
Studies of the interfacial structure of LaAlO 3 thin films on silicon by x-ray
reflectivity and angle-resolved x-ray photoelectron spectroscopy

X. L. Li,a! W. F. Xiang, H. B. Lu, and Z. H. Mai
Beijing National Laboratory for Condensed Matter Physics, Institute of Physics, Chinese Academy
of Sciences, Beijing 100080, China

sReceived 18 March 2005; accepted 3 May 2005; published online 20 June 2005d

The microstructures of amorphous LaAlO3 thin films deposited on silicon substrates by the laser
molecular-beam epitaxy were studied by the x-ray reflectivity and the angle-resolved x-ray
photoelectron spectroscopy. It was shown that the film/substrate interface contains a La-rich
LaxAl yOzSi layer and a SiOx layer. It was shown that the electron density of the LaAlO3 layer and
the LaxAl yOzSi layer is not homogeneous along the growth direction due to the diffusion of La, Al,
and Si. The growth kinetics of the LaAlO3 film was described by three processes:s1d formation of
the SiOx layer at the early stage whose thickness saturates rapidly at about 13 Å;s2d formation of
the LaxAl yOzSi layer by the out diffusion of Si and the inner diffusion of La, Alsmostly Lad. This
stage continues as the film growss3d In the deposition process of LaAlO3, the distributions of La
and Al in the LaAlO3 layer change from inhomogeneous to homogeneous. ©2005 American
Institute of Physics. fDOI: 10.1063/1.1941470g

I. INTRODUCTION

With the continuing miniaturization of the complemen-
tary metal-oxide semiconductorsCMOSd devices, high-k
gate dielectrics have gained considerable attention to replace
SiO2 as the gate dielectric.1 Candidate materials include
Al2O3, Y2O3, La2O3, ZrO2, HfO2, and their pseudobinary
oxides,2–6 which are thermodynamically stable on silicon
substrate.7 LaAlO3 as a compound of La2O3 and Al2O3 is
considered as another most promising candidate. It has a
steady interface with silicon and a higher dielectric constant
of 25–27;8 however, when these materials are deposited on
silicon, SiOx or metal silicates are often formed at the
interface.9–12 The existence of these interfacial sublayers
would reduce the overall electrical property. Understanding
and controlling the growth of these interfacial sublayers are
key to obtain high-performance high-k dielectric films.

Many authors have studied the interfacial structure of
LaAlO3 on silicon substrate by transmission electron micros-
copy sTEMd, secondary-ion-mass spectroscopysSIMSd, and
x-ray photoelectron spectroscopysXPSd.13,14 The x-ray re-
flectivity has been considered an efficient and nondestructive
tool to measure the microstructures of thin films such as the
thickness, the electron-density profile, and the interfacial
roughness of each layer in the film. In this article, the inter-
facial structure of the LaAlO3 films was investigated by the
x-ray reflectivity sXRRd technique and the angle-resolved
XPS. The growth kinetics of LaAlO3 film on Si substrate
was discussed based on the results.

II. EXPERIMENTAL PROCEDURE

The LaAlO3 films were deposited onn-type s100d Si
substrates by the laser molecular-beam epitaxysLMBEd
technique.15 Prior to the film deposition, Si wafers were

cleaned with acetone, alcohol, and dilute HF solution to re-
move any native oxide layer, producing a hydrogen-
terminated surface. The deposition was carried out at an oxy-
gen pressure of 0.1 Pa and a substrate temperature of
700 °C. Three samples were prepared with different thick-
ness of 50 Å ssample Ad, 80 Å ssample Bd, and 120 Å
ssample Cd, respectively. High-resolution x-ray diffraction
was performed to confirm that the LaAlO3 films were amor-
phous.

The x-ray reflectivity and high-resolution x-ray-
diffraction measurements were performed on a Bruker D8
Advance diffractometer at room temperature with CuKa ra-
diation. The incident beam was confined by a 0.1-mm slit
300 mm before the sample and the scattered beam was con-
fined by a 0.2-mm slit. The angle-resolved XPS was per-
formed on a PHI-5300/ESCA surface analysis system using
Al Ka shn=1486.6 eVd at different takeoff angles. The posi-
tion of the C1s peak was taken as a standardswith a banding
energy of 285.0 eVd.

III. RESULTS AND DISCUSSION

Shown in Fig. 1 are the x-ray reflectivity profiles of the
three samples. We have tried to simulate the data by using
the matrix method.16,17 A simple two-slab model, which in-
cludes a LaAlO3 layer and a SiOx interfacial layer on the
silicon substrate, failed to reproduce the experimental data.
The dashed lines in Fig. 1 are the best fit we can get with
Bruker’sLEPTOSprogram if a simple two-slab model is used.
The large discrepancy between the simulations and the ex-
periments enforced us to pursue a more complex model
based on our XPS experiments.

