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Infrared and electrical properties of amorphous sputtered
„LaxAl1Àx…2O3 films
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Base, New Mexico 87117 and Center for High Technology Materials, University of New Mexico, 1313
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Amorphous (LaxAl12x)2O3 (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 in N2 ; both values were much lower than the single crystal
values ;24 and 28 for LaAlO3 and La2O3, respectively. Leakage current densities were
;1028 A cm22 for an applied field of 1 MV cm21 for film thicknesses;75 nm. Fourier transform
infrared spectroscopy reveals transverse optic mode peaks at 723 and 400 cm21 and corresponding
longitudinal optic modes at 821 and 509 cm21. The density of the amorphous phase is estimated to
be ;0.9 times the crystalline density. ©2003 American Institute of Physics.
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I. INTRODUCTION

A variety of criteria must be satisfied when choosing
alternative dielectric to replace SiO2 in memory cell applica-
tions or as gate oxides in metal–oxide–semiconductor fi
effect transistors~MOSFETs!. The extent of the criteria, suc
as band offsets,1 thermodynamic stability with the silicon
substrate,2 dielectric/Si interface quality, etc., is unquestio
ably the reason why dielectrics with a modest permittiv
;12 have emerged as medium term candidates.3 In essence,
the solution adopted appears to be one of using a sili
base in which a high dielectric constant material is dilut
for example HfO2 (k;22) in SiO2 (k;3.9). The presence o
the SiO2 intuitively improves the compatibility of the dielec
tric with the Si substrate and, furthermore, renders the res
ant ternary oxide amorphous up to a very high tempera
which is a desirable feature since grain-boundary leak
currents frequently arise in polycrystalline films. Nitridatio
of the silicate films (HfxSiyO22zNz) further stabilizes the
amorphous phase4 and improves the resistance to B diffusio
which is important if B-doped Si is used in the gate ele
trode, for example.

The Hf silicate solution will undoubtedly resolve th
need of technology for an alternative MOSFET gate diel
tric for a limited number of generations of devices. In t
longer term, a higher dielectric constant material~say k
;22) may be desirable. As a general rule,1 the dielectric
constant is inversely proportional to the electronic band
so that band offset effects become significant and many h
dielectric constant materials must be excluded because
barrier height to carrier injection from the Si conductio
valence bands to the insulator conduction/valence band
too small. Ta2O5 is an excellent example.1 Two materials

a!Author to whom correspondence should be addressed; electronic
devine@chtm.unm.edu
9930021-8979/2003/93(12)/9938/5/$20.00
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which have acceptable dielectric constants, adequate b
gaps,5 and band offsets1 are LaAlO3 (k;24) and La2O3 (k
;28). Furthermore, both are predicted2 to be thermody-
namically compatible with Si. Note, however, that La2O3 is
moisture sensitive so it may not be suitable in a microel
tronics processing environment. In the work reported he
the author has begun a study of the electrical and phys
properties of (LaxAl12x)2O3 (x>0.61) deposited by sputter
ing of an LaAlO3 target in a partially reactive atmosphere

II. EXPERIMENT

n- or p-type Si~100! 3–5 ohm cm resistivity wafers wer
first rinsed in HF acid then blown dry. Thin (LaxAl12x)2O3

films were deposited at room temperature by sputtering fr
a polycrystalline LaAlO3 target using a 13.56 MHz radio
frequency~rf! sputtering source~TORUS 2! with an Ar/O2

