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Noncrystalline Al2O3 dielectric films have been synthesized by remote plasma enhanced chemical
vapor deposition~RPECVD! and deposited on~i! H-terminated Si~100! and~ii ! on SiO2 prepared by
remote plasma assisted oxidation and RPECVD on Si~100! substrates using organometallic source
gases injected downstream from a He/O2 plasma. Chemical composition and morphology of the
Al2O3 films and their interfaces have been studied by Auger electron spectroscopy~AES!, Fourier
transform infrared spectroscopy, nuclear resonance profiling~NRP!, and x-ray diffraction~XRD!.
Previous studies in which Al2O3 was deposited by thermal CVD, rapid thermal CVD,~RTCVD!,
direct PECVD, and physical vapor deposition generally resulted in relatively thick SiO2 or
Al-silicate interfacial layers which impact adversely on the highest attainable capacitance. In line
AES and NRP indicate the as-deposited RPECVD films are fully oxidized on deposition, and their
interfaces can be chemically abrupt with Si oxide or Al silicate interfacial layers that are no more
than 0.6 to 0.8 nm thick. However, these relatively abrupt interfaces do not ensure good device
performance. Electrical measurements indicate negative fixed charge on the order of 1012

charges/cm2. The fixed charge resides at the Al2O3 interface, and can be moved away from the
silicon substrate by deposition of a thin,;1–2 nm, intermediate layer of RPECVD SiO2. © 2001
American Vacuum Society.@DOI: 10.1116/1.1379316#
99
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I. INTRODUCTION

As device dimensions are scaled according to the 1
Technology Roadmap for Semiconductors,1 the equivalent
gate oxide thickness, EOT, must decrease below about
nm. At this thickness of SiO2, the direct tunneling current fo
a one volt potential drop across the oxide is.1 A/cm22 and
begins to reduce the ratio of on- to off-state current in a fi
effect transistor. To reduce the off-state leakage currents
to tunneling through silicon dioxide and maintain a capa
tance equivalent to what is obtained with a SiO2 dielectric
with a physical thickness of 1.5 nm and below, alternat
high-k dielectrics are being investigated~see Refs. 2, 3, and
references therein!. These high-k alternative dielectrics will
yield the required levels of EOT for device scaling at larg
physical thickness, thereby providing a materials pathw
for reducing the tunneling current. Other factors such as c
duction band offset energies also play a role in determin
the tunnel leakage, and these generally decrease with
creasingk.

Recently aluminum oxide has been the focus of sev
studies. Kleinet al.4 studied the deposition of Al2O3 with a
chemical vapor deposition~CVD! growth method. Their
work reports evidence for a silicate layer at the interfa

a!Electronic mail: gerry–lucovsky@ncsu.edu
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between the Al2O3 film and silicon substrate as measured
nuclear resonance profiling~NRP! and x-ray photoelectron
spectroscopy~XPS!. Gusevet al.5 reported work on atomic
layer CVD~ALCVD ! Al2O3 where they investigated both th
physical and electrical properties of the deposited film
Based on NRP, medium energy ion scattering,~MEI! and
high-resolution transmission electron microscopy resu
they showed it was possible to deposit Al2O3 on
H-terminated silicon substrates without forming an inter
cial oxide or silicate layer.

Transistors with an equivalent gate oxide thickness
0.96 nm with Al2O3 oxide as the gate dielectric material ha
been fabricated by Chinet al.6 These devices indicatedD it

>3310cm22 and a positive flat band shift, indicating inte
facial negative fixed charge. Buchananet al.7 reported work
on n-MOSFETs formed by ALCVD Al2O3 with 0.08 mm
gate lengths. They also observed a negative fixed charge
devices with an equivalent oxide thickness of 1.3 nm.

This article focuses on noncrystalline thin films of Al2O3

and its physical and electrical properties. The dielectric c
stants of these films are approximately 9~Ref. 3!, and based
on the dielectric constant ratio of;2.4 between Al2O3 and
SiO2, dielectric films can be at least two times thicker for t
same capacitance. However, recent XPS measurements
indicated that the band offset energy between the conduc
bands of Si and Al2O3 is about 2.1 eV, or about 1 eV lowe
13531Õ19„4…Õ1353Õ8Õ$18.00 ©2001 American Vacuum Society
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1354 Johnson, Lucovsky, and Baumvol: Properties of noncrystalline Al 2O3 1354
than for SiO2 and Si.8 Based on the tunneling through
simple trapezoidal or rectangular barrier, this reduces
amount of direct tunneling current reduction to what is
tainable with a physical thickness reduction correspondin
an effectivek-value~based on a 3.15 eV offset! of about 7.5.
This is still technologically significant and therefore of inte
est in the device community.

