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1. Introduction and Background

1.1 Strontium Titanate (STO) in Microwave-Tunable Devices

STO is an incipient ferroelectric material with physical and electrical properties
that make it a promising candidate for a broad range of technology applications,
notably those that require frequency- and phase-agile electronic components such
as varactors, voltage-controlled oscillators, and phased-array antennas. For device
applications, STO thin films are particularly attractive due to their high dielectric
constant (~300), low loss tangent or dissipation factor in the radio frequency (RF)
range (D = tand = &"/¢’), and because they exhibit a tunability of their dielectric
constant across a broad operational frequency range. The tunability of STO is a
measure of the change in dielectric constant that occurs in the media with the
application of an external bias voltage.

er(0)—& (V) 100%, (1)

Tunability = = (0)

where &(0) represents the relative dielectric constant of the material without
applied voltage and &/(V) is the relative dielectric constant with an applied
external voltage, V. In addition to the desirable intrinsic properties of STO, the
use of thin films requires less material and significantly reduced power
consumption, so the cost benefit of STO thin films allows for the potential of
phase- and frequency-agile electronics in much smaller form factors with much
broader potential applications.t

Although working with thin film STO has many inherent and potential
advantages, there are several persistent challenges that researchers have directed
efforts to overcoming in order to adapt these materials to device applications.
Dielectric loss, which acts as a dampening of an inserted RF signal, is a crucial
issue, and a substantial amount of the recent research in STO thin films has dealt
with minimizing this value. The value is usually less than 1,0 and thus often is
referred to as a percentage. For tunable device applications, the RF loss of these
dielectric thin films typically must be below a few percent. The external sources
of loss, such as conductor interface losses and various losses that inevitably arise
from device design, must be considered when these films are incorporated into
device structures, so minimizing losses from the dielectric material is a crucial
element of optimization and device realization. Leakage current, which results
from the imperfect insulating properties of any dielectric material, must also be
minimized to reduce the power draw of device components.
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While there are various techniques employed by researchers to decrease dielectric
loss in STO, optimization is difficult due to the sensitivity of STO to processing
conditions. Although the dielectric properties of STO have been shown to
improve with film quality (highly textured films, smooth interfaces with minimal
defects, and homogeneity), growth temperatures, growth techniques, substrate
material, and postprocessing treatments can all affect the resulting properties of
STO thin films. An excellent review of the device requirements for dielectric thin
films is discussed by Dey and Alluri.? Each device application has its own set of
performance requirements, but even if these requirements can be achieved
through high-quality thin film deposition, the technique used in production must
also be suitable for scaling to production levels with reasonable cost and
throughput as well as a high degree of uniformity across batches and deposition
systems.

1.2 Reports of STO Performance

There are various STO deposition techniques, and within each technique there are
many variations in preparation, equipment, and procedures. Even measurements
of physical and electrical properties carry advantages, limitations, and biases
unique to each experimental setup. This variety in techniques and characterization
can provide many insights into the complex growth mechanisms of STO, but it
also serves as a source of ambiguity in parallel research efforts to understand and
optimize the physical and electrical properties of STO. Deposition techniques can
be classified as either physical or chemical processes, although there is a range of
methods that employ both simultaneously. Several reviews highlight the
advantages and limitations of each deposition technique for complex oxide thin
films such as STO, namely the detailed introduction and discussions by Ohring,’
Kern and Schuegraf,* and an excellent review by Subramanyam et al.> Although
other promising techniques such as reactive co-evaporation have been pursued in
the deposition of STO,%® the following sections will focus on widely established
STO deposition techniques. A brief overview of the main deposition techniques is
presented in Table 1.

