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The annealing behavior of a lanthanum oxide thin film deposited on a silicon �001� substrate by
electron-beam evaporation has been studied by aberration-corrected transmission electron
microscopy �TEM�, scanning TEM �STEM�, and electron energy loss spectroscopy �EELS�. We
have developed a procedure for the precise measurement of thickness and interfacial roughness by
taking advantage of features of aberration correction combined with the statistics of fluctuating
crystalline edge positions. The results of the measurements and quantitative elemental analyses by
STEM-EELS have revealed atomic diffusion and reactions during deposition and postdeposition
annealing �PDA� at 300 and 500 °C. The channel mobility could be limited by Coulomb scattering
before PDA, and by remote roughness scattering and remote phonon scattering after PDA at
500 °C. When we consider the large leakage current caused by oxygen defects in the as-deposited
sample and the large equivalent oxide thickness of the thick Si-rich layer in the 500 °C-PDA
sample, the gate properties of the 300 °C-PDA sample should be better than those of other samples,
as shown by electrical measurements. © 2010 American Institute of Physics.
�doi:10.1063/1.3445874�

I. INTRODUCTION

In the future high-performance devices, the film thick-
ness of the silicon-based gate dielectrics widely used in
metal-oxide-semiconductor field effect transistors �MOS-
FETs� must be reduced to about 1 nm. A critical issue is that
such an extreme reduction in thickness leads to large leakage
currents due to direct tunneling.1 Replacing the gate dielec-
trics by other materials with high dielectric constants
�high-k� is a solution to this issue.2 Out of the various can-
didates for high-k gate dielectrics,3–8 HfO2 �Ref. 9� and Hf-
based oxides10,11 are currently being used. As the next gen-
eration high-k gate dielectrics, La2O3 is particularly
promising among various rare-earth oxides because of its
high dielectric constant �20–30� and large conduction band
offset �2.3 eV�.2,12 After extensive research using various
growth methods,13–20 an equivalent oxide thickness �EOT� of
0.37 nm has been achieved in a La2O3 gate dielectric on a
silicon substrate produced by electron-beam evaporation fol-
lowed by postmetallic annealing �PMA�.21

Apart from the effects of various electrode metals,22 the
intrinsic properties of the La2O3 films deposited on silicon
substrates by electron-beam evaporation have been investi-
gated after postdeposition annealing �PDA�. A temperature
of 300 °C has been reported as the most desirable for PDA
in terms of EOT, leakage current, and channel mobility.23

These gate properties are thought to be closely related to

structural parameters including film thickness, interfacial
roughness, and elemental composition. It is known, for in-
stance, that for silicon-based gate dielectrics, thickness
changes as small as 0.1 nm can drastically affect the leakage
current.24 A precise estimation of these structural parameters
is important for deep understanding of the gate’s properties.
Although the film thickness and composition resulting from
PDA have been measured by ellipsometry23 and x-ray pho-
toelectron spectroscopy �XPS�,25 there is uncertainty in spa-
tially averaged information obtained from these spectro-
scopic methods because of the roughness of surfaces and
interfaces. On the other hand, transmission electron micros-
copy �TEM� has a potential for direct observations of the
surfaces and interfaces in real space, and thus direct mea-
surements of both, thickness and roughness.

Conventional cross-sectional TEM observations22 are,
however, generally insufficient for quantitative analyses of
thin films with interfacial roughness because of the following
problems: image delocalization effects in TEM imaging,26,27

overlapping of interfacial roughness in projected TEM
images,28 and damage caused by high-energy electrons, es-
pecially in radiation-sensitive materials such as the present
samples. In the present study, we have developed a new pro-
cedure for precise analysis of radiation-sensitive amorphous
high-k films having rough interfaces on a silicon substrate by
using aberration-corrected TEM and scanning TEM �STEM�.
By using the procedure and electron energy loss spectros-
copy �EELS�, we examine interfacial reactions during PDA.a�Electronic mail: p47304a@nucc.cc.nagoya-u.ac.jp.
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II. EXPERIMENTAL

After removal of surface oxide layers of an n-type sili-
con �001� wafer using diluted HF solution, a lanthanum ox-
ide thin film is deposited by electron-beam evaporation at
room temperature using a sintered polycrystalline La2O3 tar-
get. The pressures in the evaporation chamber are on the
order of 10−9 Torr and 10−8 Torr before and during deposi-
tion, respectively. The total thickness of the material depos-
ited is estimated using a quartz monitor to be about 4 nm.
After deposition, some parts of the wafer are transferred to
another chamber, in which PDA is conducted at 300 or
500 °C in ambient N2 ��1 Torr� for 5 min by lamp heating.
Thus, three types of samples are obtained: as-deposited,
300 °C-PDA, and 500 °C-PDA. The above procedure was
also applied in the previous research reporting the electrical
properties of the gate dielectric.23 For cross-sectional obser-
vation using electron microscopy, the samples are thinned in
the �110� direction of the silicon substrate by mechanical
polishing followed by 3 kV Ar-ion milling �Gatan: PIPS™
model 691�.