II. EXPERIMENTAL METHODS

Aluminum oxide was deposited using a remote plas
enhanced CVD ~RPECVD! technique.9 The aluminum
source is a liquid metal organic, triethyldialuminum tri-se
butoxide ~TEDA-TSB!,10 contained in bubbler setup. Th
carrier gas is helium. The pressure in the bubbler is hel
30 Torr and is maintained by closed loop control using
absolute baratron and a needle valve~Fig. 1!. The tempera-
ture of the bubbler assembly is held at 75 °C by a silicone
bath. The setup and operation of the bubbler is describe
Ref. 11. The aluminum source vapor is injected into
chamber through a heated injector assembly located to
side of the sample.

A mixture of helium and oxygen is excited by 30 W of
power at 13.56 MHz and is injected directly above the s
strate. The substrate is held at 300 °C in order to desorb
organic molecules from the surface. The pressure in
chamber is controlled to 0.3 Torr. 2% silane, SiH4, in He is
injected via a ‘‘showerhead’’ ring below the plasma tub
and replaces the TEDA-TSB flow for the deposition of Si2

films.
For electrical measurements, field isolation metal–oxid

semiconductor~MOS! capacitors were fabricated on 0.06
0.08 V cm boron doped Si, and 0.02–0.05V cm phosphor-
ous doped Si substrates. Prior to the Al gate metal con
evaporation, the samples were annealed at 800 °C for
using an AG Associates minipulse rapid thermal annea
As will be discussed, annealing at 900 °C results in the cr
tallization of the Al2O3 film, so that after the 800 °C annea

FIG. 1. Physical configuration of the RPECVD deposition chamber
shown.
J. Vac. Sci. Technol. A, Vol. 19, No. 4, Jul ÕAug 2001
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the Al2O3 films remain amorphous. It has been shown
SiO2 films deposited by RPECVD, that a rapid thermal a
neal at a temperature of;900 °C for approximately 30 s to 1
min is necessary to promote structural and chemical re
ation of the film,12 so that the anneal for Al2O3 is not opti-
mized for a low defect density the Si–SiO2 that is used in
some of the electrical measurements. A 30 min post met
zation anneal in a forming gas mixture of 10% H2 in N2 at
400 °C concluded the sample preparation.

The films for the Fourier-transform infrared spectrosco
~FTIR! and x-ray diffraction~XRD! characterizations were
.100 nm thick and were annealed with the same rapid th
mal annealer temperature-time cycles as the MOS capaci
Auger electron spectroscopy~AES! was preformedin situ.
Interrupting the deposition every 10 s and scanning w
AES, we were able to investigate the formation of the a
minum oxide and silicon substrate interface.

The Al2O3 interfaces with HF last, H-terminated Si, an
with SiO2 interfacial layers were investigated using reson
NRP.13 The narrow, isolated resonance at 404.9 keV14 in the
cross section curve of the27Al( p,g)28Si nuclear reaction was
used to obtain Al concentration depth distributions. The m
sured excitation curves, i.e., gamma-ray yield versus incid
proton energy, in the vicinity of the resonance energy w
converted into concentration profiles using theSPACES

program,15 which is based on stochastic theory of energy lo
of ions in solid. By measuring the excitation curves for th
and thick aluminum films, the nuclear reaction resonance
404.9 keV was determined to be narrower than 40 eV
sample geometry with a tilt 65° with respect to the incide
beam, was used to increase depth resolution. Several fa
contribute to the quantitative aspects of depth resolution~i!
the extremely narrow nuclear reaction resonance at 40
~ii ! the significant energy loss of 405 keV protons in Al2O3,
approximately 380 keV mg21 cm22, if a density of 3.98
g cm23 is assumed,~iii ! the low energy spread of the proto
beam~a Gaussian lineshape with approximately 80 eV f
width at half maximum~FWHM! at the resonance energy o
405 keV!, as provided by the 500 keV HVEE ion implante
at Porto Alegre, Brazil, and~iv! an effective thickness mag
nification factor of 2.4 due to the tilted geometry. The ul
mate resolution is limited by energy straggling and angu
multiple scattering processes. In the present study, the d
resolution was estimated to be 0.4–0.5 nm near the surf
which degraded to about 0.6 to 0.8 nm near the buried Al2O3

interface.
The silicon profiles were determined by NRP using t

narrow, isolated resonance approximately 414 keV (DR
5100 eV) for the29Si(p,g)30P nuclear reaction.13–15Using a
tilt angle of 60° sample the depth resolution is 0.7 nm
sample surface, which degrades to approximately 1.0 nm
depth of 8.0 nm into the film. The excitation curves and t
profiles determined bySPACES simulations are shown in
Figs. 3 and 4.

