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Atomic Transport and Chemical Stability during Annealing of Ultrathin Al2O3 Films on Si
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Ultrathin films of Al2O3 deposited on Si were submitted to rapid thermal annealing in vacuum or
in oxygen atmosphere, in the temperature range from 600 to 800 ±C. Nuclear reaction profiling with
subnanometric depth resolution evidenced mobility of O, Al, and Si species, and angle-resolved x-ray
photoelectron spectroscopy revealed the formation of Si-Al-O compounds in near-surface regions, under
oxidizing atmosphere at and above 700 ±C. Under vacuum annealing all species remained essentially im-
mobile. A model is presented based on diffusion-reaction equations capable of explaining the mobilities
and reproducing the obtained profiles.

PACS numbers: 68.35.Fx, 82.65.–i
The search for an alternative to SiO2 as the material
for gate dielectrics in Si-based devices constitutes a new
and very lively research area, as the exponential increase
in tunneling current with decreasing film thickness sets
a fundamental limit on the scaling of gate oxides [1].
The trend in reducing lateral dimensions of devices brings
as a consequence a reduction of the capacitance of the
involved metal-oxide-semiconductor structures, thus call-
ing for higher dielectric constant and/or thinner films to
compensate. Therefore, to keep device areas small and
prevent leakage current while maintaining the same gate
capacitance, a thicker film made with a material of higher
dielectric constant (high-K) is required [1–5]. Previ-
ous investigations of some high-K oxides deposited on
Si demonstrated [3] that a postdeposition annealing at
moderate temperatures in dry O2 can reduce the leakage
current and the density of interface states to acceptable
limits, without significant lowering of their dielectric con-
stants [1–3]. For most high-K materials higher dielec-
tric constant comes at the expense of narrower band gap,
which can itself result in leakage. Al2O3 is an exception,
since it has a high energy band gap (9 eV) similar to SiO2
and the dielectric constant is more than twice as high (9
as compared to 3.8 for SiO2). Furthermore, capacitance
versus voltage characteristics point in the direction of a
feasible integration of this material into Si-based technol-
ogy [4]. This Letter addresses for the first time, to the best
of our knowledge, experimental and theoretical investiga-
tion of atomic transport and chemical stability of ultrathin,
amorphous Al2O3 films deposited on Si substrates when
submitted to rapid thermal annealing (RTA) in dry O2 or
in vacuum.

Starting samples were 6.5 nm thick Al2O3 films
deposited by atomic layer chemical vapor deposition
(ALCVD) on Si(001) substrates [6]. ALCVD is a
technique that uses sequential pulses of precursors
(trimethylaluminum and water, in the present case) and
the self-saturating nature of certain surface reactions
20 0031-9007�00�85(19)�4120(4)$15.00
allowing chemically deposited materials with a monolayer
control. An ultrathin (less than 1 nm thick) amorphous
silicon oxide buffer layer was thermally grown in O2
on the Si substrates before Al2O3 deposition, aiming
at preventing further oxidation of the substrate. RTA
was performed either in vacuum �5 3 1027 mbar� or
under 70 mbar of 18O-enriched (98.5%) O2, termed 18O2,
so that the oxygen incorporated could be distinguished
from that previously existing in the Al2O3 films. Areal
densities of 16O and 18O were determined before and after
RTA by nuclear reaction analysis [7]. Atomic transport
was accessed using narrow nuclear resonance profiling
(NNRP) [7]. Depth resolutions near the sample surface
were �0.5 nm for 27Al [4,5] and �0.7 nm for 29Si and
18O [7]. Angle-resolved x-ray photoelectron spectroscopy
(XPS) analysis was performed using an OMICRON UHV
station based on an EA125 hemispherical analyzer, with
an overall resolution of 0.9 eV [5].

The 27Al profiles are shown in Fig. 1 (top), evidencing
(i) constant Al concentration in the as-deposited film cor-
responding to stoichiometric Al2O3, as well as an abrupt
interface with the substrate [4], within the accuracy and
depth resolution of the technique, and (ii) the progressive
loss of Al from the surface and interface regions of the
films as temperature and time of RTA in O2 are increased.
Since Al does not penetrate into the substrate, this loss
must occur through the external surface. After RTA in O2
at 800 ±C for 30 s there is an overall loss of �25% of the
Al atoms.

