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We present the quantitative physicochemical modeling of the thermal annealing of high dielectric constant
�k� thin films on silicon in oxygen and/or inert ambient. In particular, we study the kinetics of the SiO2

interfacial layer growth at the high-k material structure/Si interface. Upon annealing, the transport of oxygen
species in the high-k film to the silicon interface is quantitatively evaluated. One-dimensional unsteady-state
diffusion-reaction equations are used to model the time evolution of the interfacial SiO2 layer thickness.
Because of the continuously increasing interfacial SiO2 layer, the proposed model incorporates the moving
interface that alters the diffusion length of the oxygen species. The numerical solution of the resulting mod-
eling equations is based on the finite volume analysis method and it results in SiO2 thickness profiles that
comprise of an early fast growth stage followed by pseudosaturation into a self-limited regime. Our model
predictions are found to satisfactorily agree with published experimental results. We also study the use of
alumina as a potential oxygen diffusion barrier. Alumina is predicted to be an efficient barrier to oxygen
diffusion, which is in agreement with published experimental data.

DOI: 10.1103/PhysRevB.77.205304 PACS number�s�: 77.55.�f

I. INTRODUCTION

There is an increasing effort to scale metal-oxide-
semiconductor field effect transistor devices, particularly the
gate insulator, to submicron levels with the aim of achieving
higher device density. For the current materials of choice,
silicon dioxide �SiO2� and silicon oxynitrides �SiOxNy�, gate
oxide scaling is accompanied by an exponential increase in
gate direct tunneling currents and an increase in source-drain
leakage currents.1,2 The physical thickness limit of SiO2 was
estimated to be between 1.0 and 1.8 nm.2–4 Since current
commercial devices incorporate gate oxide as thin as 2 nm,
the continuous thinning of the gate dielectric forces the di-
electric to operate close to its fundamental limit, thereby
compromising the electrical properties and the reliability of
the device. Moreover, decreasing lateral dimensions result in
a reduction of the capacitance of the involved device. There-
fore, in order to maintain the same gate capacitance, a thicker
film with higher dielectric constant �k� is required to increase
the effective area of each capacitor. Several candidate mate-
rials currently being investigated include Ta2O5,5,6 TiO2,7

ZrO2,8,9 HfO2,10–13 Al2O3,14–19 etc. However, in order to
evaluate these potential alternative high-k materials, it is es-
sential to understand their compositional behavior and stabil-
ity during further processing steps following high-k deposi-
tion on Si, more specifically thermal processing in inert
and/or oxygen containing atmospheres. Since annealing in an
oxygen ambient is an important step in forming the sidewalls
of a complementary metal-oxide-semiconductor �CMOS�
gate,20 not only must the high-k material be thermodynami-
cally stable on a Si substrate but also oxygen diffusion
through the high-k film and oxygen reaction with the Si sub-
strate must be controlled. Furthermore, previous studies have
shown that postdeposition annealing of high-k films at mod-
erate temperatures in oxygen can form an ultrathin SiO2

layer that provides a high quality stable interface without
significantly lowering the effective dielectric constant and
decreases the susceptibility to hot electron injection due to
lower electron barrier heights.11,21,22

Although SiO2 forms an ideal interface with Si, an uncon-
trollable amount of SiO2 formation at the interface may lead
to the formation of a dielectric stack associated with series
capacitance that can significantly reduce the overall dielec-
tric constant of the high-k structure. Thus, it is necessary to
form a thin layer of SiO2 that results in optimum electrical
and structural properties at the interface while contributing to
reducing interface trap density and leakage current. How-
ever, this precise control of the ultrathin SiO2 layer formed
as a function of annealing parameters remains a challenge.
For this reason, knowledge of the transport mechanism of
oxygen in the high-k material and its diffusion into the un-
derlying substrate is crucial. While numerous studies have
reported the use of gate stacks of high-k material and SiO2,
the objective of this work is to address a fundamental quan-
titative investigation of the transport of oxygen in the amor-
phous high-k material�s� deposited on Si substrates when
submitted to annealing in dry oxygen and inert atmosphere
and to provide a useful tool to make quantitative predictions
of interface SiO2 film thickness as functions of annealing
parameters.