Approved for public release; distribution is unlimited.
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Table 1 Overview of general advantages and limitations of major growth techniques used

in STO fabrication3®

Growth technique

Advantages

Limitations

Pulsed laser deposition (PLD)

¢ High growth rates

o Excellent compositional
control

¢ Highly epitaxial thin films

Rough surfaces can result
from macroscopic target
particles impinging on
surface

High cost

Low throughput

e Very limited area of uniform

deposition (~1 inch squared)

RF sputtering

e Large-area deposition

e Industry standard
technique

o Cost-effective

Difficult to control film
stoichiometry

Low growth rates

Low efficiency usage of
target materials

Chemical solution deposition
(CSD)

e Low equipment cost

¢ High uniformity

e Industry standard
technique

o Precise control of
stoichiometry and
thickness

Complexity/compatibility of
precursors for
multicomponent oxide films
Ligand decomposition
reactions can lead to cracks
and porous film structures

Molecular beam epitaxy (MBE)

o Very high quality

o Low density of formed
defect sites

e Low-moderate processing
temperatures

o Very high degree of
control of film structure
and growth modes

Low deposition rates

Very high equipment and
production cost

Strict maintenance
requirements

Narrow window of
processing parameters to
obtain stoichiometric oxide
thin films

Chemical vapor deposition (CVD)

¢ High throughput

o Potential for high
structural quality and film
epitaxy

¢ Excellent control of film
stoichiometry and
thickness

e Large area uniformity and
potential for complex
structure coating

Optimized system design and
maintenance are crucial to
efficiency and quality of thin
films

Many techniques for
precision delivery of
precursors significantly
increase equipment cost and
complexity, and require
elaborate calibration

Approved for public release; distribution is unlimited.
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1.2.1 Pulsed Laser Deposition (PLD)

PLD, also known as laser ablation, is a physical deposition technique in which
dense solid-state target materials are flash evaporated by an incident laser
radiation source. It is carried out in a low-pressure environment and is the most
popular thin film deposition technique in laboratory and academic research
settings due to the exceptional quality of thin films it can produce with fewer
process variables than those required by RF sputtering and chemical deposition
techniques. Because of the nature of evaporation and low-pressure deposition
environment, the composition of STO and other complex oxide thin films
fabricated by PLD can be controlled very precisely and without the need for
extensive process optimization by selection of the target material .>° Also, since
PLD employs purely physical deposition mechanisms, there are no organics or
reaction byproducts inherently present in the process that can contaminate the thin
film. This high degree of control has allowed researchers with the means to
fabricate high-quality, highly epitaxial and pure STO thin films, which has aided
greatly in the fundamental studies of the role of substrate,!* strain,**-8
composition,’®? and film thickness? on the dielectric properties of STO on
various substrate materials. An overview of experimental values for STO thin
films fabricated by PLD is presented in Table 2.

Table 2 Selection of available dielectric property data of STO thin films produced by PLD.
Relative permittivity, €, dielectric loss, tand, and tunability data for all sources were
collected at room temperature, 100 kHz.

Processing Thickness Leakage

Reference Substrate temperature (nm) € tand  Tunability  current

(°C) (Alcm?)
Tachiki et al.?2 LSMO/MgO 600 86 320 NR 56% NR
Iwabuchi et al.23 YBCO/MgO 660 64 120 0.07 27% NR
Roy et al.? PtSi 500 500 240 0.02 6% 10°
E?Spﬁ Sihi® PtSi 600 1,000 225 0.3 2% 108
glo'ko" and SRO/LAO 780 800 400 001 NR NR

aeson

Breckenfeld et al.?® Nb:STO 750 200 275 0.01 NR NR

Note: NR = not reported; LSMO = lanthanum strontium manganite; MgO = magnesium oxide; Pt = platinum;
YBCO = yttrium barium copper oxide; LAO = lanthium aluminate.

While PLD has provided many valuable insights on the relationship of physical
properties, dielectric phenomena, and device performance, its major limitations
are prohibitive cost and small sample area. Thin films fabricated by PLD are
typically limited to about a 1-inch-squared uniform deposition area. While some
emerging technology holds significant promise for the expansion of PLD
techniques to include uniform deposition of 4- to 8-inch wafers for industry
applications, currently it remains mainly a laboratory-scale fabrication technique.®
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PLD also requires a high equipment investment for the laser source and optics in
addition to the vacuum equipment. To bridge the gap between the fundamental
research and potential of STO thin films uncovered by PLD fabrication and
device application, optimization by lower-cost techniques such as CSD and metal
organic chemical vapor deposition (MOCVD) techniques are required.