The capacitance–voltage measurements were perfor
by a HP 4284A LCR meter at 1 MHz. The current–volta
measurements were preformed by a HP 4140B volt

s
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FIG. 2. AES of aluminum oxide depo-
sition on HF last silicon and 0.6 nm o
silicon dioxide on HF last silicon are
presented.
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source with a picoammeter and voltage ramp ofdV/dt
50.05 V/s. Both types of measurements were preforme
25 °C in a light tight box.

III. EXPERIMENTAL RESULTS AND DISCUSSION
OF THE REDUCED DATA

A. Interface formation: AES and NRP

The AES spectra are shown in Fig. 2 display the evolv
chemical composition and bonding at the Si interface a
within the deposited Al2O3 thin film. The left-hand side plot
is for Al2O3 deposited directly on HF last, H-terminated S
The right-hand side plot is for Al2O3 deposited on 0.6 nm o
SiO2 that was formed by remote plasma assisted oxidat
i.e., exposing the HF last silicon for 30 s to active O ato
and metastable molecules extracted from a remote He2

plasma discharge. The thickness of the interfacial SiO2 layer
was determined by comparing the relative amplitudes of
Si–O ~76 eV! and the Si/Si~91 eV! AES features.16

After the deposition of Al2O3 for 10 s of the two AES
spectra in Fig. 2 are essentially the same. In particular,
ratio of the intensities of the Si–O and Si–Si features in
cates that approximately 0.6 nm of SiO2 was formed during
the initial stages of the Al2O3 deposition on to HF last Si. In
addition, the lineshape of the Al–O feature at;55 eV does
not change with increasing deposition time. It is a sin
peak and located at an energy consistent with alumin
bonded to oxygen.17 From this, we can conclude the Al a
oms are not bonded to Si atoms at the interface, and tha
Al is fully oxidized throughout the deposited film.

NRP independently demonstrates that Al2O3 interface on
HF last Si is abrupt, with the spread of Al atoms into t
interfacial Si oxide layer being less than 0.6–0.8 nm,
limiting resolution of the NRP measurement. This estimat
based on the spread of the proton beam within the film. F
ure 3 is the NRP study for the deposition of Al2O3 directly
onto HF last Si. The lower traces with the experimen
points are the gamma ray yield data, and the upper port
JVST A - Vacuum, Surfaces, and Films
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of Fig. 3 display the calculated and normalized concen
tions of Al and Si as a function of depth;13–15the normalized
concentrations are 1.0 for both Al2O3 and bulk Si.

For the deposition of Al2O3 on the HF last Si, there is an
abrupt drop in the Al concentration followed by a rapid ons
of the Si concentration. If we take the intersection of the
and Si concentrations as the where, the location of the p
where the interfacial layer begins, then the bulk Si conc
tration is reached in,1.0 nm. There are essentially n
changes in the experimental data or in the Al and Si conc
trations after annealing at 800 °C. This means there is
detectable intermixing of the Al2O3 and SiO2 and the transi-
tion regime remains abrupt.

Figure 4 contains NRP data and Al and Si concentrati
for the deposition of Al2O3 onto a RPECVD SiO2 layer. The
shoulder in the Si concentration profile indicates the thi
ness of the SiO2 layer, ;2 nm. There are changes in th
abruptness of the Al profile before and after the 800 °C
neal indicating the intermixing of the deposited Al2O3 and
SiO2 films. Since the two traces in Fig. 4 come from differe
regions of the same wafer, and since the deposited Al2O3

were not of uniform thickness across the entire wafer,
extent of the mixing is best estimated from the changes in
abruptness of the interfacial profiles of both the Si and
atoms. Based on this subjective analysis of the profiles,
internal transition layer thickness is of the order of 1 nm,
approximately three molecular layers, thick.