HfO2 /ZrO2 have been shown to exhibit superior electrical
characteristics compared to other alternative gate dielectrics;
however, they have high oxygen diffusivities.10,23,24 HfO2
along with ZrO2 is reported to facilitate the fast transport of
oxygen to the Si interface even at very low pressures.20

Hence, there is a serious concern regarding control of the
interface since any annealing treatments that have oxygen
present may lead to rapid diffusion of oxygen through the
high-k material, resulting in the formation of an uncontrolled
amount of the SiO2 interface layer. It is reported that oxygen
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diffusion mechanisms in HfO2 /ZrO2 and SiO2 are quite dif-
ferent. In HfO2, oxygen diffusion occurs in atomic form
through vacancies,20,25–27 while in SiO2, atomic oxygen has
very low diffusion velocity and the oxidation of silicon im-
plies reaction diffusion of molecular oxygen.4,28,29 Therefore,
it was speculated that the silicon oxidation process in the
presence of a HfO2 layer can occur either through a compli-
cated oxygen exchange mechanism at the HfO2 /SiO2
interface30,31 or via the diffusion of either atomic oxygen into
silicon oxide or molecular oxygen in HfO2.20,30,31 However,
by using 18O tracer in HfO2 /SiO2 /Si stack, Ferrari and
Fanciulli32 recently proposed that interface oxidation is
caused by molecular O2 diffusion throughout the entire
HfO2 /SiO2 stack and that such a diffusion process is limited
by the low O2 solubility in HfO2.

Deposited alumina films, on the other hand, are interest-
ing because studies have shown excess oxygen in them
rather than a stoichiometric amount.16–19 Therefore, anneal-
ing of these films even in an inert atmosphere leads to diffu-
sion of the excess oxygen species to the Si interface to form
the SiO2 interfacial layer.16 Thus, oxygen species play a criti-
cal role in the diffusion-reaction mechanism during the ther-
mal annealing process and consequently influence interface
stability of high-k dielectrics.

In this study, we present the first quantitative description
and solution of the diffusion-reaction problem of high-k
nanostructures on silicon substrates; the unsteady-state na-
ture of the underlying phenomena is explicitly recognized
and accounted for. We use finite volume techniques to solve
the resulting diffusion-reaction equations proposed for the
diffusion of oxidant species through high-k materials,
through the growing interfacial oxide, and the reaction to
form silicon dioxide at the moving silicon oxide/silicon in-
terface. By using the solutions to these equations, we are
able to determine and quantitatively predict the growth ki-
netics of the SiO2 interfacial layer at all times.

II. DIFFUSION REACTION

The thermal growth of a silicon oxide layer at the inter-
face between a high-k material structure and the silicon sub-
strate in a high-k /Si or high-k /SiO2 /Si stack is modeled as a
dynamic diffusion-reaction system capable of predicting and
reproducing the observed profiles of diffusive oxygen front
as well as its dependence on annealing parameters. The dif-
fusing species is considered to be oxygen and the growth is
the result of the reaction of oxygen with Si at the high-k /Si
or SiO2 /Si interface. The overall growth kinetics can then be
obtained at any temperature by specifying the diffusivity of
oxygen species in the high-k material �DO,high k� and in the
growing SiO2 �DO,SiO2

�, the rate constant of reaction between
oxygen and Si, kSiO2

, and the oxygen pressure in the gas
phase. It is assumed that the SiO2 layer growth is one dimen-
sional, which is perpendicular to the face exposed to the
ambient. The silicon diffusion through the SiO2 film is ne-
glected, which is in agreement with recent experimental
results,33 although subnanometer Si interstitial injection from
the substrate may not be excluded. The additional assump-
tions made are that the diffusivity of oxygen species at a

certain temperature is constant, the density of the material in
which diffusion occurs is constant and uniform, and the en-
ergy released by the oxidation reaction is rapidly dissipated
so that the system remains in thermal equilibrium. Thus, the
following process emerges �schematically shown in Fig. 1�.

�1� The oxygen species are transported to the outer sur-
face of the high-k layer from the bulk gas phase through a
boundary layer.

�2� Oxygen species move inward into the metal-oxide film
through diffusion.

�3� Upon reaching the bulk Si, they react to form a new
interfacial layer of SiO2.

�4� As time proceeds, oxygen species diffuse through the
metal-oxide structure, through the interfacial SiO2 layer,
reach Si interface, react, and produce more oxide, conse-
quently pushing the SiO2 /Si interface further into the bulk Si
region.

The one-dimensional mass balance diffusion equation for
the description of the pathway of oxygen species through the
high-k layer at an elapsed time �t� and location �x� can be
expressed as follows:

�CO,high k�x,t�
�t

= DO,high k� �2CO,high k

�x2 �, 0 � x � L1,

t � 0, �1�

where CO,high k is the oxygen concentration in the high-k
layer, DO,high k is the diffusion coefficient of oxygen in the
high-k layer, and L1 is the thickness of the high-k layer.