1.2.2 Radio Frequency Sputtering

RF sputtering is another highly favored thin film deposition method for STO.
Sputter deposition relies on large electric field potentials to strike target surfaces
with ionized gas atoms, either inert or reactive. Impinging gas atoms with high
kinetic energy release particles from the target surface into the vapor phase, which
then rain down on a substrate material to generate a thin film. This technique is
desirable for its high throughput thanks to its potential for large area deposition,
which PLD lacks.*?" Sputter systems range from small laboratory setups to
industrial production models that handle batches of wafers simultaneously.
Similar to PLD, sputtering has shown potential to produce very-high-quality thin
films with superb microstructural and electrical properties.?8-3?

Thin films fabricated by sputter techniques, although widely used for the
deposition of STO, are extremely sensitive to processing conditions.
Compositional control is often very challenging in multicomponent oxide thin
films due to the differences in yield and sticking coefficients in various elements.
Even for a target of a fixed composition, parameters such as substrate-target
distance, angle of target, power, and ambient environment have all been shown to
affect the resulting composition, microstructure, and homogeneity of the resulting
thin film.3*3" This makes optimization and reproducibility across even similar
systems very difficult. For this reason, RF sputtering has met many challenges in
producing smooth, uniform thin films over large surface areas compared with
techniques such as MBE, CSD, and MOCVD. Experimental values from several
available literature sources for STO thin films obtained by sputter deposition
techniques are presented in Table 3.
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Table 3 Selection of available dielectric property data of STO thin films produced by
sputter deposition techniques. Unless otherwise noted, relative permittivity, €, dielectric loss,
tand, and tunability data for all sources were collected at room temperature and 100 kHz.

Processing Thickness Leakage

Reference Substrate  temperature (nm) tand Tunability current

(°C) (Alcm?)
Etoaeffgh PYSTO 700 160 354 0.001 NR NR
Abe et al.®8 Pt/MgO 400 92 280 NR 64% 107
Komatsu et al.3® Pt/MgO 600 50 450 NR 75% 108
Itsumi et al.>® PtSi 400 100 200 NR NR 10
Pennebak* Au/Al203 500 240 220 0.02 54% 104
Peng et al.*! PtSi 700 1,200 219 0.1 2% 106
Lu et al.*? Pt/Al203 700 100 280* 0.00172 32%° 108

@ Measurement data was recorded at 1 MHz; Au = gold; NR = no result.

1.2.3 Molecular Beam Epitaxy

MBE is a method of deposition similar to thermal and ablation evaporation
techniques such as PLD and is one of the most precise techniques in thin film
deposition available. MBE deposition is conducted in an ultrahigh-vacuum
environment (~1071° Torr) and often uses effusion cells, electron beams, or laser
sources to flash evaporate target materials. Due to the ultrahigh-vacuum
environment, the evaporated molecules have a much longer mean free path than
the distance from the evaporation cell to the substrate, which results in a low
probability of vapor phase collisions during transport. Thus, a target material
evaporated through a small opening travels as a molecular “beam” with a small
angle spread generated at the evaporation cell aperture. When the deposition rate
is low enough, such that the time needed to generate a monolayer is greater than
the surface-diffusion-incorporation time (tai), high-quality thin films can be
produced with monolayer deposition control.**** The precise control of
evaporation and deposition in MBE has produced many great in situ studies and
characterization of structure-property relationships in STO thin films.*-! Since
physical MBE processes do not depend on chemical reactions when target
materials are converted to solid-state from the vapor phase, lower processing
temperatures can be employed without the issue of contaminants and remaining
byproducts that other high-quality chemical deposition techniques such as CSD,
atomic layer deposition (ALD), and MOCVD have commonly faced.>?>3

