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Amorphous (LgAl;_,),05(0.61=x=<0.73) films have been deposited by sputtering in a partially
reactive atmosphere. The average dielectric constant of the as-deposited films was 13.4 and 12.5
following annealing at 700 °C for 60 min inJ\ both values were much lower than the single crystal
values ~24 and 28 for LaAlQ and LaO;, respectively. Leakage current densities were
~10"8 Acm™2 for an applied field of 1 MV cm? for film thicknesses-75 nm. Fourier transform
infrared spectroscopy reveals transverse optic mode peaks at 723 and Zb@nthtorresponding
longitudinal optic modes at 821 and 509 ¢mThe density of the amorphous phase is estimated to

be ~0.9 times the crystalline density. @003 American Institute of Physics.
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I. INTRODUCTION which have acceptable dielectric constants, adequate band

gaps. and band offsesare LaAlIQ; (k~24) and LaOs (k
A variety of criteria must be satisfied when choosing an~28). Furthermore, both are predictetb be thermody-

alternative dielectric to replace Siih memory cell applica- namically compatible with Si. Note, however, that,0g is

tions or as gate oxides in metal—oxide—semiconductor fieldmoisture sensitive so it may not be suitable in a microelec-

effect transistorésMOSFETS. The extent of the criteria, such tronics processing environment. In the work reported here,

as band offset,thermodynamic stability with the silicon the author has begun a study of the electrical and physical

substraté, dielectric/Si interface quality, etc., is unquestion- properties of (LgAl;_,),05 (x=0.61) deposited by sputter-

ably the reason why dielectrics with a modest permittivitying of an LaAlG; target in a partially reactive atmosphere.

~12 have emerged as medium term candidatesessence,

the solution adopted appears to be one of using a silicate

base in which a high dielectric constant material is diluted !l EXPERIMENT

for example HfQ (k~22) in SiQ, (k~3.9). The presence of n- or p-type Si(100) 3—5 ohm cm resistivity wafers were
the SiQ intuitively improves the compatibility of the dielec- st rinsed in HE acid then blown dry. Thin (l&l;_,),0s
tric with the Si substrate and, furthermore, renders the resultjims were deposited at room temperature by sputtering from
ant ternary oxide amorphous up to a very high temperaturg nolycrystalline LaAlQ target using a 13.56 MHz radio
which is a desirable feature since grain-boundary leakaggequency(rf) sputtering sourcéTORUS 2 with an Ar/O,
currents frequently arise in polycrystalline films. Nitridation gas mixture. The chamber pressure was 10 mTorr and the gas
of the silicate films (H{Si,O,.N,) further stabilizes the flow rates were 75 sccm for Ar and 5 sccm fop.OThe
amorphous phaS@nd improves the resistance to B diffusion typical rf power was 80 W. Assistance in exciting the plasma
which is important if B-doped Si is used in the gate elec-and increasing its density was provided via a six-antenna
trode, for example. microwave excited electron cyclotron resonance structure;
The Hf silicate solution will Undoubtedly resolve the here, the frequency was 2.45 GHz and the power typ|ca||y
need of technology for an alternative MOSFET gate dielec400 w. Finally, the substrate holder and sample were biased
tric for a limited number of generations of devices. In theusing a 13.56 MHz rf source; a power of 40 W resulted in a
longer term, a higher dielectric constant materisay k  substrate potential of 90 V. This bias was used to provide
~22) may be desirable. As a general rtilthe dielectric  some ion assisted deposition of the film and so densifies it.
constant is inversely proportional to the electronic band gander these conditions, (LAl;_,),0; films were obtained
so that band offset effects become significant and many higiith 0.61<x=<0.73 as determined by x-ray photoelectron
dielectric constant materials must be excluded because thgectroscopyXP9 profiling. The rate of deposition of the
barrier height to carrier injection from the Si conduction/ fiim was typically 1.4 nmmin®. Typical film thicknesses
valence bands to the insulator conduction/valence bands igere between 70 nm and 100 nm. A second set of samples
too small. TaOs is an excellent exampleTwo materials  whose stoichiometry was not ascertained was produced by
electron-beante-beam evaporation using bulk LaAl9Qwa-
Author to whom correspondence should be addressed; electronic maif€'S @s the evaporation source. The base pressure in the
devine@chtm.unm.edu chamber was 1010 ®Torr and, during evaporation, an
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oxygen pressure of 13010~ * Torr was used. The film thick- 1.2410° 1
ness and refractive indef) for all films were determined !
using single wavelengtk632.8 nm ellipsometry; the film 1odc*k (a)

thickness was also confirmed by measurement of the Kissig
fringes obtained using small angle x-ray reflectivity. Metal—
oxide—semiconductor capacitor structures were manufac-
tured using a shadow mask to define Al dots produced by
thermal evaporation. The back face of the wafers was also
metallized to ensure electrical contact. Capacitance—voltage -
(C-V) curves were measured at a frequency of 100 kHz
using a Keithley 590 system. The same system was used tc
measure leakage current dengidy as a function of applied