B. Bulk oxide characterization

Bulk characterization was carried out using FTIR a
XRD. The films for these studies were.100 nm thick. The
features in the FTIR spectra are bond specific and give
formation of coordination as well, whereas the XRD spec
can be used to determine the onset of crystallization, i.e.,
transition from a noncrystalline or amorphous film to a cry
talline or partially crystallized film. Based on FTIR an
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FIG. 3. NRP for Al2O3 on HF last sili-
con is shown where the scale is no
malized to Al2O3 and bulk silicon.
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XRD data shown in Figs. 5 and 6, we observe that after
900 °C anneal, the coordination of the Al atoms has chang
and the film has crystallized.

Figure 5 displays two FTIR spectra for an as-deposi
film and for a film annealed at 900 °C. FTIR spectra of film
annealed at 600, 700, and 800 °C were essentially the s
as that of the as-deposited film and are not displayed in
5. The features in the FTIR spectra after the 900 °C are in
spectral regime of features previously identified in crystall
Al 2O3 in the corundum structure.18 The broad feature in the
as-deposited film results from both Al and O atom motio
whereas the sharper feature in the 900 °C spectrum is
mostly to O-atom motion. The shift of the spectrum to low
wave numbers is consistent with~i! an increase in the aver
age coordination of the Al atoms from;4.5 in the noncrys-
talline state,19 to 6 in the corundum ora-Al2O3 structure,
and~ii ! an increase in the ionic character of the bonding t
accompanies the increase in average coordination of th
and O atoms.

For as-deposited films, and those annealed up to 800
there are no sharp features in the XRD spectrum~see Fig. 6!;
however, a diffraction peak associated with crystalline Al2O3

appears at about 40° after the 900 °C anneal, which co
J. Vac. Sci. Technol. A, Vol. 19, No. 4, Jul ÕAug 2001
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sponds to the~110! plane for corundum Al2O3.
18 The broad

feature at about 70° is due to Si.

C. Electrical characterization

Field isolation MOS capacitors were made onn-type and
p-type Si~100! substrates with carrier concentrations in t
mid 1017cm23 range. RPECVD Al2O3 was used as the gat
dielectric and was deposited onto four different interfaces~i!
HF last, H-terminated Si,~ii ! 0.6 nm SiO2 prepared by re-
mote plasma-assisted oxidation via a He/O2 plasma,~iii ! 1.2
nm of deposited RPECVD deposited SiO2, and ~iv! 2.2 nm
of RPECVD deposited SiO2.

C–V measurements were performed at 1 MHz, and
data in Fig. 7 was analyzed using a fit program that perfor
a least squares fit routine and yields values of flat band v
age and oxide thickness normalized to the dielectric cons
of SiO2.

20 Samples deposited on the HF last silicon had
band voltages that were shifted positively for increas
thickness for bothp-type andn-type Si substrates, i.e., in
so-calledn-MOS andp-metal–oxide–semiconductor capac
tor structures wheren andp, respectively, refer to the minor
ity carriers in thep-type andn-type substrates~this notation
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FIG. 4. NRP for Al2O3 on 2.2 nm of
silicon dioxide deposited on HF las
silicon is shown where the scale i
normalized to Al2O3 and bulk silicon.
a
FIG. 5. FTIR for .100 nm of aluminum oxide on silicon before and after
900 °C anneal.
JVST A - Vacuum, Surfaces, and Films
FIG. 6. XRD for aluminum oxide on Si~100! is presented.



1358 Johnson, Lucovsky, and Baumvol: Properties of noncrystalline Al 2O3 1358
FIG. 7. G–V data for aluminum oxide
on HF last silicon are presented.
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is the convention for field effect transistor devices, where
channels for carrier transport are formed by substrate in
sion!.

Figure 8 presents plots of the flat band voltage as a fu
tion of EOT of the Al2O3 portion of the gate dielectric@see
Eq. ~1!#. The EOT for the Al2O3 portion of the composite
dielectric was obtained by subtracting 0.6 nm from the to
EOT. This subtraction was based on the AES and NRP d
for the HF last depositions, and on experimental data
indicated that the fixed charge levels at the remote plas
processed Si–SiO2 interfaces were at most in the mi
1010cm22. The flat band voltages for referencen-MOS and
p-MOSCAPs with SiO2 interfaces were equal to within ex
perimental error of;0.05 V, to the metal–semiconducto
work function differences for the silicon substrates and
gate electrodes. The flat band voltage—EOT data have b
fit with straight lines consistent with the analysis to be p
sented. They-intercept in this fit is the metal–semiconduct
work function difference,Fms, and the slope indicates th
fixed charge at the interface between the Al2O3 portion of the
stacked dielectric and the interfacial layer.21