gas mixture. The chamber pressure was 10 mTorr and the
flow rates were 75 sccm for Ar and 5 sccm for O2 . The
typical rf power was 80 W. Assistance in exciting the plasm
and increasing its density was provided via a six-ante
microwave excited electron cyclotron resonance structu
here, the frequency was 2.45 GHz and the power typic
400 W. Finally, the substrate holder and sample were bia
using a 13.56 MHz rf source; a power of 40 W resulted in
substrate potential of290 V. This bias was used to provid
some ion assisted deposition of the film and so densifie
Under these conditions, (LaxAl12x)2O3 films were obtained
with 0.61<x<0.73 as determined by x-ray photoelectro
spectroscopy~XPS! profiling. The rate of deposition of the
film was typically 1.4 nm min21. Typical film thicknesses
were between 70 nm and 100 nm. A second set of sam
whose stoichiometry was not ascertained was produced
electron-beam~e-beam! evaporation using bulk LaAlO3 wa-
fers as the evaporation source. The base pressure in
chamber was 1.031026 Torr and, during evaporation, a
il:
8 © 2003 American Institute of Physics
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9939J. Appl. Phys., Vol. 93, No. 12, 15 June 2003 R. A. B. Devine
oxygen pressure of 1.031024 Torr was used. The film thick-
ness and refractive index~n! for all films were determined
using single wavelength~632.8 nm! ellipsometry; the film
thickness was also confirmed by measurement of the Ki
fringes obtained using small angle x-ray reflectivity. Meta
oxide–semiconductor capacitor structures were manu
tured using a shadow mask to define Al dots produced
thermal evaporation. The back face of the wafers was a
metallized to ensure electrical contact. Capacitance–vol
(C–V) curves were measured at a frequency of 100 k
using a Keithley 590 system. The same system was use
measure leakage current density~J! as a function of applied
voltage (V). Prior to electrode deposition, wafers we
cleaved and some samples were subjected to an anne
700 °C for between 10 and 60 min in N2 . A set of samples
without Al dots or back face metallization was used for t
x-ray reflectivity studies and for Fourier transform infrar
~FTIR! absorption measurements, some of these sam
were annealed up to 900 °C in N2 for 30 min.

III. RESULTS

The primary objective of the experiments reported h
was not to study in any detail the e-beam evaporated m
rial, but to use it as a reference. Other authors have stu
the properties of e-beam evaporated LaAlO3 films,6 and their
films were found to be amorphous even after annealing
700 °C for 10 min in N2 . The C–V and current–voltage
(I –V) data reported indicated dielectric constants;24 and
current densities of the order of 1025 A cm22 for an electric
field ;1 MV cm21 in annealed samples. These data were
reproducible in the e-beam evaporated material. Althou
current densities;1025 A cm22 were observed for an elec
tric field of 61 MV cm21 in unannealed 80 nm thick
samples, 700 °C anneals for 10 min in N2 severely degraded
the I –V characteristic. Furthermore, unannealed samples
vealed dielectric constants of only;7.5 and refractive indi-
ces of 1.632 at 632.8 nm; following annealing, the dielec
constant rose to;11 and the refractive index increased
1.68. The author has no explanation for the discrepancy
tween these data and the previous authors’.6

In Fig. 1, we show typicalC–V and current density–
electric field (J–E) data for (LaxAl12x)2O3 samples depos
ited by sputtering then annealed for 30 min in N2 at 700 °C,
the substrate wasp type. E is simply assumed to be th
applied voltage divided by the film thickness. The film thic
ness for this example was 75.4 nm as determined ellip
metrically. From XPS measurements, we determinedx
;0.61. Prior to annealing, we obtained an average dielec
constant of;11 and a refractive index of 1.77 while thes
values changed to 12.5 and 1.82, respectively, following
nealing at 700 °C in N2 for 60 min. For other samples with
x50.73, we obtainedk;13.4 (n;1.75) before anneal an
k;12.5 (n;1.78) following 60 min in N2 at 700 °C. We
were unable to obtain samples having a dielectric cons
exceeding 13.4.