Although MBE processes have been shown to provide very-high-quality thin
films in semiconductor materials, the growth of oxide materials provides great
challenges for MBE. Oxide thin films grown in such low-pressure environments
have suffered from oxygen nonstoichiometry and compositional difficulties with
the simultaneous deposition of multicomponent oxides. Jalan et al.>* have
reported on focused efforts to establish the narrow growth window of processing
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conditions in which stoichiometric STO can be achieved without the formation of
undesirable strontium oxide (SrO) or titanium dioxide (TiO2) phases. In addition
to concerns of stoichiometry control, MBE carries a prohibitively high equipment
and operational cost for scalable production of high-quality STO thin films. The
ultrahigh vacuum conditions require specialized equipment and fitting
compatibility, which carries a much higher equipment cost than high-vacuum
systems traditionally used in PLD, sputtering, and CVD techniques. Maintenance
for ultrahigh vacuum systems must also be strictly upheld, and even a small
degree of equipment contamination, degradation, or misuse can lead to significant
downtime and costly repairs to reclaim the ultrahigh vacuum environment. The
high cost, low deposition rates, and low throughput of oxide materials produced
by MBE, much like PLD, has kept MBE mostly as a superb laboratory-scale
fabrication technique for fundamental studies of STO physical-electrical
phenomena and structure-property relationships. Experimental values from
several available literature sources for STO thin films obtained by sputter
deposition techniques are presented in Table 4.

Table 4 Selection of available dielectric property data of STO thin films produced by MBE.
Relative permittivity, €, dielectric loss, tand, and tunability data for all sources were
collected at room temperature.

Processing Thickness Leakage
Reference Substrate temperature (nm) € tand Tunability current
(°C) (Alcm?)
240 0.018
53
Wau et al. GaAs 650 300 (100 kHz) (100 kHz) NR NR
Nakamura 300 3
et al 52 YBCO/STO 480 175 (100 kHz2) NR NR 10
250 0.011
50
Wau et al. YBCO/LAO 800 300 (10 kHz) (10 kHz) NR NR
Haoetal®  SRO/STO 760 NR 294 0.004 NR NR

(1kHz)  (LkH2)

Notes: GaAs = gallium arsenide.
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1.2.4 Chemical Solution Deposition

CSD is a broad term to classify deposition techniques that generally employ
liquid-state precursor materials to generate a solid-state thin film. STO thin film
growth by CSD techniques include many variations and monikers, such as
metalorganic solution deposition (MOSD)>** or metalorganic decomposition,®’
sol-gel deposition,>®%° polymeric precursor deposition,®*% and liquid-phase
deposition.%* CSD techniques for STO mainly employ spin-coating or immersion
of precursor materials onto a substrate surface, followed by pyrolysis, which
removes solution, gel and/or ligand chemicals to produce a solid-state STO film.
At low temperatures, these films have been shown to be mostly amorphous, and
can be annealed at higher temperatures to ensure further removal of contaminants
and meta-stable phases and to crystallize the thin films.

CSD techniques excel in their potential to control stoichiometry of thin films,
which can be seen in research modifying the composition and nonstoichiometry
of STO.%>%" CSD techniques have also produced uniform STO thin films with
very smooth surfaces, usually to within 1-3 nm of root-mean-square roughness
values on high-quality substrates, with the potential to uniformly coat larger area
substrates than those obtainable by PLD and RF sputtering methods.%:60:626368 |
addition, CSD techniques are industry standard and require notably lower
equipment and operation costs than vacuum deposition techniques. Although CSD
techniques are cost-effective, multicomponent oxide materials such as STO
require complex chemical reactions while maintaining compatibility between
multiple precursors as well as appropriate viscosity and ambient sensitivity to
produce uniform and high-purity thin films. STO thin films grown by CSD
techniques typically produce amorphous-to-polycrystalline thin films, dependent
on processing conditions, but several reports note that micro-cracks or porous
structures in topography are challenges in STO optimization.%-°8.6068-70 Notable
overviews of STO films produced by CSD techniques have been detailed by
Weiss et al.,>® as well as select comparisons to other deposition techniques by
Pontes et al.%? Select experimental values for STO thin films obtained by CSD
methods are presented in Table 5.
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Table 5 Selection of available dielectric property data of STO thin films produced by CSD
methods. Relative permittivity, &, dielectric loss, tand, and tunability data for all sources
were collected at room temperature, 100 kHz.