8010° T

Capacitance(pF)
s o
£ X
D S

voltage (V). Prior to electrode deposition, wafers were 200°[

cleaved and some samples were subjected to an anneal ¢

700 °C for between 10 and 60 min in,NA set of samples oob——
without Al dots or back face metallization was used for the 6 4 2 0 2 4
x-ray reflectivity studies and for Fourier transform infrared Gate to Substrate Voltage, V;,(V)

(FTIR) absorption measurements, some of these samples
were annealed up to 900 °C in,Nor 30 min.

(b)

IIl. RESULTS

The primary objective of the experiments reported here 108t
was not to study in any detail the e-beam evaporated mate
rial, but to use it as a reference. Other authors have studiecc
the properties of e-beam evaporated LaAfilms ® and their
films were found to be amorphous even after annealing at:
700°C for 10 min in N. The C-V and current—voltage
(I-V) data reported indicated dielectric constant®4 and
current densities of the order of 10A cm™2 for an electric
field ~1 MV cm ™t in annealed samples. These data were not a3
reproducible in the e-beam evaporated material. Although
current densities- 10~ ° Acm™2 were observed for an elec-
tric field of =1 MV cm™! in unannealed 80 nm thick
samples, 700 °C anneals for 10 min in beverely degraded
thel -V characteristic. Furthermore, unannealed samples re- P
vealed dielectric constants of onty7.5 and refractive indi- Electric FieldMVcem )
ces of 1.632 at 632.8 nm; following ?‘””ea"”g’.the dIeIeCmCFIG. 1. (@) C-V curve measured at 100 kHz in a sputter deposited sample
constant rose to-11 and the refractive index increased to annealed at 700 °C for 30 min in,N (b) Current density as a function of
1.68. The author has no explanation for the discrepancy bewpplied electric field measured on the same sample.
tween these data and the previous authdrs’.

In Fig. 1, we show typicalC—V and current density—
electric field J—E) data for (LgAl,_,),05 samples depos- —0.9 V so that, in the absence of interface state and trapped
ited by sputtering then annealed for 30 min ip & 700°C, oxide charge effects, we would expect a flat-band voltage of
the substrate wag type. E is simply assumed to be the this magnitud€. The C—V curve shown in Fig. 1 is consis-
applied voltage divided by the film thickness. The film thick- tent with a flat-band voltage in thel to —2 V region sug-
ness for this example was 75.4 nm as determined ellipsagesting that trapped charge and interface state effects are not
metrically. From XPS measurements, we determined dramatic. Repeated cycling of thé—V curve evidenced
~0.61. Prior to annealing, we obtained an average dielectritittle or no hysteresis at first sight. However, bias stressing
constant of~11 and a refractive index of 1.77 while these followed by rapidC—V measurement indicated the possible
values changed to 12.5 and 1.82, respectively, following anpresence of mobile, positive charges in both the as-deposited
nealing at 700 °C in Mfor 60 min. For other samples with and annealed films. These measurements will not be ad-
x=0.73, we obtainek~13.4 (n~1.75) before anneal and dressed here since we are primarily concerned with measure-
k~12.5(n~1.78) following 60 min in N at 700°C. We ments of the dielectric constant.
were unable to obtain samples having a dielectric constant In Fig. 2, we show the results of FTIR absorption spec-
exceeding 13.4. troscopy measurements on annealed sputtered films. The

Assuming an Al electrode and a substrate with the dopsamples studied were cleaved from the same wafers as used
ing level ~10%ionscnm® as we have used, the metal/ for the C—V andJ-V measurements. The absorption spec-
semiconductor work function difference is approximatelytrum observed for an unannealed film is identical to that

(Acm
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FIG. 2. FTIR spectra in samples of (l&;_,),0; obtained by sputtering  FIG. 3. Normal incidence FTIR spectra for a (4, _,),05; sample depos-
then annealing at 700 °C for 30 min in,NThe solid line corresponds to the ited by sputtering then annealed at 700 °C for 30 min jn(dashed lingor
normal incidence spectrufO mode$, the dashed line is the combined TO 900 °C for 30 min in N (solid ling). In the latter case, one observes a strong
and LO mode spectrum obtained at an angle of incidence of 65° and thpeak around 912 cnt which may be due to Si—-O-Llinkages and a peak
dotted line is the LO mode spectrum obtained by subtracting the TO specaround 1050 cm! due to Si—-O—-Slinkages. There has clearly been a reac-
trum from the mixed mode spectrum. tion between the deposited film and the Si substrate.

