LSBNT1 and LSBNT5 at 50eC. p is the pyroelectric coefficient, e is the 
dielectric permittivity, Tan8 represents the dielectric losses and C is the volume specific heat. 

Sample Fv D F, P e TanS 
C 

(Vm2/J) (lO-W2) (lO^m/V) (104C/m2 C) (106J/m3°C) 
SBN50* 0.07 7.8 2.5 0.06 400 0.003 2.3 
La:SBN5 0.03 4.8 4.5 11.7 1630 0.006 2.6 
LSBNT1 0.03 0.6 1.2 2.8 480 0.085 2.3 
LSBNT5 0.03 1.6 2.4 5.3 1010 0.024 2.2 
PZT' 0.06 1.5 5.8 3.8 290 0.003 2.5 

8   S. T.Liu et al. [13]. 
*   S. BaueTet. al. [24]. 

CONCLUSIONS 

The Thermally Stimulated Depolarization Current of the Lao.o3Sro.255Bao.7Nb2-yTiy06-y/2 ceramic 
system was studied, presenting two peaks in the temperature interval from room temperature to 200°C 
for all compositions. The more intense peak was found at lower temperatures and was associated to the 
pyroelectric current. The second one, at higher temperatures, was less intense and possible associated 
to induced vacancy-impurity dipoles. The pyroelectric current, pyroelectric coefficient and remanent 
polarization values decreased with titanium concentration in pyroelectric measurements. The figures of 
merit for the Lao.03Sro.255Bao.7Nb1.99Tio.01O5.995 and Lao.03Sro.255Bao.7Nb1.95Tio.05O5.975 systems were 
obtained and compared with those reported in the literature for other ferroelectric materials. The results 
show that the Lao.03Sro.255Bao.7Nb1.95Tio.05O5.975 ceramic is a good candidate for pyroelectric sensor 
devices. 
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ABSTRACT 

Barium lanthanum titanate-niobate (Bai_xLaxNbyTii_y03) film deposited on a SiOa/Si 
substrate by the argon ion-beam sputtering technique has been used to fabricate a thin-film 
resistor and a metal-insulator-semiconductor (MIS) capacitor by standard integrated-circuit 
technology. Measurements show that the film resistor has superior sensitivity for visible light 
and a thermal sensitivity within the range 28-400 °C, while the MIS capacitor is highly sensitive 
to relative humidity. The optical absorption spectrum of the film has been measured and the 
bandgap of the film determined. The effects of test frequency on the impedance of the film 
resistor at various temperatures and on the humidity-sensitive characteristics of the MIS 
capacitor have been investigated. 

INTRODUCTION 

With the progress of automatic control applications, the need for miniaturized, intelligent and 
programmable sensors has become important issue. To achieve these goals, exploiting thin-film 
sensors on silicon substrates is always the target of investigations. Therefore, desirable sensing 
thin-film materials have been actively sought. Perovskite-type oxides (ABO3) attract much 
attention in recent years because these oxide are not only used as high-permittivity dielectric in 
non-volatile memory, but also can be used as sensing materials, moreover, sensing properties of 
these oxides may be modified by appropriate combination of cationic constituents. Our previous 
works [1,2] have found that even though both Bai.xLaxTi03 and SrNbxTii.x03 thin film have 
photo-, thermal and humidity sensitivity characteristics, photo sensing characteristics is better in 
La-doped film and thermal sensing characteristics is better in Nb-doped film. Therefore, in this 
work, Bai.xLaxNbyTii-y03 (x=0.25%, y=0.25%) thin-film is proposed with a view to achieving 
better photo, thermal and humidity sensing properties. 

EXPERIMENTS 

Figure 1 shows the structure of the sensor, consisting of a thin-film resistor, and a metal- 
insulator-semiconductor (MIS) capacitor. This multi-function thin-film micro-sensor was 
fabricated on n/n+ type (111) silicon epitaxial wafer with a 0.3-0.6 Qcm resistivity. A Si02 layer 
with a thickness of 10 nm was grown by thermal oxidation at 900 °C for 25 min. 0.5 \sm of Bai. 
xLaxNbyTii-y03 film was deposited on the oxide layer by argon ion-beam sputtering equipment at 
room temperature under a vacuum of 1.33 mPa. High-purity aluminum and gold were then 
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Figurel. Cross section of the sensor device. I and 2 are the electrodes of thin-film resistor with length L (0.05 mm) 
and width W (2 mm); 1 and 3 are the electrodes of MIS capacitor (effective area of upper electrode is 0.55 mm2). 

evaporated respectively onto the Bai.xLaxNbyTii_yC>3 film and the back surface of the wafer to 
form electrode and ohmic contact. Finally, post-metallization annealing was done at 400 °C for 
15 min in nitrogen to make a good contact, meantime and adjust the grain and the porosity of the 
sputtered thin-film. Dice of the wafer were attached to headers for subsequent testings. 

Current-voltage (I-V) and resistance-temperature (R-T) measurements on the resistor at 
various visible-light intensities (0-1800 lux) and temperature (28 "C-400 °C) were carried out 
with a d.c. power supply, while the current of the MIS capacitor versus relative riimiditv (RH) 
(12%~92%) was measured by an a.c. power supply. Moreover, the frequency effects on the 
impedance of the film resistor and the current of the MIS capacitor were investigated over a 
range of 20 Hz~2 MHz. Different RH levels were achieved by closed chambers containing 
different standard saturation salt solutions. 

The deposited film is believed to be a ceramic polycrystalline material as the target material 
13,41, because the substrate was not heated during film deposition and low temperature was used 
for post-deposition annealing. Hence, a single crystal or a glass structure should not form. 
Meanwhile, the deposited film should be an n-type semiconducting material, because with nearly 
the same atomic radius between La3+ (0.0122 nm) and Ba2+ (0.0143 nm), and between Nb 5+ 

(0.069 nm) and Ti 4+(0.064 nm), donor levels can be formed in the bandgap by partial 
substitutions of Ba2+ by La3+ and Ti 4+ by Nb5+ in the target material. Moreover, since the 
substrate was not heated during film deposition and a low temperature was used for post- 
deposition annealing, single crystal or glass structure should not form in the deposited film. The 
chemical composition of the film was examined by Auger electron spectroscopy (AES) and the 
composition of La and Nb was found to be about 0.25% respectively. 

RESULTS AND DISCUSSION 

Figure 2 shows the current of the film resistor versus visible-light intensity at 30 °C. The film 
is highly sensitive to light intensity and presents a reasonably good linearity. For a test voltage V, 
of 1 V, the current increases by 29.4% and 400% when light intensity increases from 0 to 100 
and 1000 lux respectively. More importantly, the operating voltage can be as low as 1 V, as 
compared to 3 V for Bai.xLaxTi03 film , and 10 V for Sri-xLaxTi03 film. Therefore, this 
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Figure 2. Current of thin-film resistor (L = 0.05 mm, 
W = 2 mm) vs. visible-light intensity at various test 
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Figure 3. Relative absorption intensity of film vs. 
wavelength of light (light-source energy is the 
same for various wavelengths). 

material has great potential in a multitude of photoconductor applications requiring low power 
levels. 

The absorption spectrum of the film in Figure 3 shows that the intrinsic absorption peak is at a 
wavelength of 557 £uml and the long-wave cut-off is at 595 lum]. Hence, the bandgap is 2.15 
eV, which is smaller than the value for BaTi03 (2.64 eV). The intrinsic absorption cut-off shifts 
towards the long-wave region, possibly due to La-doped and Nb-doped atoms because the 

l/T(K-') 

Figure 4. The resistance of the thin-film resistor vs. 
temperature at various test voltages (V,) under light, 
-tight conditions. 
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Figure 5. Impedance of thin-film resistor (L =0.05 
mm W =2 mm) vs. temperature at various test 

frequencies (f) under light-tight conditions. 
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average atomic number of Ba1.xLaxNbyTh.yO3 is higher than BaTi03 and hence the effective 
bandgap is reduced, which is usually the case for III-V compound semiconductors [5]. The lower 
absorption peaks within the wavelength region 0.6-0.77 um should be related to extrinsic 
absorption by impurities and defect energy levels. 

The ln(R)-T characteristics of the film resistor (under light-tight conditions) shown in Figure 4 
exhibit a negative temperature coefficient (NTC) and have good linearity and high sensitivity. 
The temperature coefficient of the film at 30 °C is -5.22%°C"' under a test voltage of 1 V, which 
is similar to that of SrNbxTii_x03 film (-4.36% "C"1) [1], and higher than that of Bai.xLaxTi03(- 
1.61 %°C-' ) [2] and Sr,.xLaxTi03 (-1.73%°C') [6]. The effect of test frequency on the 
impedance (Z) of the film resistor at different temperatures is depicted in Figure 5. Z decreases 
with frequency because of parasitic capacitance associated with the MIS structure underneath the 
film resistor. At higher frequencies, the capacitive effect gets more severe, overwhelming the 
temperature effect. Further measurements reveal that the current through the MIS capacitor 
under d.c conditions is hardly affected by temperature and light intensity. Therefore the thermal 
sensitivity and photosensitivity of the film resistor are only due to the properties of the Bai. 
xUxNbyTii.y03 film. 

The influence of relative humidity on the a.c current of the MIS capacitor is shown in Figure 
6. When RH changes from 12% to 92%, the current increases by about 194% under a test voltage 
of 500 Hz and 4 V at 30 °C. The curves possess a hysteresis loop as the RH changes from low to 
high and then back to low, and the maximum hysteresis is about 4%. The higher the test voltage, 
the smaller is the hysteresis loop, possibly because Joule heating accelerates evaporation of 
water. The response time of humidity sensitivity of the MIS capacitor is shown in Figure 7. As 
RH changes from 12 to 92 % and then back, the adsorption and desorption response times are 
only about 8 s and 12 s respectively, (120 s and 150 s for Sr1.xLaxTi03, 15 s and 10 s for 
SrNbxTi|.x03,4.5 s and 5 s for Bai.xLaxTi03). The shorter response times of the film indicate its 
physisorption is more dominant than that in other films. 
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Figure 6. Current of MIS capacitor vs. relative humidity 
at various test voltages (Vt): (->) RH changes from.12% 
to 92%; (<-) RH changes from 92% to 12%. 

Response Tire (s) 

Figure 7. The change in current of the MIS capacitor 
as the RH changes from 12 to 92% and then hack ( 

for both cases, the RH change occurs at time = 0) 
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Figure S. Influence of test frequency on humidity-sensitivity characteristics of MIS capacitor. 

The effects of frequency on the current of the MIS capacitor are shown in Fig. 8, with the 
current exhibiting a valley between 20 Hz and 105 Hz. Based on a simple parallel resistor- 
capacitor circuit model, the current valley should be due to a combined effect of frequency 
increase and dielectric-loss increase on the impedance of the MIS capacitor [1]. On the other 
hand, as RH changes from 12% to 92%, a large current change (> 100%) can be achieved over a 
wide frequency range of 20 Hz to 2xl04 Hz, which is similar to Bai.xLaxTi03 film and SrNbxTit- 
x03 film (20-105 Hz), and wider than that of the Sr,.xLaxTi03 film (102~5xl 02 Hz), implying that 
this device can be applied to a wider range of operating frequency. 

CONCLUSIONS 

A new microsensor consisting of a thin-film resistor and a MIS capacitor is developed by 
depositing barium lanthanum titanate-niobate (Bai.xLaxNbyTi|.y03) thin-film on SiO^Si 
substrate. The thin-film resistor has good sensitivity for visible light and good thermal 
sensitivity within the temperature range of 28-400 °C. The MIS capacitor is sensitive to relative 
humidity (RH), with a 194% change of current for a humidity change from 12% to 92% RH at a 
test voltage of 500 Hz and 4 V, and with short response times of 8 s and 12 s for adsorption and 
desorption of water vapor respectively. Frequency effects on humidity sensitivity performances 
also demonstrate that this device can be applied to a wide range of operating frequencies. 
Therefore, Bai.xLaxNbyTii.y03 sputtered thin-film is a promising material for multi-sensing 
devices, and the batch-fabricated devices are the strongest contender in microprocessor- 
controlled applications, because they are cost-effective and compatible with existing IC 
fabrication technologies. 
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ABSTRACT 

We describe here a novel approach to the subject of thermoelectric devices. The current best 
thermoelectrics are based on heavily doped semiconductors or semimetal alloys. We show 
that utilization of electric field effect or ferroelectric field effect, not only provides a new 
route to this problem, bypassing the drawbacks of conventional doping, but also offers 
significantly improved thermoelectric characteristics. We present here model calculation of 
the thermoelectric figure of merit in thin films of Bi and PbTe, and also discuss several 
realistic device designs. 

INTRODUCTION 

Application of an electric field (Electric Field Effect - EFE) to a capacitor structure of the 

type Gate-Dielectric-Semimetal (or non-degenerate semiconductor), or Gate-Ferroelectric- 

Semimetal injects, into the semimetal or semiconductor sample, charge carriers which are 

distributed among the electron and hole bands. Depending on the field polarity, the number of 

carriers of the corresponding sign increases, while the number of carriers of the other sign 

diminishes. This is connected with the change of the electron (7]e) and the hole (T)h) Fermi 

levels with an applied electric field, i. e. 7]e=Ve(E) and T]h=r]i,(E). Increasing the electric 

field can result in zero concentration of the corresponding charge carrier type. A further 

increase of the electric field results in a further increase of the introduced carriers and hence 

of the conductivity. It follows from the above argument that all the thermoelectrical effects 

(the state-of-art of the field has been recently presented by Mahan [ 1 ]), such as Peltier, 

Seebeck, Nernst etc are strongly dependent on the magnitude of the electric field. Thus, the 

EFE offers a novel, controllable and more effective route to thermoelectricity. In the 

following we will term this sort of thermoelectrics by EFE-TE. 

In following we analyze in detail the electric field dependence of the Seebeck effect (see 

also [2]). One can show that the Seebeck effect is expressed by the formula 

s = s-s,„ (1) 

where 

s =b.j£±l±L- s =ks   (a,,s"S> (i) 
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Here <jp and o„ are the hole and the electron conductivities, sp and s„ are the hole and the 

electrons related Seebeck coefficients, < > denotes averaging over the sample thickness. The 

later is needed because of the inhomogeneous electric field in sample (the larger the dielectic 

constant e the larger the characteristic screening length Ls, determining the rate of the 

exponential decrease of the field in the sample). 

In absence of electric field (£=0), S„ and Sp are of comparable magnitude, therefore 5 is 

smaller than each of the above quantities. For a certain value of the mobilities, S„ could equal 

S„ and therefore S=0. It should be noted (Eq. 1) that S depends on the electric field via the 

field dependence of a (due to a change of carrier concentration with E) and the field 

dependence of s,hp (via the dependence of the Fermi energies on E) according to 

where 
(!+^+, 

(2) 

kBT \ + exp(x-7]) 

Here A is the exponent in the energy dependence of the scattering relaxation time T(T °= £*), 

r\k is the reduced Fermi level (index k indicating the hole or the electrons related quantities), 

and F; is the Fermi integral (;' = 'l2 +A or 3I2 +Ä). 

The unique characteristic of the method we propose here, lays in its ability to 

dynamically optimize and vary the thermoelectric behavior of the system (by varying the 

applied electric field magnitude and polarity) under a variety of conditions. 

TEST-CASE CALCULATIONS 

a. Bi films. 

The curves of Fig. 1 were calculated assuming a value of film thickness L=100 Ä, and 

temperature T=300 K. It should be noted that the detailed shape of the curve in Fig. 1 (in 

particular, via the energy dependence of the mobilities) depends also on the particular 

scattering mechanism (e.g. scattering by defects, ionized impurities, acoustic and/or optical 

phonons etc). 
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The curves have been calculated 
assuming only electron-acoustic 
phonon scattering. 
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With increasing positive polarity (for definiteness) the hole concentration, and therefore 

also Sp goes to zero. At the same time |S„| goes through a maximum and then falls with 

increasing E (because of the increase of 77 with E). A similar behavior (with the roles of 

electrons and holes interchanged) is obtained for negative E. This is demonstrated in Fig. 1 

by the two extrema of S(D) (D is the electrical displacement) at Dm,pm and D„,„eg. 

The quality of the thermoelectric behavior is usually characterized by the dimensionless, 

sample averaged, figure of merit [2, 3] 

(0S)2 

M=/\T' (O)K 
(3) 

where eis the electrical conductivity. 

The electric field dependence of M is shown in Fig. 2. The two maxima of M are related 

to the two extrema of S (see Fig. 1). They appear at slightly shifted values of E, due to the 

monotonical field dependence of a. It follows thus, that (together with the field variation of 

the thermoelectric quantities described above) also a strong field dependence of M should be 

observed. This leads to the possibility that thin Bi films (which are not good fhermoelectrics) 

can actually attain a high M under electric field conditions. 
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Figure 2. 

The sample averaged figure of 
merit, for different combinations of 
the electron and hole mobilities, as 
a function of the electric 
displacement D. 

The curves have been calculated 
assuming only electron-acoustic 
phonon scattering. 

D, 108V/cm 

b. PbTefilm. 

The currently typical thermoelectrics are the, narrow gap, doped semiconductors AIVBVi 

such as Bi2Te3, PbTe etc. Fig. 3 shows the calculation results of the maximum value of 

M{D), for PbTe, as a function of film thickness L. The range of film-thickness L<700 Ä was 

chosen so that L<LS (the screening length), assuring a reasonable homogeneity of the electric 

field over the sample thickness. 

The present "worst case" calculations are based upon an assumed value of mobility 

(i = 0.05 m2/Vsec (a typical value determined by the current thin film preparation 

methodology) and assuming electron-acoustic phonon scattering mechanism only. Even so, 

despite the low mobility and the unfavorable energy dependence of T(re-Pi, = £0'5), the 

calculated figure of merit for PbTe under the electric field effect, reaches a considerably high 

value M>2 for a thin (L<120 Ä) film, see Fig. 3. In analogy with the technological advances 
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Figure 3. 

The maximum sample averaged figure 
of merit M(E) for thermoelectric layer 
of 
(1) - negative polarity (p-type) 
(2) - positive polarity (n-type) 
as a function of film thickness L. 
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in Bi film preparation methods [4], we expect a similar improvement in the PbTe system, 

resulting in a higher mobility (actually, a value of /I = 0.2 m2/Vsec, at room temperature, has 

been reported just now [5]). Moreover, it is noteworthy that, in general, for a given value of 

mobility, M{E) will be significantly higher when other scattering mechanisms (besides 

electron-acoustic phonon scattering) are involved. 

EFE-TE DEVICE STRUCTURAL CONFIGURATIONS 

The analysis and calculations, outlined in the previous sections, have been carried out 

assuming the simplest model structure (a parallel plate capacitor, comprising of a metallic 

gate, a dielectric layer and a semimetal or semiconductor film). However, it is clear that more 

complex structures can be developed for higher efficiency and/or for specific purposes. In the 

following we describe shortly several of the configurations currently studied, both 

experimentally as well as theoretically. 

a. p-n thermoelement. This two-arm structure, shown in Figure 4, is obtained by replacing the 

metallic gate by a second layer of thermoelectric material. This device exploits the electric 

field effect mechanism, causing the negative polarity thermoelectric layer to become an n- 

type semimetal (or semiconductor) and, at the same time, the positive polarity layer to 

become p-type. This structure thus serves as a controllable thermoelectric analogue of the 

standard p-n element. The device can be optimized choosing different thermoelectrics for 

each arm. 

n 

  

-v   H 
■H 

n-type (Bi) 

p-type (PbTe) 
^ + t 

[Cold end| | Hot end| 

L       | 
P 

Figure 4. 

The two-arm p-n 
thermoelement. 
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Figure 5. 

The sectioned gate EFE- 
gradient thermoelement. 

b. EFE gradient thermoelectric device. In this device, shown in Figure 5, a sectioned gate 

configuration or a resistive gate, create the conditions analogous to the gradient doping in 

conventional thermoelectrics. It should be emphasized that in the EFE-TE case the gradient 

can be dynamically varied, thus offering an active device. 

c. A split-gate Peltier cooler/heater device. Here, as shown in Figure 6, opposite polarity 

voltage is applied to the two sections of the split gate thus creating a p-n junction. In such 

way, the direction of current determines whether the p-n junction absorbs or emits heat. 

Figure 6. 

The split-gate Peltier 
cooler/heater. 
Cooling or heating functions are 
determined by the direction of 
the current. 
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ABSTRACT 

We have investigated the electrophoretic deposition 
(EPD) as a low cost and conformal method of fabricating 
barium strontium titanium (BST) based composite thick films. 
The films were deposited at a controlled rate on platinum 
substrate in acctone-bascd slurry under electric bias. 
Acetone-aerosol OTS surfactant dispersion was used as 
dispersive medium. Conformal BST based thick films of 10- 
80 (im were obtained. The dielectric constant and dielectric 
loss factor of Ba„,,.„Sr,u«Ti03 and Bao60Sr„.4i,TiO_i - 20wt% 
compositions were 603.3 and 0.029 and 327.0 and 0.002, 
respectively. The low frequency electronic properties of the 
electrophoretic films were also compared with those of the 
bulk BST ceramics. In addition, the optical and the structural 
properties of the films are also discussed. The various 
techniques employed include x-ray diffraction, SEM and 
surface profilomeler. 

I. INTRODUCTION 

Ba,i_slSr(X)TiO.( (BST) is a continuous solid solution 
between barium titanate and strontium titanate over the entire 
range of concentration. The Curie temperature of Ba,,. 
„SrwTi03 decreases linearly with increasing strontium 
titanate concentration. As a result, the transition temperature 
and, hence, the electrical and optical properties of Ba(1. 
,)SrwTi03 can be tailored over a broad range to meet the 
requirements of various electronic applications. It has been 
reported that barium strontium titanate based composite 
materials, Ba(|.x,SrwTi03-MgO, posses significantly reduced 
dielectric constant and dielectric loss compared to that of 
pure Ban.uSrmTiO;.' These BST-MgO bulk composite 
materials have also demonstrated excellent dielectric loss and 
dielectric tunability characteristics at X-band and K-band 
frequencies. By optimizing the Ba/Sr ratio and MgO content, 
the Curie temperature can be shifted below the room 
temperature making the material paraelectric under normal 
operating conditions. 2 The non-linearity of the dielectric 
properties with respect to applied DC voltage makes these 
composite materials attractive for tunable microwave devices 
particularly for phased array antenna. In addition, a decrease 

in Tt below room temperature reduces the dielectric loss due 
to disappearance of the ferroelectric hysteresis. 

Electrophoretic deposition (EPD) is a simple, cost 
effective and confonnal method of depositing thick films. The 
deposition occurs in a solution under bias. This phenomenon 
occurs due to the charge on the surface of the panicle that is 
attracted to the opposile polarity on the surface of [he 

ä& 

Figure 1. Basic schematic of electrophoretic deposition. 

substrate.3 Therefore, in an effort lo optimize deposition, the 
effects of panicle surface potential, particle size, and 
suspension conditions must be investigated. This 
investigation outlines some of the initial findings and 
compares the results with those obtained for bulk BST 
material. 

II. EXPERIMENTAL 

Ceramic processing 

Raw materials were obtained from FERRO Corp, PenYan 
NY. In this study, the compositions fabricated were pure 
Ba|0.6)Sr(ü4)TiO, and Ba,M)Sr,o.4,™3-20 «t», MgO. The 
ceramic has been processed using standard solid state 
methods. The mixture was ball milled in ethanol using 
alumnia grinding media for about 24 hours and, subsequently. 
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air dried. The powder is then calcined at 1100 "C for 2 
hours. After calcination, 3 wt % of organic binder (Rohm 
and Hass Company, product Rhoplcx B-60A, an aqueous 
emulsion of acrylic polymer) was added to improve green 
body strength and permit sample fabrication. The mixture 
was then ball milled for about five hours and air-dried. The 
powder was uniaxially cold pressed at a pressure of 
approximately 6000 psi into pellet form. The pellets were 
sintered at a temperature of 1350 °C. For low frequency 
dielectric characterization, the materials were machined to 
approximate 1mm in thickness and silver electrodes on both 
sides by screen-printing to form metal-insulator-metal (MM) 
capacitors. The dielectric measurements were conducted by 
using HP4194A Impedance/Gain-Phase Analyzer. 

Electrophoretic Processing 

The initial processing procedure is similar to the ceramic 
processing discussed earlier. Immediately after calcining, the 
materials were mixed and ball milled to obtain an average 
particle size of 0.5 micron. Sedigraph particle analyses (via 
Sedigraph 5100) confirmed the particle size distribution. The 
materials were then processed, calcined, and deposited by the 
electrophoretic deposition method. Figure 1 shows the 
schematic diagram of the EPD process. Electrophoretic 
deposition was performed in a acetone base slurry mixed with 
OTS-surfactant as a reactive agent media. The magnetic 
stirrer was set steady at 150 rpm to reduce particle 
sedimentation. Two Pt substrates were immersed into the 
solution, separated approximately 1 cm apart. The films were 
deposited for 2, 4, and 6 minutes to analyze the effect of 
deposition time on the film thickness. The deposited films 
were placed in a saturated acetone bath to slow down the 
drying process. This process step is crucial to avoid rapid 
drying which can cause micro-cracks in the green body. 