Once the oxygen reaches the high-k /Si interface, it irre-
versibly reacts with Si at the interface to form the SiO2 layer.
This reaction at the interface drives the oxygen diffusion at
any instance of time and moves the Si interface boundary
away from the initial position. The diffusing oxygen species
now have to diffuse through the high-k layer and the newly
formed SiO2 layer to reach the interface. The diffusion of
oxygen in the growing SiO2 layer is given by the following
mass balance equation:

�CO,SiO2
�x,t�

�t
= DO,SiO2

� �2CO,SiO2

�x2 �, L1 � x � L, t � 0,

�2�

where CO,SiO2
is the concentration of oxygen species in the

SiO2 layer, DO,SiO2
is the diffusion coefficient of oxygen spe-
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FIG. 1. Schematic of the diffusion-reaction process in high-k
nanostructures.
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cies in the SiO2 layer, and L is the thickness of high-k plus
SiO2 layers at time t.

Initially, the distribution of oxygen species is assumed to
be homogeneous in the high-k layer, i.e., at t=0. Therefore,
the initial conditions can be written as

CO,high k = CO, 0 � x � L1, t = 0, �3�

CO,SiO2
= 0, x = L, t = 0, �4�

where C0 is the initial concentration of �excess� oxygen spe-
cies in the dielectric layer.

Considering a simple situation of the initial surface ex-
posed to uniform oxygen environment, the boundary condi-
tion at x=0 becomes

− DO,high k
�CO,high k

�x
= h�Cbulk − CO,high k�, x = 0, t � 0,

�5�

where h is the mass transfer coefficient. Equation �5� shows
that the concentration at the surface �x=0� is governed by
mass transfer through a thin film of oxygen formed at the
surface. The mass transfer coefficient is solely determined by
a gas-phase transport process; its value can be estimated on
the basis of standard boundary conditions and the contribu-
tion of the gas-phase transport to the overall diffusion-
reaction process of these systems is relatively small.28

The formation of SiO2 causes a discontinuity at the
high-k /SiO2 interface due to the different diffusivities of
oxygen in these two layers. However, continuity of flux, i.e.,
that no accumulation of the diffusing oxygen at the
high-k /SiO2 interface, results in the following mass balance
equation at x=L1:

DO,high k� �CO,high k

�x
� = DO,SiO2

� �CO,SiO2

�x
�, x = L1, t � 0.

�6�

At the Si/high-k material structure interface, the flux corre-
sponding to the oxidation reaction with first order rate con-
stant kSiO2

results in the following:

− DO,high k
�CO,high k�x�

�x
= kSiO2

CO,high k, x = L1, t = 0

�7�

and

− DO,SiO2

�CO,SiO2
�x�

�x
= kSiO2

CO,SiO2
, x = L, t � 0. �8�

The flux of formation of SiO2 is equal to the reactive flux at
the Si interface �x=L�. Therefore, if N1 is the number of
oxidant molecules incorporated into a unit volume of the
oxide layer as suggested by Deal and Grove,28 the rate of
growth of the oxide layer can be described by the following
equation:

dx

dt
=

kSiO2
CO,SiO2

N1
, x = L, t � 0. �9�

The above balance equations along with their corresponding
boundary and initial conditions are solved by using the finite
volume approach described by Pantankar34 to yield concen-
tration profiles with suitable values for the system param-
eters. The partial differential equations are changed to form a
set of linear algebraic equations by dividing both space and
time into discrete intervals. A control volume approach is
used to replace the continuous information in the exact solu-
tion of the partial differential equation with discrete values,
while the time dependency is resolved by using a fully suf-
ficient fixed time step.34 The control volume method natu-
rally maintains conservation of species and rigorously
handles the discontinuities due to the heterogeneous material
properties. The resulting sparse linear set of equations is
solved by using a tridiagonal matrix algorithm in MATLAB.

III. RESULTS AND DISCUSSION

A. Hafnium oxide film on silicon substrates

When HfO2 is used as the dielectric material and there is
a priori knowledge of the values of DO,high k, DO,SiO2

, h,
Cbulk, C0, and kO,SiO2

, the concentration profiles and growth
kinetics can be achieved at each space and time interval.
Unfortunately, good values of DO,high k, DO,SiO2

, h, C0, and
kO,SiO2

for high-k materials are not readily available. How-
ever, the numerical solutions are obtained by using values
based on literature and the nature of the physicochemical
system of interest.