Reference Processing Thickness - Leakage
(technique) Substrate  temperature (°C, (nm) tand  Tunability current
q pyrolysis/anneal) (Alcm?)
. = :
\(’I\\’Ae(')ségt) al. PtSi 400/750 147 331 0021 28% 10
Dawley et al.™ Nickel 0
(C5D) tape 300/900 800 250 0.003 29% NR
62
(P;Or‘ltye;s;i; ptSi 400/700 600 475 0.05 8% NR
63
E’F?é‘lt;; g:lac') PtSi 400/600 360 250 001 5% 107
erne) _
(Tﬁzg;') etal. PtSi 120/700 180 170 060012 NR NR
59 H
Thomas etal.™  Stainless 350/650 1,100 150 035 2% NR
(sol-gel) steel
Kamalasanan .
et al % Stainless 500/700 600 131 0.022 3% 107

(sol-gel)

steel

1.2.5 Chemical Vapor Deposition

CVD techniques present a unique opportunity in the fabrication of complex oxide
thin films. The umbrella of CVD includes many techniques and modifications,
such as MOCVD, plasma-enhanced atmospheric-pressure laser CVD, and ALD,
among others. Various mechanisms can be employed for CVD, but mostly they
involve a target species incorporated into a ligand structure that allows for
conversion into vapor phase. Upon transport to a substrate, chemical reactions by
pyrolysis or other means strip the ligand from the target species and allow for
diffusion and nucleation on the substrate surface. Although there are many
variations of CVD methods, overall it has shown the potential for the high degree
of uniformity over large deposition areas sought out in other industrial techniques
such as sputter deposition and CSD, but has also shown a high degree of
structural, compositional, and thickness control without the use of the ultrahigh-
vacuum environments of MBE or the limitations of PLD techniques. Although
MBE and PLD are still largely unmatched in their respective advantages, CVD
brings a scalable precision technique in the deposition of complex oxide thin
films. For this reason, CVD has attracted much attention for fundamental as well
as industrial applications.”?"°
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MOCVD further improves upon this technique by incorporating metalorganic
precursors, many of which are less toxic, more stable, and can be easily converted
to vapor phase at notably lower temperatures than their traditional CVD
counterparts.” The lower evaporation and processing temperatures provide lower
operational costs and equipment restrictions than other precision deposition
techniques. Although MOCVD research has reported various high-quality thin
film achievements, the variations in reactor and precursor deliver technology are
staggering, all of which play a significant role in the optimization conditions of
complex oxide thin film production.”® Because of this, reactor design and
precursor supply for the development of MOCVD systems depend heavily on
flow modeling and optimization efforts.”"-8!

Another challenge is that precursor delivery control methods such as liquid
injection and aerosol delivery require elaborate calibration and high-cost precision
equipment. The US Army Research Laboratory’s (ARL’s) Gen 2 MOCVD
system circumvents this with its unique in situ ultraviolet (UV) spectroscopy
monitor, which grants precision control of precursor flow while still allowing for
conventional bubbler sublimation delivery of precursor materials and is a more-
cost-effective and less-complex system design. Despite the associated challenges,
MOCVD remains a promising technique for the development of frequency- and
phase-agile device components such as STO. A selection of some of the
achievements in STO thin film production by MOCVD are presented in Table 6.

Table 6 Selection of available dielectric property data of STO thin films produced by CVD
techniques. Unless otherwise noted, relative permittivity, €, dielectric loss, tand, and
tunability data for all sources were collected at room temperature, 100 kHz.

Reference Processing Thickness . Leakage
; Substrate temperature € tand Tunability current
(technique) °C) (nm) (Alem?)
Funakubo et al.82
(VD) PtMgO 800 600 220 0.01 NR NR
H 83
'(-P'aE”,\?IgCa\'/'D) YBCO/LAO 750 150 315 NR 5% 10
Yamaguchi
et al 84 PYTaO/Si 600 100 210 0.01 NR 107
(MOCVD)
85
(C,\*/‘l%f:t\j"[')) PYSIO/Si 550 50 150 NR NR 107
H 86
(C"I\;I'('j'gtva[')') PtSi 700 320 131 0.02 NR 107
Kang et al.& ) 220 0.0025 16% 4
(MOCVD) PtSi 650 30 (10kHz) (10kHz) (10 kHz) 10
(L:euejt)a" Rgg‘ﬁgs/ 700 20 108 0.07 11% 107

Note: PEMOCVD = plasma-enhanced metalorganic chemical vapor deposition.