Areal densities of 18O and 16O after RTA in 18O2 are
given in Table I, evidencing that 18O is progressively in-
corporated into the films as RTA temperature and time in-
crease, while 16O is lost. The 18O profiles are shown in
Fig. 1 (center), indicating the incorporation of 18O mainly
in near-surface regions ��7%�, decreasing deeper into the
structure. RTA at higher temperatures also leads to the
incorporation of some 18O in the Si substrate, although
in smaller amounts than in the Al2O3 film. The 29Si
© 2000 The American Physical Society
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FIG. 1. Excitation curves of the 27Al�p, g�28Si (top),
18O�p, a�15N (center), and 29Si�p, g�30P (bottom) nuclear reac-
tions around resonance energies, with the corresponding profiles
in the insets for ultrathin Al2O3�SiO2�Si structures submitted
to RTAs in 18O2. 100% of 27Al, 18O, and 29Si correspond,
respectively, to their concentrations in Al2O3, Al218O3, and Si.
Excitation curves from a standard Si18O2 film and from a virgin
Si wafer are also shown, in order to determine the surface
energy positions of 18O and 29Si, respectively. The arrows in
the insets indicate the positions of the interfaces before RTA.

profiles in Fig. 1 (bottom) show migration of Si into the
Al2O3 films. This mobility was observed after RTA in
O2 at 700 and 800 ±C, whereas at 600 ±C Si movement is
negligible or absent. The 18O and 29Si profiles reported
here evidence a different oxidation mechanism of ultrathin
Al2O3�SiO2�Si structures as compared to SiO2�Si [7,8].

Figure 2 shows photoelectron spectra recorded at dif-
ferent take-off angles for samples submitted to RTAs in
18O2. At a given take-off angle, the increase in tempera-
ture leads to the decrease of the Al 2p peak. This decrease
TABLE I. Areal densities of 18O incorporated in the Al2O3�
SiO2�Si structures during RTAs in 18O2 and the correspond-
ing areal densities of 16O remaining in these structures. The
areal density of 16O in the as-deposited sample was 41.2 3

1015 cm22.

Areal density (1015 cm22)

Temperature 16O 18O

(±C) 30 s 60 s 30 s 60 s

600 40.6 39.8 0.17 0.40
700 39.6 38.1 0.62 1.36
800 36.5 – 3.65 –

is more pronounced at higher take-off angles, meaning that
Al is lost mainly from near-surface regions, thus corrob-
orating NNRP results. Concomitantly, two peaks become
more pronounced in the Si 2p region, one corresponding
to Si bonded to other Si atoms (substrate) and another one
near the binding energy corresponding to SiO2. Figure 3
presents in detail the Si 2p region for the sample treated at
800 ±C for 30 s. As the analysis becomes more sensitive
to the surface, the substrate-Si signal decreases, whereas
the near-SiO2 signal becomes more prominent, indicating
that this last environment is more abundant in near-surface
regions of the films. This second, broad peak does not
correspond exactly to Si bonded only to oxygen atoms.
The lower binding energy contribution indicates that Si
is bonded to an atom that has a lower electronegativity
than O, namely, Al. Thus we attributed this peak centered
at 102.5 eV to either aluminum silicate [5], some other
Si-Al-O compound, or SiO2-Al2O3 phase mixture.

In summary, the experimental evidences are that, dur-
ing RTA in 18O2, (i) the Al2O3�SiO2�Si structures in-
corporate 18O in slightly smaller amounts than they lose
16O, (ii) aluminum moves towards the surface where it
leaves the film in higher amounts than 16O is lost, and
(iii) silicon migrates towards the surface reacting in the re-
gion that was formerly an aluminum oxide film. The same
Al2O3�SiO2�Si structures were submitted to RTA in high
vacuum at the same temperatures and times. In all cases,
16O was not lost, and 27Al and 29Si profiles before and
after RTA were superimposable, evidencing immobility of
all species (and the absence of Al loss). Furthermore, a
sample annealed in vacuum (700 ±C, 120 s) followed by
annealing in 18O2 (800 ±C, 30 s) reproduced the results ob-
served in the sample annealed in 18O2 (800 ±C, 30 s) only.
It thus became evident that oxygen from the gas phase
plays an essential role in promoting atomic transport and
chemical reactions during thermal annealing.

A diffusion-reaction [9] model can be proposed if
one considers O, Al, and Si in two different states:
mobile and fixed. In the case of oxygen, the mobile state
corresponds mainly to O2 diffusing during RTA in O2,
while, in the case of Al or Si, it corresponds to interstitially
4121
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FIG. 2. XPS spectra (a.u. � arbitrary units) showing the Al
2p and Si 2p photoelectron peak regions for different take-off
angles (between surface normal and the electron energy analyzer
axis) of Al2O3�SiO2�Si structures submitted or not to RTAs
in 18O2.

positioned atoms. Local densities of these species at any
time can be described by their relative atomic concen-
trations ri�x, t� � Ci�x, t��Cbulk

Si , where Ci�x, t� is the
concentration of the ith species (O fixed or diffusive, Al
fixed or interstitial, and Si fixed or interstitial) and Cbulk

Si
is Si concentration in bulk, crystalline Si; x measures the
depth from the surface and t measures the elapsed time.
The density functions are hence dimensionless and imply
a mean field approximation, since they are functions of
depth only.