Predicted diffusive oxygen concentration depth profiles
through a 10 nm thick HfO2 film at 1 bar O2 and 900 °C are
illustrated in Fig. 2 for different growth times. The parameter
values used are D�O2,HfO2�=201.6 nm2 /s,30,35 D�O2,SiO2�=2.5
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FIG. 2. Predicted oxygen concentration profiles in a 10 nm thick
HfO2 dielectric layer for different oxidation times at 900 °C and
1 bar O2. The values used are D�O2,HfO2�=201.6 nm2 /s �Refs. 30
and 35�, D�O2,SiO2�=2.5�104 nm2 /s �Ref. 36�, k�SiO2�=641.8nm /s
�Ref. 36�, h=2.8�107 nm /s �Ref. 28�, C0=0, and Cbulk

=0.0062 molecules /nm3 �calculated by using ideal gas equation�.
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�104 nm2 /s,36 k�SiO2�=641.8 nm /s,36 h=2.8�107 nm /s,28

C0=0 �i.e., stoichiometric HfO2 film�, and Cbulk
=0.0062 molecules /nm3 �calculated using the ideal gas
equation�. For this particular system, we assume that there is
no initial SiO2 layer present at the high-k /Si interface. One
can see that oxygen species diffuse into the high-k layer,
arriving at the high-k /Si interface to react with Si. The oxy-
gen profiles are not straight lines and this is the result of the
dynamic nature of the diffusion-reaction problem in these
systems. However, for long enough annealing times, the oxy-
gen concentration profile asymptotically approaches a
straight line. A steady-state regime is not attained as long as
the SiO2 /Si interface moves deeper into the Si substrate.

Figure 3 illustrates the predicted interfacial oxide thick-
ness as a function of annealing time of a 10 nm thick HfO2
on silicon at different annealing temperatures and 1 bar
pure oxygen. The rate of SiO2 formation on bare silicon sub-
strate at 900 °C and 1 bar oxygen is also plotted for
comparison. The values used are D�O2,HfO2�=4.82
�1010 exp�−22 629.68 /T�K�� nm2/s,30,35 D�O2,SiO2�=1.3
�1013 exp�−23 568.2 /T�K�� nm2 /s,36 k�SiO2�=2.45�1014

exp�−31 281.5 /T�K�� nm/s,36 h=2.8�107 nm/s,28 C0=0,
and Cbulk=0.0062 molecules/nm3. It is apparent that Si at
the high-k /Si interface is initially consumed by reaction with
the diffusing O2 species to form silicon oxide, and as pro-
cessing time proceeds, the reaction front advances into the Si
matrix. The interfacial SiO2 layer therefore becomes thicker
with increasing annealing time. The growth kinetics is faster
during the early stage of annealing, e.g., within the first 10 s,
the SiO2 thickness increases from 0 to 1.3 nm when annealed
at 900 °C, followed by a rapid change into a slower, appar-
ently self-limited growth regime that lasts for long process-

ing times even at high annealing temperatures. For annealing
temperatures below �800 °C, the interlayer growth rate is
fairly small and the maximum oxide thickness is predicted to
be 1 nm or less. At higher annealing temperatures, the pre-
dicted interfacial oxide thickness is found to significantly
increase with increasing annealing temperature.