Approved for public release; distribution is unlimited.

10



2. STO Optimization Studies for ARL’s MOCVD System

ARL’s MOCVD system, developed as a technology transfer collaboration with
the California Institute of Technology and referred to here as the Gen 2 system, is
currently in development. Recently, stoichiometric STO thin films were achieved
using this system for the first time with the aid of hardware and process
modifications to protect the sample from precursor contaminants. Although the
interface and film quality was notably improved, inhomogeneity across the
substrate surface persisted, particularly at the sample edges. Optical and SEM
cross-sectional comparisons of STO films fabricated before and after hardware
modifications are presented in Fig. 1. After observation of the persistent edge
effects on as-deposited STO films that were grown after modifying the hardware,
the attention of the researchers was directed to investigating the growth conditions
that might be governing the observed phenomenon and to reduce the film
inhomogeneity as much as possible.

(@) (b)

=

500 nm Si02

Fig. 1  Film surface (top) and scanning electron microscopy (SEM) cross-sectional images
(bottom) of STO films fabricated by ARL’s Gen 2 MOCVD system a) before and b) after
hardware and process modifications were made. Visual inhomogeneity in 1b was confirmed
to be of varying thickness.
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2.1 Carrier Gas Flow Optimization

Prior to the modification of hardware components to the Gen 2 system, it was
proposed that in the presence of the large number of variables involved in film
deposition by MOCVD technique it was possible that deposition conditions were
contributing to the inhomogeneity of film thickness over the sample surface. In
developing the original Gen 1 system at the California Institute of Technology, a
great deal of effort was dedicated to modeling the required flow and deposition
process that would allow for laminar gas flow and produce uniform deposition
across the sample. However, design changes in the Gen 2 system (in particular the
size of the showerhead and the structure of the sample heating element) could
have impacted the deposition process significantly.””#%% Wwith an ambiguity in
the effects of total flow on the uniformity of as-deposited films, empirical
investigations were conducted to study the effects of total gas flow rates on
resulting film uniformity. The flow of argon (Ar) gas is used to carry a flow of
precursor species through the bubblers and into the growth chamber, as well as
additional gas flow that is added to keep a constant total gas flow. As-deposited
samples were grown using total Ar gas flow rates of 6,000 to approximately 3,700
standard cubic centimeters per minute (sccm) and compared for compositional
and microstructural homogeneity using cross-sectional optical microscopy,
scanning electron microscopy (SEM), and atomic force microscopy (AFM).

2.2 Deposition Conditions

STO thin films deposited during carrier gas flow and flow rate studies are
compared to optimize the process conditions with respect to the quality of thin
films produced by the Gen 2 system. Deposition of the STO thin films on
commercially available platinized silicon substrates, Pt(150 nm)/Ti(50
nm)/SiO>/Si (abbreviated as PtSi), were conducted with a susceptor temperature
of 620 °C and reactor pressure of 15 Torr for 60-120 min. The walls and
precursor gas supply lines were maintained near 250 °C to prevent condensates.
Solid-state B-Diketonate complex precursors Bis(2,2,6,6-tetramethyl-3,5-
heptanedionato), purchased from Strem, and Titanium(1V)
diisopropoxidebis(2,2,6,6-tetramethyl-3,5-heptanedionate),  purchased  from
Sigma-Alrich, were used in all depositions. The Sr precursor temperature for
sublimation was approximately 275 °C while the Ti precursor sublimation
temperature setting was 105 °C. Individual precursor mass flow was controlled by
the in situ UV spectrometer feedback loop system. A constant precursor mass
flow of 15, 32, 40, 60 and 80 umoles/min was used for depositions, with a mole
ratio of 95% Sr/5% Ti and Ar carrier gas flow rates ranging from 3,700-6,000
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sccm, and is discussed in the following sections. A shroud flow to promote
laminar flow and prevent recirculation of 5,000 sccm was used, along with a
supplemented oxygen (O2) flow of 1,000 sccm to mitigate O2 vacancies and
nonstoichiometry. Prior to sample loading and deposition, the reactor and
precursor supply lines were baked at 250 °C for at least 4 h with a total Ar carrier
gas flow of 5,000 sccm to remove precursor condensates from the gas lines and
showerhead.