We assume an initial layer of stoichiometric Al2O3 with
thickness Dx1 on a thin layer of SiO2 (Dx2 thick) on a Si
substrate. Before RTA, the density functions for the fixed
species are different from zero at
4122
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FIG. 3. XPS spectra for the sample submitted to RTA in 18O2
at 800 ±C for 30 s, showing the Si 2p region for different take-off
angles. The dashed lines indicate the binding energies of Si
atoms bonded only to Si (substrate Si) and of Si bonded only to
oxygen atoms �SiO2�.
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(1)

where f stands for the corresponding fixed states. Here Si
concentration in SiO2 is taken as half the value of either
Si concentration in Si or Al concentration in Al2O3, ac-
cording to approximate densities of these materials. Fixed
O concentrations are taken by assuming that both oxide
layers are initially fully oxidized. The normalization con-
dition, reflecting volume conservation in each layer, is
r

f
Al 1 2r

f
Si 2 r

nof
Si � 1, where r

nof
Si is the nonoxidized

fraction of fixed Si.
The following scenario thus emerges: the initial struc-

ture Al2O3�SiO2�Si is exposed to O2 at a given pressure
PO. Oxygen diffuses through the initial oxides, being
eventually exchanged for O already existent in these films.
Upon reaching bulk silicon, it reacts by forming silicon
oxide. As oxidized Si occupies a larger volume, it also
generates interstitial Si that is prone to move [10]. Hence,
silicon oxidation has a twofold effect: it transforms oxygen
from mobile to fixed and some silicon from fixed to mobile
species. Mobile silicon spreads through the sample, to-
wards both bulk Si and Al2O3 regions. Interstitial Si cannot
be trapped in SiO2 [11]. However, when in the Al2O3 re-
gion, mobile Si may displace Al, since silicon oxide forma-
tion is thermodynamically favored over that of aluminum
oxide. This reaction implies fixing Si in the original Al2O3
region and transferring fixed Al and O from the Al2O3 net-
work to mobile states. Mobile Al and O atoms that reach
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the surface may escape, reducing their total amounts in the
sample. Since interstitial Si is generated by oxidation of
Si and interstitial Al is created by reaction involving inter-
stitial Si, in the absence of Si oxidation there is neither Si
and Al transport nor Al loss. Therefore, the experimental
observation that annealing in vacuum does not change the
initial profiles is consistent with the depicted scenario.

The differential equations for the density functions are

≠r
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where d and i stand, respectively, for diffusive and inter-
stitial species. D1 and D2 are the diffusivities of mobile O
and Si, respectively (assumed to be the same in all mate-
rials), while D3 is the diffusivity of interstitial Al through
Al2O3 [Fig. 1 (top) shows that Al is present only in the
Al2O3 region] [12]. k1 and k2 are, respectively, reaction
rates for Si oxidation and for Al displacement by intersti-
tial Si.

Initial conditions are given by Eqs. (1) together with
r

d
O�x, 0� � r

i
Si�x, 0� � r

i
Al�x, 0� � 0. Boundary condi-

tions are such that a constant oxygen pressure is kept at
the surface � r

d
O�0, t� � PO� and interstitial Al flux is free

through the surface � r
i
Al�0, t� � 0�.

Equations (2) were solved by a finite-difference method
yielding density function profiles (shown in Fig. 4) con-
sidering suitable values for the parameters. The profiles
reproduce the experimental results, with (i) aluminum
being lost and its profile �Alf 1 Ali� presenting a maxi-
mum between surface and interface, (ii) silicon migrating
into the aluminum oxide region, forming a compound
containing Si, Al, and O, (iii) a slight growth of the silicon
oxide layer, and (iv) fixed oxygen being partially lost
from the Al-rich region in amounts that equal one-half of
the amounts of lost Al.

In conclusion, the experiments reported here evidenced
the mobility and reaction of Al, O, and Si during RTA
of Al2O3�SiO2�Si nanostructures in O2 and their immo-
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FIG. 4. Calculated density function profiles for all species and
for the sum of both aluminum species after 15 000 iterations.
Interstitial Si profile was multiplied by a factor of 5.

bility during annealing in vacuum. A diffusion-reaction
model is able to semiquantitatively reproduce the pro-
files of the involved species. In order to obtain more re-
alistic values for the parameters of the model equations
as well as quantitative profiles, further experiments are
being accomplished, especially concerning the dependence
of the profiles on annealing time.
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