In the present study, TEM, high-angle annular dark-field
STEM �HAADF-STEM�, and EELS are performed in two
field-emission electron microscopes �JEOL: JEM-2100F�.
One of them is equipped with an aberration corrector for the
imaging system �CEOS: CETCOR�, and the other with a
corrector for the illumination system �CEOS: CESCOR� and
an EELS spectrometer �Gatan: ENFINA�. Third-order
spherical aberration coefficients �Cs� are corrected to be a
few micrometers in both the instruments. Aberration-
corrected TEM images at an acceleration voltage of 200 kV
are recorded on negative films �Fuji Film: FG�. For the
HAADF-STEM observations, the convergence and collec-
tion semiangles are 26 mrad and 73 mrad, respectively. As a
result of the aberration correction, the electron probe is con-
verged less than 0.1 nm at the samples. Elemental composi-
tions in the deposited layers are analyzed by STEM-EELS,
that is, EELS analysis of atomic-scale areas using a STEM
probe. Line analysis across the layers is conducted by acquir-
ing spectra at 30 positions at an interval of 0.34 nm along
each line. The high probe intensity due to aberration correc-
tion enables an acquisition time as short as 0.10–0.15 s for a
spectrum, drastically reducing sample drift during line analy-
sis. In the STEM-EELS measurements, the collection semi-
angle for the spectrometer is 22 mrad. The energy resolution
and dispersion are 1.4 eV/channel and 0.7 eV/channel, re-
spectively. As discussed later, the present samples are sensi-
tive to radiation damage caused by the STEM probe. In the
STEM observations and EELS measurements, the accelera-
tion voltage is set at 120 kV to reduce the knock-on recoil
cross sections and enhance the inelastic scattering cross sec-
tions, that is, to reduce the total electron doses required in
EELS.

III. RESULTS

A. Thickness and interfacial roughness of the La-rich
layer

Figure 1 shows high-resolution TEM �HRTEM� images
of the 300 °C-PDA sample taken by a conventional 200-kV

TEM �JEOL: JEM-2010F, Cs=0.5 mm� �a� and by the
aberration-corrected TEM �b�. In both the images, the gate
dielectric appears as a stack of two amorphous layers: a
bright layer just over the substrate and an upper dark layer.
Similar stacks with different thicknesses are also observed in
the as-deposited and 500 °C-PDA samples. Since La atoms
have a much larger electron scattering cross section than the
other constituent elements �Si and O atoms�, it is concluded
that the dark layer contains a larger number of La atoms than
the bright layer. In the present study, we refer to the dark and
bright layers as the La-rich and Si-rich layers, respectively.

To describe the stacked structure, the positions of the
following three types of interfaces must be detected pre-
cisely: the La-rich/Si-rich interface, the Si-rich/substrate in-
terface, and the surface �the interface between the La-rich
layer and the glue used in the sample thinning process�. De-
tection of the interfacial positions with lattice resolution is
rather difficult for the three reasons mentioned in the intro-
duction. Image delocalization effects originating from lens
aberrations cause artificial image contrasts around interfaces
and surfaces, as shown by black arrows in Fig. 1�a�.
Aberration-corrected TEM is known to be fairly effective for
reducing these artificial contrasts;26,27 this is clearly shown
by a comparison of Figs. 1�a� and 1�b�.

The second problem is serious if the interface to be de-
tected is rough. Interfacial positions fluctuate locally and
overlap in a projected TEM image, in which the mean posi-
tion and amplitude of the fluctuation cannot be detected pre-
cisely. One of the solutions is thinning the cross-sectional
samples to a thickness less than the characteristic length of
the fluctuation. Figure 2�a� shows an aberration-corrected
TEM image of such an as-deposited sample. The area in the

FIG. 1. High-resolution images of the 300 °C-PDA sample taken by �a�
conventional TEM �Cs=0.5 mm� and �b� aberration-corrected TEM. The
dielectric film is composed of a stack of two amorphous layers �denoted by
“Si-rich” and “La-rich” in the figure�. In �b�, artificial image contrasts
around the interfaces caused by the image delocalization effects is
suppressed.
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field of view is thinned down to several nanometers in thick-
ness. As shown by a pair of black dotted curves, abrupt tran-
sitions at both sides of the La-rich layer are observed. It is
also seen that the La-rich layer undulates with a highly con-
stant thickness. The positions of the transitions fluctuate
along the interfaces with a characteristic length of 5–10 nm.
Although Fig. 1 gives the impression that the composition
changes continuously across the La-rich/Si-rich interface,

this is only because the abrupt fluctuating interface overlaps
in the TEM images. Although HAADF-STEM is also sensi-
tive to elemental composition, it cannot be employed for the
present samples because of the third problem: this interface
is sensitive to radiation damage induced by STEM probes,
which have a much higher electron density than TEM
probes.