The angle-resolved XPS analysis is performed on
sample A to obtain the interfacial information about the film.
The effective sampling depth,Z=3l sinu, is a function of
the mean attenuation length,l, and the takeoff angle,u, of
the photoelectrons. At a lower takeoff angle only the elec-adElectronic mail: bluelixl@163.com
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trons emitted from the near surface region are detected, and
the signals are predominantly from the surface of the sample.
While at a higher takeoff angle the signals contain the infor-
mation of the sample interface. Figure 2sad shows the La 3d
core-level spectra of sample A at different takeoff angles of
15°, 30°, 45°, and 90°, respectively. One sees that the posi-
tions of the La 3d2/5 peaks at 834.9 eV are similar for the
takeoff angles of 15°, 30°, and 45°. However, at the takeoff
angle of 90° the peak of the La 3d5/2 is broader and shifts
towards higher binding energy, consistent with the formation
of La–O–Si bond.18 Similar results of the Al 2p spectra are
shown in Fig. 2sbd. At the takeoff angle of 90° the peak
position of the Al 2p shifts towards higher binding energy. It
is clear from Fig. 2sbd that the peak profile of the Al 2p at the
takeoff angle of 90° is composed of two peaks, one at
74.2 eV corresponding to the Al 2p in LaAlO3 environment,
another at 75.3 eV indicating the Al–O–Si bond at the inter-
face. The peak at 75.3 eV disappears when the takeoff angle
decreases. The La to Al ratiossLa/Ald for different takeoff
angles are estimated by the ratios of the La and Al peak areas
in Figs. 2sad and 2sbd. The La to Al ratioss±2%d are 0.95,
0.98, 1.08, and 1.39 for the takeoff angles of 15°, 30°, 45°,
and 90°, respectively. One can see that for the takeoff angles
of 15°, 30°, and 45°, the La/Al ratios are very close to 1:1.
However, at the takeoff angle of 90° the ratio of La/Al is
greater than 1. A reasonable explanation is that the
LaxAl yOzSi layer contains high concentration of La. These
results indicate that there is a La-rich LaxAl yOzSi compound
near the interface.

Figure 2scd shows the angle-resolved Si 2s core-level
spectra of sample A. The spectrum taken at 90° is composed
of three peaks, noted as peaks I, II, and III, respectively. Peak
III at 154.1 eV is attributed to SiOx,

19 and peak II at
152.9 eV is related to LaxAl yOzSi corresponding to the La–
O–Si and Al–O–Si bonds. The intensity of peak III decreases
with the decreasing takeoff angle and diminishes eventually
at 30°. On the contrary, the intensity of peak II increases with
the decreasing takeoff angle, indicating that the SiOx layer
lies below the LaxAl yOzSi layer. Peak I at the binding energy
of 150.4 eV is attributed to silicon. Its intensity decreases
with the decreasing takeoff angle, but remains even at the

lowest takeoff angle of 30°. This may be due to the photo-
electric signal from the edge of the Si substrate.

The XPS measurements of sample A indicate that there
are a LaxAl yOzSi component and a SiOx component near the
interface of LaAlO3 and Si; the SiOx layer lies below the
LaxAl yOzSi layer. Since the only difference between the three
samples is the deposition time, it is reasonable to consider
that samples B and C have a similar interfacial structure as
sample A. Based on these results, we have used a three-layer
model, which includes a LaAlO3 layer, a LaxAl yOzSi diffu-
sion layer, and a SiOx layer on top of the silicon substrate to
fit the XRR spectra of the three samples in Fig. 1. For a
better fitting the SiOx layer is divided into two sublayers with
a low electron-density layer and a high one. The low
electron-density layer corresponds to the amorphous SiO2

FIG. 1. X-ray reflectivity spectra and theoretical simulations of the samples
with different thickness, sample A: 50 Å, sample B: 80 Å, and sample C:
120 Å.

FIG. 2. sad Angle-resolved spectra of the sample A’s La 3d core level taken
at the takeoff angles of 15°ssurface sensitived, 30°, 45°, and 90°,sinterface
sensitived, respectivley.sbd Angle-resolved XPS spectra of sample A’s A1 2p
core level taken at the takeoff angles of 15°, 30°, 45°, and 90°, respectively.
scd XPS spectra of sample A’s Si 2s core level taken at different takeoff
angles of 30°, 45°, and 90°, respectively.
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and the high one is believed to correspond to the quasiepi-
taxial growth of the SiO2 near the substrate.20,21 which is
slightly denser than the Si substrate. Because there might
exist suboxide at the SiO2/Si interface,22,23 we consider the
SiOx to be a better description of the interfacial SiO2 layer. A
linear gradient of LaAlO3 compound density is also consid-
ered for samples A and B. The best simulation results are
shown in Fig. 1. The parameters used in the simulation are
listed in Table I. The electron-density profilessEDPsd ob-
tained from the simulation data are shown in Fig. 3.