3. Carrier Gas Flow Optimization Results

For optimization of laminar gas flow through the reactor, 2 factors must be
investigated, total mass flow of precursor species and total gas flow through the
showerhead. The total mass flow does not directly correlate to the precursor gas
flow because the performance of any given load of precursors can decrease with
each successive deposition. For the research conducted in this report, both Sr and
Ti precursors were reloaded after 2 depositions, but it has been noted by the
researchers that the precursors could be further depleted in between loads to
maximize cost efficiency. In particular, the Ti precursor showed only a small
decrease in performance, and it was extrapolated that it might be used in 4-5
depositions before reloading. With each successive deposition using a given load
of precursors, a higher carrier gas flow rate of Ar is needed through the bubbler to
achieve the same mass flow rate due to the decrease in yield from the used
precursor material.

Samples that were deposited at a constant rate of 6,000 sccm had prominent
inhomogeneous thickness edge effects, as can be seen in Fig. 1b. When the total
gas flow was decreased in samples grown with a total gas flow in the range of
3,700-5,100 sccm, the observed edge effects were greatly reduced, as can be seen
in Fig. 2. This effect suggests closer approximation to the laminar flow at lower
gas flow rates, which results in a more uniform deposition of the thin film.
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Fig.2  Example surface of an as-deposited STO film grown on PtSi substrate at a flow
rate of 3,700 sccm

4. STO Deposition Rate Study

STO films were grown on PtSi substrates at various mass flow and total gas flow
rates to study the resulting film growth rates. Films were grown at mass flow rates
of 15, 32, 40, 60, and 80 pmole/min at 620 °C and a 15-Torr pressure. The
resulting film thicknesses were measured by cross-sectional SEM, and these data
were used to determine the deposition rates with respect to the various precursor
mass flow rates employed. Characterization by AFM, X-ray diffraction (XRD),
and energy dispersive spectroscopy (EDS) was also performed to gain
information on the film surface, composition, and structural quality of
as-deposited SrTiO3z samples.

The thicknesses of as-deposited STO thin films grown on PtSi substrates were
compared using data from cross-sectional SEM micrographs. The calculated
growth rates are shown in Fig. 3.
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Fig.3  Calculated growth rates of STO thin films grown on PtSi substrates at various
precursor mass flow rates

The data presented in Fig. 3 combine experimental results obtained for various
gas flow rates. It indicates that the deposition rate in the process is a result of a
combination of factors such as the total mass flow rate and total gas flow rate. The
significantly higher deposition rate at a total mass flow rate of 80 umole/min is a
result of both a higher total mass flow rate and a much lower total gas flow rate.

5. Results and Discussion

5.1 X-ray Diffraction

Glancing-angle XRD measurements were performed on all as-deposited STO thin
films as well as the PtSi wafer. The data are collected in Fig. 4.
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Fig.4  Glancing-angle XRD data for as-deposited STO thin films. It is expected that the
(111) and (200) STO peaks are overlapping with the respective (111) and (200) Pt peaks.
Si+BE is an abbreviation for PtSi. Omega = 0.75°.

The 2-Theta scan data suggest that there is a notable (110) peak for STO.
Although it cannot be confirmed by these data, it is expected that the (111) and
(200) STO peaks overlap with the respective (111) and (200) peaks from the
platinum in the bottom electrode. Further studies will be performed on various
substrates to confirm. No secondary phases were observed, suggesting that the
stoichiometric accuracy of the as-deposited STO thin films. EDS measurements
were also performed for confirmation of the film stoichiometry.