Assuming an Al electrode and a substrate with the d
ing level ;1015 ions cm23 as we have used, the meta
semiconductor work function difference is approximate
Downloaded 06 Feb 2007 to 129.238.237.96. Redistribution subject to AI
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20.9 V so that, in the absence of interface state and trap
oxide charge effects, we would expect a flat-band voltage
this magnitude.7 The C–V curve shown in Fig. 1 is consis
tent with a flat-band voltage in the21 to 22 V region sug-
gesting that trapped charge and interface state effects ar
dramatic. Repeated cycling of theC–V curve evidenced
little or no hysteresis at first sight. However, bias stress
followed by rapidC–V measurement indicated the possib
presence of mobile, positive charges in both the as-depos
and annealed films. These measurements will not be
dressed here since we are primarily concerned with meas
ments of the dielectric constant.

In Fig. 2, we show the results of FTIR absorption spe
troscopy measurements on annealed sputtered films.
samples studied were cleaved from the same wafers as
for the C–V andJ–V measurements. The absorption spe
trum observed for an unannealed film is identical to th

FIG. 1. ~a! C–V curve measured at 100 kHz in a sputter deposited sam
annealed at 700 °C for 30 min in N2 . ~b! Current density as a function o
applied electric field measured on the same sample.
P license or copyright, see http://jap.aip.org/jap/copyright.jsp
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found for the 700 °C annealed film consistent with the fi
being amorphous even after annealing at that tempera
One curve corresponds to the normal incidence beam s
trum while another corresponds to the spectrum observed
an angle of incidence of 65°. Under non-normal inciden
conditions both transverse optic~TO! and longitudinal optic
~LO! vibrational modes are excited in the film.8 We note that
no absorption is seen in the region of 1050–1100 cm21 in the
normal incidence spectrum or at 1250 cm21 in the 65° inci-
dence spectrum. Since this is the ‘‘classical’’ region f
strong vibrational modes in SiO2 , we can conclude that ther
is a negligible amount of SiO2 present in the structure—in
particular, at the (LaxAl12x)2O3 /Si substrate interface. W
can, therefore, reasonably suggest that the low dielectric
stant we have measured in the amorphous (LaxAl12x)2O3

films does not result from the presence of an interfacial S2

film which would reduce the overall dielectric constant. Co
sequently, the low dielectric constant is intrinsic to the nat
of the deposited amorphous film. Also shown in Fig. 2 is
curve resulting from the subtraction of the normal inciden
data from the 65° incidence spectrum. The spectrum is
dicative of the pure LO modes and this allows one to asc
tain that the amorphous film peaks occur at approxima
821 and 509 cm21. The pure TO mode peaks occur at 7
and 400 cm21, respectively, although little precision can b
attributed to the latter value since the complete peak sh
with its maximum is not resolved. In Fig. 3, we show th
normal incidence FTIR spectrum for a sputtered film a
nealed for 30 min in N2 at 900 °C. We include the 700 °C
annealed spectrum for comparison. The higher-tempera
annealing has clearly transformed the film and an inte
peak centered upon 912 cm21 has appeared. This peak pos
tion is rather similar to that observed9 in the annealing of
La2O3 films on Si which is attributed to O vibrations i
Si–O–Lalinkages. It clearly suggests that 900 °C anneal
of (LaxAl12x)2O3 on Si results in an interaction of the S

FIG. 2. FTIR spectra in samples of (LaxAl12x)2O3 obtained by sputtering
then annealing at 700 °C for 30 min in N2 . The solid line corresponds to th
normal incidence spectrum~TO modes!, the dashed line is the combined T
and LO mode spectrum obtained at an angle of incidence of 65° and
dotted line is the LO mode spectrum obtained by subtracting the TO s
trum from the mixed mode spectrum.
Downloaded 06 Feb 2007 to 129.238.237.96. Redistribution subject to AI
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with the film. This is not anticipated on the basis of therm
dynamic calculations of phase stability.2