(a) (h) 
Figure 2. SEM micrographs of (a) Ba^Sr^/riOa - 20 Wt% 
MgO films deposited by EPD, (h) Reverse side shows 
uniform and conformal film on both sides. 

which further degrade film quality during sintering. Figure 2 
shows the surface features of Ba,i,imSr<,M1TiO.i-20 wt% MgO 
thick film deposited on Pt substrates. The SEM micrographs 
clearly show that the films were highly uniform and 
conformal. The films were sintered at slow ramp rate of about 
l°C/minutc to 1250 "C with a dwell for 2 hours. The film 
quality was strongly influenced by the ratio of acetone to 
aerosol OT-S surfactant. At an an applied tic bias of 100V, the 
pure Ba^Sr^^TiOj powder was barely deposited on the 
cathode in the acetone solution. The addition of aerosol was 
necessary to deposit films. Even a small concentration of OT-S 
surfactant caused the Ba,,i.»>SrM)Ti03 to be easily deposited in 
a uniform and conformal fashion on the Pt cathodes. The 
acetone to aerosol ratio was optimized (100:1) to obtain highly 
dense thick films with uniform surface morphology. The film 
thickness increased rapidly in the first minute of deposition 
then decreased and ultimately stopped at around 6 minutes. 
The as-deposited green films were dried in an acetone- 
saturated chamber at room temperature for 30 minutes and 
sintered at 1250 "C for 2 hours. This step was used to mitigate 
micro cracking, which occurs during the drying process. X-ray 
diffraction (XRD) patterns of Ba^Sr^/riO., and 
Ba(o.rt)Sr,a4lTi03-20 vA% MgO were used to identify the 
crystalline phases. Figure 3 displays the XRD patterns of the 
bulk and EPD thick films and confirms that the bulk and EPD 
films possess identical stoichiometry and crystallinity. 

III. RESULT AND DISCUSSION 

Dim-action Angle 2 Thcla 

Figure 3. Illustrated the XRD pattern of bulk and thick film deposite 
by EPD. 

Furthermore, FT-Raman spectroscopy substantiated that the optica 
and structural properties of the thick films are similar to those of th 
corresponding bulk ceramics. The Raman shifts peak for both of th 
bulk and films were at around 2000™". The results suggest that n 
selective ablation of any of the species had occurred since there is n 
drastic alteration of the composition in a way that will be reflected i 
the behavior of the material. The film thickness, measured using 
surface profilomerer, was adjusted by changing deposition time. Th 
10-80 urn thick films were 
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Bafl,6i)Sro>ioTLU.i B tlo eoSto .40 

20Wt% M 

no,- 

Bulk EPD Films Bulk EPD Rims 

Dielectric 

Constant 

5160.64 603.30 1068.43 327.00 

Loss 0.009 0.029 0.002 0.002 

Tunability % 56.70 17.34 15.80 8.00 

Table I. Electronic Properties of Bo0.H)Sr(MUTiOt, and 
Ba,,.MSr„.4i>TiO, -20Wl% MgO Thick Film Deposited by EPD 

Method. 

used in the present study. The dielectric properties of the 
films were measured in terms of the dielectric constant (t;), 
loss tangent (tan Si, and tunabiltiy (AC/O at 2VI\lm. The 
small signal dielectric measurements were conducted at 1 
MHz on (mctal-insulator-metal) MIM capacitors by applying 
an alternating current ac signal of 10 mV amplitude. Platinum 
electrodes were sputter deposited dirough a shadow mask on 
the top surface of the films to form MIM capacitors. Table I 
show the properties of Ba((i.fi)Sr,a4)Ti03 and Ba(o<,iSr(o.i)Ti03- 
20 wt% MgO thick film deposited by EPD. The dielectric 
constant of the EPD films were significantly reduced, as 
shown in Fig. 4, compared to bulk materials due to the 
decreased film density and finer grain structure. 

Figure 4. SEM micrographs of (a) bulk ceramic sintered at 
1350 °C of Ba1„.,,)Sr,a4)TiO.r20 wt% MgO and (b) EPD thick 
film sintered at 1250 C" for 2 hours. 

IV. CONCLUSION 

This work investigated electrophoretic deposition (EPD) of 
conformal films of undoped BST and Mgo-BST composite. 
The compositions are well represented in earlier literature. 
Our results demonstrate that the material properties of the 
EPD thick films parallel those of the bulk BST based 
ceramics. Both of the pure Ba(iu)Srl<U)Ti03 and 
BarawSr^TKVOT wt% MgO composite EPD films 
exhibited good structural properties and dielectiic constant. 
The dielectric constant, dielectric loss factor and tunability 
of Ba„«,Sr0.4oTi03 and Bao.mSro.mTiOs - 20wt% 
compositions were 603.3, 0.029, 17.34% and 327.0, 0.002, 
8.0%, respectively.   The enhanced dielectric properties of 

Ba,:.>)SrwTiO,-20Wt% MgO composite thick film compared 
to pure BST thick film, suggest that they arc suitable for 
integrated capacitor and tunable microwave applications. 

Reference: 

Babbit, R.W, Koscica, T.E., and Drach, W.E., Microwave 
J., 35, 63 (1992). 
P.C. Joshi and M. Cole, Mat. Res. Soc. Symp. Proc, Spring 
2000 (to be published). 
P. Sarkar and P. S. Nicholson, J. Amer. Ceram. Soc. 79, 
1987(1996). 
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ABSTRACT 

Thin films of ferroelectric ABi2Ta209 bismuth-layered structure, where A = Ba, Sr and 
Ca, were prepared by pulsed laser deposition technique on Pt/TiO2/SiO2/Si(100) substrates. The 
influence of substrate temperature between 500 to 750°C, and oxygen partial pressure 100-300 
mTorr, on the structural and electrical properties of the films was investigated. The films 
deposited above 650°C substrate temperature showed complete Aurivillius layered structure. 
Films annealed at 750°C for lh in oxygen atmosphere have exhibited better electrical properties. 
Atomic force microscopy study of surface topography shows that the fdms grown at lower 
temperature has smaller grains and higher surface roughness. This paper discusses the 
pronounced influence of A-site cation substitution on the structural and ferroelectric properties 
with the aid of Raman spcctroscopy, X-ray diffraction and electrical properties. The degradation 
of ferroelectric properties with Ba and Ca substitution at A-sites is attributed to the higher 
structural distortion caused by changing tolerance factor. A systematic proportionate variation of 
coercive field is attributed to electronegativity difference of A-site cations. 

INTRODUCTION 

Ferroelectric thin films of several compositions have received major attention for their 
place in nonvolatile memory technology [1,2]. The reliable operation of the devices after 
switching for 10ln-1012 electric cycles, became a major issue, as most of the compositions 
experienced fatigue. This prompted the community to quest for newer materials which can 
withstand the challenges of fatigue. Aurivillius compounds of Bi-layered series received 
significant attention due to their stable operation potential, beyond 10l() switching cycles [2,3]. 
The Bi-layered compounds assume the formula, (A„.iBn03n+i)2"(Bi202)

2+, where A is twelvefold 
coordinated and B is sixfold coordinated cations, in which the lattice structure composed of n- 
number of (KABnO^Hi)2' unit cells sandwiched between (Bi202)

2+ slabs along pseudo-tetragonal 
c-axis [4]. SrBi2Ta209 (SBT) and SrBi2Nb209 (SBN) are most popularly studied compound. In 
the present study, the A-site cations are substituted by Ba and Ca to compare their behavior with 
the established SBT. Paper describes the results of phase evolution, structural and electrical 
properties of PLD growth films of SBT, BaBi2Ta209 (BBT) and CaBi2Ta209 (CBT), with 
variation of process parameters such as substrate temperature, ablation pressure and annealing 
temperatures. 

EXPERIMENTAL 

Polycrystalline BBT, SBT and CBT thin films were grown on Pt/TiOi/Si02 /Si substrates 
by pulsed laser ablation technique using a KrF (A. = 248nm) excimer laser at a pulse repetition 
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rate of 5 Hz and focused to a fluence of 2.5-3.0 J/cm2. The substrates were cleaned by acetone, 
in ultrasonic cleaned for 3 min followed by rinsing in isopropyl alcohol. The distance between 
the target and substrate was maintained at 5cm during deposition. Ceramic target of 3.5 cm 
diameter with 15% excess bismuth was prepared by conventional powder processing method. 
Appropriate amount of oxide raw materials are ball milled for 24h. The mixed powders were 
calcined at 800°C for 24h and then pressed to pellet at 15MPa followed by sintering at 1050 °C 
for 8h in order to achieve highly densified target. The complete phase formation of the targets 
was confirmed by x-ray diffraction [5]. During deposition, the substrate temperature was varied 
from 500CC to 700°C with oxygen pressures varying between 100-300 mTorr to maintain better 
stochiometry of the film. The base pressure was dropped to 5xl06 Torr before ablation. The 
phase formation and crystallographic orientations of as grown and annealed films were 
identified by Siemens D5000 X-ray diffractometer using Cu Koc radiation with Ni-filter. The 
microstructure of the as-deposited films was observed by atomic force microscopy (AFM, 
Nanoscope IHa, Digital instruments). Room temperature micro-Raman spectra of the films were 
obtained by a spectrometer with triple monochromator (Jobin Yvon T6400) in a back scattering 
geometry. The spectra were excited with an Ar-ion laser operating at a wavelength of 514.5 nm. 
Thickness of the films were estimated by using filmetrix F 20. 500um gold dots were deposited 
on the films as the top electrode using DC magnetron sputtering. The frequency dependent 
dielectric permittivity and tangent loss were studied from 1 kHz to 1 MHz with an oscillating 
voltage of 100 mV. The P-E hysteresis loops were measured using ferroelectric tester RT 6000 
HVS (Radiant Tech.) at virtual ground mode. 

RESULTS and DISCUSSIONS 

3 

t/3 

b: Bi2C>3 
^c:BaTa,0, 
M 2    6 

J"     =1 

^~AS!^V~.OÄl~«fJ50 C 

Due to the dielectric anisotropy and uniaxial polarization characteristics of bismuth layer 
compounds, it is well established that layered perovskites are highly sensitive to process 
parameters. A number of reports have confirmed the 
stochiometry and orientation dependence of 
polarization in the Aurivillius series [1-3,6]. 
Growth sequence of polycrystalline BBT films 
deposited by varying substrate temperatures from 
600-750°C at 100 mTorr ablation pressure is 
illustrated in Figure 1. Indexing of diffraction 
patterns has been done according to Lu et al [7]. It 
is clearly observed that the phase formation starts 
from 600°C. The broadening of the high intensity 
(115) reflection at 29° of the film grown at 600°C 
could be due to lattice mismatch and thermal stress 
between the film and the substrate. Second phases 
of Ta205, EÜ2O3 and BaTa206 were identified in the 
films above substrate temperature of 700 °C which 
is attributed to re-evaporation of bismuth oxide at 
higher temperature due to volatility of Bi. 

yv^ UO 
30 40 50 

29 degrees 
60 

Figure 1: X-ray diffractograms of as grown 
BBTfdms. 
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20 degrees 20 degrees 
Figure 2: X-ray diffraction patterns qfSBT      Figure 3: X-ray diffractograms of CBT 
filmS- films at different growth temperatures. 

Fig.2 shows the phase evolution of SBT films deposited under lOOmTorr oxygen 
pressure and different substrate temperatures. All films are polycrystalline in nature starting from 
500°C. The splitting of (115) diffraction lines of the film grown at 650 and 700°C substrate 
temperature established the orthorhombic crystal structure of the SBT at room temperature. The 
broadening of the most intense diffraction line (115) at lower temperature is attributed to the 
presence of finer grains during growth. 

Systematic variation of phase formation and orientation with growth temperature of as 
grown CBT films at 100 mTorr oxygen pressure are shown in Figure 3. Preferential orientation 
along c-axis, confirmed by the strong diffraction lines (0010), (006) and (008), increases with 
increase in substrate temperature. A systematic shift of most intense (115) reflection, with 
temperature, towards higher diffraction angle could be due to thermal stress during the growth of 
the films. It may also be noticed that oxygen pressure has pronounced influence on the 
orientation of CBT films. Higher oxygen pressures (~200mtorr) enhance the nucleation of 
grains with better stochiometry and higher surface energy which tend to orient the grains along 
the polarization axis [8]. 

Figure 4: Typical AFM micrographs of as grown CBT 
films at (a) 500 "C and (b) 650 "C. 
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The effect of substrate temperature on surface topography of the as-grown films were 
analyzed by AFM using tapping mode with amplitude modulation. The growth pressure during 
ablation was maintained at 100 mTorr. It was observed from microstructure (Fig.4) that the grain 
size is directly influenced by the growth temperature. Films at a lower temperature (500°C ) 
have relatively lower grain size (~ 24 nm) compared to that at higher temperature 650°C (~ 100 
nm). The surface roughness is also comparatively larger in the films deposited at lower 
temperature. This behavior could be due to the increase in adatom mobility and surface energy 
of the ablated species to form lager grains at higher temperature. Other films ablated from SBT 
and BBT targets show similar kind of variation in morphology with temperature. 

Room temperature micro-Raman spectra of ABi2Ta209 (ABT) films were studied in 
order to understand the phase evolution and internal lattice vibrations of the A-site substituted 
layered perovskites. In all materials, it was observed that the films grown above 700°C substrate 
temperature had the characteristic features of bulk ceramic sample. Fig 5 shows the Raman 
spectra of as grown CBT, BBT films deposited at the substrate temperature of 750°C, and the 
SBT film deposited at 700°C and post annealed at 800°C for lh. During the deposition the 
ablation pressure of all films was maintained at lOOmTorr. The inset figure (Fig.5) shows the 
tolerance factor dependence of Eg (53 cm"1) and A,g (163 cm"1) optical modes. Bulk results 
showed that the soft mode is sensitive to the substitution at A-site from Ca to Ba in ABT series, 
reported by Kojima [9]. We also observed similar kind of behavior in the films. With increasing 
ionic radii from Ca (1.0 Ä) to Sr (1.1 Ä) and Ba (1.4 Ä) in these materials, the frequency of 
A,g mode decreases from 60.5 to 57 and 54 cm"1, while EE mode frequency decreases from 164 
to 162 and 153 cm"1. A-site cation does not participate for symmetric stretching of O-Ta-0 
octahedral chains at a frequency of 830cm"1 known as breathing mode. However, the increase of 
this mode frequency could be associated with the mass and ionic radii differences of cations that 
influences the force constants of neighboring ions inside the layered perovskite unit cell ATa207, 
because of twelve fold coordinated nature of 
A-site cation. The broadening of 827 cm"1 

peak with another extra mode at 926cm"1 of 
BBT film might be due to the presence of 
impurity phases present in the films at 
higher growth temperature as observed 
through x-ray diffraction. Most of the 
intense peaks are broadened in comparison 
to bulk results, which is attributed to thermal 
stress between the film and the substrate 
during high temperature growth process. 
According to neutron diffraction results of 
Shimakawa et al [10], the presence of Ca at 
A-sites of SBT will increase the 
orthorhombic structural distortion due to 
lattice mismatch between AO and Ta02 

planes, which could be the second possible 
reason for the decrease of optical phonon 
modes which arc characteristics of 
ferroelectric properties in these materials. 

Raman Shifts(cm') 
800    900   1000 

Fig. 5: Room temperature micro-Raman 
spectra of ABi2Ta209 films. 
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Figure 5(a) shows the typical hysteresis    loops of BBT films grown at a substrate 
temperature at 650°C and ablation pressure of 200mTorr. The measured maximum polarization 
(Pm), remanent polarization (Pr) and   coercive field (Ec) values at an applied field 180 kV/cm 
were 16.3 uC/cm2, 3.8 uC/cm2 and 23 kV/cm, 
respectively. Poor ferroelectric properties of BBT 
films deposited at higher substrate temperature 
(>700°C) were also observed and might be due to 
the presence of secondary phases as described in 
Figl. 

Well saturated polarization of SBT films 
grown at substrate temperature 700°C and 
annealed at 650°C are shown in Fig 5(b). Values 
of maximum polarization (Pm ~ 12.75 (iC/cm ), 
remanent polarization (Pr - 4.5|lC/cm2) and 
coercive field (Ec ~ 68kV/cm) are obtained at an 
applied field 300kV/cm. Annealing at lower 
temperature might help to release the growth 
stress at higher substrate temperature. It was also 
noticed that higher in-situ growth temperature of 
SBT films leads to preferential orientation along 
c-axis. The results are consistent to reported 
values of SBT films prepared by other techniques 
[11]. 

Ferroelectric hysteresis properties of 
470nm thick polycrystalline CBT films deposited 
at 650°C and annealed at 750°C are illustrated in 
Fig 5(c). The measured values of remanent 
polarization (P.) and coercive field (Ec) at an 
applied field of 277 kV/cm are about 2.3 uC/cm2 

and 112 kV/cm, respectively. There is negligible 
degradation (< 5%) of polarization after fatigue 
even above 1010 electric cycles at 500 kHz and 
150kV/cm. This results infer that the ferroelectric 
properties of Bi-layered compounds are highly 
influenced by A-site cations. Polarization values 
obtained from BBT and CBT are lower than the 
measured values of SBT. These results can be 
linked to orientation of the films or due to change 
in tolerance factor of individual perrovskite unit 
cells in different A-site substituted compounds. 
However, a systematic change in coercive field 
with variation from Ba to Ca was observed. The 
higher electronegativity of Ca might be 
responsible for higher coercive field in CBT. 
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Fig 6: Typical hysteresis loops of (a) BBT, 
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Table 1: Dielectric properties of ABT compounds 

Growth 
Temperature (°C) 

Annealing 
Temp.(°C) 

e tan5 

CBT 600 750 116 0.016 
SBT 500           _, 750 237 0.033 
BBT 600 750 88 0.003 

The highest dielectric properties obtained for different compounds measured at 100 kHz 
from the films grown at different conditions are shown in Table 1. The highest dielectric 
constant is obtained in SBT, whereas there is a negligible dissipation factor in case of BBT films 
deposited at 600"C substrate temperature. It was observed in the present work, that the incipient 
growth temperature, even after annealing, influences the final orientation of film. A close 
correlation was observed between the orientation of film and the dielectric constant. More 
systematic studies are in progress in this direction. 

CONCLUSION 

ABi2Ta209 thin films are successfully grown on platinized silicon substrates using PLD 
technique. X-ray diffraction studies showed that films crystallize at substrate temperature above 
500°C, whereas Raman spectra confirmed the Bi-layer perovskite formation at growth 
temperature above 650CC. Increase of garin size with lower surface roughness at higher substrate 
temperature is examined by AFM. The decrease of lowest optical phonon modes Eg and Algat 53 
and 164 cm"' with increase of tolerance factor is attributed to the increase of mass of A-site 
cation which influences the force constant of neighbouring ions. Substitution Ba and Ca at A-site 
of SBT did not improve the remanent polarization. The dielectric constant and dissipation factors 
obtained for this series of compounds is consistent with the reported values. 
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ABSTRACT 

CaBi2Ta2a) (CBT) thin films were successfully prepared on Pt-passivated quartz glass 

substrates using a triple-alkoxide solution. The thin film crystallized to a single phase of perovskite 

at 750PC via a mixture of fluorite and perovskite phases. The TSO^C-annealed thin film showed 

random orientation and consisted of fine grains with a diameter of about 80 ran. The dielectric 

constant and loss factor were 124 and 0.04, respectively, and were constant in the frequency range of 

10 kHz to 1 MHz. The thin film exhibited P-E hysteresis loops at relatively high voltages. The 

remanent polarization and coercive electric field were 6.9 uC/cm and 170 kV/cm at 13 V, 

respectivey. The fatigue behaviors against various electric pulse sequences were examined. The 

polarization did not change when the pulse width was short such as 10"* s, however, it increased 

gradually with number of switching cycles when the pulse width was relatively long such as 10"" s. 

INTRODUCTION 

CBT is a member of Bi-based layer-structured perovskite compounds such as SrBi2Ta209 

(SBT) and SrBi2(Ta, Nb^Oj (SBTN) [1], for which there has been much research on their potential 

for nonvolatile random access memory application [2]. Compared with SBT and SBNT ceramics, 

the dielectric constants were reported to be low for CBT ceramics [3]. Therefore, the CBT thin film 

is considered to be a good candidate for application to nonvolatile ferroelectric memory with the 

metal-ferroelectric(-metal)-insulator field effect transistor (MF(M)ISFET) structure. For such 

memory, the ferroelectric thin film needs to have not a high remanent polarization but only sufficient 

polarization to modulate the FET channel conductivity. It is important for the ferroelectric thin film 

to have a low dielectric constant in order to reduce charge injection from the semiconductor. 

In our previous works, CBT thin films were successfully synthesized by using a triple alkoxide 

solution [4-6]. The triple alkoxide was found to be a key material not only for the synthesis of SBT 

and SrBi2Nb209 (SBN) ferroelectric thin films [7-13] but also for the synthesis of CBT thin films. It 

was because the arrangement of metals and oxygen in the triple alkoxide molecules was identical to 

sublattices of SBT, SBN and CBT perovskite crystals. As a result, the activation energy for 

crystallization was lowered. In the present study, characteristics of the micrastructure and surface 

morphology of the alkoxy-derived CBT thin films on Pt-passivated glass substrates under and over 

the ferroelectric phase transition were investigated. The dielectric and ferroelectric properties were 

addressed. Additionally, dependence of fatigue behaviors on electric pulse sequences was 

examined. 
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EXPERIMENTAL DETAILS 

Ca metal was dissolved in anhydrous ethanol as a solvent and heated at 78BC for 1 h. Bismuth 

triethoxide (Bi(OC2H5)3) was added to the Ca alkoxide solution, and the mixture was heated at 78^ 

for 2 h. Then, tantalum tetraethoxide (Ta(OC2H5)5) and diethanolamine (NH^HtOH^) were 

added, and the solution was heated at 78^ for 1 h. The atomic ratio of the metals, Ca: Bi: Ta, was 

1:2:2. The molar ratio of diethanolamine to the triple alkoxide was 3 : 1. The aforementioned 

procedure was conducted in dry nitrogen flow. For partial hydrolysis, water was added to the triple 

alkoxide solution in a molar ratio of 1:18 (water: triple alkoxide) and the solution was then stirred for 

1 h at room temperature. The concentration of the hydrolyzed triple alkoxide solution was 0.025 M. 

Thin films were deposited on substrates by spin coating the hydrolyzed triple alkoxide solution. 

Pt-passivated quartz glass (Pt( 111 VSiQz) was used as a substrates. Each layer was deposited in two 

steps of 1000 rpm for 3 s and 3000 rpm for 30 s. The as-deposited thin films were dried at 150^, 

calcined at 350BC for 10 min in air, and then heated by rapid thermal annealing in oxygen flow. 

Film thickness was increased to 300 nm by repeating the spin coating and rapid thermal annealing 
processes. 

The crystalline phase and the crystallinity of the thin films and powders were identified by using 

X-ray diffraction (XRD) measurements using Cu Ka radiation. The acceleration voltage and 

current were 40 kV and 40 mA, respectively. The microstructure and surface topography of the thin 

films were observed using a field emission scanning electron microscopy (FESEM) and an atomic 

force microscope (AFM), respectively. Prior to electrical measurements, circular Pt electrodes of 

500 um diameter were deposited by r. f. sputtering, which was followed by annealing at 700SC for 60 

min. Dielectric and ferroelectric properties were measured using a multifrequency LCR meter (HP 

4275A) and a Radiant Technologies ferroelectric test system (RT6000S) at room temperature, 
respectively. 

RESULTS AND DISCUSSION 

Figure 1 shows XRD profiles of 650=0 and 750sC-annealed CBT thin films on Pt-passivated 

quartz glass. The 650aC-annealed thin film consisted of a mixture of ferroelectric perovskite and 

non-ferroelectric fluorite phases. However, the 750°C-annealed thin film consisted of only a single 

phase of ferroelectric perovskite and showed random orientation. Figures 2 (a) and 2 (b) show 

AFM images of the surface topography of 650^- and 750sC-annealed CBT thin films on 

Pt-passivated quartz glass, respectively. The öSO^-annealed thin film consisted of both large and 

small grains with diameters of about 200 nm and less than 100 nm, respectively. In contrast, 

7502C-annealed thin film consisted of uniform fine grains of which the diameter was about 80 nm. 

The surface characteristic of ferroelectric CBT thin films was fairly different from that of SBT thin 

films, which consisted of elongate and anisotropic grains and thereby, the surface were relatively 

rough. The flat surface and isotropic grains of CBT thin films were considered to prefer for 

application to the integrated systems. Figures 3 (a) and 3 (b) show SEM cross-section photographs 

of 650^- and 750^-8^631^ CBT thin films on Pt-passivated quartz glass. No remarkable 
change was observed. 
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Figure 1.   XRD profiles oföSCfC- and 

750"-C-annealed CBT thin films on Pt- 

passivated quartz glass [6]. 
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Figure 2.   AFM images of (a) 65IFC- and (b) 75<f-C-annealed CBT thin films on Pt-passivated quarts glass. 
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Figure 3.   SEM photographs of edge-profiles of (a) 650P-C- and (b) 75(FC-annealed CBT thin films on 

Pt-passivated quartz glass. 
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Both thin films consisted of fine grains which had isotropic shape and several grains stacked along 

the out-of plane direction. 