FIG. 8. Flatband voltage as a function of the aluminum oxide EOT is sho
J. Vac. Sci. Technol. A, Vol. 19, No. 4, Jul ÕAug 2001
e
r-

c-

l
ta
at
a-

l
en
-

The slopes, obtained from the fits to then-MOS andp-
MOSCAPs correspond to negative fixed interfacial cha
densities of27.061.031012/cm22. The values ofFms are
consistent with the work function difference between Si a
the Fermi level position in the doped Si substrates. T
analysis places the fixed charge the interface between
SiO2 and the RPECVD Al2O3 layer. By varying the thickness
of the SiO2 layer deposited between the Si substrate and
Al2O3 layer, the position of the fixed charge can be co
firmed. Before discussing the data for these stacked die
trics, the solution to Poisson’s equation is presented.

By using Poisson’s equation, the potential due the int
facial charge can be calculated, and be subtracted from
work function difference,Fms, which is the flat band voltage
in the absence of fixed charge, and the flat band volta
VFB , can be then be calculated as in Eq.~1!;21

VFB5FMS2
q

e0•kSiO
•FQSiO•S dSiO1

kSiO

kAlO
•dAlOD1QAlO

•

kSiO

kAlO
•dAlOG . ~1!

QSiO is the charge located at the Si–SiO2 interface, andQAlO

is the charge located at the internal dielectric interface
tween the SiO2 interface layer and the RPECVD Al2O3 layer.
e0 is the permitivity of free space,kSiO andkAlO , are, respec-
tively, the dielectric constants of SiO2 and Al2O3, 3.8 and
9.0, anddSiO and dAlO are, respectively, the physical thick
nesses of the SiO2 and Al2O3 constituent layers of the
stacked dielectric. Equation~1! can be rearranged and wri
ten in terms of the contributions toVFB in which dSiO and
dAlO are the scaling variables, as in Eq.~2!;

VFB5FMS2
q

e0•kSiO
•FQSiO•dSiO1~QSiO1QAlO!•

kSiO

kAlO

•dAlOG . ~2!.
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If the flat band shift is plotted as a function of aluminu
oxide thickness, then fixed charge residing at the Si–S2

interface will affect both the slope and they-intercept value.
If the charge is only at the internal SiO2–Al2O3 dielectric
interface then only the slope will be affected; i.e., the slo
will be proportional toQAlO , and the intercept withFms.

Figure 8 presents the flat band voltage-EOT plots forn-
MOS andp-MOSCAPs. Fromn-MOS data, the slopes an
y-intercepts for varying amounts of SiO2 are the same to
within experimental error as the respective slopes
y-intercepts or the HF last devices with 0.6 nm of interfac
SiO2. The p-MOS data exhibit changes in both slope a
y-intercept as compared to the HF last devices.

The NRP results indicated a mixing of Al2O3 and the
RPECVD SiO2 after the 800 °C anneal. This is mixing
confirmed in theC–V results from a reduced value in th
EOT for aluminum oxide on RPECVD silicon dioxide. Th
measured EOT of the device should be a weighted addi
of the silicon dioxide and aluminum oxide as in Eq.~3!;

EOT5Tox~SiO2!1
kSiO2

kAl2O3

* Tox~Al2O3!. ~3!

Analysis of MOSCAPs onp-type andn-type Si substrates
with the same deposition times as those in Fig. 8 resulte
gate oxides with physical thicknesses, respectively, of
and 2.2 nm. For the SiO2–Al2O3 stacks the EOT was ex
tracted from theC–V data. The thickness of the SiO2 portion
of the dielectric was then subtracted from EOT to give co
tribution due to the Al2O3 layer. If dSiO values of 1.2 and 2.2
nm were used to calculate the thickness of the Al2O3, the
resultant Al2O3 layer thicknesses were significantly thinn
compared to that of an equivalent Al2O3 deposited on the HF
last Si. Instead, thicknesses of 1.0 and 1.6 nm were requ
to attain aluminum oxide thickness that corresponded we
HF last devices. This effect is presumed to result from
mixing of the SiO2 and Al2O3 layers that determined from
the resonant NRP studies~see Fig. 4!. When SiO2 is mixed
with higher dielectric materials, the effective dielectric co
stant of the resulting material is always higher than that
SiO2.