IV. DISCUSSION

In Fig. 4, we schematically show the dielectric consta
as a function ofx in (LaxAl12x)2O3 compounds. We include
a point for Pr2O3 which is characteristic of most of the lan
thanide sesquioxides, i.e.,k;14. The x values for the
samples we have prepared would suggest that they sh
have dielectric constants lying somewhere between
known LaAlO3 and La2O3 values. It would appear that th
data we have obtained in fact lies reasonably on an inte
lation between Al2O3 and Pr2O3 while the crystalline phase
lanthanide values (LaAlO3 and La2O3) are significantly

he
c-

FIG. 3. Normal incidence FTIR spectra for a (LaxAl12x)2O3 sample depos-
ited by sputtering then annealed at 700 °C for 30 min in N2 ~dashed line! or
900 °C for 30 min in N2 ~solid line!. In the latter case, one observes a stro
peak around 912 cm21 which may be due to Si–O–Lalinkages and a peak
around 1050 cm21 due to Si–O–Silinkages. There has clearly been a rea
tion between the deposited film and the Si substrate.

FIG. 4. A plot of the dielectric constant as a function ofx in amorphous and
crystalline (LaxAl12x)2O3 compounds, the value for Pr2O3 is included since
it is typical of most lanthanide sesquioxides. La2O3 is unusually large due
primarily to larger molar polarizability.
P license or copyright, see http://jap.aip.org/jap/copyright.jsp
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higher. We must, therefore, address the issue of the disc
ancy in dielectric constants between the deposited am
phous materials and crystalline forms.

In order to give further credibility to the values of
dielectric constant that we have measured, we can appe
the infrared absorption data. The low-@k(0)# and high-
@k(`)# frequency dielectric constants are related to the
and LO vibrational frequencies through the Lyddane–Sac
Teller relationship.10 When various modes of vibration ar
present, this may be written:11

k~0!/k~`!5Pv j
2LO/v j

2TO, ~1!

where the product is over all vibrational modesv j . We as-
sume that the high-frequency dielectric constant is given
k(`)5n2, wheren is the refractive index. For the crystallin
phase of LaAlO3 , the TO and LO vibrational mode frequen
cies have been calculated12 and, using the refractive inde
value13 of 2.04 in Eq.~1!, we ascertaink(0)529 which is
close to the measured value14 ;24. If we use the TO and LO
vibrational frequencies, we have measured for the am
phous (LaxAl12x)2O3 films together with the refractive in
dex measured at 632.8 nm, we deducek(0)56.92. This
value is significantly lower than the value we have measu
of 13.4, but it has the merit that it is closer to the experim
tal amorphous dielectric constant than that expected for c
talline material~assuming that for the samples we have st
ied with x>0.61, the dielectric constant of a crystallin
material would lie between LaAlO3 and La2O3 values!. It is
also possible that there are vibrational modes and splitt
that we have not included in the calculation based upon
~1! ~for frequencies less than 400 cm21! and this needs to be
further explored using an FTIR capable of measuring
lower wave numbers.

The experimental value of k(0)513.4 for
(La0.73Al0.27)2O3 remains, then, becomes considerably low
than the crystalline values of 24 for LaAlO3 or 28 for
La2O3. Could one explanation be that the deposited films
porous? We note first that ion beam assistance~sample bias!
was used during deposition and, that secondly, the effect
annealing on the dielectric constant were rather small s
gesting that the film had reached some limiting dielec
constant value. Independent confirmation of the correct va
is required.

In the simplest interpretation of the dielectric constant
may be determined through the Clausius Moss
equation:10

~k21!/~k12!5~4p/3!a/Vm , ~2!

whereVm is the molecular volume anda the molecular po-
larizability. For the crystalline phases, we obtaina/Vm

50.21 for LaAlO3 and a/Vm50.215 La2O3 while for the
amorphous phase of (La0.73Al0.27)2O3 , using ourk value, we
obtain a/Vm50.19. If we make the simplified assumptio
that the molar polarizability does not change with dens
between the crystalline and amorphous phases, then we
very approximately conclude from the ratio of thea/Vm val-
ues that the ratio of the densities,ramorph/rcrystalline;0.9. In
simple terms, our experimental dielectric constant is con
tent with the density of the amorphous phase
Downloaded 06 Feb 2007 to 129.238.237.96. Redistribution subject to AI
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(La0.73Al0.27)2O3 being;90% of the crystalline phase valu
for LaAlO3 or La2O3. Interestingly, if one uses a simila
analysis for the case of amorphous and crystalline Al2O3 ,
then one also concludes thatramorph/rcrystalline;0.9.