Next, we investigate the interfacial layer growth in order
to understand the limiting step that is responsible for the
apparent self-limited growth kinetics at longer annealing
times. We consider the following processes that form the
basis of our model: �1� incorporation of oxygen into HfO2,
�2� diffusion of oxygen species in the HfO2 dielectric layer,
�3� diffusion of oxygen species in the interfacial SiO2 layer,
and �4� reaction of oxygen with silicon at the interface. The
oxidation reaction rate at the Si interface is considered first.
Shimizu et al.31 have reported that the oxidation reaction at
the HfO2/Si interface is independent of the Si substrate sur-
face orientation. This is contrary to the bare Si surface oxi-
dation in which the surface orientation has an effect on the
SiO2 growth rate.31,37 These findings indicate that the oxida-
tion reaction at the Si interface is fast and likely not the
limiting process for interfacial oxide growth. The interfacial
SiO2 layer growth and its effect on the overall growth kinet-
ics are considered next. The interlayer growth with no initial
silicon oxide as well as with an initial predeposited silicon
oxide of 4 nm thick are modeled, and the resulting equations
are solved with the parameter values of D�O2,HfO2�
=201.6 nm2 /s,30,35 D�O2,SiO2�=2.5�104 nm2 /s,36 k�SiO2�
=641.8 nm /s,36 h=2.8�107 nm /s,28 C0=0, and Cbulk
=0.0062 molecules/nm3 �calculated by using the ideal gas
equation for 1 bar oxygen and 900 °C�. The resulting inter-
layer thicknesses as functions of the annealing time are
shown in Fig. 4; it is evident that the predicted trends for the
annealing of HfO2 layers deposited with and without pre-
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FIG. 3. Predicted thickness of interlayer SiO2 film as a function
of annealing time on 10 nm thick HfO2 on SiO2 at 1 bar O2 and
annealing temperatures of 700, 800, 900, and 1000 °C. Also, the
growth of SiO2 on bare silicon is shown as a function of time at
900 °C and 1 bar O2. In this simulation, we used D�O2,HfO2�=4.82
�1010 exp�−22 629.68 /T�K�� nm2 /s �Refs. 30 and 35�, D�O2,SiO2�
=1.3�1013 exp�−23 568.2 /T�K�� nm2 /s �Ref. 36�, k�SiO2�=2.45
�1014 exp�−31 281.5 /T�K�� nm /s �Ref. 36�, h=2.8�107 nm /s
�Ref. 28�, C0=0, and Cbulk=0.0062 molecules /nm3 �calculated by
using ideal gas equation�.
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FIG. 4. Comparison of SiO2 film thickness formed at the inter-
face without initial oxide present and when an initial oxide of 4 nm
is present, at 900 °C and 1 bar O2 ambient. The values used in
these modeling predictions are D�O2,HfO2�=201.6 nm2 /s �Refs. 30
and 35�, D�O2,SiO2�=2.5�104 nm2 /s �Ref. 36�, k�SiO2�
=641.8 nm /s �Ref. 36�, h=2.8�107 nm /s �Ref. 28�, C0=0, and
Cbulk=0.0062 molecules /nm3 �calculated by using ideal gas
equation�.
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grown silicon oxide are found to be quantitatively similar to
each other. This suggests that the formation of interfacial
oxide layer does not significantly inhibit the diffusion of
oxygen species and, therefore, it may not have a significant
effect on the overall interlayer film growth. Moreover, in Fig.
3, the SiO2 growth kinetics on bare silicon modeled at the
same conditions as those of the HfO2 film on Si shows that
for longer annealing times, the oxide growth on bare silicon
is much faster. It is known that diffusion of molecular oxy-
gen in SiO2 is fast. Therefore, the lower thicknesses of the
silicon dioxide interlayer than those of SiO2 formed on bare
silicon under similar conditions can be explained by the
lower diffusivity of molecular oxygen through the dielectric
layer; this slower diffusion of oxygen in the high-k layer can
therefore become the rate limiting step.

The effect of the rate of oxygen diffusion through the
HfO2 layer as the limiting process on the overall growth
kinetics of the interlayer silicon oxide film is investigated
too. Figure 5 shows the predicted interfacial SiO2 growth at
two different annealing temperatures in 1 bar oxygen for 35
s as a function of the initial HfO2 film thickness; the param-
eter values used are the same as those mentioned above at
the appropriate temperatures. In the ultrathin HfO2 region,
the interface silicon oxide layer growth is predicted to de-
crease with increasing HfO2 thickness, which prevents pro-
gressive incorporation of O2 species at the SiO2 /Si interface
and consequently slows down film growth. This suggests that
when a very thin HfO2 layer is used, the oxygen species
diffusion through the dielectric is likely the limiting step.
However, small HfO2 thickness dependence of the silicon
oxide interlayer thickness is observed at the temperatures
studied for relatively thick ��4 nm� dielectric layers. As the
thickness of the high-k material on Si increases, the diffusion
of the molecular oxygen species through the developing di-

electric stack becomes overall rate controlling, due to the
diffusion barrier presented by the dielectric layer. This does
not appear to be in agreement with results reported by other
groups,30,31,35 which indicated that the interfacial Si oxida-
tion process may not be limited by the diffusion of oxygen
through the developing dielectric stack. Yet, possible oxygen
isotopic exchange, the reporting of the diffusing species be-
ing mostly atomic oxygen, and the remarkable agreement
between our theoretical predictions and the data presented in
Ref. 29 �see below� suggest that our proposed physicochemi-
cal model with molecular oxygen being the diffusing species
throughout the HfO2 /SiO2 stack32 is a satisfactory and effec-
tive representation of the unsteady-state oxygen diffusion-
reaction phenomena in high dielectric constant material
structures. Further, the interface SiO2 growth was modeled
for different oxygen partial pressures �not shown�. The re-
sults agree with published data that small oxygen partial
pressure dependence is observed for the growth of interfacial
SiO2. This not only suggests that incorporation of oxygen
species into the HfO2 layer does not limit the oxidation re-
action at the interface but also that oxygen diffusion through
the dielectric layer is most likely the limiting process.