Figure 4 shows the frequency dependence of dielectric constants and loss factors for 

TSCPC-annealed CBT thin films on Pt-passivated quartz glass. The dielectric constant and loss 

factor were constant in the frequency range of 10 kHz to 1 MHz, and were about 120 and 0.04, 

respectively. Figure 5 shows P-E hysteresis loops of the CBT thin films on Pt-passivated quartz 

glass. The loops were not saturated at lower applied voltages such as 5 V but saturated at high 

voltages such as 11 V and 13 V. The remanent polarization (Pr) and the coercive electric field (E^) 

at 13 V were 6.9 |iC/cm2 and 170 kV/cm, respectively. Figures 6 (a) and 6 (b) show changes of 

polarization, when the sequent electric pulses with the width of 1 x 10"6 s and voltages of 5 V and 10 

V, respectively, were applied. The polarization did not show change after 2 x 10!0 switching cycles 

at 5 V, however, it showed a decrease after 7 x 109 switching cycles at 10 V. The results indicated 

that the CBT thin film showed minimal fatigue when cycled at the voltage lower than its saturation 

voltage. Figures 7 (a), 7 (b) and 7 (c) show changes of polarization, when the sequent electric 

pulses with the width of 10"5s, 104s and 10"3s, respectively, and the voltage of 10 V. Although the 

behavior was not significant for the width of 10"5s, the polarization gradually increased with 

switching cycles when the pulse width was longer such as 104s and 10"3s. The similar behavior 

had been previously observed for SBT thin films P4], and was considered to be due to release of 

pinned domains in the thin films by the applied pulse with extended width. The polarization 

decreased after 2 x 109 and 7 x 10s switching cycles for the applied pulse with width of 10s s and 104 

s, respectively. 
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10" 10! 106 
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10       Figure 4.   Dielectric properties of 750iC-annealed 

CBTthinfilm. 
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Figure 5.   P-E hysteresis loops of VSff-C-annealed CBT thin film at various applied voltages. 
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CONCLUSION 

CBT thin films were successfully prepared on Pt-passivated quartz glass substrates using a 

triple-alkoxide solution. The thin film crystallized to a single phase of perovskite at 750SC via a 

mixture of fluorite and perovskite phases. The 750sC-annealed thin film showed random 

orientation and consisted of isotropic fine grains with a diameter of about 80 nm. The flat surface 

was preferred for application to the integrated systems. The dielectric constant and loss factor were 

124 and 0.04, respectively, and were constant in the frequency range of 10 kHz to 1 MHz. The thin 

film exhibited P-E hysteresis loops at relatively high voltages. The remanent polarization and 

coercive electric field were 6.9 \lC/cm2 and 170 kV/cm at 13 V, respectively. The polarization did 
not change after 2 x 1010 cycles of switching with the pulse width of 10^ s and voltage of 5 V. 

However, it increased gradually with number of switching cycles when the pulse width was 

relatively long such as 104 s and 10"3 s with the applied voltage of 10 V. 
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ABSTRACT 

Thin films of barium strontium titanate are fabricated on alumina by a hydrothermal method. 
Crystalline films are produced at temperatures as low as 60°C. The relative dielectric 
permittivity of films with the composition Bao.isSro.ssTiOa lies in the range between 150 and 220 
for low frequencies (100 kHz to 1 MHz), decreasing with frequency. The loss tangent for the 
films increases from 0.05 to 0.15 over the same frequency range. Relative concentrations of 
barium and strontium in the film are controllable through the hydrothermal reaction conditions. 
The surface microstructure of the films is examined. 

INTRODUCTION 

The demand for communication via wireless networks is necessitating the design of novel 
signal transfer technologies. Integration of these devices on a large scale requires that they be 
made inexpensively. This demands that components be small and easy to produce. On-chip 
fabrication of the device components is the most direct method of obtaining small, inexpensive 
devices. 

In order for on-chip fabrication to be feasible, however, each step in the process must 
maintain the products previously produced. In the case of devices to be fabricated on GaAs, the 
substrate itself limits the process. Upper process temperatures are limited to 200CC on GaAs 
substrates. Such a low upper temperature limit precludes use of conventional fabrication 
techniques to deposit ceramic structures. 

In this paper we examine hydrothermal processing as a novel technique that allows ceramics 
to be deposited at temperatures below 200°C, and is thus compatible with technologies to be 
fabricated on GaAs. In particular, we examine the deposition of barium strontium titanate by the 
hydrothermal method. Bai.xSrxTi03 (BST) is selected due to its high relative permittivity and 
low loss tangent. These characteristics are favourable for the production of dielectric grating 
antennae with small physical dimensions and large bandwidth. 

EXPERIMENTAL DETAILS 

Hydrothermal BST films are currently fabricated on alumina. The precursor titanium layer 
is deposited via RF sputtering in argon from a 10cm diameter titanium target. This metal layer is 
reacted chemically to form the BST ceramic. 

The reactant solution is prepared by dissolving Ba(OH)2-8H20 and Sr(OH)2-8H20 in 
deionized water. This solution is placed in a Teflon beaker, and the sample (secured in a Teflon 
holder) is lowered into the solution. The beaker is then placed into and sealed in an autoclave. 
Pressure inside the apparatus is the autogenous pressure of the solution at the reaction 
temperature. For the solutions used, this pressure (~ 1 MPa for processing at 180°C) is very 
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close to the vapour pressure of water at the reaction temperature. The reaction temperature of 
60"C to 200"C is controlled by an external heater. 

After processing, the solution is allowed to cool to room temperature inside the sealed 
autoclave. The samples are then removed and rinsed under deionized water, and dried in air. 

RESULTS AND DISCUSSION 

The BST films produced by the hydrothermal method appear dark and lustrous, displaying 
brilliant colours depending on film thickness. The thickness of the ceramic films under these 
reaction conditions depends only on the thickness of the initial titanium layer. BST films are 
currently produced with a thickness of 0.5 microns, from a titanium layer of the same thickness. 

Film Composition and Stoichiometry 

Control of the ratio of barium to strontium in BST is essential to fabrication of a good 
dielectric. This ratio controls whether BST behaves as a ferroelectric or paraelectric material at 
room temperature [1]. For room temperature applications where the paraelectric regime is 
favoured, the composition BaojSrojTiOs has been determined to be optimal [1]. This 
composition gives the highest relative permittivity. This is the desired result for our intended 
applications. Composition of the BST films produced hydrothermally has been determined by 
nuclear atomic absorption. 

To determine the relationship between barium and strontium concentrations in the reactant 
solution and the relative amounts incorporated into the film, the concentration of Sr(OH)2-8H20 
in solution is held constant at 0.5M, and the concentration of Ba(OH)2-8H20 is varied as 0.1M, 
0.25M and 0.5M. Films are processed for 8 hours at 180°C. 
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Fig. 1: Relationship between relative concentrations 
o/Ba and Sr in reactant solution to that in 
hydrothermal BST film. 

Fig 2: Variation of BST film stoichiometry with 
reaction temperature. 

Figure 1 shows that there is an approximately linear relationship between the ratio of barium 
to strontium in the solution to that in the final film, over the range studied. It is expected that by 
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Controlling the relative concentrations of precursors in the reactant solution, the ratio of barium 
to strontium in the film can be controlled over the entire range of solid solution. 

The effect of process temperature on film stoichiometry is examined in Figure 2. Solution 
concentrations are held constant for both Sr(OH)2-8H20 and Ba(0H)2-8H2O, at 0.5M. The 
process time is held constant at 8 hours. The film composition more closely approaches the 
stoichiometric composition Bai.xSrxTi03 for higher process temperatures. Deviation from 
stoichiometry is still significant, however. 

X-ray Analysis 

Glancing angle X-ray analysis (Cu Ka 
radiation) using an incidence angle of 2° is 
used to confirm the crystallinity of the films 
produced. Films produced at temperatures 
as low as 60°C exhibit characteristic BST 
peaks. It is possible to produce films that 
are well crystallized with no residual 
titanium peaks evident. With a higher 
concentration of reactant ions in the 
solution, the reaction to convert Ti to BST is 
more strongly driven to promote ceramic 
production. Thus, the film shows pure BST 
in a shorter reaction time. 

The peak near 52° in Figure 3 is shifted 
in the spectrum for the sample processed for 
3 hours, and is a BST peak, not a peak due 
to residual titanium. 
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Fig. 3: Formation of BUT from Ti with different 
solution concentrations, at 1S0"C. Bottom trace: Ti 
substrate, middle trace: a 0.1M solution processed 
for 24h, top trace: a 0.5M solution processed for 3h. 

Surface Morphology 

The surface of the BST films fabricated are studied using scanning electron microscopy. 
The surfaces tend to have a layer of grains that are not densely packed on top of a dense 
substructure. All films shown are processed in a solution with Sr(OH)2-8H20 and 
Ba(OH)2-8H20 at a concentration of 0.1M. 

No variation in surface morphology is seen with change of process time. Films processed at 
140°C and above have spherical grains of relatively constant diameter of approximately 0.3 
microns. At 100°C process temperature, large grains with diameters up to 0.7 microns are 
evident. Below 100°C, few surface grains are apparent. 

A strong grain size effect has been reported in the electrical properties of BST [2]. This 
includes a maximum in relative permittivity in films with 1 urn grain size.[2]. Thus, BST 
fabricated hydrothermally at temperatures near 100°C rather than at higher temperatures may 
have favourable electrical behavior, such as a higher relative permittivity. 
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Fig. 4: Variation of surface microstructure of 
hydrothermally fabricated BST thin films with 
process time and process temperature. 

16 24 

Process Time (hours) 

Electrical Characterization 

The electrical properties of BST films at low frequencies (1MHz) are determined through 
parallel capacitance measurements. A platinum layer is deposited on the alumina substrate prior 
to deposition of the precursor titanium layer. The BST film is then fabricated as above. Reaction 
temperature is 180°C, and the concentration of both Sr(OH)2-8H20 and Ba(OH)2-8H20 in the 
solution is 0.5M. Gold top electrodes are evaporated onto the surface of the BST. 
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Fig 5: Variation of relative dielectric constant of 
hydrothermally fabricated BST thin films with 
frequency. Ba.Sr = 0.15:0.85 in film. 

Fig 6: Variation of loss tangent of hydrothermally 
fabricated BST thin films with frequency. Ba:Sr = 
0.15:0.85 in film. 

A decrease in relative permittivity and an increase in loss tangent with increase in frequency 
are found. Values for these parameters are consistent with values reported elsewhere [3]. The 
ratio Ba:Sr is 0.15:0.85 in these films. With an increased concentration of barium in the films to 
the 0.7:0.3 Ba:Sr region, an associated increase in the relative permittivity is expected. Figures 5 
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and 6 show that a longer process time leads to an improvement in film characteristics. This may 
be associated with an increase in the molar ratio (Ba+Sr)/Ti. For the film processed for 8 hours, 
(Ba+Sr)/Ti = 0.37. For the film processed for 16 hours, (Ba+Sr)/Ti = 0.77. 

CONCLUSIONS 

The characteristics of BST films fabricated by the hydrothermal method depend strongly on the 
reaction conditions, including reaction time, temperature, concentration of reactants, and 
thickness of the initial titanium layer. The characteristics of interest in the final film can be 
controlled more or less independently via alteration of separate reaction conditions. Thus, it is 
expected that it is possible to produce a BST film with virtually any tailored set of 
characteristics, with respect to film thickness, Ba/Sr ratio (and thus electrical characteristics), and 
(Ba+Sr)/Ti ratio. Hydrothermal processing is a promising new method for fabrication of thin 
film BST at low temperatures. 
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(53/47) Thin Films in Planar Electrode Configuration 

S.B. Majumder, B. Perez, B. Roy, A. Martinez, and R.S. Katiyar 
PO Box 23343, Department of Physics, University of Puerto Rico 
San Juan, PR 00931, USA 

ABSTRACT 

Electrical characteristics of ferroelectric thin films in planar electrode configuration are 
important to characterize these materials for their applications in micro electro mechanical 
(MEM) and tunable microwave devices. In the present work we have prepared polycrystalline 
Pbi-3x/2Ndx(Zro.53Tio.47)03 (x = 0.0 to 10.0 at %) thin films on platinized silicon substrate by 
chemical solution deposition (CSD) technique. The films were characterized in terms of their 
dielectric and ferroelectric properties by depositing planar interdigital finger electrodes on the 
surface of the films by electron beam lithography. The capacitance and loss tangent of undoped 
and 4 at % Nd doped PZT films measured at 100 kHz were found to be 138 pF, 0.033 and 95 pF, 
0.019 respectively. Saturated hysteresis loops were obtained in undoped PZT film by applying 
100 V across 10 urn electrode separation. Nd doped PZT films on the other hand, electrically 
shorted at comparatively lower voltage. The electrical characteristics of these films are correlated 
with their phase formation behavior and microstructural features. 

INTRODUCTION 

Smart materials can sense and accordingly respond to a variety of external stimuli such as 
pressure, electric and magnetic fields, temperature, nuclear radiation etc. Devices made of smart 
materials such as actuators and sensors are integral part of a smart system. The family of smart 
material include piezoelectric and electrostrictive materials, polymers, shape memory alloys, 
electro-rheological fluids, optical fibers etc. Among these materials piezoelectric materials are 
attractive for the design of smart devices due to large strain yield, high response speed, 
reasonable electro-mechanical efficiency, inexpensive and light weight and they can be easily 
shaped, bonded or embedded in a variety of surfaces [1], 

Piezoelectric materials are non-centrosymmetric and posses permanent electric dipole. 
Due to direct piezoelectric effect the piezoelectric material can generate electrical charge 
(voltage) when an external stress is applied to it. On the other hand, due to the converse 
piezoelectric effect the piezoelectric materials are strained when an external electrical field is 
applied to it. Sensors and actuators are fabricated exploiting the direct and converse piezoelectric 
effect respectively. Utilizing bulk piezoelectric materials cantilever mounted (unimorph / bi- 
morph), multi-layer, and Moonie type actuators have been designed. Irrespective of the adopted 
design in all the piezo-actuators the characteristic parameters are (i) degree of displacement, (ii) 
magnitude of the generative force and (iii) response speed (resonance frequency). For efficient 
actuator performance large possible generative displacement and force are desired. 

A bending actuation mechanism is an effective way to achieve large displacement in 
piezo-actuator design. Bimorph and unimorph are typical bending actuator designs. When the 
actuator is driven with electrical field the piezo transverse strain is converted to large bending 
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displacement in the perpendicular direction of the applied field due to the constrain of each 
component in the actuator structure. The material parameter of interest in this design is d3i, 
where the field is applied in 'z' direction and the generated strain is in V direction. Since the d33' 
and k33 (electro-mechanical coupling coefficient) are almost two times larger than that of d31 and 
k3i values, strong advantages exist for unimorph bending actuators with a transversely polarized 
PZT layer which can be driven electromechanically through the piezo d33 mode rather than 
conventional d3] mode [2]. In d33 mode both the measured strain and the direction of applied 
field are along the surface of the piezo layer. For practical devices, such as micro-machined 
unimorph diaphragm pressure sensors, transverse polarization configuration will be more 
attractive as in this case the thickness of the diaphragm and the electrode spacing are 
independent variables. Since the low capacitance of the unimorph structure matches well with 
the field effect transistor input capacitance, a higher voltage sensitivity is expected in transverse 
design as compared to the conventional longitudinal mode design utilizing d3, parameter. In thin 
film form many micro-machined unimorph transducers for various MEMs devices have been 
developed by combining silicon micro-electronics technology and on chip ferroelectric PZT thin 
films [3]. 

However, little effort has so far been attempted to fabricate transverse actuator structure 
[4]. As a first step, towards producing d33 mode unimorph bending transducers on Si substrates, 
one should characterize the dielectric and ferroelectric properties for transverse fields generated 
from IDT surface electrodes. This work is one of the few attempts to characterize PZT films in 
transverse field direction. Addition of donor dopants have found useful in increasing the 
polarization and reducing the leakage current density. In this work we have prepared Pb,.xNdx 

(Zr0.53Tio.47)03 (x = 0.0 to 10 at%) to study the effect of Nd impurity ions on the phase formation 
behavior, surface morphology , ferroelectric and dielectric characteristics on PZT thin films. 

EXPERIMENTAL 

Pbi-3x/2Ndx(Zr0.53Tio.47)03 (x = 0.0 to 10 at%) thin films were deposited on platinized silicon 
substrates by a CSD technique. To prepare the precursor sol, lead acetate was dissolved in acetic 
acid and refluxed at 110° C to dehydrate the water of crystallization. Separately inside a moisture 
controlled glove box Ti - isopropoxide and Zr -n- propoxide were codissolved in acetic acid. 
The acetic acid serves as chelating agent and reduces the moisture sensitivity of the alkoxides. 
The double alkoxide solution was mixed with Pb acetate solution at 90°C through continuous 
stirring. Finally stoichiometric amount of Nd- nitrate dissolved in methoxy-ethanol was mixed 
into the complex Pb-Zr-Ti sol through continuous stirring to prepare Nd doped PZT precursor 
parent sol. The parent sol had a strength about 1 ML"1. The parent sol was diluted to a strength of 
0.3 ML" with the addition of acetic acid and used as coating sol. The coating solution was spun 
coated on cleaned platinized silicon wafer and just after deposition and heated at 600°C for 5 min 
in flowing oxygen for organic removal as well as nucleation of perovskite phase directly from 
the as deposited amorphous phase. The coating and firing sequence was repeated for 10 times to 
obtain films about 0.5 urn thick. Finally the films were annealed at 700°C for 1 h in flowing 
oxygen ambient for crystallization. 

The interdigitated capacitors were fabricated using e-beam lithography followed by 
metallization and lift-off processes. To facilitate the lifting-off process, a bilayer of the e-resist 
was used. A layer of positive lower molecular weight e-beam resist (495K PMMA C2) was spun 
onto the film surface and baked. A second layer of higher molecular weight (950K PMMA 2%) 
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e-resist was then spun onto the first e-resist layer and baked. The total resist thickness obtained 
was approximately 4400Ä. The pattern was then exposed on the sample using a JEOL JSM- 
840A controlled by PC running JC Nabity's NPGS software [5]. After developing the exposed 
resist, aluminum contacts were deposited onto the samples followed by a lift-off process. The 
flow diagram of the IDT electrode fabrication is shown in Fig.l. It was found that the thickness 
of PMMA polymer layers control the e-beam energy doses and the deposited aluminum 
thickness should be roughly l/3rd to that of polymer thickness for optimum electrode quality. 

RESULTS AND DISCUSSION 

Phase Formation Behavior 

The doped and undoped PZT films crystallized into a 
rhombohedral structure of perovskite phase. Up to 4 at% 
Nd doping, the films have only perovskite phase (Fig.2), 
however, with further increase in Nd %, the paraelectric 
pyrochlore phase coexisted with the perovskite phase. 
Nd3+ replaces Pb2+ at the A site and to maintain the charge 
neutrality, it introduces Pb vacancies in the lattice. It is 
well known that the as-deposited amorphous PZT 
transforms to perovskite phase through the formation of 
an intermediate oxygen deficient A2B2O7-X pyrochlore 
phase during a conventional annealing process [6]. The 
increase in dopant concentration leads to increasing Pb 

deficiency and tends to stabilize part of the 
intermediate pyrochlore phase. The perovskite ratio 
is determined using the following relation 

I Spin 495K PMMA C2 on PZT film surface 

 I          
I Baked at 180°C for 40s.) 

l    Spin 950K PMMA 2% 

I Baked at 160°C for 60s. 

/ Pattern exposed on the sample ^ 
I using JEOL JSM-840A SEM 

controlled by PC running JC 
[ Nabity's NPGS software. 

i 7 
(  Develop the exposed resist ] 

X 
Aluminium contact deposited ] 

by thermal evaporation     I 

Lift-off processing 

I   IDT pattern on substrate 

Figure 1 Flow diagram of IDT fabrication 
by e- beam lithography technique 

Perovskite ratio % = 
Lperovskih''(iperovskile+Lpyrochh>ie) A 1UU, 

where /,»,„,.*» and I„,0ci>im represent the 
integrated peak areas for the 100 % diffraction 
peaks for the perovskite and pyrochlore phases 
respectively. It was found that the perovskite 
phase fraction reduces with the increase in 
dopant concentration beyond 5% Nd doping. 
The calculated lattice parameter of Nd doped 
PZT films, decreases monotonically up to 8 at 
% of doping. Substitution of A site (contains 
Pb ion ) with an ion having smaller ionic radii 
(i.e Nd) than the host ion will lead to the 
shrinkage of lattice parameter hence, as 
observed the lattice parameter should reduce 
with the increase in Nd content. 

XI 

n 

£*       JJ Illl» 
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Figure 2 X-ray diffractograms of undoped 
and 4 at% Nd doped PZT thin films 
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Surface Morphology 

Figure 3  shows the AFM micrographs of undoped, 4 at%,  6 at%, and 8 at % Nd doped PZT 
thin films. The undoped film has a smooth and homogeneous microstructure with an average 
grain size about 200 nm. The average grain 
size is slightly reduced in 4 at % Nd doped 
film however, it reduces drastically with 
further Nd addition as shown in Fig 3 (c) 
and 3 (d). Overall, all the films showed 
uniform grain size distribution and surface 
conditions, within the present annealing 
conditions. The surface roughness of the 
undoped   PZTfilm   was   2.1   nm   and   it 
increased systematically with Nd addition 
and thus the surface roughness 8 at% Nd 
doped PZT film was = 8.2 nm.   From the 
observed microstructures of the films it is 
clear that the gTain sizes arc 
inversely proportional to the amount of 
Nd content. Introduction of Nd into 
the PZT lattice causes the increase 
in Pb vacancy concentration. To 

0 Nd-PZT 4 Nd-PZT 

6 Nd-PZT 8 Nd-PZT 

Figure 3 AFM micrographs of Nd doped PZT thin films. 
The length of the bar is 0.25um. 

maintain the charge neutrality, vacancies could also be introduced at B site as well. The lead 
vacancy concentration is increased with the increase in Nd content which in turn stabilizes the 
intermediate pyrochlore phase [6]. Most likely the Nd rich pyrochlore phase is localized at the 
gTain boundary region and if the grain boundary is surrounded with PZT substituted with Nd3+ 

ions, vapor pressure of PbO might be decreased and in that case as observed grain growth is 
inhibited. The pyrochlore phase at the grain boundary for PZT doped with higher Nd content (> 
4 at %) was difficult to be observed in AFM micrographs and TEM investigations arc underway 
to observe the distribution of the pyrochlore phase in the Nd doped PZT thin films. 

Electrical Properties 

Figure 4 shows the e-beam lithography 
fabricated IDT pattern on PZT thin films about 
1 urn thick. About 5 identical IDT electrode 
patterns were deposited on each sample and the 
electrical data reported are the average of the 
respective measurement data on these five 
electrodes. Each IDT contains 15 fingers of 
length 100 urn and separated by lOum. 

Figure  5   (a)   and  5   (b)  depict  the 
capacitance vs frequency response of undoped and 

Figure 4 SEM micrograph of IDT pattern 
deposited by e-beam lithography 
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(a) 
Undoped 
4 at% Nd doped 

4 at % Nd doped PZT films. It may be seen that the capacitance shows a frequency dependence, 
while the dispersion behavior tended to reduce with increasing Nd content. At low frequencies, 
the dispersion in capacitance is normally due to space charge accumulation, while at higher 
frequencies, the grain-grain boundary capacitance interference becomes mostly responsible. It 
may also be realized from Fig. 5 (a) that the dielectric constant reduces with increasing Nd 
content. Such behavior may be attributed to the following : 

(a) Presence of pyrochlore phase , which may go undetected in XRD, with increasing 
Nd content which offers a relatively lower, dielectric 
constant in series with the perovskite phase. Such 
combination effectively reduces the total dielectric 
constant. 
(b) Reduced grain size with increasing Nd content, as 
seen from the AFM micrograph in Fig. 4. It is 
generally observed in ferroelectric ceramic materials 
such as PZT, BaTi03 etc that the dielectric constant is 
sensitive to grain size and is extrinsically influenced 
[7]. The observed dielectric behavior in the present 
case may be found consistent with these reports. 
The variation of tan 6 with frequency at different 
dopant concentrations is shown in Fig. 5 (b). It may 
be realized that the dielectric loss reduces with 
increasing Nd concentration, which may be 
associated with reduced oxygen vacancies. It is also 
worth mentioning that the pyrochlore phase material 
is more insulating in nature The presence of even 
minute amount of pyrochlore phase fraction may also 
contribute to reduced dielectric losses. 
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Figure S Frequency dispersion of (a) 
capacitance and (b) loss tangent of 
undoped and 4 at% Nd doped PZT 
thin films 

Figure 6 shows the electrical hysteresis between 
the induced charge and the applied voltage of 
undoped and 4 at % Nd doped PZT thin films. As 
shown in the figure, saturated hysteresis loops are 
obtained in both undoped and doped PZT thin 
films. However, the Nd doped film withstand less 
voltage as compared to the undoped one. This 
could be due to rougher surface of the doped film 
as compared to the undoped film. The charge vs 
voltage data can be converted to a polarization vs 
electric field scale, assuming that the area switched 
is the product of the length of the electrode fingers 
and film thickness and the electric field is uniform 
across the electrode gap [4]. However, the 
calculated values are not very accurate as the 
fringing field associated at the end of each finger 
electrode would affect the polarization and electric 
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Figure 6 Hysteresis loops of PZT thin films 
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field values. However, the approximate remnant polarization (Pr) in the range of 20-30 ^lC /cm2 

and the coercive field (Ec) in the order of 40-50 kV/cm are close to the corresponding values of 
undoped PZT deposited on platinized silicon substrate where the hysteresis measurement was 
performed applying electric field across the thickness of the film. It was observed that the 
polarization reduces moderately up to 4 at % Nd content. As mentioned earlier, considering the 
effect of ionic radius, the lattice parameter shrinks with the addition of Nd. Polarization in the 
ferroelectric perovskite lattice is contributed by the displacement of higher valence B site cations 
along the polar axis from their position in the paraelectric phase. The contraction of lattice 
parameter is probably accompanied by a decrease in the rattling lattice space available for B site 
cations and therefore the dielectric constant and the polarization values decrease moderately up 
to 4 at % Nd doping. 