found for the 700 °C annealed film consistent with the ﬁImWIth th? film. Th'? 'S not antICIpated_on the basis of thermo-
dynamic calculations of phase stabifity.

being amorphous even after annealing at that temperature:
One curve corresponds to the normal incidence beam spec-

trum while another corresponds to the spectrum observed fQty pISCUSSION

an angle of incidence of 65°. Under non-normal incidence

conditions both transverse opitO) and longitudinal optic In Fig. 4, we schematically show the dielectric constant
(LO) vibrational modes are excited in the fiftWe note that ~ as a function ok in (La,Al; ),03 compounds. We include

no absorption is seen in the region of 1050-1100tinthe @ point for PsO5; which is characteristic of most of the lan-
normal incidence spectrum or at 1250 thin the 65° inci-  thanide sesquioxides, i.ek~14. The x values for the
dence spectrum. Since this is the “classical’ region forSamples we have prepared would suggest that they should
strong vibrational modes in SiQwe can conclude that there have dielectric constants lying somewhere between the
is a negligible amount of SiOpresent in the structure—in known LaAlO; and LgO; values. It would appear that the
particular, at the (L@Al,_,),05/Si substrate interface. We data we have obtained in fact lies reasonably on an interpo-
can, therefore, reasonably suggest that the low dielectric cof@tion between AlO; and PsO; while the crystalline phase
stant we have measured in the amorphousAla ,),0; lanthanide values (LaAlp and Lg0O;) are significantly
films does not result from the presence of an interfacial, SiO

film which would reduce the overall dielectric constant. Con-

sequently, the low dielectric constant is intrinsic to the nature g [ La,04
of the deposited amorphous film. Also shown in Fig. 2is the . f LaAIO, o
curve resulting from the subtraction of the normal incidence oal o

data from the 65° incidence spectrum. The spectrum is in-
dicative of the pure LO modes and this allows one to ascer- & 22
tain that the amorphous film peaks occur at approximately @ 20} PO
821 and 509 cm®. The pure TO mode peaks occur at 723 18| Fre

ctric co

and 400 cm?, respectively, although little precision can be 16F

attributed to the latter value since the complete peak shapeg 14[ o
with its maximum is not resolved. In Fig. 3, we show the @ 12[ Al20s o

normal incidence FTIR spectrum for a sputtered film an- 1wl o] ]

nealed for 30 min in N at 900 °C. We include the 700 °C L ©

annealed spectrum for comparison. The higher-temperature e ., L
annealing has clearly transformed the film and an intense 0.0 0.2 0.4 0.6 08 1.0
peak centered upon 912 cthhas appeared. This peak posi- x (Aly,La,),05

tion is rather similar to that observéih the annealing of FIG. 4. Aolot of the dielect ant functionf o d
La,O; films on Si which is attributed to O vibrations in | > £ POt 01 € AIFIECHIC consiamt as & Lnchioral amorpnous an
crystalline (LgAl; _,),03; compounds, the value for f; is included since

Si—O—LaIinkages. It CI?arly SqueStS _that 909 °C annea"r_]gt is typical of most lanthanide sesquioxides.,0g is unusually large due
of (La,Al;_,),03 on Si results in an interaction of the Si primarily to larger molar polarizability.
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higher. We must, therefore, address the issue of the discrept.a, ,Al, ,7),03 being~90% of the crystalline phase value
ancy in dielectric constants between the deposited amofor LaAlO; or La,O5. Interestingly, if one uses a similar
phous materials and crystalline forms. analysis for the case of amorphous and crystallingO4\

In order to give further credibility to the values of a then one also concludes th@dmorpt/ Perystatting™ 0.9
dielectric constant that we have measured, we can appeal to  One may also take into consideration the refractive index
the infrared absorption data. The lowk(0)] and high-  measurements using the well-known Lorentz—Lorenz equa-
[k(0)] frequency dielectric constants are related to the TGjon:
and LO vibrational frequencies through the Lyddane—Sachs—
Teller relationshid® When various modes of vibration are

present, this may be writteh: (n*=1)/(n*+2)=(4m/3) aopi/Vin, )
k(0)/k()=T1w?LO/w{TO, 1)