22

Figure 9 indicates current density–voltage,J–V, data for
n MOS andp MOSCAPs, for substrate accumulation. T
primary features of the leakage current in Fig. 9, is an as
metry in theJ–V trances for equivalent EOT and bias. Th
is attributed to an inherent asymmetry in the band alignm
and resulting band bending~see Fig. 10!. For n MOSCAPs,
the current is injected from the gate and the semicondu
bands bend down providing a large barrier that reduces d
tunneling. In thep MOSCAPs, the current is injected from
the substrate, the semiconductor bands bend up providi
smaller tunneling barrier for an equivalent bias and EO
This inherent difference in barrier heights results in an
creased current density forp MOSCAPs.

IV. SUMMARY

The AES spectra of Fig. 2 indicate only one Al featu
The energy of this peak in the AES spectra indicates that
JVST A - Vacuum, Surfaces, and Films
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Al atoms are bonded only to oxygen, and that there is
detectable silicide~Al–Si! or metal–metal~Al–Al ! bonding.
The AES spectra of Fig. 2 and the NRP of Fig. 3 indica
that when Al2O3 is deposited by RPECVD at 300 °C on H
last, H terminated Si, this is accompanied by approximat
0.6 nm of SiO2 being formed subcutaneously at the S
dielectric interface. NRP further indicates that the interfa
of the Al2O3 film with this subcutaneously formed SiO2 layer
is abrupt to within;0.4–0.6 nm as deposited, and after
800 °C anneal. Analysis ofC–V data forn MOSCAPs andp
MOSCAPs for the HF last Al2O3 depositions are consisten

FIG. 9. Leakage current density vsVg2V f b is presented.

FIG. 10. Ideal band bending forn- andp-MOS devices is presented where~i!
aluminum gate metal,~ii ! aluminum oxide layer,~iii ! silicon dioxide inter-
facial layer, and~iv! silicon substrate.~a! Flat band condition.~b! Accumu-
lation condition where both are biased with an equal magnitude of g
voltage. Forn MOS, the device experiences gate injection and forp MOS
there is substrate injection.
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with a stacked dielectric structure which includes;0.6 nm
of SiO2 between the Si substrate and the Al2O3 film.

The analysis ofC–V data, in particular the variation o
flat band voltage as a function of the Al2O3 contribution to
EOT, indicates negative fixed charge, of the order of 6
31012cm22 at the interface between the Al2O3 layer and the
subcutaneously formed SiO2 interface. It is possible to move
this charge further away from the Si substrate by deposi
a thicker layer of SiO2 by RPECVD, prior to the Al2O3 depo-
sition.

The fixed negative charge is consistent with a model
the local atomic bonding of noncrystalline Al2O3 that has
two different bonding environments for the Al atoms;23 ~i! a
tetrahedrally coordinated Al site that has a net nega
charge, and~ii ! and octahedrally coordinated site in whic
the Al has a charge of 31. The negatively charged Al atom
can bond directly to the O atoms of the SiO2 interfacial and
this is the arrangement that is responsible for the nega
fixed charge. The tetrahedral arrangement with a negati
charged Al is unique, and essentially all of the other tran
tion metal oxides studied to date display fixed posit
charge at their interfaces with Si or SiO2.

23 Temperature de-
pendentC–V measurements indicate electron traps in
immediate vicinity of the Si–dielectric interface;24 the trap-
ping sites may be intrinsic and associated with
octahedrally-coordinated Al. Finally,J–V data for substrate
accumulation shows a marked asymmetry betw
n-MOSCAP andp-MOSCAP devices. This has been attri
uted to inherently asymmetric band bending in stacked
electric structures.

Finally, a few comments will be made relative to therm
stability and changes in bonding that take place at cryst
zation. The FTIR and XRD results indicate that the Al2O3

films are amorphous as deposited at 300 °C, but are cry
lized after an anneal at 900 °C. These observations are
films that are considerably thicker than those used in devi
and additional experiments must be made to determin
there are no changes in the effective crystallization temp
tures of these thinner layers. The changes in the FTIR s
trum are consistent with an increase in the Al atom coo
nation after crystallization. The shift to lower wave numb
is also consistent with an increase ink from about 9 in the
noncrystalline films to 11 in the crystalline films. In gener
alloys of Al2O3 and SiO2 or Ta2O5 will have a higher effec-
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tive crystalline temperatures, and this has been observe
experiments we have performed on Al2O3–Ta2O5 pseudobi-
nary alloys prepared by remote plasma deposition.
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