CONCLUSIONS 

In the present work undoped and Nd doped PZT (53/47) thin films were prepared on platinized 
silicon substrate by chemical solution deposition technique. Process methodology for the 
fabrication of IDT electrode by e-beam lithography has been optimized. The symmetric 
hysteresis loops measured by using IDT electrodes on the surface of the undoped and Nd doped 
PZT thin film suggest excellent transverse coherence in the films. Work is in progress to study 
the fatigue, retention and leakage current characteristics of these films. 
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ABSTRACT 

Single oxide films as well as complex oxide films are intensively studied for multi-chip 
modules with integrated passive functions. In this paper the processing and properties of oxide 
films such as Ta205, Ti02, Nb205.Ta205 -A1203, Ta205-Nb205 as well as complex oxide films 
such as BiNb04 and Ba,.xSrxTi03 films will be discussed with respect to their integration into 
thin film functional modules. 

INTRODUCTION 

Ceramic oxide films are a revolution in the electro-ceramic industry. The integration of 
ferroelectric thin films into semiconductor processes is the basis for a new class of memories 
such as ferroelectric non-volatile memories (FERAMs). The high performance of oxide films, 
which has been achieved in the last years as well as the progress in integration technologies 
offers high density functional modules [1-11]. To apply oxide thin films in miniaturised and 
integrated high performance devices, thin films have to be tuned with respect to their special 
applications. In the following, the processing and the electric properties of oxide thin films 
will be discussed, especially, with respect to their dielectric properties in integrated capacitors. 

HIGH PERFORMANCE FUNCTIONAL MODULES 

For high functionality portable electronic systems such as mobile communication and 
wireless data transfer systems, new product concepts are requested, that enable the integration 
of passive functions (capacitors, resistors, inductors) with active functions into high 
performance multifunctional modules. Various concepts are developed: 
• Thick Film Technologies 
• Ceramic Co-firing Processes (MCM-C) 
• Laminate Technologies (MCM-L) 
• Thin Film Multi-chip Modules (MCM-D) 
Thin film functional modules with a planar integration of e.g matching circuits, filtering 
circuits next to active functions such as amplifying stages, on top of Si or A1203 are on the 
market. To achieve a high degree of integration also three-dimensional integrated modules have 

been demonstrated, see ref. [1]. 

Dielectric thin films with a temperature coefficient of the capacitance of 
+ 60 or + 30 ppm/K 

For applications such as integrated matching circuits, thin film capacitors are requested, 
that show a very stable capacitance over a large temperature range. Thin film capacitors have to 
be developed that offer a temperature stability of the capacitance of ± 60 or ± 30 ppm/K, if 
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heated up from -55°C up to 125°C (so called COH or COG specifications). One dielectric thin 
film material with a temperature coefficient of the capacitance of ± 30 ppm/K, is SiN(H). 
SiN(H) with a relative permittivity of 6.5 gives limitations in the integration of large 
capacitance values. 

Thin films in the systems Ta2Os, T^^OsTa&s-Nb-tOs^Os-AhOj 
To achieve integrated capacitors with high capacitance density and stable temperature 

characteristic of the capacitance, we investigated various oxide films in the systems Ta205, 
Ti02.Nb205,Ta205-Nb205,Ta205-Al203.Cava et al. [12-14] studied ceramics in the systems 
Ta205-Al203,Ta205-Si02, Ta205-Ti02, Ta205-Nb205. For polycrystalline (Ta205)ix(Al203)x 

ceramics with x = 0.05-0.2 an enhanced dielectric constant of approx. 40 for x=0.1 compared 
with pure Ta205 (£r approx. 25-30) is reported. Moreover the temperature coefficient of the 
relative permittivity could be greatly suppressed in the A1203 substituted materials. A relative 
permittivity of 30-40 and a temperature coefficient of less than 20 ppm/K has been found in the 
temperature range of -40°C up to +100°C for 0.05<x<0.07. With the doping of Ta2Os with 
A1203 the positive temperature coefficient of + 250 ppm/K has been shifted to negative values 
of -5 ppm/K up to -40 ppm/K. X-ray powder diffraction analysis reported by Cava et al. [12] 
stated for ceramics with 0<x<0.075 a solid solution of Ta2Os-Al203. For 0.075<x<0.2 a solid 
solution phase of Ta205-Al203 as well as AlTa04 are present. Desu et al. [15] processed A1203 

doped Ta205 thin film by spin-on processing. They report for (Ta205)o.9(Al203)0., films a 
relative permittivity of 42.8 and a temperature coefficient of 20 ppm/K. 

In this paper we report the processing and properties of Ta205, Ti02,Nb205 as well as 
Ta205-Al203 and Ta205-Nb205 thin films. Layers with a thickness of 400 nm - 800 nm have 
been processed by means of sol-gel techniques on top of Si wafers with a Ti/Pt electrode (see 
Table 1). Amorphous films are grown at temperatures of 300-600°C; crystalline films are 
formed at temperatures of 650-750°C. The characterisation of thin film capacitors with sizes of 
1 mm   revealed in accordance with the bulk ceramics for amorphous Ta205 films a relative 
permittivity of 21 and dielectric losses of 0.12 % (measured at 0.1V, 1 KHz). Crystalline 
Ta205, Nb205 show relative permittivities of 35 and 73 and dielectric losses of 0.4-0.7% 
(measured at 0.1 V, IKHz). The Ti02 layers with the anatase phase revealed relative 
permittivities of 75 and dielectric losses of 0.1%. With these oxides, relative permittivities, 
which are factors of 5-10 larger than SiN(H) are achieved. However, very strong temperature 
coefficients of the permittivities compared with SiN(H) are found. For crystalline Ta205 films a 
temperature coefficient of+210 ppm/K, measured at 100 kHz (see Fig. 4) was determined. For 
Nb205 films a temperature coefficient of + 480 ppm/K (measured at 100 kHz) and for Ti02 

films a temperature coefficient of- 750 ppm/K (measured at 100 kHz) was found. To tune thin 
oxide films with respect to their temperature stability of the capacitance, we studied films in 
the system (Ta205)i-X(A1203)X with x=0.03-0.1 Amorphous films with a dense morphology (see 
Figure la) are processed on top of Pt (111) electrodes at temperatures of 600-650°C. Un-doped 
as well as doped Ta205 films with x=0.05-0.1 show relative permittivities of 21-15 (see Table 
1). The dielectric losses, measured at 0.1 V, 1 KHz are in the order of 0.1-0.3 %. 
Measurements of the temperature dependence of the capacitance from -55°C up to + 125°C 
(100 KHz, 0.1 V), revealed for the amorphous (Ta205)i-x(Al203)x with x=0.0-0.1 temperature 
coefficients of +65 ppm/K (Ta205), + 68 ppm/K ((Ta205),.x(Ai203)x x=0.05), + 85 ppm/K 
((Ta205)i-X(A1203)X x=0.1) (see Fig. 2). These amorphous films are slightly out of the ± 60 
ppm/K specification. 
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Table 1  Dielectric properties of amorphous and crystalline (Ta205)i-x(Al203)x films with x=0.0-0.1 

Material crystallinity 

Ta205 

Ta205)o.95(Al203)o.o5 
(Ta2O.On.9(Al20.,)o.i 

Ta205 

(Ta20;)o.97(Al203)o.(,3 
(Ta205)0.!.5(Al203)o.o5 
(Ta205)o.945(Al203)o.055 
(Ta2O5)().93(Al2O3)l).07 
(Ta205)0.,(Al203)o.i 

amorphous 
amorphous 
amorphous 

crystalline 
crystalline 
crystalline 
crystalline 
crystalline 
crystalline 

e. tan8% TCC 
0.1 V/ 0.1 V ppm/K 

1 KHz 1 KHz 

21 0.12 see Fig 
21 0.3 " 

15 0.1 " 

35 0.7 see Fig 
39 0.5 " 
38 0.8 " 
40 0.3 " 

39 0.3 " 
38 0.3 " 

Figure la Amorphous (Ta205)i.x(Al203), 
x=0.1, grown on top of Si/Si02/Ti/Pt substrates 

Figure lb Crystalline (Ta2O5)i-x(Al2O3),x=0.1, 
grown on top of Si/Si02/Ti/Pt substrates 

For crystalline Ta2Os films, firing temperatures of 700°C were applied. A1203 doping 
increases the crystallisation temperature to 750T for (Ta205)i-x(Al203)x films with x=0.1 
SEM investigations of un-doped and doped Ta205 films show for the crystalline films a 
columnar growth on top of the Pt(l 11) electrodes (see Fig. lb). The crystalline (Ta205)i- 
x(Al203)x films revealed the orthorhombic low temperature phase. A shift of the X-ray 
diffraction lines was obtained for (Ta205)i-x(Al203)x films with x=0.03-0.1 compared with the 
pure Ta205 films, demonstrating the formation of a solid solution in (Ta205)i.x(Al203)x films 
(see Fig. 3). Striking is, that the (Ta205)i-x(Al203)x films with x=0.03-0.1, show a splitting of 
the (002) and (003) lines. This indicates the formation of a slightly monoclinic distorted lattice 

in the (Ta205)i-x(Al203)x films. 
Measurements of the relative permittivity (1 KHz, 0.1 V) showed for the AI2O3 doped 

Ta205 thin films relative permittivities of 38-40 and dielectric losses of 0.3-0.8 % (see Table 
1). Measurements of the capacitance (at 100 KHz, 0.1 V) as a function of temperature have 
been carried out for crystalline (Ta205)i.x(Al203)x films with x=0.0-0.1 (see Figure 4). In 
accordance with the bulk ceramics [12] we found for crystalline Ta2Os films a temperature 

coefficient of + 210 ppm/K. 
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Temperature [°C] 

Figure 2 Relative capacitance as a function of temperature for amorphous (Ta20s)i.x(Al203)x films with 
x=0.0-0.1. Measurement frequency 100 Ktfe. In the figure the ± 60 ppm/K (black line) and ±30 
ppm/K (dashed line) specifications are included. 

— (Ta2O5)0.90* 
(AI2O3)0.10 
(Ta2O5)0.93* 
(AI2O3)0.07 

—(Ta2O5)0.95 * 
(AI2O3)0.05 

—(Ta2O5)0.97 * 
(AI2O3)0.03 

46,0   46,5   47,0   47,5   48,0 

29   [°] 
Figure 3  X-ray diffraction patterns for the (002) lines of crystalline (TaiOOi ,(AlO,), films with 
x=0.03-0.1. 

Doping of the Ta205 films with Al203 (x=0.03), suppresses the temperature coefficient down to 
approx. + 74 ppm/K. For an A1203 doping level of x=0.055 the (Ta205),.x(Al203)x films 
achieved a temperature coefficient of the capacitance better than ± 30 ppm/K. Doping of 
(Ta205)i.x(Al203)x films with Al203 x=0.07- 0.1 shifts the temperature coefficient of the 
capacitance in the negative range. For (Ta205)i.x(Al203)x films with x=0.1 a temperature 
coefficient of - 134 ppm/K was measured. A plot of the temperature coefficients of 
crystalline (Ta205)i.x(Al203)x films as a function of the A1203 doping x is shown in Figure 5 
and revealed a slope of approx. - 3306 ppm/K per Al doping x. 
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Figure 4 Relative capacitance as a function of temperature for crystalline (Ta205)i-x(Al201)x films with 
x=0.0-0.1. Measurement frequency 100 KHz. In the figure the specifications with + 60 and + 30 ppm/K 
are included. 

0 0,02 0,04 0,06 0,08 0,1 0,12 

Al doping x In (Tafis),.x{MiPii)x 

Figure 5 Temperature coefficient TCC as a function of Al doping for crystalline (Ta205)i-x(Al203)x 

films with x=0.0-0.1 (measurements taken at 100 KHz). 

Measurements of the current density as a function of the electrical field for metal- 
insulator-metal structures have been carried out for (Ta205)i-x(Al203)x films. Voltage steps 
have been applied to the samples and the current was measured as a function of time. The 
experiments have been carried out at room temperature for 10 s up to 60 s. In Figure 6 the 
current densities measured after 10 s are given as a function of the electric field for amorphous 
and crystalline (Ta205)1-x(Al203)x with x=0.1. For amorphous films, the current density is 
below 5*10"10 A/cm2 for electrical fields up to 1 MV/cm. Above 3 MV/cm a strong increase of 
the current density has been measured. The crystalline (Ta205)i-X(A1203)X films show a current 
density below 10"9 A/cm2 only up to fields of 100 kV/cm. A strong increase of the current 
density is observed at much lower electrical fields of 300 kV/cm. 
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Figure 6   Current density as a function of field for amorphous and crystalline (Ta205)1.x(Al203)x films 
with x=0.l (measurements taken at room temperature after 10 sec). 

BiNb04 thin films with V and Cu doping 

Dielectric materials with high capacitance densities and low temperature coefficient of 
capacitance can also be found in complex oxides used in microwave applications. In ceramics, 
numerous microwave materials with complex compositions and relative permittivities of 17-80 
are applied. In the last years, there has been a focus in microwave ceramics that can be 
processed with highly conductive metals such as Cu or Ag. One attractive low-temperature co- 
fired ceramic is BiNb04, which can be sintered at temperatures of 875-975°C, if V205 is added 
as sintering aid, see ref. [16, 17]. This microwave material shows a relative permittivity of 43- 
44, a Q-factor of 2000-4000 at 1 GHz and a temperature coefficient of the resonance frequency 
of 3-20 ppm/K. Investigations by C. Yang [17] on BiNb04 ceramics have shown that V205 

doping in the order of 0.1-0.9 wt% shifts the temperature coefficient of the resonance 
frequency to positive values, whereas CuO doping shifts the temperature coefficient of the 
resonance frequency to negative values. Thin films in the system Bi-Nb-O are reported by S. 
Chattopadhyay et al. [18], who make use of a pulsed laser deposition technique. W. Ren et al. 
[19] studied bismuth pyrochlore films in the system Bi-Zn-Nb-O, by means of sol-gel processes. 

We investigated thin films BiNb04 with V-doping and Cu-doping by a modified sol-gel 
processing. Films with 1-2 at% V or 1-2 at % Cu as well as a mixed doping with 1-2 at% V 
and 1 -2 at% Cu were deposited on top of Si/Si02 substrates with a Ti/ Pt (111) electrode. 30-50 
nm thick BiNb04 films doped with V and Cu and fired at 700°C grow on top of Pt(l 11) in the 
triclinic ß- BiNb04 phase (see Figure 7). The triclinic ß- BiNb04 phase with the lattice 
constants a=0.771 nm, b=0.555 nm, c=0.797 nm, a=89°, ß=77°, ^87° is the high temperature 
phase and forms in ceramics irreversibly at temperatures above 1020°C. Bulk ceramics sintered 
at temperatures of 880-960°C form the low temperature a- phase, which is closely related to the 
stibiotantalite (SbTi04) phase with an orthorhombic lattice and the lattice constants a=0.5673 
nm, b=l .1714 nm, c=0.4978 nm. The low processing temperature of 700°C applied for our thin 
V, Cu doped BiNb04 suggest the formation of the orthorhombic phase. The crystallisation of 
the triclinic high temperature phase in very thin films might be explained by a surface 
nucleation on top of the Pt(l 11) electrode. This hypothesis has been confirmed by processing of 
0.56 urn thick films on top of Pt (111) electrodes at 700°C. The approx. 0.5 urn thick films 
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crystallise in the orthorhombic low temperature BiNb04 phase at a temperature of 700°C (see 

Figure 8). 
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-       0 rf. f4-H r+n 

20       25 30 35       40       45 

26 n 

50      55 60 

Figure 7  X-ray diffraction pattern of a triclinic BiNb04 film with V and Cu-doping, grown on top of a 
Pt (111) electrode. For comparison the powder diffraction pattern of the triclinic ß-phase from the 

JCPDS data (No. 16-0486) is given. 
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Figure 8  X-ray diffraction pattern of an orthorhombic BiNb04 film with V and Cu-doping. For 
comparison the powder diffraction pattern of the orthorhombic a-phase from the JCPDS data (16-0295) 
is given. 
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We assume that processing of thicker layers results in a bulk nucleation and the formation of 
the low temperature orthorhombic BiNbOi phase. The orthorhombic BiNb04 films with V- 
and Cu-doping grow with a dense morphology on top of Si/SiC>2/Ti/Pt substrates. 

-l%Cu 
-2%Cu 

1%V 
■1%Cu, 1%V 

Temperature [°C] 

Figure 9 Relative capacitance as a function of temperature for orthorhombic BiNb04 films with V/ Cu 
doping. Measurement frequency 100 KHz. In the figure the specification with ± 60 ppm/K is included. 

Measurements of the capacitance and the dielectric losses revealed for the V-doped, the Cu- 
doped and the V and Cu co-doped BiNb04 films relative permittivities of 50-58 and dielectric 
losses of 0.03-0.3% (measured at 1 KHz, 0.1 V). The BiNb04 films with 1 at % Cu doping 
achieve in the temperature range of -55°C up to 100°C a temperature coefficient of + 60 
ppm/K (see Figure 9). Higher Cu doping (2 at % Cu) gives rise to a negative shift, as reported 
for bulk ceramics so that films with 2% Cu show a variation of the relative capacitance of + 60 
ppm/K from 25°C up to 125°C. For BiNb04 films with 1 at % V doping, the capacitance does 
not deviate from the room temperature values more than + 60 ppm/K for the temperature range 
of -35°C up to 110°C. Adding 1 at% V and 1 at% Cu to BiNb04 films results in films with a 
variation of the relative capacitance of + 60 ppm/K in the temperature range of-40°C up to 
+70°C. 

Dielectric thin film with a stability of the capacitance of ± 15% from -55°C up to 125°C 

To integrate functions such as filters into thin film functional modules, capacitors of a 
few hundred pF up to tens of nF have to be realised. Here especially the lead-based systems 
such as PZT play an important role see ref. [1,5,9]. These material systems have been 
intensively studied [5] and will not be reviewed. We will discuss the performance of earth- 
alkaline titanate films for these applications. 

Ba^JirjriOj thin films with x=0-0.3 
Bai.xSrxTi03 thin films with x=0-0.3 have been processed on top of Si and A1203 

substrates with a thickness of 100-500 nm. A modified sol-gel process has been applied, see ref. 
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[5]. Ti/Pt electrodes have been deposited underneath the dielectric layers by sputtering. Figures 
10a, b demonstrate the dense and homogeneous microstructure, which could be achieved for 
Bai.xSrxTi03 thin films on top of Si as well as A1203 substrates. Measurements of the 
capacitance and dielectric losses revealed for the BaixSrxTi03 films grown on top of ceramic 
substrates in accordance with the films grown on top of Si, relative pcrmittvities of 360-660 and 
dielectric losses of 0.6-0.8% (measured at 0.1 V/ lKHz). The larger relative permittivities of 
660 are found for the thicker films with d=0.3-0.5 urn. 

Figure 10a Bao.7Sr.o.3Ti03 films grown on top 
Si/Si02/Ti/Pt substrate; 

Figure 10b BaojSr.ojTiC^ films grown on top 
Al203/Ti/Pt substrate; 

The temperature stability of the capacitance of Bai.xSrxTi03 thin films grown on top of Si and 
A1203 substrates was studied as a function of Sr-doping. As can be derived from Figure 11, 
pure BaTi03 thin films grown on top of A1203 substrates fulfil by far the X7R specification ((C- 
C25/C25)*100 achieves ±15% from-55°C up to 125°C). The variations of the capacitance at 
-55°C up to 125°C are for our BaTi03 thin films less than 7%. A flat curve is observed with a 
broad maximum at approx. 60°C. The curve shows a shift of the maximum by approx. 65°C to 
lower temperatures compared with BaTi03 bulk ceramics. Investigations of BaxSri-xTi03 thin 
films grown by sputtering on top of MgO (100) /Pt (100) substrates by Abe et al. [20] revealed 
that a strong elongation of the c-axis in BaxSri.xTi03 films, caused by an lattice mismatch 
between Pt and BaxSri.xTi03 shifts the Curie point of the films by more than 150CC to higher 
temperatures compared with the bulk ceramics. 

Temperature [°C] 

Figure 11 Relative capacitance as a function of temperature for Ba,.«Sr,Ti03 films grown on top of 
Al2Oj substrates. Temperature range -55°C - + 125°C, measurement frequency 1 KHz. In the figure the 
X7R specification is included. 
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Our polycrystalline BaTi03 thin films, grown on top of A1203 ceramics, experience quite 
different stress conditions, which result in a shift of the broad maximum to lower temperatures. 
This holds for the pure BaTi03 films, where a shift of approx. 65°C to lower temperatures is 
observed as well as for Sr-doped BaTi03 thin films (see Fig. 11). Solid solutions of Ba,_ 
xSrxTi03 bulk ceramics show a Curie point shift of approx. 4° per at% Sr. A similar behaviour 
has been found in our thin films. The broad maximum of BaTi03 thin films at 60°C, is shifted 
to approx. room temperature for 10 at% strontium doping, to -10°C - -20°C for 20 at% Sr 
doping and to -40°C - -50"C for 30 at % Sr doping (see Fig. 11). Due to the broad maximum 
at +60°C for the pure BaTi03 thin films grown on top of A1203 substrates and the shift of the 
maximum by approx. 4° per at% Sr in Bai_xSrxTi03 thin films, only the Bai_xSrxTi03 with 
x=0.0 and 0.1 fulfil the X7R specification. The Bai_xSrxTi03 films with x=0.2 fall out of the 
specification above 120°C. Films with x= 0.3 show only in the temperature range -55°C up to 
100°C a deviation of the capacitance from the room temperature value of +5% up to -15%. 

To determine the quality of Bai.xSrxTi03 films, grown on top of A1203 substrates we 
investigated the current density of the thin films as a function of the electrical field. Voltage 
steps have been applied and the current has been taken after 1000 s. Measurements have been 
performed at room temperature as well as at 165°C. Figure 12 shows the current density of 
Baji.7SrluTi03 films grown on top of AI203 substrates as a function of the applied field. Low 
current densities of < 10"9 A/cm2 were observed up to fields of 100 kV/cm. With increasing 
field an increase of the current density is found. The Bai_xSrxTi03 films, grown on top of A1203 

substrates, show current densities which are comparable to the data reported for films grown on 
top of Si-substrates by e.g. CVD processes. 
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Figure 12  Current density as a function of field for a Ba,,.7Sr,uTi03 film grown on top of an A1203 
substrate with Ti/Pt electrode (measurement taken at 165°C after 1000 s). 

CONCLUSIONS 

High performance oxide thin films have relevance for integrated capacitors in complex 
functional modules. Thin films in the systems Ta205, Ti02, Nb205, Ta205-Al203, Ta205- 
Nb205, BiNb04, Bai-xSrxTi03 have been processed by sol-gel and modified sol-gel techniques. 
Metal-insulator-metal structures have been processed on top of Si and A1203 substrates and the 
thin films were studied with respect to their performance for integrated capacitors. Crystalline 
Ta205, Ti02 and Nb205 films offer relative permittivities of 39-75. Doping of Ta205 thin films 
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ABSTRACT 

Thin film capacitor structures in which the dielectric is composed of superlattices of the 
relaxors [0.2Pb(Zni/3Nb2/3)O3 - 0.8BaTiO3] and Pb(Mgi,3Nb2/3)03 have been fabricated on MgO 
(100} substrates by Pulsed Laser Deposition. Structural studies show dielectrics to be 100% 
perovskite, with strong chemical distinction between individual relaxor layers. The dielectric 
properties of the superlattices were investigated as a function of periodicity. Significant 
enhancement of the dielectric constant was observed in relatively fine-scale superlattices, 
consistent with previous studies. However, unlike previous work, in these relaxor superlattices 
dielectric enhancement is not associated with increased loss. Rather tan 8 is low across the entire 
superlattice series. Polarisation measurements as a function of temperature suggest that the 
observed enhancement in dielectric constant is associated with the onset of coupled behaviour. 
The thickness of the individual layers in the superlattice at which coxx^X&A functional behaviour 
becomes apparent is ~10nm and is comparable to that found in literature for coupled structural 
behaviour. 

INTRODUCTION 

An enhancement of the dielectric constant of thin film ferroelectrics is believed to be 
obtainable if two or more materials are multi-layered together in a fine superlattice structure 
[1,2]. Experimental work has shown this to be the case [3-6]. However the degree of observed 
enhancement and the scales of superlattice periodicity at which enhancement occurs are 
inconsistent across the literature. Recent work has noted that such increased dielectric constants 
can be correlated to the onset of significant Maxwell-Wagner effects rather than any co-operative 
dielectric interaction [7], and modelling has shown that all the novel features displayed by 
ferroelectric superlattices can be generated by Maxwell-Wagner considerations [11]. The 
implication is that increased defect-related transport, rather than dielectric interactions between 
nanolayers, is responsible for the enhancements experimentally observed. 

In spite of this, work on the structural phase transformation behaviour in KTa03/KNb03 

superlattices [8] indicates that genuine coupled behaviour can occur at fine layer thicknesses. To 
date though, such inter-layer coupling has not been clearly manifested in functional properties. 