where the product is over all vibrational modes. We as-  wherea,y is the optical frequency molecular polarizability.
sume that the high-frequency dielectric constant is given byAssuming the measured value of the refractive index for our
k() =n?, wheren is the refractive index. For the crystalline films is typically ~1.8 following annealing, then we deduce
phase of LaAlQ, the TO and LO vibrational mode frequen- Pamorph! Perystating0-87 using the knowh refractive index
cies have been calculatédand, using the refractive index for LaAlO; and an extrapolated valtle~2.0 for La,O;.
value”® of 2.04 in Eq.(1), we ascertairk(0)=29 which is  This is sufficiently close to the value of the ratio determined
close to the measured vafde-24. If we use the TO and LO  from dielectric constant measurements given herein to give
vibrational frequencies, we have measured for the amorstrong support to the hypothesis that amorphous
phous (LgAl;_),0;3 films together with the refractive in- (LaAl,_,),05 with x>0.5 is approximately 10% less dense
dex measured at 632.8 nm, we dedud®)=6.92. This than its crystalline counterpart.
value is significantly lower than the value we have measured  Several interesting scientific issues arise related to the
of 13.4, but it has the merit that it is closer to the experimennetwork structure of amorphous (l&l;_,),0; and the
tal amorphous dielectric constant than that expected for cryssmorphous-to-crystalline phase transformation. In e-beam
talline materiallassuming that for the samples we have Stud-evaporated material we have found, as have other au‘ihors,
ied with x=0.61, the dielectric constant of a crystalline that the amorphous phase is stable even after 700 °C anneal-
material would lie between LaAlQand LgO; values. Itis  ing. Similarly, the rf sputtered material we have studied here
also possible that there are vibrational modes and splitting&as also stable to high-temperature anneals. rf sputtered
that we have not included in the calculation based upon EqLaAl, _,),0, deposited on substrates heated to 850 °C was
(1) (for frequencies less than 400 ¢ and this needs to be also found to remain amorphous if the, ressure in the
further explored using an FTIR capable of measuring ateactor was maintained higher thar0.1 mTorr It is clear
lower wave numbers. from these results that the amorphous phase is very stable.

The experimental value of k(0)=13.4 for Nuclear magnetic resonance measurenténtson
(Lag.74Alg.27) 2,05 remains, then, becomes considerably lower(La,Al, _,),05 have evidenced the presence of A|QAOg,
than the crystalline values of 24 for LaAlOor 28 for  and AlO; network units in numbers which depend upon both
La,O5. Could one explanation be that the deposited films arghe relative concentrations of Al and La and the annealing
porous? We note first that ion beam assistaiseenple bias  temperature. In the amorphous stoichiometric (LadlO
was used during deposition and, that secondly, the effects ghhase, it is found that substantial numbers of Akructures
annealing on the dielectric constant were rather small sugare present even at temperatures as high as 600 °C. One is
gesting that the film had reached some limiting dielectricthen tempted to ask whether the amorphous stability is re-
constant value. Independent confirmation of the correct valugated to this unusual bonding. Similar structures are found in
is required. the results of calculatioh®of the network in A,O3, where

In the simplest interpretation of the dielectric constant, itjt is suggested that the lower density of the amorphous net-
may be determined through the Clausius Mossottiwork (as compared to the crystalline phaseay in part re-
equation:’ sult from the presence of nominally undercoordinated Al's.

_ _ In consequence, we suggest that the lower density of the

(k=1)/(k+2)=(4ml3)alVm, @ amorphous (L&Al,_,),0; samples studied here as com-
whereV,, is the molecular volume and the molecular po- pared to the crystalline phases LaAlénd LgO; is due to a
larizability. For the crystalline phases, we obtailV,,  network coordination effect rather than, for example, the
=0.21 for LaAlO; and «@/V,,=0.215 Lga0O; while for the  presence of porosity which might also be invoked in explain-
amorphous phase of (LasAlg 7,05, using ourk value, we  ing reduced network density. This coordination effect may be
obtain «/V,,=0.19. If we make the simplified assumption due in part to the nonstoichiometry of our filrfise., neither
that the molar polarizability does not change with densityLaAlO; nor La,03). It is clearly possible that stoichiometric
between the crystalline and amorphous phases, then we cahases would have better atomic packing leading to higher
very approximately conclude from the ratio of théV,, val-  densities as in the case, for example, of most of the,SiO
ues that the ratio of the densitig®,morpt Pcrystaiing~0-9. In - crystalline polymorphs when compared with amorphous
simple terms, our experimental dielectric constant is consisSiO,. Measurements to confirm the coordination in the thin
tent with the density of the amorphous phase offilms would be valuable.
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