One may also take into consideration the refractive ind
measurements using the well-known Lorentz–Lorenz eq
tion:

~n221!/~n212!5~4p/3!aopt/Vm , ~3!

whereaopt is the optical frequency molecular polarizabilit
Assuming the measured value of the refractive index for
films is typically ;1.8 following annealing, then we deduc
ramorph/rcrystalline;0.87 using the known13 refractive index
for LaAlO3 and an extrapolated value15 ;2.0 for La2O3.
This is sufficiently close to the value of the ratio determin
from dielectric constant measurements given herein to g
strong support to the hypothesis that amorpho
(LaxAl12x)2O3 with x.0.5 is approximately 10% less dens
than its crystalline counterpart.

Several interesting scientific issues arise related to
network structure of amorphous (LaxAl12x)2O3 and the
amorphous-to-crystalline phase transformation. In e-be
evaporated material we have found, as have other auth6

that the amorphous phase is stable even after 700 °C an
ing. Similarly, the rf sputtered material we have studied h
was also stable to high-temperature anneals. rf sputte
(LaxAl12x)2O3 deposited on substrates heated to 850 °C w
also found to remain amorphous if the O2 pressure in the
reactor was maintained higher than;0.1 mTorr.16 It is clear
from these results that the amorphous phase is very sta
Nuclear magnetic resonance measurements17 on
(LaxAl12x)2O3 have evidenced the presence of AlO4 , AlO5 ,
and AlO6 network units in numbers which depend upon bo
the relative concentrations of Al and La and the anneal
temperature. In the amorphous stoichiometric (LaAlO3)
phase, it is found that substantial numbers of AlO4 structures
are present even at temperatures as high as 600 °C. O
then tempted to ask whether the amorphous stability is
lated to this unusual bonding. Similar structures are found
the results of calculations18 of the network in Al2O3 , where
it is suggested that the lower density of the amorphous
work ~as compared to the crystalline phase! may in part re-
sult from the presence of nominally undercoordinated A
In consequence, we suggest that the lower density of
amorphous (LaxAl12x)2O3 samples studied here as com
pared to the crystalline phases LaAlO3 and La2O3 is due to a
network coordination effect rather than, for example, t
presence of porosity which might also be invoked in expla
ing reduced network density. This coordination effect may
due in part to the nonstoichiometry of our films~i.e., neither
LaAlO3 nor La2O3). It is clearly possible that stoichiometri
phases would have better atomic packing leading to hig
densities as in the case, for example, of most of the S2

crystalline polymorphs when compared with amorpho
SiO2 . Measurements to confirm the coordination in the th
films would be valuable.
P license or copyright, see http://jap.aip.org/jap/copyright.jsp
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V. CONCLUSION

If the results presented here are confirmed, it would
pear that amorphous (LaxAl12x)2O3 with x.0.5 is less
dense than its crystalline counterpart, and this results
dielectric constant that is significantly reduced. The prim
advantage of using this material is then lost since othe
compatible oxides with similar dielectric constants are av
able in the form of HfxSiyO22zNz . Furthermore, we have
established that high-temperature annealing results in an
teraction between the (LaxAl12x)2O3 and the underlying S
even though thermodynamics failed to predict this. On t
basis, there would appear to be no salient feature wh
drives one to use (LaxAl12x)2O3 rather than other alread
available dielectrics.
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