In an attempt to observe coupled functional behaviour in superlattices without interference 
from Maxwell-Wagner effects, the authors have studied thin film capacitor structures in which 
the dielectric is composed of superlattices of two relaxor electroceramics [0.2Pb(Zni/3Nb2/3)O3 - 
0.8BaTiO3 (0.2PZN-0.8BT) and Pb(Mgi/3Nb2/3)03(PMN)]. This paper presents results from the 
study and their interpretation. 
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EXPERIMENTAL DETAILS 

Superlattices of (0.2PZN-0.8BT / PMN) with SrRu03 (SRO) lower electrodes were 
fabricated by Pulsed Laser Deposition on polished single crystal {100} MgO substrates. The 
SRO electrode was deposited for 30 minutes in 0.15mbar 02 at 800CC and then allowed to cool 
naturally at this gas pressure to a temperature of 630°C. Superlattices of 0.2PZN-0.8BT and 
PMN were then deposited with 0.2PZN- 0.8BT as the bottom layer. Deposition time was ~ 30 
minutes with laser repetition rate 10Hz and fluence at the target of ~ 1.7 J/cm2. Total dielectric 
film thickness was maintained at ~ 600nm. After deposition, the films were annealed in situ at 
625°C in 900mbar 02 for 1 hour. Au top electrodes (~2mm2) were then deposited by thermal 
evaporation through a hard mask. 

X-ray diffraction scans were performed on a Siemens D5000 x-ray diffractometer. Cross- 
sectional transmission electron microscopy was performed on a FEI Philips Tecnai F20 with a 
High Angle Annular Dark Field (HAADF) detector and energy dispersive x-ray capability for 
chemical analysis. Dielectric constant, loss and polarisation measurements as a function of 
temperature were carried out in an Oxford Instruments cryostat with heating rates maintained 
using a Lakeshore 330 Temperature Controller. Dielectric data was obtained with an HP4284A 
LCR meter using an a.c. measuring voltage of 20mV(~0.17 kV/cm). 

Polarisation loops were measured using a Radiant Technologies RT6000 Precision 
Workstation every 2K between 100K and 250K at a heating rate of 0.5K/min. 

RESULTS AND DISCUSSION 

Figure 1 shows a 6-20 x-ray diffraction scan from one of the capacitor structures before the 
addition of Au top electrodes. The dielectric is perovskite (no pyrochlore peaks evident) with 

strong in-plane orientation |001 (perovskite |  { 100)MEO. Successful superlattice fabrication is 

illustrated by the occurrence of satellite peaks around the {200[perovskite Bragg reflection, the 
separation of which allowed superlattice periodicities to be calculated. Figure 2 shows a cross- 
sectional STEM image (using HAADF) along with an EDX line-scan perpendicular to the 
substrate showing that individual layers are reasonably chemically distinct. TEM investigation 
highlighted the difference in the deposition rates of 0.2PZN-0.8BT and PMN layers with the 
former being ~1.5 times thicker than the latter. 
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Figure 1. 6-2 9 x-ray diffraction scan of a 60 layer (0.2PZN-0.8BT, PMN) I SROI MgO film showing pure perovskite (Psk) 
pliase m'th superlattices peaks marked by •. 
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Distance in line scan (nm) 

Figure 2, HAADF and EDX scans of a section of the 120-layer (0.2PZN-0.8BT, PMN) supertatticc showing distinct layers with 
little chemical mixing. 

The behaviour of the dielectric constant and loss tangents of the various superlatticcs are 
shown in figure 3 as a function of temperature. All superlattices exhibit excellent relaxor 
behaviour with frequency dispersion around and below T,„ and losses less than 0.1 up to 100kHz 
at all temperatures. For decreasing periodicity there is a general increase in e7 and a reduction in 
Tm. This Jm decrease is reminiscent of the reduction of Tc modelled by Wang et al. [9] for 
ferroelectric superlattices. Here, T,„ decreases from around 250K for the bilayer, to 160K for the 
360 layer superlattice (100Hz values). 
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Figure 3. Dielectric constant measurements for a) 2-layer b) W-layer c) 30-layer d) 90-layer e) 120-layer f) 360-layer 
superlattices. Total thickness is maintained at 600nm. 
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Figure 4. Polarisation loops for the ISO-layer 
superlattice for temperatures WOK, I50K, 200K 
and250K. 
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Figure 5. Dielectric maxima and corresponding 
losses against superlattice periodicity for 1kHz. 1) 
uncoupled region 2) coupled region 

Saturated polarisation loops required high fields (of the order of 400kV/cm) and showed a 
trend of decreasing polarisation on increasing temperature as in figure 4. There was non-zero 
spontaneous polarisation observable at temperatures well above the expected freezing 
temperatures (even beyond Tm) for all films. This is in agreement with previous polarisation loop 
studies of spontaneous polarisation in single crystal PMN [10]. 

Figure 5 shows the dielectric maxima and corresponding losses against superlattice 
periodicity d at 1kHz. Clearly, there is a dramatic enhancement in the dielectric constant as the 
periodicity of the superlattice decreases, consistent with previous work on ferroelectric 
superlattices (PbZr03 / PbTi03 [4] and BaTi03 / SrTi03 [5]). In contrast to previous work, 
however, the dielectric enhancement is not associated with any increase in tan 8 (consistently 
less than 0.03 for all periodicities). Previous interpretations of dielectric enhancement being a 
result of Max well-Wagner behaviour [ 11 ] are therefore inappropriate. 

Similar functions to that shown in figure 5 have been predicted by Qu et al. [1] and Shen 
and Ma [2] for ferroelectric superlattices, assuming that as layer periodicity decreases, size 
effects force spontaneous depolarisation to occur, with associated anomalies at critical single 
layer thicknesses (effectively size-induced ferroelectric-paraelectric transitions). It is tempting to 
interpret the results presented here in terms of these models. However, the increase in dielectric 
constant with decreasing periodicity in our relaxor superlattices is associated with an increase in 
the spontaneous polarisation (figure 6). The size-induced depolarisation models are therefore not 
relevant either. 

In an attempt to rationalise the dielectric enhancement experimentally, the polarisation 
behaviour of the superlattices as a function of temperature was analysed in detail. Figure 7 

dPr 
illustrates the behaviour of - ^     against T for the superlattice structures. As can be seen, in 

coarse superlattices two anomalies in the gradient of remnant polarisation with temperature 
occur, suggestive of two distinct events. It is suspected that they correspond to freezing (or 
melting) events, and in this respect the fact that the higher temperature anomaly occurs at ~ 215K 
( ~ the freezing temperature of single-crystal PMN) is particularly worthy of note. For fine-scale 
superlattices with periodicities less than ~ 20nm, the double anomaly behaviour changes to a 
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single anomaly (figure 7c and d), and this is strongly associated with the onset of progressive 
dielectric enhancement on further periodicity decrease. 
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Figure 6. Ps at 180K extrapolated from hysteresis loops for superlattice periodicities of40nm and less 
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On this basis, we suggest that the dielectric behaviour illustrated in figure 5 can be broadly 
divided into two regions, as indicated by the solid lines: 

1) a region of negligible layer coupling at coarse superlattice periodicities, where 
two independent relaxor freezing temperatures occur and 

2) a region of strong layer coupling at medium to fine superlattice periodicities 
where a single freezing event occurs. 

It is interesting that the periodicity associated with the apparent onset of coupled functional 
behaviour corresponds to a PMN thickness of 8nm and 0.2PZN-0.8BT thickness of 12nm. 
Specht et al. [12] postulated similar structural coupling behaviour in KTa03 / KNb03 

superlattices and proposed a coupling length of around 7nm. It therefore appears that functional 
coupling in relaxor superlattices correlates well to a structural coupling in previous studies. 

CONCLUSIONS 

Superlattices of 0.2PZN-0.8BT and PMN have successfully been fabricated by Pulsed Laser 
Deposition and show a real dielectric enhancement on decreasing layer thickness. This 
enhancement cannot be successfully attributed to either Max well-Wagner effects, or thickness- 
induced depolarisation. Analysis of the remnant polarisation as a function of temperature shows 
a difference between coarsely layered superlattices, where two anomalies can be seen, and fine- 
scale superlattices, where only a single anomaly is observed. The onset of a single anomaly 
correlates to the onset of dielectric enhancement, and it is therefore suspected that the 
enhancement is associated with a change from non-coupled to coupled dielectric behaviour. The 
individual layer coupling length is similar to that proposed in previous crystallographic studies 
on ferroelectric superlattices. 
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ABSTRACT 

Large scale actuated structures often require piezoelectric elements in the thickness range 
10-50um. For manufacturing purposes, the chemical solution deposition of sol gel composites 
can create such structures using methods compatible with semiconductor fabrication technology. 
The piezoelectric characteristics of structures fabricated by patterning methods based on the 
lapping and dicing of bulk ceramic, spray coating and laser machined and micromolded sol gel 
composites are compared. Laser interferometer measurements on PZT/PZT composites give d33 

= 200 pC/N and d31 = 24 pC/N. The design and fabrication of large area voltage actuated mirrors 
and annular and linear ultrasonic arrays in the frequency range of 50 MHz are demonstrated. 

INTRODUCTION 

MEMS (micro-electro-mechanical systems) technology incorporates electromechanical 
actuation into structures micromachined into silicon having dimensions on the scale of l-20(im 
[1]. The piezoelectric or electrostrictive actuating element has a thickness compatible with this 
scale, e.g. 0.5-3|im. Such elements may be created by chemical solution deposition (sol gel or 
metallorganic decomposition), physical sputtering or pulsed laser deposition. 

An important class of larger actuated structures exist in which either the desired properties 
result from the dimensions of the structure, or in which forces need to be applied to structures 
having large size or complex geometry [2]. These macroscopic applications generally require a 
film thickness in the range 20 to 200|Xm and include mechanical resonators, large area structures 
on metal and glass, complex surfaces such as optical fiber and systems which require multi- 
element actuation. In these applications, actuation has generally been accomplished using 
strategically placed bulk discrete ceramic elements [3]. Examples of such structures are 
ultrasonic and surface acoustic wave transducers and arrays, unimorph and bimorph actuators, 
ink jet printer heads and active damping systems. Common problems in the implementation of 
such devices are the cost and complexity of assembly, the method of interconnection and the 
incorporation of external circuitry, and limited opportunities for batch fabrication. In this paper 
we discuss the application of sol gel composites to this problem, use interferometer methods to 
show comparative performance characteristics with respect to bulk ceramics, and illustrate 
device design by specific examples. 

MATERIAL FABRICATION AND CHARACTERIZATION 

Sol gel composite coatings are prepared by depositing a suspension of a powder in a sol gel 
solution on a substrate and firing [4,5]. Fabrication of large area coatings is simple and low cost 
using dip, spray, screen or spin coating over areas up to m2. The solutions may be employed 
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within molding or screen printing technologies. The sol gel derived phase acts to bind the 
powder phase internally between grains and also to bind the overall coating to the substrate. The 
temperature of fabrication is that required to process the sol gel phase, with the powder phase 
acting to enhance the crystallization of the amorphous sol gel derived phase at a given process 
temperature. This leads to process temperatures from 400°C to 750°C depending on the sol gel. 

Some consequences are inherent in sol gel composite coatings which intrinsically have three 
phases: powder/sol gel derived phase/porosity. First, the composite is not sintered and does not 
achieve a temperature where solid state diffusion between the phases occurs. The inter-particle 
bonding is chemical in nature and is determined by the bond linkages at the powder surface [6] 
or by the chemical formation of bonding phases at the interfaces. Second, since the formation of 
the sol gel phase involves the drying and firing of a solution which is 30-50% molar solids, 
substantial shrinkage of this phase is inevitable. Thus sol gel composite coatings have a density 
of <100%. Enhancement of this density requires specific consideration of the packing of the 
powder and/or physical fabrication techniques which are designed to optimize the density. Such 
techniques include a small powder size to facilitate particle packing and back filling of porosity 
using pure sol gel layers. Advantages of the microstructure include good mechanical toughness 
because of effective crack inhibition at the interfaces between the powder grains, and good 
mechanical/electrical inter-particle coupling because of similar or complementary mechanical or 
electrical properties between the powder and the sol gel derived phase. 

For piezoelectric purposes, the lead zirconate titanate (PZT) system has shown satisfactory 
performance [7,8]. The primary powder phase is generally a pre-calcined sub-micron (mean 
particle size dmc„ around l\im) size powder with good piezoelectric characteristics. A mixture of 
particle sizes can also be of value for some powders.   PZT-5 type powders with a medium 
coercive field are generally of value. Selection from commercial powders has to be undertaken 
with care since the required powder properties derive from a judicious compromise between a 
calcination temperature that generates good piezoelectric characteristics within the powder 
without undue particle size growth. This is followed by a milling schedule that reduces the 
particle size range without appreciably compromising piezoelectric strength. Not all PZT 
powders from commercial sources obey these criteria since manufacturers normally expect that 
further sintering will develop the final piezoelectric characteristics. An acetic acid based sol gel 
[9] suspension having 50wt% solids at a molar ratio of 50wt%powder/50wt%sol gel solution 
provides acceptable bonding in the sol gel derived phase on firing. Enhanced mechanical 
strength may be provided by the addition of up to 10wt% of an acetic acid based alumina sol gel. 
In order to create a solution for deposition of coatings, the powder is suspended in the sol gel 
solution using ultrasonic mixing for periods of several hours. While dip or spin coating may be 
used for application to a substrate, spray coating using a high quality air gun has been found to 
be most effective for the deposition of a fired thickness of 5-lOum/coat over a wide range of 
areas. In a representative process, following deposition, the film is first dried at 70°C for 5 min, 
fired at 450°C for 5min and then annealed at 600=0 for 5 min. Multiple coatings then allow the 
build up of a desired thickness from 100 to 200|im depending on the substrate. A final capping 
layer of a sol gel layer containing no powder completes the deposition. A pure sol gel layer after 
every 3-5 composite layers can also enhance the internal density. 

In routine measurements on metal substrates, the film thickness is measured using a 
Positector 6000 magnetic probe. This is checked by cross-sectional scanning electron 
micrographs. A representative surface roughness for a 50nm thick film with a pure sol gel 
capping layer measured by a Rank Talystep profileometer is + 2.0 um. While this is acceptable 
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for electrodes for many macroscopic purposes, for patterned electrodes or structures utilizing 
photolithography, removal of about 10u,m from the surface using a fine lapping maching (e.g. a 
Logitech MP6) is sufficient to give a surface roughness of ± 0.2 am. Substrates can include 
Ti/Pt coated silicon, stainless steel, steel or aluminum plates, and metallised optical fibre. The 
relatively low process temperature minimizes oxidation of the substrate surface during 
preparation. Following deposition, upper electrodes of aluminum, gold or platinum are applied 
by vacuum evaporation or sputtering and the samples are poled using poling fields of 6-8V/am 
applied for 10min in air. In the work reported in this paper the poling temperature was 20°C. 

A particular interest in this paper has been to establish the low frequency characteristics of 
piezoelectric coatings created under conditions that may be regarded as routine fabrication. 
Direct piezoelectric measurements of d33 on composite coatings about 50um in thickness 
prepared on 1.59 mm thick steel and 550u,m silicon substrates using an electrode area of 
~0.75cm2 have been made using a Zygo ZMI2000 laser doppler interferometer. Small sections 
of aluminized silicon wafers were affixed to the front surface of the sample using rubber cement 
to create the necessary reflectivity. Voltages applied during the measurement ranged from 20- 
200V p-p. d33 was measured from the change in thickness (At) of the coating with applied 
voltage such that At = d33 V. d3, was measured by the deflection of the end of a unimorph strip 
consisting of a 43um thick PZT/PZT coating on a AISI302 stainless steel strip 75um thick 
having an elastic modulus of 2 x 10" N/m2 [10,11]. The measurements were made at a 
frequency of 10Hz. Linear corrections were made to the response to account for the ratio of the 
area of the electrodes to that of the piezoelectric and the position of the mirror on the beam. 
Additional piezoelectric and elastic measurements were made from the high frequency dielectric 
response and use of the thin film module in the Piezoelectric Resonance Analysis Program 
(PRAP) [12,13]. In the above calculations, the elastic compliance for the PZT/PZT film on steel 
was 6 x 1010 N/m2. Values of d3, at 10 Hz were computed from the expression for the 
displacement x (L) of the end of a cantilever of length L by a piezoelectric coating of thickness t 
[11]. 

X{L) = d31V Z(a,k) 

where a is the ratio of the elastic moduli of the substrate and the PZT coating, and k is the ratio 
of substrate thickness to PZT thickness. 

/     x_ 3ak{l + k)  
Z[fl,k)~l + a2k*+242k + 3k2+2k3) (2) 

RESULTS 

1.   Coating Structure and Properties 

Figure 1 shows a) optical and b) scanning electron micrographs of a cross-sections of a sol 
gel composite PZT/PZT coating 45|im thick deposited on a 75um stainless steel cantilever 
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Substrate ( b). Figure lc) compares the fine grain structure of the composite with large grains 
observed in a lapped ceramic sample of PZT-5H. 

a)       75|im        45um b)     45u m thick composite c)     45u.ni thick ceramic 

Figure 1. a) optical micrograph of a polished stainless steel-PZTIPZT sol gel gel composite, b)scanning 
electron micrograph of a PZTIPZT composite coating, c) large grain structure in a lapped PZT-5H ceramic. 

By comparison with the lapped ceramic, some of the porosity inherent to sol gel composites 
is evident in the cross-section shown in Fig. 1 b). Figs. 1 b) and 1 c) shows that the sol gel 
composites have a much finer grain structure compared to the well sintered ceramic. Excellent 
adhesion occurs between the ceramic and the underlying metal and no cracking occurs across the 
face of the coating. 

Using the Zygo laser interferometer for 45 urn coatings on 1.59 mm thick steel with an 
upper circular electrode of aluminum 10 mm in diameter, the actuator was driven in d33 mode by 
200V p-p applied from a power amplifier driven by a waveform synthesizer. The peak to peak 
surface amplitudes at frequencies of 10 Hz and the calculated values of d33 are summarized in 
Table I. The PZT/PZT composite showed a d3, = 200 pC/N which was consistent across a 
number of samples. This is about two thirds of the value generally expected for bulk PZT 
ceramic. The d33 values for PZT/alumina composites were significantly smaller at d33=90 pC/N. 
Qualitatively the alumina coating was mechanically softer than that using the PZT sol gel. 
During poling the leakage current was significantly higher. 

Table I. d13 measurements for 40j.im thick PZT and alumina based sol gel composites on steel. 

Composite Voltage (p-p) Amplitude (mm) d33 (pC/N) 

PZT/PZT 200 0.04 200 

PZT-alumina 200 0.018 90 
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Unimorph d31 measurements of coatings prepared on one side of a stainless steel cantilevers 
required significantly lower excitation voltages in the range of 20V p-p. Since the cantilevers 
could be excited into large amplitude oscillations at a resonant frequency determined by the 
dimensions and modulus of the stainless steel substrate, care was taken to make d31 

measurements at a frequency much below resonance. 10 Hz was again acceptable. The 
deflection of the cantilever (x(L)) at the mirror position and the computed value of d31 for each 
unimorph is summarized in Table II. The elastic modulus of the coatings was estimated at 6 x 
10'" N/m2 [12,13]. 

Table II. d3t measurements for 4Sfim thick PZTIPZT on 75ßm AISI302 thick stainless steel. The bracketed figure in 
the first column is the effective length of the unimorph set by the mirror position. The ratio of the elastic moduli for 
the steel substrate and the PZT is 3.33. 

Sample length (mm) Voltage (p-p) Amplitude (mm) d31(pC/N) 

10(7) 20 2.92 31 

10(7.5) 20 3.85 35 

18(15.5) 20 6.0 13 

26 (22) 20 16.2 17 

In order to demonstrate the variability for different unimorphs individual data is shown. 
The range of values of d3l is considerably larger than for d33 measurements. This may reflect a 
stronger effect of the nature and the distribution of porosity for d33 actuation. The average value 
of the magnitude of d31 = 24 pC/N is roughly 30% of that generally expected for bulk PZT 
ceramic. The value is an even smaller ratio of the value of d3, expected for the constituent 
powder. Based on these direct measurements, magnitudes of d33 = 200 pC/N and d31 -24 pC/N 
for the PZT/PZT composite can be regarded as a good design values for representative 
processing. The PZT/PZT sol gel composite coatings were prepared by standard methods using 
powders and sol gels with which we have had significant experience. With the possible 
exception of further studies of poling efficiency as a function of temperature and time, and 
improved electrodes based on platinum rather than aluminum, the values for d33 and d3l (30-50% 
of bulk ceramic values) are realistic estimates of the piezoelectric activity. The advantage of sol 
gel composite coatings lies not in the magnitude of the response achievable, but in their potential 
as a manufacturable technology which may be used if the response achieved is acceptable. 

2.   Unimorph Actuation at Resonance 

The response of the unimorph system to higher frequencies demonstrates the capacity of the 
PZT/PZT coating to stimulate large systems at resonance [10]. Figure 2 shows the set of 
unimorphs used in the above d31 measurements. The curvature of each element after processing 
is a result of differential thermal contraction between the steel and the ceramic coating during 
cooling from the processing temperature of 600°C. In practice, a bimorph design would avoid 
this problem. Fig. 2a) illustrates the resonant response of several mm for the largest unimorph 
on a spray coated set of cantilevers when driven by 20Vp-p. Figure 2b) shows the vibration 
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amplitude as a function of frequency. The resonant frequency of the different oscillators varies 
as 1/length2. The measurements were made by the Zygo interferometer at frequencies away 
from resonance and were extrapolated through the maximum because the capture range of the 
interferometer was exceeded for these amplitudes. 

200 

(a) (b) 

Figure 2.   a) The resonant response of a 75ym thick stainless steel/45/im PZTIPZT composite coating in a 
unimorph structure. The largest element is 26mm in length and is excited at a frequency of75Hz. The resonant 
frequency varies as 1/length2, b) the amplitude as a function of frequency. The curvature results from differential 
thermal contraction during cooling from the processing temperature. 

3.    Piezooptics - Voltage Variable Curvature Mirrors 

Fine control over the radius of curvature of large diameter mirrors can be implemented by 
the d31 response of a piezoelectric coating on the back surface of the mirror. 

Glass 
Spray coated 
composite PZT 

(a) 
(b) 

Figure 3: Large area piezoelectric coatings formed by spray coating of sol gel composites on TilPt coated 
glass plates 10 cm in diameter, a) basic design showing that the upper or back electrode is segmented to provide 
local control of the surface configuration, b) implemented device. 
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Figure 3(a) shows the desired structure of an element of a mirror, while Figure 3(b) shows 
its implementation in terms of sol gel composites. The mirror was formed of a 1 Ocm diameter 
glass plate with a 200Ti/2000A Pt coating prepared initially both as a rear surface mirror and as 
the lower electrode for the piezoelectric coating. The actuating element was formed by a five- 
layer deposition of a 50 urn thick PZT/PZT sol gel composite spray coated on the platinum 
electrode. A segmented upper electrode was created by the sputtering of Ti/Pt through a mask. 
Contact to each segment was made using conducting silver epoxy. 
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Figure 4: Response of the centre of the mirror as measured using the Zygo interferometer. 

The response of the center of the plate to a 20Vp-p voltage applied to all segments 
connected in parallel was of the order of 12 um as measured using the Zygo interferometer. In 
this application the quality of the front surface mirror is of crucial importance. In a multi-layer 
deposition, care has to be taken to protect the front glass surface from chemical degradation 
during the spraying and firing processes. 

4.    High Frequency Ultrasonic Arrays. 

Pulsed ultrasound at frequencies from 10-150 MHz has a penetration distance in aqueous 
media of cms down to a few mms respectively. Focused ultrasonic imaging at this frequency 
may be accomplished by multi-element transducers arranged as annular, one or two dimensional 
arrays. Such arrays are illustrated in Figure 5. 

(a) (b) (c) 

Figure 5: Types of ultrasonic arrays used for high frequency ultrasound a) annular, b) two dimensional c) one 
dimensional or linear arrays 
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The implementation of such arrays is currently at the technical limit of transducer design. 
The reason for this is illustrated by the design requirements noted in Table III and Figure 6 . 
These include the need for a matching layer to optimise the acoustic impedance Z to facilitate 
the transmission of ultrasound into the medium (usually water), an acoustically absorbing 
backing layer to minimize back transmission into the support, and element dimensions which not 
only generate the appropriate ultrasound frequency in the d33 direction but also minimize 
unwanted d3I modes perpendicular to the transmission direction. A kerf filler may be introduced 
between the elements to eliminate such modes. 

Table 111:      Design parameters for a 50MHz linear array 

Dimensions Design Constraints Typical Values 

Element Spacing Spacing < X„ Linear Array, 
Spacing < Aw/2 Phased Array 

Aw - wavelength in water 
(Grating Lobes) 

Spacing = 30 ^m 

Piezoelectric 

Thickness 
Thickness = 0.5A.pieM 

(half wavelength resonance) 
Thickness = 45 

Jim 

Element Aspect 

Ratio 
Width/Height < 0.6 (Lateral Modes) Width = 18 |J.m 

Aspect Ratio = 0.4 

Matching Layer Matching Layer Thickness ~ XJA 
Xm - wavelength in matching layer 

Mechanical Impedance Z,„ 

Mil ~ V^pciüO Mvyler/ 

Thickness = 10 
|im 

Zm = 7 MRayls 

Backing Layer High loss > 0.5 dB/mm/MHz 
Mechanical Impedance Z,, 

0<Zb<Zpcizo 

Z|, = 0 Maximum Efficiency, 
Z, = Zr:„ Maximum Bandwidth 

Thickness = 1 mm 
Zb = 14 MRayls 

The table shows that the transducer dimensions are in the range of 30-50MJTI. Current 
transducers are individually fabricated by painstaking mechanical shaping of bulk ceramics. 
Achieving array transducers with up to 256 elements therefore presents a formidable task. Sol 
gel composite coatings provide a potential route to implement such transducers using batch 
fabrication methods compatible with those used in the semiconductor industry. 