In order to assess the effectiveness of the model in
describing the oxide growth not only qualitatively but also
quantitatively, theoretically predicted results must be com-
pared to experimental evidence. Data obtained by Ferrari and
Scarel30 were used. A relatively thin native oxide film thick-
ness ��1.2 nm� was used as the initial SiO2 thickness
at the interface. The parameter values used are
D�O2,HfO2�=201.6 nm2 /s,30,35 D�O2,ZrO2�=250.6 nm2 /s,20,25,30

D�O2,SiO2�=2.5�104 nm2 /s,36 k�SiO2�=641.8 nm /s,36 h=2.8
�107 nm /s,28 C0=0, and Cbulk=0.0062 molecules /nm3. In
Fig. 6, predicted values of the interlayer silicon oxide thick-
ness for the fast growth early on up to the self-limited regime
at longer annealing times are presented and found to satis-
factorily agree with those published experimental data for
both 10 nm thick HfO2 and 10 nm thick ZrO2 films. Indeed,
the presence of the HfO2 /ZrO2 layer on silicon is seen to
result in a steep increase of the interfacial layer to about 3
nm, while for longer annealing times, the growth of inter-
layer SiO2 proceeds at a much slower rate.

Another metric that can be used to define a high-k film is
the equivalent oxide thickness �EOT�, which is the thickness
of a SiO2 film with equivalent capacitance. It is crucial that
EOT values be as low as possible while maintaining a physi-
cal thickness large enough to prevent leakage currents. In
order to incorporate a high-k film into a CMOS structure, the
EOT should be less than 1.5 nm for a sub-100-nm device.
Therefore, if 4 nm HfO2 ��=25� is used as the dielectric
layer, the annealing time must be shorter than 1.5 s at
900 °C. The EOT values calculated from our model can be
compared to electrically measured values of 2.5 nm for a 4
nm thick HfO2 with 1 nm initial SiO2 film annealed in oxy-
gen at 1000 °C for 1 s.38 The predicted EOT value, which is
calculated by using ��HfO2�=25 and ��SiO2�=3.9, is 2.77
nm. The small difference between the predicted and experi-
mental values may be attributed to the interfacial oxide’s
silicate component due to high temperature annealing. Be-
cause our model does not account for silicate formation and
since the total capacitance of a multilayer stack is affected by
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FIG. 5. Thickness of the interfacial SiO2 film as a function of
dielectric thickness at 1 bar O2 and annealing temperatures of 900
and 1000 °C for 35 s. In these theoretical predictions, we used
D�O2,HfO2�=4.82�1010 exp�−22 629.68 /T�K�� nm2 /s �Refs. 30
and 35�, D�O2,SiO2�=1.3�1013 exp�−23 568.2 /T�K�� nm2 /s �Ref.
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=2.8�107 nm /s �Ref. 28�, C0=0, and Cbulk=0.0062
molecules /nm3 �calculated by using ideal gas equation�.
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the material with a lower dielectric constant �dielectric con-
stant for Hf silicate �25�, our model predicts a slightly
higher value for EOT. However, our model can be modified
to consider Si migration to the dielectric layer resulting in
silicate layer formation.

Previous studies have shown that annealed ZrO2 and
HfO2 films contain a significant amount of Si.30 When the
SiO2 interface layer is formed, it occupies a large volume
generating interstitial Si that is prone to move. This intersti-
tial Si migrates toward the dielectric layer and reacts to form
a Hf-O-Si �Zr-O-Si� structure or a SiO2-HfO2 �SiO2-ZrO2�
phase mixture. This phenomenon can be incorporated into
our model by using the following diffusion-reaction equa-
tions to describe the Si migration and silicate formation:

�CSi�x,t�
�t

= DSi� �2CSi

�x2 � + kSiO2
CO,SiO2

− kSi-high kCSiChigh-k,

�10�

�Chigh k�x,t�
�t

= − kSi-high kCSiChigh k, �11�

where CSi is the concentration of interstitial Si formed,
Chigh k is the concentration of the high-k material that reacts
with Si, DSi is the diffusion coefficient of Si, and kSi-high k is
the rate constant for silicate formation.