5.2 Energy Dispersive Spectroscopy

EDS measurements were conducted on cross sections of all as-deposited thin
films. The results demonstrated that the ratio of Sr to Ti was much nearer to the
desired 1:1 ratio of SrTiOs than films grown on PtSi prior to the hardware
modification and process optimization. A selected sample prior to the research
conducted in this report was selected for EDS measurement and an atomic ratio
for Sr:Ti of 1.92:1 was observed. Since the adhesion layer of Ti is present in the
bottom electrode of the sample, the deviation from the optimal ratio of Sr:Ti is
expected to be larger than what was measured, which suggests that the
as-deposited film was not stoichiometric SrTiOs. Measurements of chemical
compositions on samples grown after the aforementioned modifications contained
an average Sr:Ti ratio of 0.7:1. Given the presence of Ti in the bottom electrode
(BE), this result suggests a ratio that is notably nearer to the desired 1:1 ratio than
previously grown samples.
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5.3 Structural and Surface Characterization

To determine the film quality in relation to the deposition growth rate, 3
as-deposited STO thin films were selected for structural and surface quality
measurements by cross-sectional SEM and AFM, respectively. Selected samples
were deposited at growth rates of 0.48, 1.56, and 2.91 nm/min. The data are
presented in Fig. 5.

Ra=104nm .

Fig.5 SEM and AFM surface characterization data for a) 0.48-, b) 1.56-, and
¢) 2.91-nm/min growth rate samples. Average surface roughness (Ra) is also presented.

All 3 as-deposited samples showed dense, well-crystallized film microstructure as
well as excellent delineation between STO film and the Pt BE. The selected
samples were observed to contain a polycrystalline microstructure. It was
observed that the STO thin films grown at the highest and lowest growth rates
(0.48 and 2.91 nm/min, respectively) had much higher Ra values of 10.1 and
8.09 nm, respectively. The sample grown with a deposition rate of 1.56 nm/min
under otherwise similar conditions yielded a well-developed surface with an
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average surface roughness value of 5.95 nm. This sample was down-selected to
perform dielectric property measurements to avoid dielectric losses associated
with high surface roughness of the sample and, hence, losses due to a poor quality
of a top electrode/sample surface contact.

5.4 Electrical Characterization

Preliminary dielectric response measurements (dielectric constant, loss tangent,
and tunability) as a function of frequency and applied field were performed on
STO thin film grown on PtSi substrate, which was deposited at 620 °C at a
growth pressure of 15 Torr for 60 min at a total precursor mass flow rate of
60 pumole/min. The sample was annealed at 750 °C for 60 min in an O. gas
environment, and circular Pt top electrodes of approximately 200-p diameter and
100-nm thickness were then deposited on the STO film surface. The data are
presented in Fig. 6.
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Fig.6  a) Frequency dependence of dielectric loss and permittivity and b) tunability as a
function of applied electric field

It is seen in Fig. 6 that no appreciable dispersion in the dielectric constant value
was measured in the frequency range of 10-100 kHz. At 100 kHz, permittivity
was 198 and dielectric loss was measured to be approximately 1%. Tunability
increased almost symmetrically with negative and positive applied fields, and a
maximum tunability of 20.85% was obtained with an applied field of
638.3 kV/cm.
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6. Summary and Conclusions

Investigations were made in attempts to improve the compositional and structural
quality of STO films as grown by the Gen 2 MOCVD system, as well as the
homogeneity over the sample area. In all of the aforementioned aspects, sample
quality was notably improved by modifications to both the hardware and growth
parameters. Because of the many variables involved in the MOCVD process,
spanning hardware, user software, and controllable growth parameters, there is
still a notable element of irreproducibility in the STO films grown by the Gen 2
system. In the future, many more investigations must be conducted into the role of
each of the controllable growth parameters as well as elements such as the
precursor performance with respect to temperature, with the goal of optimization
and stabilization across depositions. A study will be conducted to further
investigate the variation and common elements of simultaneous film growth of
STO on various single-crystal substrates such as MgO, Al,Os, and LaAlO:s.
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MOSD
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PEMOCVD
PLD
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PtSi

Ra
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Si

atomic force microscopy

atomic layer deposition

argon
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gold

PtSi

chemical solution deposition

chemical vapor deposition

energy dispersive spectroscopy
lanthanum aluminate (LaAlO3)
lanthanum strontium manganite (LaxSr1-xMnQO3)
molecular beam epitaxy

magnesium oxide

metalorganic chemical vapor deposition
metalorganic solution deposition
oxygen

plasma-enhanced metalorganic chemical vapor deposition
pulsed laser deposition

platinum

platinized silicon (Pt/Ti/SiO2/Si)
average surface roughness

radio frequency

standard cubic centimeters per minute
scanning electron microscopy
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XRD
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