Sol gel composites provide a method of implementing multilayer coatings (e.g. matching 
layer, active piezoelectric coating , electrodes and backing layer on a substrate compatible with 
4" or 6" semiconductor processing. Appropriate lapping at intermediate stages can be carried out 
to define the necessary thicknesses of each layer. Patterning can take place by either a 
subtractive (e.g. laser machining) or additive (e.g. photolithography and micromolding) process. 
Interconnections with external circuitry and/or integration with microelectronics can occur 
through multi-layer ceramic module technology. Subtractive fabrication methods based on laser 
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machining of sol gel composites have been discussed elsewhere [2,7]. This paper describes 
progress in additive design based on micromolding of PZT/PZT sol gel composites using SU-: 
photoresist.   Fig. 7a) shows the basic principle of micromolding. 

Matching Layer 

Array Elements 

Kerf filler 

Backing Layer 

Electrical Leads 

Figure 6:  Illustration of the components of a high frequency array transducer to be used for ultrasonic 
imaging. The total number of elements may be up to 256. 

Electrode 
Backing 

SU-8 mold 

Deposited 
composite 

Fired and 
lapped 
composite 

nmni 

mW-i T-if—'r-r-; 

HEHIIIS-'HT- i *  i*i   in 

SU-8 mold 

Fired and annealed PZT composite 

Figure 7:   a) Illustration of procedures to fabricate an array device using SU-8 based micromolding. b) upper 
picture - and SU-8 mold, c) lower picture - an unlapped fired device structure. 

A lower platinum electrode is formed on a silicon substrate by standard procedures. Thick 
photoresist procedures based on SU-8 photoresist [14] and a Karl Suss MA-6 mask aligner are 
implemented to create a deep mold 25-1 OO^m thick for filling by a sol gel composite slurry by 
spray coating. In initial experiments based on UV-LIGA procedures [1] an intermediate nickel 
model was formed by electroplating. However, experiments showed that the SU-8 photoresist 
maintained its shape integrity up to the temperature of 450°C required to dry and fire the sol gel 
composite. After lapping of the ceramic to the required thickness, subsequent annealing at 
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600°C served to both crystallize the sol gel phase of the ceramic and burn out the photoresist 
mold. Connection procedures can then be implemented to form the interconnections. Results for 
sections of a design previously implemented using laser machining 12,7J are shown in Fig. 7 b) 
and 7 c). Fig 7 b) is an SU-8 mold while Fig. 7 c) shows an unlapped ceramic after molding and 
firing. 

In current experiments, this procedure has been implemented for electroded coatings on 
10cm silicon wafers which have then been lapped using a Logitech MP6 lapping machine. 
Lapped devices up to 40[Xm in thickness have been created as shown in Figure 8 a) and 8 b). 
Techniques to create the upper patterned electrodes are now being evaluated. 

t- p_. ipr 

1 

(a) (b) 

Figure 8:    PZT/PZT micromolded sol gel composites using an SU-8 mold. Both pictures show some residual 
SU-8 within the channels, a) line pattern 30um wide and <10u.m in spacing   b) annular pattern 50um wide and 
25u.m spacing. 

SUMMARY AND CONCLUSIONS 

Sol gel composite coatings provide a manufacturable technique to create piezoelectric 
coatings for the actuation of large area or complex geometry devices. The achievable thickness 
is beyond that available through conventional methods of chemical solution deposition. The 
piezoelectric properties are inherently reduced in the unsintered composite material so that a 
necessary question is whether the material will serve for the intended purpose. A purpose of this 
paper has been to establish the piezoelectric coefficients for coatings manufactured under easily 
reproducible conditions. The magnitudes of d33 =200 pC/N and d3I = 24 pC/N are roughly two 
thirds and one third respectively of that generally expected for bulk PZT ceramic with d31 
showing a higher variability between measurements. 
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ABSTRACT: 

Both ZnO and PZT Thin Film Bulk Acoustic Resonator filters were fabricated, tested and 
modeled in this study. The development of an accurate Mason model allows the effect of 
particular parasitic components on the microwave s-parameters in the region of the series and 
parallel resonances to be identified. The parasitic components that limit the performance of our 
ZnO and PbZio.3Tio.7O3 Thin Film Bulk Acoustic Resonator filters are analysed. From an 
analysis of PbZro.3Tio.7O3 Thin Film Bulk Acoustic Resonator measurements values for the 
longitudinal acoustic velocity and electromechanical coupling coefficient can be derived. 
Measured PbZro.3Tio.7O3 Thin Film Bulk Acoustic Resonator filter responses confirm that the 
larger electromechanical coupling coefficients in this material compared to ZnO give wider filter 

band-widths. 

INTRODUCTION: 

There is a great commercial interest in decreasing the size of microwave 1-3 GHz filters to 
allow more functions to be incorporated in future mobile phones [1]. Presently there are two 
types of filters being developed to meet this need, ceramic filters based on electromagnetic 
modes and acoustic filters. The typical dimensions of both types of microwave filters are similar 
to the wavelength at the operating frequency. By using the piezoelectric effect to generate 
acoustic modes wavelengths and dimensions can be reduced by about four orders of magnitude 
compared to electromagnetic modes. 

There are two types of acoustic filters considered contenders for future generations of 
mobile phones, both based on piezoelectric materials: surface acoustic wave (SAW) devices and 
Thin Film Bulk Acoustic Resonators (FBAR). The piezoelectric effect has been widely used in 
bulk acoustic resonators, such as single crystal quartz for many years. Recently by careful 
thinning or etching the quartz plate operation up to 200 MHz can be achieved but the low 
acoustic velocity of quartz and the resulting fragility of thinned substrates means that this 
technology cannot progress to higher frequencies. In SAW devices that direction of propagation 
is in the plane of the wafer while for FBAR it is perpendicular to a substrate surface. For FBAR 
operation the piezoelectric film thickness must be of the order of the acoustic wavelength at the 
desired operating frequency. In this paper we compare two candidate thin film piezoelectric 
materials, ZnO and PbZro.3Tio.7O3 (PZT) that have different acoustic properties. Although there 
has been considerable previous work on ZnO FBAR [2] and ZnO FBAR filters [3] there has only 
been a few reports on PZT FBARs [4]. In particular, the electromechanical coupling coefficients 
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of the two materials are very different. The higher values of electromechanical coefficient of 
PZT compared to ZnO should allow wider band-width filters to be fabricated. 

In FBAR devices the electrical and crystallographic quality of the piezoelectric thin film is 
often determined by the structure of the layer on which growth takes place. ZnO thin films with 
the desired C-axis orientation can be grown on Au and Al [5]. For PZT the situation is more 
constrained since the only metal on which high quality material can be grown is platinum [6]. 
Unfortunately Pt has low conductivity compared to Al and Au so higher electrode parasitic 
resistance effects could result. 

EXPERIMENT 

A schematic cross-section of the FBARs fabricated is shown in Figure 1. The thin film 
membrane is created by wet etching away the silicon. For both ZnO and PZT FBARs a Si3N4 

Top electrode Bottom electrode 

rio2 

Figure 1. Schematic cross-section of ZnO and PZT FBAR 

(200 nm) layer served as a support membrane. PZT layers deposited on Si3N4 were found to have 
poor surface morphology, including cracks, so a thin layer (50nm.) of Ti02 layer was inserted 
between the Si3N4 and PZT to avoid this cracking. The Ti02 was formed by the oxidation of 
titanium. The sputtered metal layers were 100 nm thick. For the RF sputtered ZnO films used in 
this study only one orientation, C-axis perpendicular to the substrate, was observed by X-Ray 
diffraction. A sol gel preparation route [6] was used for the PZT films. For the FBAR 
configuration adopted, both ZnO and PZT layers were processed as blanket layers and the only 
patterning required for these layers was the opening of large contact hole areas using wet etching 
to allow access of the microwave probes. ZnO FBAR structures were prepared with Cr/Au 
electrodes while Pt was used for PZT FBARs. 

MODELLING 

One dimensional models were used to model the impedance data measured on fabricated 
FBARs. The full model used for the membrane supported FBAR structure is shown in figure 2. 
The piezoelectric layer is represented by one electrode and two acoustic ports. Multi-layers are 
taken into account by linking the acoustic ports in series. The non-piezoelectric electrode and 
support layers simply consist of acoustic ports. The terminations at the surface are simple 
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resistors with values equal to the radiation impedance of the surrounding medium, which is 
equivalent to -400 ohms for air. 

Additional components have been added to account for the non-ideal properties of the 
piezoelectric layer and electrodes. Rdiei represents the dielectric loss, which can be frequency 
dependent, placed in parallel with the clamped capacitance of the device. The Rohmic term is 
included to model conduction losses due to free carriers in the piezoelectric material. Electrode 
resistances are represented by Re/2. 

It is possible to use different regions of the resonance curves to identify the effects of 
different loss mechanisms. Figure 3a and 3b shows the modelled S-parameters of a single FBAR 
when the electrode resistance and the dielectric loss in the piezoelectric material is varied. 
Platinum has about five times the resistivity of gold [7]. The effect of lowering the electrode 
resistance is to reduce the magnitude of Sn at series resonance frequency, S|lrtB but has little 
effect on the S2i response, as shown in figure 3a. It is expected that a change in the acoustic loss 
of the piezoelectric material will have the same effect. Changes in the dielectric loss are observed 
as changes in the depth of the parallel resonance of Sn and S2i. A lower dielectric loss increases 

1    1.1 1.2 1.3 1.4 1.5 1.6 1.7 1.8 1.9   2 
1.0 f 2.0 

1    1.1  1.2  1.3 1.4 1.5 1.6 1.7 IS 1.9   2 
1.0 t 2.0 

Figure 3(a). Modelled S-Parameters versus frequency (1-2 GHz) for Pt (SAu and SA2]) and 
Au (SBn and SB21) electrodes. 

the depth of the S2i response and reduces the insertion loss of Su, as shown in figure 3b. 
Changes in the resistivity of the piezoelectric material has similar effects. Higher resistivity 
dielectric films will increase the depth of the S21 response and reduce the insertion loss of Si 1. It 
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Figure 3(b). Modelled S-Parameters versus frequency (1-2 GHz) for a dielectric loss of 
1 % (SAu and SA21) and 4% (SB,, and SB2I). 

is very difficult to distinguish between the effects of dielectric and resistivity losses. However, it 
is likely that the main loss mechanism is dielectric loss for PZT and DC loss for ZnO FBAR. 

Figure 4 shows that by using the Mason model of figure 2, good agreement can be achieved 
between measured and modeled data. This gives confidence that the derived component values 
can be used to design filters. Although literature reports on the dielectric loss of ZnO thin films 
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Figure 4. Comparison of measured (left) and modelled S-Parameters for a ZnO FBAR 

are limited, our own measurements at lower frequency (100kHz) suggest that the loss is very 
low. We believe therefore that the limited depth of the parallel resonance (in S2l) measured in 
our material can be improved by increasing the ZnO dc resistivity, as mentioned above. This is 
also suggested by the insertion loss of the Sn parameters at parallel resonance being less than 3 
dB. Figure 3(b) shows that the parallel insertion loss increases with increasing dielectric loss. 
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Figure 5 shows recorded S-parameters from a fabricated PZT FBAR having an area of 45 
(im2. The PZT was poled at high temperature prior to etching the silicon substrate. The parallel 
resonance SI 1 insertion loss measured for PZT is greater than for ZnO FBAR. We associate this 
with the relatively high dielectric loss (-1-3%) observed in sol gel prepared thin film PZT layers. 
We believe that dielectric losses currently limit the performance of our PZT FBARs. 
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Figure 5. S-Parameters versus frequency of a PZT FBAR 

The material properties deduced from analysis of ZnO and PZT FBARs measurements are 
shown in table 1. The deduced electromechanical coefficients for both materials are very close to 
bulk material values. 

Table 1. Material parameters deduced from ZnO and PZT FBARs 

ZnO PZT 

Elecromechanical     Coupling 
Coefficient, K,

2 
7% 19.8% 

Q-values 350 54 

Acoustic velocity (m/s) 6340 4500 

FBAR FILTERS 

Based on the analysis of measured impedance data obtained from single FBAR structures 
we have designed ZnO and PZT FBAR ladder filters. For a ZnO FBAR ladder filter having two 
series and two parallel FBAR elements the measured behaviour is to close to the modelled 
performance. A pass-band insertion loss of 3-4dB was measured with out of band rejection better 
than 25 dB. A 3dB band-width of 60 MHz was measured. 

The designed performance and measured response for a 2x2 PZT filter is shown in figure 6. 
The measured insertion loss is ~6.5 dB compared to the predicted 2.5dB. This difference is 
thought to be due to the difference from the designed thickness of the series and parallel FBAR 
that make up the ladder filter.   Another contribution will be the losses that arise from the 
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Figure 6. Measured (right) transmission coefficients for a 2/2 PZT FBAR compared to 
design (left). The PZT was poled with 10 volts applied at 125 9C. 

presence of spurious modes that are present in small area PZT FBARs.  A 3 dB band-width of 
100 MHz was measured consistent with the high electromechanical coupling coefficient. 

CONCLUSIONS 

This study has shown that the large electromechanical coefficient expected in PZT thin films 
leads to large separation between the series and parallel resonances in single FBARs and wide 
band-width FBAR filters. By inclusion of electrode resistances, piezoelectric dielectric loss and 
dc resistivity components within a Mason model it is possible to identify their influence on the 
microwave responses. For ZnO FBAR filters improved performance will result from the 
development of ZnO with higher resistivity while for PZT material with lower dielectric loss is 
required. 
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ABSTRACT 

(BiLa)4Ti30i2 (BLT) films have been fabricated by the sol-gel technique and characterized. 
It is shown that the partially replacing Bi with La can promote the crystallization, hence can 
reduce the crystallization temperature of the film.    It is also demonstrated that crystalline 
orientations of sol-gel derived ferroelectric BLT films can be controlled by the growth 

conditions. 

INTRODUCTION 

Recently, ferroelectric materials have attracted much attention for non-volatile memory 
applications.    There are two types in ferroelectric memories (FeRAMs): one is conventional 
capacitor-type FeRAM [1] and the other is transistor-type FeRAM using ferroelectric-gate FETs 
[2-3] where the ferroelectric thin film is used as a gate insulator.    Since the memory cell of the 
so called 1T1C type FeRAMs consists of one MOSFET and one ferroelectric capacitor and we 
have to reduce the size of these devices for high-density implementation, a large remanent 
polarization Pr of the ferroelectric films is desirable.   On the other hand, transistor-type 
FeRAMs, the remanent polarization of the ferroelectric film as a gate insulator should match the 
charge which can control the channel conductivity of FETs [4,5].    The induced charge per unit 
area by the gate insulator, Q/S, can be calculated as Q/S=eE, where e and E indicate dielectric 
constant of the gate insulator and applied electric field, respectively.   For example, the 
maximum charge induced by Si02 is 3.5 uC/cm2, if we assume that the maximum electric field 
(breakdown field) is 10 MV/cm and that the relative dielectric constant of Si02 is 3.9.    On the 
other hand, the remanent polarization of well-known ferroelectric materials, Pb(Zr,Ti)03 (PZT) 
and SrBi2Ta209 (SBT) films are from 30 to 50 uC/cm2 and about 10 mC/cm2, respectively. 
These values are much larger than the maximum charge which can be induced by Si02.    This 
means that even if we have a good ferroelectric film with large remanent polarization, we cannot 
use the entire polarization to control the channel conductivity of metal-oxide-semiconductor 
(MOS)-FETs but can use only a small part of the polarization, namely a small minor loop.    In 
such a case, the obtainable memory window, which is given by 2 Vc, will become small, because 
the coercive voltage, Vc, of the minor loop is smaller than that of the saturated P-E hysteresis 
loop.    Hence, small or moderate remanent polarization is required for the ferroelectric films in 
transistor-type FeRAM applications. 
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In this work, we have characterized (Ba,La)4Ti30i2 (BLT) films [6] prepared by the sol-gel 
technique. From the analogy of Bi4Ti30i2 [7,8], the BLT may have large anisotropy in electrical 
properties.    Hence, the control of crystalline orientation is important to obtain the desired 
electrical properties 

EXPERIMENTAL 

Pt/Ti/SiCySi structures were used as substrates.    First, BLT solution was spin-coated and 
dried at 180 °C for 5 min.    Then, the prc-annealing was performed at 350-650 °C in the oxygen 
ambient.    After repeating the above process for typically four times, we crystallized the sample 
at 650, 700, or 750 CC in oxygen ambient.    Next, the Pt top electrodes were vacuum evaporated 
and the samples are annealed again at the crystallization temperature for 10 min.. The thickness 
of the fabricated BLT films was 150-200 nm.    The crystalline properties of the samples were 
characterized by X-ray diffraction (XRD), scanning electron microscope (SEM).    Polarization - 
electric-field (P-E) and current - voltage (I-V) characteristics were measured to evaluate 
electrical properties. 

RESULTS AND DISCUSSION 

We first examined the crystalline quality and electrical properties of the BLT films by 
changing excess Bi amount in the source solution.   Source solution with excess Bi is commonly 
used in the sol-gel technique to fabricate Bi-layered ferroelectrics such as SrBi2Ta20<) (SBT) 

"600 -400   -200     Ö     200    400   600 
Hectric Field(kvVcm) 

-600 -400   -200     0     200 

Hectric Field(kV/cm) 
■600 400   -200     0     200 

Hectric He)d(kV/cm) 

Figure 1.    P-E hysteresis loops of the BLT films, 

composition is fixed at 0.75. 
Bi composition in the source solution is 3.35 or 3.55 and La 
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Figure 2.    Remanent polarization (2Pr) as a function ofBi composition 

films.    In this experiment, the La composition was fixed at 0.75 and the Bi compositions was 
varied from 3.25 to 3.55.    This means that the total amount of both Bi and La was varied from 
4.0 (stoichiometric composition) to 4.3.    It was found from the XRD measurements that the 
diffraction peaks from (001) and (117) crystallites can be seen and that randomly-oriented BLT 
films were obtained in this experiment.   Figure 1 shows P-E hysteresis loops of the BLT films 
derived from the solution with Bi compositions of 3.35 and 3.55.    Excellent P-E hysteresis 
loops can be obtained when the crystallization temperatures are above 700 °C.    Remanent 
polarizations, Pr, are as large as 15 |tC/cm2 for the films grown at more than 700 °C.    On the 
other hand, when the samples are annealed at 650 °C, the hysteresis loops become small and the 
remanent polarization is reduced to less than 10 |iC/cm2.   The coercive field, Ec, are about 100 
kV/cm and insensitive to the crystallization temperature.      Figure 2 shows the observed 
remanent polarization (2Pr) as a function of Bi composition with varying the crystallization 
temperature.    When the crystallization temperatures are higher than 700 °C, there is little 

20        30        40        50 
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Figures 3.    X-ray diffraction patterns for the BLT films prepared at (a) 750 and (b) 650 "C. 
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Figure 4.    P-E hysteresis loops of the BIT films when the La composition is varied from 0.25 to 0.75. 

dependence of the remanent polarization on the Bi composition, while the Bi content of 
3.35-3.45 is optimum to obtain large remanent polarization when the annealing temperature is 
650 °C. 

Next, we varied the La composition in the source solution from 0 to 0.75.    Total amount of 
Bi and La is fixed at 4.3.    Figures 3 (a) and (b) show X-ray diffraction patterns for the BLT 
films prepared at 750 and 650 °C, respectively.    It is worth noting that the diffraction peak 
intensities from (001) and (117) crystallites increase with La composition.    Especially when the 
crystallization temperature is 650 °C, if no La is added, namely Bi4Ti30|2, only small broad 
diffraction peak from (117) can be observed.    This means that the 650 °C is not high enough to 
crystallize the Bi4Ti30|2 film.   On the other hand, by increasing the La content to 0.75, large and 
sharp diffraction peaks appear at both (001) and (117) positions.    These results suggest that 
although the mechanism is not clear at present, the partial replacement of Bi with La in the BLT 
enhances the crystallization of the film. Therefore, BLT film can be crystallized at lower 
temperatures than Bi4Ti30i2 film. 

P-E hysteresis loops of BLT when the La composition is varied from 0.25 to 0.75 is shown in 
figure 4.   The crystallization temperature is 750 "C.   It is found that the P-E hysteresis loop can 
be improved as the La composition is increased to 0.75.    This corresponds to the enhanced 
crystalline quality of the film with high La composition. 

Finally, we demonstrate that the crystalline orientation of the BLT film can be controlled by 
the pre-annealing temperature.    The XRD patterns for BLT films, crystallized at 750 °C, are 
shown in figure 5 when the pre-annealing temperature is 450 or 550 °C.    When the 
pre-annealing temperature is 550 °C, the largest diffraction peak is from (117) crystallites and the 
peak intensities of (006) and (008) are small.    On the other hand, when the pre-annealing 
temperature is reduce to 450 °C, the large and sharp diffraction peak can be observed at (006) 
and (008), and the (117) peak intensity becomes very small.    Note that such a difference in 
crystalline orientations depends on the pre-annealing temperature and the crystallization 
temperature for both samples are same.    For randomly oriented Bi4Ti30i2 films, the (006)/(l 17) 
peak intensity ratio should be 0.14.    Since the (006)/(l 17) peak intensity ratio of the BLT film 
with a pre-annealing temperature of 450 °C shown in this figure is 6.13, the film mainly consists 
of (OOl)-oriented BLT crystallites. On the other hand, for the BLT film when the pre-annealing 
was performed at 550 °C, the (006)/( 117) peak intensity ratio is 0.11, which is close to the ratio 
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Figure 7.    P-E hysteresis loops of (001) and (117)- 

oriented BIT films. 

for randomly oriented Bi4Ti30i2. 
To clarify the effect of pre-annealing temperature on the crystalline orientations of the BLT 

films, (006)/(l 17) peak intensity ratios of the XRD patterns for the various BLT films are plotted 
in figure 6 as a function of pre-annealing temperature.    The data obtained for the BLT films 
crystallized at both 700 and 750 °C are plotted in this figure.    It is clearly found that when the 
pre-annealing temperature is lower than 450°C, the (001) crystallite is dominant. On the other 
hand, when the pre-annealing temperature is higher than 550 °C, the films contain (117) 
crystallites and must be close to randomly oriented BLT films.    Although the mechanism for the 
final film orientation difference due to the pre-annealing temperature is not fully understood, it is 
considered that the random nucleation is enhanced at high pre-annealing temperature, which 
results in the randomly oriented, or weakly (117)-oriented BLT films.    On the other hand, when 
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the pre-annealing temperature is lower than 450 °C, it is supposed that the (OOl)-oriented nuclei 
are preferentially formed, which produces the (OOl)-oriented BLT films. 

P-E hysteresis loops of (117) and (OOl)-oriented films are shown in figure 7.   Aremanent 
polarization of 12 uC/cm2 is obtained for the (117)-oriented BLT film.    On the other hand., the 
remanent polarization of the (001 )-oriented BLT film is slightly smaller.    However, the 
observed difference in remanent polarization between (001)- and (117) oriented BLT films is not 
so large as expected from the electrical properties of Bi4Ti30|2.    In Bi4Ti3Oi2, the remanent 
polarizations are 50 and 4 u.C/cm2 along a- and c- axes, respectively.   The observed modest 
property anisotropy may be partly because the (117)-oriented BLT films examined in this work 
are close to the randomly oriented films. 

CONCLUSION 

Ferroelectric BLT films have been fabricated by the sol-gel technique and characterized.    It 
was found that the excess Bi is necessary to obtain good electrical properties especially at low 
temperatures.    It has been demonstrated that the crystallization can be enhanced by partially 
replacing Bi atoms with La atoms and that good electrical properties can be obtained for BLT 
films when La composition is 0.75.    It has been also demonstrated that the crystalline 
orientations of the BLT films depends on the pre-annealing temperature.    From these 
experimental results, ferroelectric BLT is one of the most promising materials for FeRAM 
applications. 
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ABSTRACT 

Retention characteristics of Metal-Ferroelectric-Insulator-Semiconductor(MFIS) and 
Metal-Insulator-Ferroelectric-hisulator-Semiconductor(M-I-FIS) structures have been 
investigated both theoretically and experimentally. The simulated time dependence of 
capacitance for the MFIS has indicated that reducing currents through the ferroelectric and 
the insulator layers improves the retention characteristics more effectively than choosing the 
insulators with larger dielectric constants. The M-I-FIS structure has been studied in order to 
reduce the charge injection between the metal and the ferroelectric layer in the MFIS. The 
simulations have indicated that the M-I-FIS can provide much longer retention time than the 
original MFIS, although the experimental retention time of the M-I-FIS have almost the same 
as that of the MFIS. 

INTRODUCTION 

Metal-Ferroelectric-Insulator-Semiconductor (MFIS) has been attracting much attention 
as one of favorable structures for a practical use in FET-type nonvolatile memories. The 
structure is regarded as a useful memory with nondestructive readout operation, which 
follows a good scaling-down rule. However, only a few ferroelectric gate FET memories 
have shown long retention times so far[l, 2], while many other MFS and MFIS structures 
have still shown short retention times. These structures cannot avoid currents in the 
ferroelectric and the insulator layers, which are caused by several factors such as ion drifts, 
thermal- and field- induced relaxation of polarization and carrier conduction induced by an 
intrinsic depolarization field which has the opposite direction to the ferroelectric spontaneous 
polarization. These currents are supposed to make retention characteristics worse. In this 
article, time dependence of capacitance has been simulated for an MFIS structure on the 
assumption that the current through the ferroelectric layer increases charges injected into the 
interfacial region between the metal and the ferroelectric layers and compensates the field 
imposed on the layer. The simulation has reproduced well our previous experimental data[3], 
which indicates the validity of our model. In order to improve retention characteristics of the 
MFIS by reducing the current from the top electrode metal, we have studied the effect of 
preparing a thin insulator layer under the metal on the retention time. This structure called as 
a Metal-Insulator-Ferroelectric-Insulator-Semiconductor (M-I-FIS) has been investigated 
both theoretically and experimentally. 