By using appropriate boundary conditions, Eqs. �1�–�11�
can be numerically solved to describe the time evolution of
both Si and O species. Additionally, the annealing tempera-
ture plays an important role since high temperature annealing
can induce film crystallization, creating preferential diffusion
paths. It has been shown that upon annealing, amorphous
HfO2 crystallizes into monoclinic phase, while ZrO2 is com-

posed of a mixture of amorphous, monoclinic, and tetragonal
phases.20 Therefore, transport of oxygen species through the
film can be via bulk diffusion or grain boundary diffusion or
a combination of both. It is likely that the occurrence of the
above processes influences the interfacial layer growth pro-
cess, either by modifying oxygen diffusivity and reactivity
with Si or, in the case of Si diffusion, changing the compo-
sition of the dielectric and interface layers. However, given
the complexity of the phenomena occurring simultaneously,
we have derived a comprehensive model, which highlights
the important variables for the interface layer growth and the
mechanism of oxygen transport.

B. Alumina film on silicon substrates

Aluminum oxide has attracted considerable interest, pri-
marily due to its potential to replace SiO2 as the dielectric
layer in CMOS device fabrication. Among its desirable prop-
erties, the most noteworthy one is the ability of stoichio-
metric Al2O3 to form a thermodynamically stable interface
with Si. This is a considerable advantage because the
dielectric-substrate interface in a field effect transistor device
must be of high quality. However, the O/Al ratio of ultrathin
��10 nm� aluminum oxide films obtained by different depo-
sition processes currently employed, depends on the process
and it may be considerably higher than the stoichiometric
one in Al2O3.16–19 This results in the formation of a SiO2
layer at the Al2O3 /Si interface during annealing even in inert
ambient, and it can be explained by the possible diffusion of
the excess oxygen species present in the film toward the
substrate along with the resulting reaction at the substrate
interface to form SiO2. Such observations indicate that there
are interesting design issues in the use of Al2O3 as a high-k
material and that an understanding of the mechanism of the
formation of the silicon oxide interlayer is necessary for the
application of such systems as ultrathin dielectrics.

The lack of information for the exact nature of the diffus-
ing species poses a considerable challenge in deriving a de-
tailed fundamental analysis of the system. Considering that
the interfacial oxide formation occurs even after annealing at
500 °C in argon gas, the diffusing species is apparently
highly reactive.16 One plausible mechanism is the diffusion
of atomic oxygen from the oxygen rich alumina film fol-
lowed by reaction at the film/substrate interface to form
SiO2. In an alternative mechanism, the excess diffusive oxy-
gen is exchanged for the fixed oxygen already present in the
Al2O3 network. As a result, a fraction of diffusive oxygen
displaces the fixed oxygen, generating another oxygen spe-
cies. Upon reaching the silicon interface, the oxygen species
reacts with Si. In our physicochemical model, we consider
that the deposited film contains excess oxygen �C0� and a
fraction of the excess oxygen ��� diffuses in the film with an
effective diffusivity �DO,Al2O3

�. The excess oxygen species in
our modeling studies is based on the stoichiometry of
the deposited alumina as AlO2.1	0.1 �Ref. 16�; other
parameters used are 1 bar of argon, 500 °C, D�O2,SiO2�
=25.0 nm2 /s,36 k�SiO2�=0.035 nm /s,36 h=2.8�107 nm /s,28

and C0=11.7 molecules /nm3. The fit of the extensive ex-
perimental data presented in Fig. 7 yields values for
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FIG. 6. Predicted thickness of the interlayer SiO2 film as a func-
tion of annealing time of 10 nm thick HfO2 �—� and 10 nm thick
ZrO2 �- -� at 1 bar O2 and 900 °C along with the corresponding
experimental data from Ferrari and Scarel �Ref. 30�. The parameters
used are D�O2,HfO2�=201.6 nm2 /s �Refs. 30 and 35�, D�O2,ZrO2�
=250.6 nm2 /s �Refs. 20, 25, and 30�, D�O2,SiO2�=2.5�104 nm2 /s
�Ref. 36�, k�SiO2�=641.8 nm /s �Ref. 36�, h=2.8�107 nm /s �Ref.
28�, C0=0, and Cbulk=0.0062 molecules /nm3 �calculated by using
ideal gas equation�.
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DO,Al2O3
=0.075 nm2 /s and �=0.82. This value of diffusivity

is within the range of oxygen diffusivities in alumina calcu-
lated and reported by Nabatame et al.39 by using 18O tracer
and secondary ion mass spectroscopy. Such calculations
show that a relatively simple macroscopic model can indeed
be used to predict the annealing-induced growth of interfa-
cial oxide and can provide important guidelines for a con-
trolled interfacial SiO2 formation.