The arrows in Fig. 3 indicate the interfaces of the
LaAlO3/LaxAl yOzSi, which are defined by the different den-
sity gradients of the two sides. The gradient of the
LaxAl yOzSi layer might be caused mostly by the out diffu-
sion of Si, while that of the LaAlO3 layer might be formed
by the inner diffusion of La and Alsmostly Lad. From Table
I, one can observe that the electron density of the LaAlO3

layer of sample A is highly inhomogeneous and shows a
graded distribution along the growth direction. It is about
1.27e−/Å3 at the surface of the LaAlO3 layer, and about
0.95e−/Å3 in the vicinity of the substrate. It might be caused
by the inhomogeneous depth distributions of La and Al in the
LAO film. With the continuing increase of the thickness, the
inhomogeneous is decreased gradually and the LaAlO3 layer
becomes more compact as the parameters of sample B
showed. The electron density near the top surface of the
LaAlO3 layer is increased to 1.38e−/Å3, and is about
1.10e−/Å3 in the vicinity of the substrate. Eventually, the
inhomogeneous of electron density disappeared. We can see
from sample C that the electron density becomes homoge-
neous with a value of 1.42e−/Å3. When the film is thicker,
the La and Al in the LaAlO3 layer would have enough time

to diffuse, hence the compositional grade of the LaAlO3

layer is decreased gradually, and eventually the LaAlO3 film
becomes homogenous and compact.

It is impressive to find that the thickness of the
LaxAl yOzSi layer increases with the thickening of the
LaAlO3 layer, while the thickness of the SiOx layer is basi-
cally changeless. We suggest that the oxygen diffusion oc-
curs only at the early stage of the film growth, and the thick-
ness of the SiOx layer saturates at about 13 Å. It is in
agreement with the previous study that the growth of SiOx

layer saturated with the time and the pressure but increased
with the temperature in ZrO2/Si system.24 The diffusion of
Si into LaAlO3 layer is a dominant process of the interface
growth mode.25 The emission of Si towards the surface26

during the growth promotes the formation of La–O–Si and
Al–O–Si bondssmostly La–O–Si bond as the XPS results of
La-rich interfaced. Consequently, the thickness of the
LaxAl yOzSi layer increases. SiO generated at the interface of
Si/SiO2 via the reaction Si+SiO2→SiO↑ is the most pos-
sible diffusion mode of the Si species.27

IV. CONCLUSIONS

The microstructures of amorphous LaAlO3 thin films de-
posited on Si substrate were investigated by the x-ray reflec-
tivity technique and the angle-resolved x-ray photoelectron
spectroscopy. The results showed that there are a LaxAl yOzSi
compound and a SiOx compound at the interface of
LaAlO3/Si substrate. The thickness of the SiOx layer satu-
rates rapidly at about 13 Å, while the thickness of the
LaxAl yOzSi layer keeps increasing as the deposition contin-
ues. The electron density of the LaAlO3 layer is highly in-
homogeneous along the growth direction. The gradient of the
electron-density distribution decreases and disappears even-
tually as the LaAlO3 layer becomes thick. From the discus-
sion above, the growth kinetics of LaAlO3 film grown on Si
substrate can be described by the following three processes:

s1d At the early stage of the LaAlO3 growth, oxygen atoms
arrive easily at the Si substrate, the transport of oxygen
should have a much higher diffusivity than oxygen dif-
fusion at the growing SiOx film, and the oxide growth is
a rate-limiting step. At the following time, with the
thickening of the SiOx layer, the grown SiOx prevents
the further growth of SiOx so that its thickness saturates
rapidly.

s2d With the further deposition of LaAlO3, the oxygen dif-
fusion through the LaAlO3 film becomes more difficult.
Emission of Si species is the dominating diffusion mode

TABLE I. Parameters used in fitting the x-ray reflection curves:r is the electron densityse−/Å3d±0.01,d is the
layer thicknesssÅd±1, ands is the root-mean-square roughness of the interfacessÅd±0.5.

LaAlO3

r /d/s

Interface layersr /d/sd

Si substrate
r /sLaxAl yOzSi SiOx Denser SiOx

Sample A 1.27Top−0.95Bottom/44/2.8 0.76/5/4.5 0.66/8/6 0.73/5/5 0.7/3
Sample B 1.38Top−1.10Bottom/65/3.5 0.77/10/9 0.66/9/5.5 0.74/5/5 0.7/3
Sample C 1.42/100/7.0 0.80/19/15 0.66/7/3 0.74/5/5 0.7/3

FIG. 3. Comparison of electron-density profilessEDPd of the samples with
different thickness, sample A: 50 Å, sample B: 80 Å, and sample C: 120 Å.
The arrows indicate the interface of the LaAlO3/LaxAl yOzSi.
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instead of oxygen diffusion. When the Si species diffuse
to the front of the SiOx layer, there is no adequate oxy-
gen environment to form the SiOx structure; hence the Si
species diffuse further into the LaAlO3 film to form the
LaxAl yOzSi component. Because La2O3 reacts more eas-
ily with Si than Al2O3 does,14 the LaxAl yOzSi layer is
rich in La.

s3d The electron density of LaAlO3 layer is highly inhomo-
geneous and shows a graded distribution along the
growth direction at the start stage of deposition. With the
continuing deposition, the La and Al in the LaAlO3 layer
would have enough time to diffuse, therefore the com-
positional grade of the LaAlO3 layer is decreased gradu-
ally, and eventually the LaAlO3 film becomes homoge-
neous and compact.
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