ANALYSIS 

Process of retention loss has been simulated by solving numerically several 
electrodynamic simultaneous equations such as a current continuity equation, a voltage-drop 
equation for each layer in the structures and Gauss's law for both the ferroelectric and the 
insulator layers[4]. The current density has been defined as .JfEp t) through the ferroelectric 
layer which is dependent on the applied field E, and time f, and as /,(£,) through the insulator 
layer which is dependent only on the applied field E. The effect of the /,(£,) and J[Ef 0) on 
the retention time have been calculated for an MFIS. In this paper, retention time has been 
defined as time to show a half of the initial capacitance when the measurement is started. In 
order to simulate the retention characteristics of an MFIS structure, we used rf/=400nm as the 
ferroelectric layer thickness, dj =10nm as the insulator thickness, Vfil =0V as the flatband 
voltage, e, =50 as the dielectric constant of the ferroelectric layer, e. =3.9 as the dielectric 
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constant of the insulator layer and T =300K as the temperature. In order to study M-I-FIS 
structures, additional insulator layers of e =3.9 with various thickness have been assumed to 
be prepared on the FIS. The field-dependent polarization for the ferroelectric layer has been 
assumed to show hysteresis loops modeled by Miller[5]. We assumed the p-type silicon 
substrate with a uniform doping concentration of Na =1015cm"3, a value for spontaneous 
polarization of P =1.2uC/cm , a remanent polarizationof Pr =1.0nC/cm2 and a coercive field 
of Ec =50kV/cm. The software mathematica 4.0 was used for these calculations. 

EXPERIMENTAL 

SrBi2Ta209(SBT) thin film was prepared on a substrate by Pulsed Laser Deposition(PLD) 
method in 02 atmosphere. A pulsed ArF-excimer laser with a wavelength of 193nm was used 
to deposit the films. The repetition frequency was 5Hz, and the laser fluency was from about 
2 to 3J/cm . The target was a ceramic disk of stoichiometric SBT. The substrate was 
SiO2/n-Si(100). The thickness of the Si02 layer was 27nm from the capacitance of the 
substrate with Al top electrode when the dielectric constant of the Si02 was assumed to be 3.9. 
The distance between the target and substrate was 20mm. During the deposition, the 
temperature of the substrate was 500°C measured by thermocouple, and the 02 pressure was 
0.3Torr. The thickness of the SBT film was from about 400 to 600nm measured'by a profiling 
analyzer (Dektak3ST, SLOAN TECHNOLOGY). 

In order to make an M-I-FIS structure, MgO film was prepared on the SBT film by the 
PLD method in 02 atmosphere. The target was a pressed disk made from MgO powder. The 
distance between the target and the SBT/Si02/n-Si plate was 25mm. The deposition 
temperature and pressure were 500°C and O.OlTorr, respectively. 

The chamber was evacuated to SxlO^orr before every deposition. After the deposition, 
the sample was cooled down to room temperature in the chamber, and then moved into a tube 
furnace to anneal at 600°C in 02 atmosphere for 20 minutes. An array of Al dots of diameter 
250 (im <j> was deposited as top electrodes by evaporation. The backside electrode was formed 
by evaporation of AuSb. 

Physical properties of the films were characterized using x-ray diffraction(XRD), 
scanning electron mieroscopy(SEM) and atomic force micorscopy(AFM) techniques. Voltage 
dependent capacitance was evaluated using C-V plotler(HEWLETT PACKARD 4280A) at 
1MHz. The sweeping rate of the applied gate voltage was 0.2V/sec. 

RESULTS AND DISCUSSION 

Retention time dependent on J.(E) has been investigated when JIE t) is assumed to be 
the same as reported before[3](Figures 1(a), (b)). A proportional parameter A, which is 
expressed as X(£)=A/.0(£)(inset in Figure 1(b)), has been defined to describe how much 
current is flowing through the insulator layer. /„(£.) is the current density which is negligibly 
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Figures 1 (a)Calculated time dependent capacitance of MFIS(F: 6=50, d=400nm / 
I: 6=3.9, d=10nm) for various currents through the insulator defined as J)=AJ'„(E). 
The current through the ferroelectric layer was assumed to be the same as reported 
before[3].The calculated results for A=103 and A=\ show almost the same curves with 
each other, (b) Calculated retention time dependent on the proportional factor A used 
in (a). The inset shows the modeled current J. dependent on the applied fields. 
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Figures 2 (a)Calculated time dependent capacitance of MFIS(F: ^=50, rf^OOnm / I: 
rf=10nm) for various £,. The current through the ferroelectric and the insulator layer were 
assumed to be the same as reported before[3], (b) Calculated ferroelectric polarization in 
the MFIS dependent on the applied gate voltage for various £i from 2.0 to 30.0. 

small compared to JfEf f)[3]. When A<103, time dependent capacitance for the modeled 
MFIS has shown rapid convergence upon the curve for A=l which agreed well with our 
experimental results[3]. However, Figure 1(b) shows that in cases of A >10 , retention time 
decreases as A increases, while currents for A<103 exhibit almost the constant maximum 
retention time of 5xl03 sec. This result implies that /.(£,) less than a given value for A<10 
does not affect very much on the retention time, however, when J,(E) becomes larger than the 
value, seriously worse retention characteristics will be observed. 

Retention characteristics for various £■ have been also simulated(Figure 2(a)). When a 
negative gate bias voltage has been applied to write data, the curves of time dependent 
capacitance are sensitive to the values of £. However, the curves for a positive gate bias have 
not shown much difference with each other for various £; (Figure 2(a)). On the other hand, 
Figure 2(b) has shown that the ferroelectric hysteresis loops become upright gradually as et 
increases. These results indicate that selecting the insulator of large et in an MFIS is very 
effective to lower the operation voltage, but not enough to obtain long retention time. 

When J{Er 0) increases, retention time has also shown a downward tendency (Figures 
3(a), (b)). Very small current through the insulator layer for the parameter A =1 discussed 
above has been assumed to investigate the effects of JfE. 0). Time dependence of current 
through the ferroelectric layer has been assumed to be as JfEr f)= JfE„ 0) t " ~, where J^E^ 
0) was experimentally obtained[3]. Another proportional parameter B has been defined as 
HE 0)=BJ (E 0) to describe how much current is flowing through the ferroelectric layer. 
The parameter S has been decided to be 1, as the time dependent capacitance for the modeled 
MFIS reproduce the experimental results well. As shown in Figure 3(b), currents for B <10" 
exhibit almost the maximum constant retention time of 3x10 sec. This result implies that 
J(E„ 0) less than a given value forß <10"3 does not affect very much on the retention time, 
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Figures 3 (a) Calculated time dependent capacitance of MFIS(F: £=50, rf^OOnm / 
I: £,=3.9, rf=10nm) for various current densities through the ferroelectric defined as 
J=B-JS(E ,' 0). The current through the insulator layer was assumed to be for A=l in 
Figure 1(b). The calculated results forß <10"3 show almost the same curves with each 
other, (b) Calculated retention time dependent on the proportional factor B used in (a). 
The inset shows the modeled current Jf dependent on the applied fields Ef for various B. 
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Figures 4 (a) Simplified band 
diagram for an M-I-FIS 
structure, which includes an 
additional insulator layer with 
the thickness of d\o- 
(b) Calculated capacitance 
dependent on hold time for 
the M-I-FIS structure. Note 
that the structure for rfi(i=Onm 
is regarded as an MFIS. 

however, if J£Ep 0) becomes larger than the value, much worse retention characteristics will 
be observed. 

Rapid decrease in retention lime shown in Figure 3(b) implies a decrease of current 
through the ferroelectric layer results in much progress in retention time. In order to decrease 
the current through the ferroelectric layer, two ways can be proposed in designing a structure 
of an MFIS. One way is to choose a top electrode metal with larger work function. The other 
is to insert a thin insulator film between the top electrode metal and the ferroelectric layer. 
The latter        has been studied theoretically        by forming a 
Metal-Insulator-Ferroelectric-Insulator-Semiconduclor (M-I-FIS) (Figure 4(a)). The insulator 
between the metal and the ferroelectric layers should be much thinner than that between the 
ferroelectric and the semiconductor layers so as not to reduce the potential applied on the 
ferroelectric layer. Device characteristics of the M-I-FIS have also been investigated by 
applying our physical model discussed above. In order to operate the simulation, current 
through the insulator layer on the silicon substrate has been assumed for A=l (Figure 
l(b))and £ =3.9 (Figure 2(a), (b)) and current through the ferroelectric layer for B=\ given in 
Figure 3(b). An additional Si02 thin layer with each thickness of d: = 0.1, 0.5, 1.0 and 5.0nm 
was assumed to be formed between Al and SBT layers in' the MFIS structure of 
Al/SBT/SiCVSi. A tunneling current has been assumed through the insulator layer as well as 
the Schottky and the Fowler-Nordheim emission. The current through a trapezoidal potential 
of the additional thin Si02 layer has been modeled as follows[6]: 

7, = oftidl ■ exp( ®~J<pm) (1) 

where a is the Planck's constant, <p is work function difference for the M-I system and m is 
the electron mass, respectively. The parameter a is a proportional factor which has been 
determined to normalize roughly curves for the M-I-FIS with rf„=0.1nm by the curves for the 
MFIS. In this rough estimation, we used <p = 3.2eV for the system of Al/SiO, and the mass of 
m=9.11x10" kg for a free electron. 

Results of the calculations are given in Figure 4(b). M-I-FIS structures have exhibited 
much better retention characteristics than the original MFIS. When rf((=1.0nm is assumed, the 

Figure 5 C-V characteristics of 
Al/MgO/Si02/Si/AuSb diode. 
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Figures 6   (a) C-V and (b) Retention characteristics of Al/SBT/SiOVSi/AuSb structure. 

calculation indicates that the retention time will be over 10 years. In the case of d0=5.0nm, 
the M-I-FIS is expected to show much longer retention time than 10 years, however as shown 
in the Figure 4(b), the initial capacitance difference between the states written by positive and 
the negative gate voltages becomes smaller. This is because the thicker da makes the total 
capacitance smaller for the M-I-FIS. 

The M-I-FIS structure has been also studied experimentally. At first, a structure of 
MgO/SiCVSi has been examined. An XRD pattern has clearly shown the (200)-MgO peak for 
the as-deposited MgO surface. Then a characteristic of capacitance dependent on applied 
voltage(C-V) has been studied for Al/MgO/Si02/Si/AuSb structure(Figure 5). No hysteresis 
loop has been shown for the structure which indicates that charge injection into the insulator 
layers is negligible. At second, a structure of SBT/SiO^Si has been produced and studied on 
its surface morphology using AFM. No serious damage has been observed on the SBT 
surface. The mean roughness of 4.4nm and the maximum height of 29nm were obtained. 
Counterclockwise hysteresis loops have been clearly observed for C-V characteristics of the 
Al/SBT/Si02/Si/AuSb structure (Figure 6(a)). The C-V hysteresis loops have been spread 
almost symmetrically over the vertical axis for the zero voltage. Memory window of about 
2.8V at the sweeping voltage from Vg= -15V to +15V(Figure 6(a)) and a retention time of 
104sec. (Figure 6(b)) have been obtained. 

At last, an M-I-FIS structure of Al/MgO/SBT/Si02/Si/AuSb has been fabricated. Memory 
window of about 1.0V at the sweeping voltage from Vg= -15V to +15V(Figure 7(a)) and a 
retention time over 104sec.(Figure 7(b)) have been obtained. The retention characteristic 
seems slightly but not much improved as compared to that of the Al/SBT/SiO?/Si 
structure(Figure 6(b)). By using an AFM technique for the top MgO layer of the structure, the 
mean roughness of 3.3nm and the maximum height of 31nm have been obtained, although a 
SEM image has not shown serious damages(Figure 8). Improvement of the surface 
morphology on the insulator layer is expected to make the retention time longer. 
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Figures 7 (a)C-V and (b)Retention characteristics of Al/MgO/SBT/SiCVSi/AuSb structure. 
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Figure 8 SEM image of a cross section 
of MgO/SBT/SiCVSi structure. 

SUMMARY 

A simple model has been used to investigate retention characteristics of an MFIS structure 
by considering effects of currents through the insulator and the ferroelectric layers. The 
simulations for the MFIS have indicated that the retention characteristics can be severely 
degraded when currents through the insulator and the ferroelectric layers flow more than 
certain values. In order to decrease the charges injected between the metal and the 
ferroelectric layers, the physical model for the MFIS have been modified and applied to an 
M-I-FIS structure. The calculation has indicated that inserting a thin insulator film can be 
very effective to provide much longer retention time than the original MFIS. The M-I-FIS 
structure has been also studied experimentally, however, such a long retention time as 
predicted by the simulation has not been obtained so far. It is supposed partly because the 
rough surface of the insulator under the top electrode has still induced current into the 
ferroelectric layer. 
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ABSTRACT 

We have investigated the structural, compositional, interfacial, surface morphological and 
dielectric properties of BaaeSr^TiQ, solid solution thin films La doped from 0 to 10 mol%. The 
doped thin films were prepared by the metalorganic solution deposition technique using 
carboxylate-alkoxide precursors. After post-deposition annealing in oxygen ambient at 750 °C 
the films were characterized via x-ray diffraction, Auger electron microscopy, field emission 
scanning electron microscopy, and atomic force microscopy. The electrical measurements were 
achieved in the metal-insulator-metal (MIM) configuration with Pt as the top and bottom 
electrode. Our results demonstrated that La doping had a strong effect on the films 
microstructural, dielectric and insulating properties. Specifically, 1 mol% La doped BST films 
exhibited a lower dielectric constant, 283 and higher resistivity 31.4xl013 fl-cm with respect to 
that of undoped BST. The loss tangent and tunability (at 100 kHz) of the 1 mol% La doped BST 
films were 0.019 and 21% (at E=300kV/cm) respectively. 

INTRODUCTION 

Electrical tunable ferroelectric thin film devices rely on the variation of a ferroelectric 
material's dielectric constant with application of an electric field [1-3]. Ba].xSrxTi03 (BST) is 
a promising ferroelectric material for tunable microwave device applications such as 
electronically tunable mixers, delay lines, filters and phase shifters. For BST to be employed for 
tunable device applications the dielectric and insulating properties must satisfy several critical 
requirements. These requirements include: (1) a low loss tangent over the range of operating dc 
bias voltages, (2) a large variation in the dielectric constant with applied dc bias, (3) for 
impedance matching purposes, the dielectric constant fe) must be less than 500, and (4) the film 
must possess low leakage current (IL) characteristics, (5) the film must be single phase with a 
dense microstructure and minimal defects, (6) the surface morphology must be smooth and crack 
free and (7) the film and substrate must be thermally stable as a function of both processing 
temperature and device operational environment [3, 4]. Pure (undoped) BST in thin film form 
offers tunabilities upward of 50% at bias voltages of less than 10 V, which is compatible with the 
voltage requirements of present semiconductor based systems. Unfortunately, the tradeoff for 
such high tunabilities are high loss tangents, that is, tan 5 » 0.02. It is well documented that 
small concentrations of dopants can dramatically modify the properties of ferroelectric materials 
such as BST. In particular, Fe2+, Fe3+, Co2+, Co3+, Mn2+, Mn3+, Ni2+, Mg2+, Al2+, Ga3+, In3+, Cr3+, 
and Sc3+, which can occupy the B sites of the (A2+B4+02"3) perovskite structure, have been 
known to lower dielectric loss [3, 5-7]. The mechanism for this behavior centers on the thesis 
that ions with a charge less than 4+ can substitute for Ti4+ and behave as electron acceptors. 
These acceptors prevent the reduction of Ti4+ to Ti3+ by neutralizing the donor action of the 
oxygen vacancies. Because the electrons resulting from the generation of oxygen vacancy can 
hop between different titanium ions and provide a mechanism for dielectric losses, the 
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compensation for the oxygen vacancy with the correct amount of acceptor dopants helps to lower 
the loss tangent. The goal of the present investigation is to determine the effects of La doping on 
the structural, microstructural, dielectric and insulating properties of Bao.6Sro.4Ti03 thin films. 

EXPERIMENTAL 

Thin films were fabricated via the metalorganic solution deposition (MOSD) technique using 
barium acetate, strontium acetate, and titanium isopropoxide as precursors to form BST. Acetic 
acid and 2-methoxyethanol were used as solvents and lanthanum acetate was employed as the 
dopant at concentrations ranging from 1 to 10 mol%. The precursor films were spin coated onto 
Pt-coated silicon substrates. Particulates were removed from the solution by filtering through 0.2 
urn syringe filters. Subsequent to coating, the films were pyrolized for 10 min. on a hot plate at 
350 °C in order to evaporate solvents and organic addenda and form an inorganic film. The spin 
coat-pyrolization process was repeated until a film thickness of 150 nm was achieved. Post- 
deposition annealing was performed in oxygen ambient at 750 °C for 60 min. The films were 
characterized for structural, microstructural, compositional, surface morphological, dielectric and 
insulating properties. Specifically, x-ray diffraction (XRD), using a Rigaku diffractometer with 
CuKa radiation at 40 kV, was employed to assess film crystallinity, phase formation and film 
orientation. A Hitachi S4500 field emission scanning electron microscope (FESEM) was 
utilized to assess surface morphology, plan-view and cross-sectional grain formation and 
microstructure. Auger electron spectroscopy (AES) was employed to assess the elemental 
distribution within the film and across the film-Pt interface. The surface morphology of the films 
was analyzed with a Digital Instruments Nano Scope Ilia atomic force microscope (AFM) using 
tapping mode with amplitude modulation. The electrical measurements were conducted in the 
metal-insulator-metal (MIM) capacitor configuration. MIM capacitors were formed by sputter 
depositing 0.2 mm Pt dots with 0.5 mm spacings, through a shadow mask covering a 1 x 1 cm2 

area. Capacitance (Cp), dissipation factor (tan 8), and dielectric permitivity (er) were measured 
with an HP 4192A impedance/gain analyzer. The films insulating properties, leakage current 
(IL), were evaluated via I-V measurements using a HP 4140B semiconductor test system. 

RESULTS AND DISCUSSION 

Table I. Summary of dielectric and insulating properties for La doped BST films at 100 kHz. 

Lamol% e, tan8 Tunability (%) p(xl013fi-cm) 
(at 200 kV/cm) at 100 kV/cm) 

0 450 >0.02 28.1 0.04 
1 283 0.019 12.1 314 
5 204 0.019 3.49 314 
10 200 0.030 1.2 1570 

The dielectric and insulating properties of the 750 °C annealed 0-10 mol% La doped BST 
films at 100 kHz are summarized in table I. Table I clearly shows that the amount of La dopant 
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has a strong influence on the dielectric and insulating properties of the BST films. The dielectric 
constant, tan 8, tunability and leakage current (film resistivity increased) all decreased as the La 
concentration increased. The loss tangent value decreased from >0.02 for undoped BST to 0.019 
for the 1 and 5 mol% La doped BST films. The dielectric response of the 1 mol% doped BST is 
shown in figure 1. The dielectric properties did not show any appreciable dispersion with 
measured frequency up to 1 MHz indicating good film quality and the absence of internal 
interfacial barriers. The measured small signal dielectric constant and loss factor at a frequency 
of 100 kHz were 283 and 0.019 respectively. The tunability of the capacitance (measured in 
terms of AC/Co, where AC is the change in capacitance relative to zero-bias capacitance Co) of 
the 1 mol% La doped film, increased with increase in the applied electric field (figure 2). 
Specifically, the tunability varied from 0 to 35% at applied electric fields of 0 to 500 kV/cm 
respectively. Considering the tradeoffs between tunability and the values of tan 5, dielectric 
constant and film resistivity, the 1 mo1% La doped BST film possessed the best overall material 
properties for tunable device applications. However, in order to fully understand the properties 
discussed above the influence of the La concentration on the structural, microstructural 
interfacial and surface morphological properties must be evaluated and correlated with the films 
dielectric and insulating properties. 

10 100 1000 
Frequency (kHz) 

-0.2   .9- 

Figure 1. Dielectric constant and dissipation factor as a function of frequency for a 150 nm 
thick film annealed at 750 °C for 60 min. 
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Figure 2. Tunability of Ba„ 6Sr04TiO3 thin films as a function of applied electric field. 
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X-ray diffraction was utilized to assess film crystallinity and to determine whether or not the 
films possessed a single phase structure. Figure 3 displays the x-ray diffraction patterns of the 
750°C annealed BST films doped from 0 to 10 mol%. All films possessed a non-textured 
polycrystalline structure with no evidence of secondary phases. There was no apparent change 
in peak intensity resultant of the La doping. The full-width-half- maximum (FWHM) of the 
most intense diffraction peaks increased with increasing La content. This peak broadening is 
indicative of a decrease in grain size. 
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Figure 3. X-ray diffraction patterns of the La doped (0-10 mol%) Bao.6Sr0.4Ti03 films 
annealed at 750 °C for 60 min. 

The surface morphology of the La doped films was smooth and crack free as determined by 
FESEM (not shown). Quantitative analysis of the film surfaces, via AFM (figure 4), determined 
the root mean square surface roughness, R„, to be less than 1.5 nm for all film compositions. 
Figure 4 clearly shows that both the undoped and doped films exhibited a dense microstructurc 
which was significantly modified by the addition of La. Specifically, the undoped and 1 mol% 
La doped BST films exhibited a uniform microstructure with an average grain size of 60 nm and 
50 nm respectively. The 5 and 10 mol% La doped films possessed a non-uniform grain structure 
with average grain sizes of 30 nm and 22 nm respectively. A non-uniform grain size-structure is 
indicative of either (1) multi-phased film or (2) immature film crystallinity, i.e. the film was not 
fully crystallized at the present annealing tcmpcraturc/timc. Since the x-ray diffraction 
measurements demonstrated that the 1, 5, and 10 mol% La films were single phase we suggest 
that the 5 and 10 mol% La doped BST films require a higher annealing temperature and/or 
longer annealing time in order to achieve a uniform grain size which is indicative of a fully 
developed crystalline microstructure. 

The cross-sectional FESEM microstructural analysis of the undoped and La doped BST films 
arc displayed in figure 5. The FESEM results show that the 1 mol% La doped film possessed a 
well crystallized, dense, void free microstructure composed of granular multi-grains randomly 
distributed throughout the film thickness. In contrast, the 5 and 10 mol% La doped films 
possessed an under developed microstructure with respect to the undoped and 1 mol% La doped 
films. This data confirms the AFM results. The FESEM image of the 1 mol% La doped film 
clearly delineates the film/Pt electrode structure. No amorphous layer or voiding was observed 
at the interface between the BST and the bottom electrode. This defect free, and structurally 
abrupt interface bodes well for the excellent mechanical integrity and good adhesion 
characteristics of the 1 mol% La doped BST film coated Si substrate. The AES depth profile of 
the 750° C annealed 1-10 mol% La doped BST films are displayed in figure 6. The AES depth 
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profiles revealed a sharp interface with no interdiffusion of constituent elements between the 
dielectric film and the Pt electrode. The depth profiles also revealed that each element 
component of the film possessed a uniform distribution from the film surface to the interface of 
the bottom Pt electrode substrate. These data substantiate the fact that the film and Platinized- 
silicon substrate maintain chemical and thermal stability at processing temperatures up to 750 °C 
(the annealing temperature). No impurities were observed in the AES profile, which without 
doubt, contributed to the films good dielectric and insulating properties. 

Undoped BST BST + 1 mol% La BST + 5 mol% La BST + 10mol%La 

Figure 4. AFM micrographs of the undopcd.l mol%, 5 mol%, and 10 mol% La doped 
Bao.6Sro.4Ti03 thin films. 

Figure 5. FESEM images of the undoped, 1 mol%, 5 mol% and 10 mol% La doped BST films. 
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Figure 6. AES depth profiles of the 1 mol%, 5 mol% and 10 mol% La doped BST films. 

CONCLUSIONS 

This work has demonstrated that La doping has a strong influence on the material properties 
of BST thin films. We have achieved improved dielectric and insulating properties for 1 mol% 
La doped BST thin films. The measured values of dielectric constant, dissipation factor, 
tunability and resistivity of Baa6Sr„4Ti03 thin films doped with 1 mol% La were 283, 0.019, 
12%atE=200kV/cm- 21% at E=300 kV/cm, and31.4xlOl3fl-cm respectively. The 1 mol%La 
doped BST film was single phase, possessed a dense defect free microstructure with a thermally 
stable film-electrode interface, and smooth continuous surface morphology. Films doped at 
concentrations between 5-10 mol% possessed under developed microstructures suggesting that 
higher annealing temperatures and/or longer annealing times are required before the dielectric 
properties can be accurately assessed. 
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ABSTRACT 

Pulsed laser deposition has been used to fabricate thin-film capacitor structures in which the 
dielectric layer is composed of a superlattice of Bao.sSnuTiOa and Bao.iSro.gTiCb. The properties 
of the capacitors were investigated as a function of superlattice periodicity. The dielectric 
constant was significantly enhanced, and temperature migration of the peak in dielectric constant 
as a function of frequency was observed, at stacking periodicities of a few unit cells. However, 
such 'relaxor-like' features were found to be associated with high dielectric loss. Analysis of the 
imaginary permittivity as a function of frequency showed that fine-scale superlattices conform to 
Maxwell-Wagner behaviour, indicating that the observed features may be an artefact of 
increased carrier mobility. Modelling showed that both dielectric enhancement and frequency 
relaxation could readily be reproduced by Maxwell-Wagner formalism. 