C. Alumina film as diffusion barrier for hafnia on silicon
substrates

HfO2 has generated considerable attention as a promising
alternative to SiO2 for future CMOS devices. However, an-
nealing of these films in oxygen atmospheres may lead to the
formation of uncontrolled SiO2 interface layers. Since the
formation of such an interface layer imposes limitations on
scaling the equivalent oxide thickness of HfO2-based layers,
suppression and control of this layer are important. It has
been reported that amorphous alumina can be used as a dif-
fusion barrier layer between a HfO2 thin film and the Si
substrate.40 Figure 8 shows predicted silicon oxide interlayer
thickness as a function of the annealing time of
HfO2�4 nm�Al2O3 �variable nm as shown�/Si structures in 1
bar of pure oxygen at 900 °C. For comparison purposes, the
silicon oxide interlayer thicknesses for 4 nm thick HfO2 /Si
and 4 nm thick Al2O3 /Si structures annealed in 1 bar oxygen
at 900 °C are also included. The Al2O3 film has a very low
oxygen diffusivity. Moreover, the Al2O3 /Si interface remains
abrupt even after 60 min of postdeposition annealing in oxy-
gen ambient.40 Figure 8 shows that the interfacial SiO2
growth decreases with increasing Al2O3 diffusion barrier
thickness. For example, we predict a SiO2 thickness of 0.2

nm after 100 s annealing of Al2O3 /Si at 900 °C, and this is
substantially lower than the interlayer SiO2 thickness of 4
nm predicted for the same annealing process of HfO2 /Si
structures with no Al2O3 barrier interlayer. Since the HfO2
layer may be relatively transparent to oxygen, oxygen diffu-
sion through the Al2O3 layer significantly affects the interfa-
cial SiO2 thickness. Kundu et al.40 speculated that the diffus-
ing oxygen species are molecular in nature. When the Al2O3
interlayer is used, we predict an initial fast interfacial layer
growth stage followed by a slow one, which is similar to that
observed when only HfO2 is considered as the high-k layer.
However, the SiO2 interfacial growth is significantly sup-
pressed when an Al2O3 interlayer was present. These results
show that although Si oxidation at the Si interface takes
place by the same apparent mechanism as that when no in-
terlayer is present, the reaction process of oxygen with sili-
con is constrained by the limited availability of oxygen at the
Al2O3 /SiO2 interface. This decelerates the growth rate.
However, to apply Al2O3 as the oxygen barrier for the high-k
gate fabrication process, the EOT of the dielectric stack
�HfO2 /Al2O3 /SiO2� should be approximately equal to 1
nm.38 From Fig. 8 for 4.0 nm thick HfO2 dielectric layer, if
we use a 0.5 nm thick Al2O3 barrier layer to suppress the
interfacial SiO2 formation in order to maintain interface
thickness EOT less than 1.0 nm, the thickness of interfacial
oxide should be �0.15 nm. This implies that the annealing
time at 900 °C should be less than 5 s. Based on such find-
ings, the presence of Al2O3 on Si is indeed predicted to be an
effective diffusion barrier layer that limits the thickness of
the SiO2 interfacial layer, which is in good agreement with
reported experimental data.24,41,42 Yet, there may be a limited
range of thermal processing conditions for which Al2O3 can
act as an effective barrier layer.
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=11.7 molecules /nm3.
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IV. CONCLUSION

A diffusion-reaction model has been developed and pro-
posed to study the SiO2 interfacial layer growth at high-k
material structures/Si interfaces over a range of thermal an-
nealing conditions in inert and/or oxygen ambient. The pre-
dicted thickness of the interfacial SiO2 layer formed is
shown to be a function of temperature, annealing time, and
the presence of a barrier interlayer. The interfacial SiO2 for-
mation upon annealing in O2 is comprised of two stages: a
fast initial stage followed by a slower self-limiting one. The
slow self-limiting oxidation rate is likely a consequence of
reduced availability of molecular oxygen at the high-k
structure/SiO2 interface. A comparison between our theoret-
ical predictions and available experimental data shows that
the proposed model satisfactorily describes the process of the
interfacial oxide layer growth. Alumina is predicted to be an
efficient barrier to oxygen diffusion, which is in agreement
with published data. This has implications on the limitation
of the thickness of the intermediate layer, which in turn de-

termines the overall dielectric constant and, therefore, the
overall capacitance.

Although the theoretical predictions presented and dis-
cussed above are based on values of diffusivity, rate con-
stant, and mass transfer coefficient taken mostly from the
literature, this work does demonstrate that unsteady-state
diffusion-reaction phenomena in high-k nanostructures can
be quantitatively studied with physicochemical models like
the ones proposed and solved here. Furthermore, experimen-
tal data and such models can contribute to the determination
of unknown important parameters.
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