INTRODUCTION 

There is strong evidence that the physics of relaxor behaviour is intimately linked to 
nanoscale chemical heterogeneity [ 1 - 4]. A number of investigations have used growth of thin 
film ceramic heterostruclures to see whether artificial nanolayering of different ferroelectric 
materials can reproduce the beneficial properties of relaxors [5-11]. In many cases enhanced 
dielectric constants have been observed. Notably Erbil et al. [5] claimed a relative dielectric 
constant of 420,000 at 1kHz and at room temperature. Qu et al. [61 have also seen evidence that 
nanolayer heterostructures show the migration of T„, seen in relaxors, and nearly all work shows 
broad temperature dependence of dielectric response. However, there are serious inconsistencies 
in the body of research produced to date. The extent of dielectric enhancement varies 
dramatically, and is found to be a maximum at very different scales of heterostructure. Crucially, 
dielectric losses are not fully reported, or arc high in much of the work. In an attempt to 
rationalise such inconsistencies the authors report from a study examining thin film capacitor 
structures in which the dielectric layer is a superlattice of Bao.8Sr0.2Ti03 and Bao.2Sro.8Ti03. 

EXPERIMENTAL DETAILS 

Thin film capacitors were made by Pulsed Laser Deposition (PLD) as follows: SrRu03 

lower electrodes were deposited onto single crystal {100) MgO substrates under 0.15mbar of 
oxygen with a substrate temperature of 775°C. BaasSrcuTiCb / Ban.2Sr(,.sTi03 superlattices were 
then deposited under the same conditions, before cooling to 650°C for a 15 min post-deposition 
anneal under 900 mbar 02. The total thickness of all the dielectric superlattices was maintained 
at 250 ±15 nm. The specimen was then removed from the PLD system and two gold electrodes 
(~2 mm2) were deposited by thermal evaporation through a hard mask. The structure works 
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effectively as two capacitors in series. Structural characterisation was performed using a Siemens 
D5000 x-ray diffractometer (XRD), and Tecnai F20 high-resolution transmission electron 
microscope with energy dispersive x-ray (EDX) analysis. Functional characterisation was 
performed using Hewlett-Packard LCR meters, with temperature variation effected using 
Lakeshore controllers and Oxford Instruments cryostats. 

RESULTS AND DISCUSSION 

Successful growth of the superlattice structures was established by the observation of 
satellite peaks in XRD (figure 1), and by direct imaging under cross-sectional transmission 
electron microscopy (figure 2). The layer periodicities within the superlattices were calculated 
from the XRD traces. Assuming that the deposition rates of Bao.8Sr0.2Ti03 and Bao.2Sr0.8Ti03 

were the same individual layer thickness was half the superlattice periodicity. 
The dielectric behaviour of the superlattices as a function of individual BST layer thickness 

is shown in figure 3. The form of the response is extremely similar to that published by Tabata et 
al. for BaTi03 / SrTi03 superlattices [7, 8]. In their work, a maximum in dielectric constant was 
also observed at individual dielectric layer thicknesses of 8-12 A, and the background dielectric 
constant value of -500 was enhanced by almost a factor of two to -900 (compared to -350 to 
-800 in figure 3). Losses for individual layer thicknesses greater than 12 Ä were also seen to be 
tan 5-0.05 as in our work. Losses for the fine multilayer structures associated with the dielectric 
peak were not presented by Tabata et al.. 

Figure 4 shows the dielectric behaviour of the 8 Ä (a) and 16 Ä (b) superlattices as a 
function of temperature. A change from the relatively invariant behaviour typical of ferroelectric 
thin films in coarser superlattices, to behaviour strongly reminiscent of relaxors in fine 
superlattices can be seen. Fine-scale superlattices also demonstrate frequency behaviour that is 
qualitatively similar to that presented by Erbil et al. for PbTiOs-Pbi-.La.TiOs heterostructures 
[5], with £' increasing rapidly as frequency decreases. Such low frequency behaviour suggests 
that conduction mechanisms might play an important role. Results were therefore analysed in 
terms of the Maxwell-Wagner (MW) capacitor model [12, 13]. It can be shown that the MW 
capacitor yields real and imaginary parts of relative permittivity: 

E[CO)=^MJR7) i+«y    ' (1) 

*» = __J l-fl>y,+a>MT,+r,) 
coC0(Ri+R2) l+co2T2 () 

f R +T R A 
where Tj = C,R,, T2 = C2Ri, % =  '  2     2  ' , C0 = e0 —, A = capacitor area, t = thickness; w = 

Kl+R2 t 

frequency; subscripts 1 and 2 refer to superlattice components. By considering behaviour at zero 
and infinite frequency, equivalent expressions to (1) and (2) can be given in terms of e0 and e„: 

£'M = £, + l
£°~f"2  and (3) 

e (w) = -. ; + — ?Ar— (4) 
öX:0(ä,+ R2)    i+föV K' 
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Figure 1. 0-26x-ray diffraction sluming the appearance of 
superlattice satellite peaks around the BST (200) Bragg peak 

Figure 2. High angle annular dark field (HAADF) image (STEM 
made) of a cross-section through a superlattice structure 

Equation (3) is the same as that for Debye relaxation. However, the imaginary permittivity 
distinguishes between Debye and MW behaviour. In particular e" ->0 as co ->0 in a Debye 
system, whereas in a MW system e" -> ~. Figure 5 shows e" for superlattices as a function of 
frequency. Clearly, the behaviour of superlattices composed of individual BST layers greater 
than 8Ä is significantly different from those of 8Ä and 4Ä. These finer superlattice structures 
show a tendency for e" to increase with frequency decrease, indicating the onset of the MW 
effect. Figure 6 demonstrates that the frequency response for the finest scale superlattices can be 
directly modelled by a MW expression, and that a Debye expression cannot account for the low 
frequency behaviour. 

The origin of the change in functional behaviour as individual layer thickness is reduced in 
the superlattice structures is not entirely clear. However, some insight was gained whenever the 
behaviour of the superlattices described above was compared to those in which delays were 
deliberately introduced between deposition of each successive layer in the superlattice stack. 
Figure 7 shows such a capacitor with individual layer thickness of 16Ä. Clearly, dielectric 
enhancement and frequency relaxation have been introduced. The lack of such features in the 

10 100 
Individual Slab Thickness/Ä 

Figure 3. Dielectric constant and loss at roam temperature and at 
WkHz for BST superlattices as a function of individual layer 
thickness. Solid line representsfttfrom Maxwell-Wagner model. 
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Figure 7. The dielectric constant and loss for a I6A slab thickness BST 
superlattice with delays introduced between the deposition of each layer. 

16Ä superlattice without delays (figure 4) shows that absolute thickness of individual layers does 
not directly determine functional properties. 

The top surfaces in individual layers in a capacitor with delayed deposition have been 
exposed to low pressures and high temperatures for long times in comparison to surfaces in 
superlattices without delays. Under such conditions surface modifications can be expected, their 
extent being dependent on the exposure time. In a given superlattice, the total extent of 
modification will also be proportional to the number of interfaces present. Hence, similar relative 
levels of surface-related modification in a superlattice capacitor can be achieved by either 
increasing exposure times or decreasing slab thickness. This is exemplified by the functional 
similarity between the 16Ä slab thickness capacitor with delays (figure 7) and the 8Ä slab 
thickness capacitor without delays (figure 4a). 

Increased permittivities, and associated frequency relaxation features, were consistently 
found to be correlated with increased conductivities. Surface modifications must therefore be 
such that they reduce the resistivity of the intcrfacial material, resulting in an overall decrease of 
resistance across the capacitor. We can again invoke the MW series capacitor treatment given 
above, but with the effective superlattice structure now consisting of interfacial, semiconducting 
regions intercalated between bulk-like, insulating ferroelectric. 

Taking equations (1) and (2), and performing the general substitutions: 
Rj=pj tj/A, Cj=£jAltj, where j= i, b and where subscripts i and b refer to the interfacial-like and 
bulk-like layers respectively, the effective dielectric constant and loss can be expressed as a 
function of f,/1 (relative thickness of interfacial zones), provided that the intrinsic dielectric 
constants and resistivities of the interfacial and bulk regions can be determined. 
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Typical measured values for single layer thin film 
BST were adopted for a (-320 [14]), and it was also 
assumed that s-a, consistent with previous work [12]. 
p, was varied and used as a fitting parameter, and in 
order that the results could be directly compared with 
experimental data, U was also varied. The results of the 
model were found to be relatively insensitive to fl, 
down to ph ~ 105 Q m. The measured functional 
response at 10kHz and room temperature for a series of 
superlattice capacitors in which no deliberate 
deposition delays were introduced are presented in 
figure 3, along with values predicted by the MW model 
with fitting parameters p, = 1500 Q m and f, = 6.5Ä. 
The figure shows that the MW model is capable of 
reproducing this behaviour. The scaling factor t, yields 
a value close to 1 unit cell on either side of the 
interface, and a thickness ratio of low-resistivity 
interfacial material between 0.8 and 0.9 for the 
superlattices with maximum dielectric enhancement. 

In order to model e' and tan 8 as a function of 
temperature and frequency, the thermal dependencies 
of £,, p, a and pi, have to be determined. Consistent 
with experimental results for thin films, £j and a were assumed to be relatively temperature- 
independent. For the resistivities, a thermally-activated semiconducting behaviour was assumed: 

200   250   300 

Temperanire/K 

Figure 8. Dielectric constant and lass as a function of 
temperature ami frequency predicted by the model for a 
capacitor with 1,11 = 0.85. Mole the similarity with the 
capacitor behaviour in Figures 4 and 7. 

p = p„exp(\/kT)     (5) 

Where k is Boltzmann's constant, A is the activation energy and pa is deduced from the room 

temperature resistivity if A is known. 
Assuming ]/R=aC0e"[12], the activation energies were extracted from the imaginary 

permittivities as follows: figure 3 indicates that for the relaxor-like capacitors the thickness of the 
interfacial layer is considerably bigger than that of the bulk-like layer (?,~0.8-0.9 f); at the same 
time, the resistivity of the interfacial layer is several orders of magnitude less than that of the 
bulk-like layer. This leads to the effective approximations Ch»C.< and Rh»Rs- Using these 
approximations, and performing appropriate substitutions into equation (2), it follows that the 
activation energies corresponding to the bulk-like and interfacial-like layers can be directly 
extracted from the Arrhenius plots of e" for the lowest and highest measured frequencies [15]. 
The values corresponding to the capacitor in figure 7 are A, ~ 0.08 eV and Ab~ 0.25 eV. These 
activation energies were subsequently used to calculate pi(T) and p,(T) with equation (5). 

Introducing the temperature-dependent resistances in (1) and (2) allows the expected e'and 
tan6 as a function of temperature and frequency for a given capacitor to be plotted (figure 8). As 
can be seen, the qualitative similarity between the modelled dielectric behaviour and the 
experimental results is good. 
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CONCLUSIONS 

Thin film capacitor structures with dielectric layers composed of superlattices of 
Bafl.8Srn.2Ti03 and Bao.2Sro.nTi03 were made by pulsed laser deposition. Although fine-scale 
superlattices showed dielectric behaviour reminiscent of relaxor electroceramics, analysis of the 
imaginary permittivity showed the likely dominant role of Maxwell-Wagner (MW) behaviour. It 
was suspected that such behaviour arose due to interfacial defect layers with decreased 
resistance. Adaptation of the MW model to include thermally dependent transport properties of 
interfacial and bulk layers in a superlattice configuration was found capable of reproducing the 
most important dielectric features experimentally observed, namely: 
(i)       a distinct peak in dielectric constant as a function of superlattice stacking periodicities; 
(ii)      giant permittivity with broad temperature dependence of dielectric peaks; 
(iii)     temperature migration of dielectric maxima as a function of frequency. 
It therefore seems clear that the relaxor-like features seen in these superlattices are not indicative 
of the nanoscale-heterogeneity-induced superparaelectricity found in relaxor electroceramics. 
Further, similarity between these results and those obtained in previous studies suggests that MW 
behaviour cannot be ruled out of any of the published literature on dielectric properties of 
ferroelectric superlattices. 
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ABSTRACT 

Barium strontium titanate (BSTO) films were synthesized by the pulsed laser deposition 
technique (PLD) on silicon substrates at room temperature. The thin films were synthesized at 
ambient temperature and 30 mT oxygen partial pressure, with 300,400 and 500 mJ/cm laser 
fluence at 5, 10 and 20 pulses per second on silicon wafer substrates. All films were 
subsequently post-annealed at 750°C in an continuous oxygen stream. The microstructure, 
crystallinity and lattice constant of the BSTO films were studied with the aid of atomic force 
microscopy (FEM) and Glancing Angle X-ray Diffraction analysis (GAXRD). The hardness and 
modulus of elasticity of the films were studied with the aid of a nanohardness indenter. The film 
stoichiometry was determined with the aid of Rutherford Backscattering Spectrometry (RBS). 
The results of this research will be combined with the results of our previous work [ 1, 2] on the 
effect of substrate temperature and oxygen partial pressure on the microstructure and properties 
of the BSTO films in order to construct a structural zone model (SZM) of the BSTO films 

synthesized by PLD. 

INTRODUCTION 

Thin films of barium strontium titanate (BSTO) deposited by the pulsed laser deposition 
(PLD) technique exhibit excellent electronic properties including tunable dielectric constants 
and low electronic loss. The dielectric constant of the BSTO depends on the applied electric 
field. This variable dielectric constant results in a change in phase velocity in the device 
allowing it to be tuned, in real time, for a particular application. The dielectric requirements for 
a tunable BSTO thin film are (a) loss less than 0.01; (b) high tunability; (c) dielectric constant 
between 30 and 100; (d) low leakage current; and (e) good frequency and temperature stability 

of dielectric properties [1], 
A tunable BSTO film must be single phase and crystalline. It must also have a smooth, 

defect free surface, uniform microstructure, and exhibit good thermal stability with the substrate. 
The microstructure of the film influences the electronic and mechanical properties (internal 
stresses and adhesion). These important factors affect the mechanical integrity and reliability of 

a device made of these thin films. 
For several decades ferroelectric memory has attempted unsuccessfully to compete with 

semiconductor and magnetic memory. Niche markets have developed around the advantages of 
ferroelectric memory such as radiation hardness and non-volatility. Among the features holding 
back ferroelectric memory have been cost, fatigue, and large switching voltages. The use of 
epitaxial structures, and the metallization of the ferroelectric with oxides such as YBCO, La-Sr- 
Co-O, and Sr-Ru-0 in place of Pt or Au has created structures with superior aging and low 
switching voltages. Thin film optical waveguides in ferroelectric oxides have traditionally been 
lossy and unsuitable as replacements for single crystals. In addition to a cost advantage, 
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epitaxial thin-film optical waveguides would have stronger mode confinement (due to a large 
difference in refractive index between cladding and ferroelectric) and could result in novel 
structures for applying electrodes and/or integrating monolithically with transistors or laser 
diodes [3]. Huang and Robson [4] and Schwyn Thöny at al [5] reported losses on the order of 1 
dB/cm in KNb03 and LiNb03.   Rou et al [6] and Fork et al [7] synthesized epitaxial KNb03 

and LiNb03 on Si and GaAs substrates. Monolithic integration with light sources or as 
modulators would still pose a formidable task in terms of waveguide fabrication, optical 
coupling, and other fabrication requirements. 

It has been also anticipated [2] that in the near future electronic structures based on the 
PLD technique will be used to monolithically combine well-developed semiconductor 
technology with the diverse physical properties of oxide systems. The commonly used 
semiconductor substrates have either cubic diamond or cubic zinc blende structures. The crystal 
structures of materials grown epitaxially on semiconductors are diverse and include the cubic 
fluorite, perovskite, rock salt, hausmannite and spinel structures A primary consideration in 
forming epitaxial compounds on any type of substrate is chemical reaction. Epitaxial growth on 
silicon is challenging due to the high reactivity of silicon with oxygen, especially at high 
substrate temperatures. The formation of even a thin amorphous silicon oxide layer before 
epitaxy is established would prevent epitaxy altogether. To circumvent the thermodynamic 
problem of substrate oxidation, it is possible to arrange a thermodynamically stable set of 
interfaces, for example McKee at al [8]. A second major consideration in forming epitaxial 
compounds on semiconductor substrates is the mismatch in thermal expansion coefficient [2]. 
Chrisley and Hubler [2] list various oxides epitaxially grown on silicon, their structures, 
crystallography, method of fabrication, lattice mismatch, and citation. SrTi03 an AB03 

perovskite is a bilayer structure requiring initial growth of SrO layers prior to SrTi03 deposition 
in order to prevent interfacial reaction. LiNb03 which is z-axis oriented, has been grown on 
Si( 111). The choice of Si( 111) was motivated by the trigonal symmetry of lithium niobate. 

We have initiated an investigation of the crystallinity, microstructure, mechanical and 
adhesive properties of a dielectric thin film of barium strontium titanium oxide (BSTO) 
deposited on silicon substrate by the pulsed laser deposition method (PLD) as a function of laser 
energy and repletion rate. This paper presents the initial results of this study of the properties of 
BSTO thin films as a function of oxygen partial pressure. 

EXPERIMENTAL 

The experimental apparatus consists of a pulsed laser deposition chamber equipped for 
optical diagnostics. The 248-nm output of an excimer laser (Lambda Physik, EMG 150 MSC) 
was directed through a 50-cm focal length lens and focused at 45° near the stoichiometric 
Ba<,.6Sro.4Ti03 target (BSTO), which was mounted inside a stainless-steel chamber on a high- 
vacuum, rotatable holder. The details of this deposition technique are given elsewhere [9]. In 
this work thin films of BSTO were deposited by the PLD technique on 6 to 9 cm2 (110) silicon 
substrates at room temperature, using 300, 400 and 500 mJ laser energy, at 5, 10 and 20 Hz 
repetition rate, and 30 mTorr partial oxygen pressures [1 mTorr = 1.33 x 10"4 Pa]. Prior to film 
synthesis the silicon substrates were degreased, cleaned for 5 minutes in warm (70-75 °C) 
methanol and ethanol baths and rinsed in warm (70-75 °C) distilled water for another 5 minutes. 
Subsequently the native oxide of the silicon substrate was removed in a dilute HF aqueous 
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solution. All films were annealed at 750°C for 45 minutes in a tube furnace in a continuous 
oxygen flow. Each deposition lasted for 30 min. 

The microstructure of the films was observed by atomic force microscopy (AFM); the 
crystallinity of the films was determined by Glancing Angle X-ray Diffraction (GAXRD); the 
stoichiometry of the films was determined by Rutherford Back Scattering (RBS); and the 
Modulus of Elasticity (Young's Modulus) and the nanohardness of the films were determined 
with the aid of a nanoindenter. 

The composition and thickness of the BSTO films was measured by Rutherford 

backscattering spectrometry (RBS), using a 2 MeV He+ beam and a backscattering angle of 170 
degrees, and the spectra were analyzed using the simulation program RUMP [10]. Because of 
the low scattering cross section of oxygen, there is a large amount of uncertainty in the oxygen 
composition determined, but the Ba:Sr:Ti ratios are much more precisely measured. Because of 
the film roughness, the RBS peaks show "tails" as well as bulk "ledges" corresponding to each 
element present, and this "tail-to-ledge" ratio can be considered a qualitative measure of the film 

roughness. 

RESULTS AND DISCUSSION 

Microstructure 

The microstructure and morphology of the BSTO films, at various laser energies and 
repetition rates, was determined by optical microscopy and by AFM. All films observed by 
metallographic microscopy exhibited red and green elliptical striations, indicative of the 
thickness variation throughout the substrate, an inherent disadvantage of the PLD technique. 
After annealing the color of some films became white opaque or slightly yellow, which indicate 
the existence of the perovskite phase [11]. The surface of the films was relatively smooth on a 
macroscopic scale, as observed in the metallographic microscope, in spite of thermal grooving 
which occurred in all films. Thermal grooving occurs when a material is hot enough to generate 
considerable atomic migration. The groove forms where the grain boundary meets the surface in 
order to reduce the grain boundary area and hence free energy [12]. However, particulates, 
expelled parts of the target, were evident on the surface of the films. Figure 1 shows two 
dimensional microstructure of three BSTO films synthesized at 20 Hz repetition rate and at 300, 
400 and 500 mJ/cm2 laser energy fluence respectively. On the surface of both films clusters are 

(b) 

Figure 1.     Atomic force microscopy of the BSTO film synthesized at 20 Hz repetition rate at (a) 300 mJ, (b) 400 
mJ, and (c) 500 mJ laser energy. 
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found, which were composed of nano-sized grains in size of about 150 - 250 nm. The cluster 
density increases with increase total laser energy. The surface morphology of the films has a 
columnar structure as seen from the protrusion parts of grains. Figures lb and lc show a lot of 
rosettes, looking like a blooming flower or cauliflower, consisting of many small gTains. The 
rosette density increases with total laser energy and film thickness. Furthermore, the rosette 
formation results in less complete substrate coverage which perhaps affects the nanohardness 
measurements. 

RBS Results and Film Thickness 

A typical RBS spectrum of the BSTO films is shown in Figure 2, along with a schematic 
model and simulated spectrum obtained using RUMP. For all BSTO coatings, before and after 
annealing, the Ba:Sr ratio was virtually identical to that of the PLD target (1.5). All of the films 
contained slightly less Ti than the expected ratio: Ti:(Ba+Sr) = 0.9. Since this is consistent 
across all films, and does not vary with laser energy or pulse rate, it is assumed that the original 
composition of the PLD target was slightly Ti-poor. The average composition of the film can be 
summarized as Bam.2Sr6.8TiI5068. The thickness of the as-deposited films seems to be a simple 
linear function of the total laser power deposited: Figure 3 shows the thickness plotted against 
the product of the laser pulse energy and the pulse rate. 

Annealing the BSTO films resulted in both a decrease in oxygen content as well as a 
significant roughening of the films. All of the films contain much more oxygen than the 
expected 60 at%, especially in the as-deposited state. The fact that there is a significant 
decrease in the oxygen content of the films after annealing indicates that this oxygen might be 
loosely bound as water or some other unstable oxide, and that the films after annealing are 
probably the 
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Figure 2. RBS spectrum of a typical BSTO film synthesized at 30 mTorr oxygen pressure, showing the elemental 
peaks and the "tails" indicative of film roughness. 
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same stoichiometric oxide as the PLD target. A qualitative estimate of film roughness generated by the RBS "tail- 
to-ledge" ratio is shown in Figure 4. The as deposited films all show some roughness, but the majority of the 

5000 6000 

power (mW) 

As-deposited                       Annealed 

1 
8 
1 
£ 

| 

i 
i 
i 

1               P 

• muni 
Figure 3 As-deposited film thickness as a function of 

laser power (laser energy x pulse rate). 
Figure 4  Film roughness as estimated by the RBS 

"tail to ledge" ratio. 

material is in a continuous layer; after annealing, the film roughness is on the same order as the 
film thickness. 

Glancing Angle X-rav Diffraction 

The GAXRD analysis showed that all annealed films were crystalline for all deposition 
parameters. The unit cell of all annealed films belonged to the cubic system. The average lattice 
constant "a" is about 3.96 Ä. The lattice constants of the BSTO films are shown in the Table I. 
This average lattice constant is in very good agreement with other published values [12]. 

Table 1. Lattice constant (in nanometers) of the BSTO films as a function of the deposition parameters 

Pulse Rate (Hz) 

Energy (mj) 5 10 20 
300 0.392 0.395 0.396 
400 0.390 0.399 0.397 
500 0.395 0.397 0.397 

Nanohardness and Modulus of Elasticity 

Although it is recommended that the depth of nanohardness measurements be less than 10% of 
the total film thickness [13], the depth of these nanohardness measurements was 30% of the film 
thickness, because of the low thickness of some of the films.   Because of this, it is expected that 
these measurements of the hardness were somewhat influenced by the substrate [13]. The 
nanohardness and the modulus of elasticity decrease as a function of the total laser energy 
(Table IT). This may be attributed to the increased rosette density and smaller substrate coverage 
with increasing laser energy and repetition rate. The nanohardness and the modulus of elasticity 
of the amorphous BSTO film, before annealing, were 0.32 GPa and 30.8 GPa respectively. 
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Table II. Modulus of elasticity and nanohardness of the BSTO films as a function of laser energy and pulse rate 

Modulus of elasticity (GPa) Nanohardness (GPa) 

Pulse Rate (Hz) Pulse Rate (Hz) 

Energy (mj) 5 10 20 Energy (mj) 5 10 20 
300 10.7 15.3 26.3 300 1.31 0.979 0.33 
400 44.0 43.0 33.1 400 0.50 0.46 0.42 
500 94.7 71.5 35.0 500 2.73 0.558 0.32 

CONCLUSIONS 

The crystallinity, surface morphology, stoichiometry, adhesion, modulus of elasticity and 
nanohardness of BSTO films synthesized on silicon substrates by the PLD technique were 
studied as a function of the laser energy and repetition rate. All films were crystalline after 
annealing at 750°C for 45 minutes, as shown by GAXRD analysis. The modulus of elasticity 
and nanohardness decreased with increased laser energy and repetition rate, while the roughness 
and the rosette density, resulting in smaller substrate coverage, decreased. The possibility of 
exchanging laser energy and repetition rate with deposition time may result in smoother films. 
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