Figure 2�b� shows the intensity profile along the white
dashed line in Fig. 2�a�. As shown clearly by additional dot-
ted lines in Fig. 2�b�, the mean intensity values have a pair of
steps at S1 and S2. The compositional change across the La-
rich/Si-rich interface is abrupt nearly at the atomic level.
Similar pairs of steps appeared in profiles taken from the
300 °C-PDA and 500 °C-PDA samples, indicating that
phase separation into the La-rich and the Si-rich layers oc-
curs in all the samples. On the basis of the above results, the
sample structure is illustrated schematically in Fig. 3�a�. The
electrical properties of the gates are believed to be strongly
influenced by the following structural parameters: thickness

FIG. 2. �a� Aberration-corrected HRTEM image of a several-nanometer-
thick area in the as-deposited sample. As shown by a black dotted curve, the
abrupt transition from the Si-rich to the La-rich layer is observed. Crystal-
line lattice of silicon near the Si-rich/silicon interface is partly destroyed and
amorphized by the ion thinning process as shown by a white dashed circle.
�b� Intensity profile along the white dotted line in �a�. There are two steps at
S1 and S2 which correspond to the La-rich/Si-rich interface and the surface,
respectively. The transition at S1 is abrupt nearly at an atomic level. Black
dotted lines show the mean values on the intensity in each layer.

FIG. 3. �a� Schematic illustration of a cross-sectional structure of the
samples. �b� Thickness of the La-rich and the Si-rich layers in each sample.
The errors denoted are estimated from accuracy in measuring S1 and S2

positions for the former, and accuracy in data fitting described in Appendix
for the latter. �c� Roughness of the surface, the La-rich/Si-rich and the Si-
rich/Si interfaces in each sample.
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of the La-rich layer �TLa-rich� and of the Si-rich layer �TSi-rich�,
and roughness at the surface �Rs�, at the upper La-rich/Si-
rich interface �Ru�, and at the lower Si-rich/substrate inter-
face �Rl�.

TLa-rich, Rs, and Ru are measured from Fig. 2�a� precisely
by the following procedure. Intensity profiles such as in Fig.
2�b� are measured along 15 different lines in Fig. 2�a�. The
step positions, S1 and S2, in different profiles are displaced
from each other because of interfacial fluctuation. Since
roughness is generally defined by the root mean square �rms�
of the fluctuation, Rs and Ru are estimated by the standard
deviations of Gaussian curves fitted to the displacement sta-
tistics of the step positions. On the other hand, the distance
between S1 and S2 represents TLa-rich, which also fluctuates
among the 15 lines with a different standard deviation. As
summarized in Figs. 3�b� and 3�c�, Rs and Ru increase greatly
and TLa-rich decreases slightly after PDA at 500 °C. The er-
rors denoted in the figure are estimated from the accuracy in
measuring the positions of S1 and S2. In all the samples, the
rms values of TLa-rich due to the interfacial fluctuations are
about 0.1 nm, which is smaller than the measurement errors.
This is because the La-rich layers undulate with a highly
constant thickness in all the samples. This information and
the abrupt interface are apparent only after observing the thin
area shown in Fig. 2�a�, though the mean positions for S1 and
S2 can be measured from the TEM images of thick areas,
such as Fig. 1.

B. Thickness of the Si-rich layer and roughness at
the Si-rich/substrate interface

Ion etching in the sample thinning process is known to
damage several-nanometer-thick surface layers. By judging
from the abrupt La-rich/Si-rich interface in Fig. 2�a�, the
etching process does not seem to influence the composition
greatly. On the other hand, a crystalline lattice of silicon near
the Si-rich/substrate interface, enclosed by a dotted line in
Fig. 2�a�, is partly destroyed and amorphized. In addition,
because the difference in electron scattering cross sections
between silicon and the Si-rich layer is small, detecting the
Si-rich/substrate interface by the method in Fig. 2�b� is rather
difficult. Thus, the Si-rich/substrate interfaces should be ob-
served at thicker areas in the TEM samples.

At thicker areas, the roughness, however, overlaps in the
projected TEM images. Figure 4 illustrates the situation by
comparing a cross-sectional schematic and an aberration-
corrected HRTEM image that does not include image delo-
calization artifacts. Position A in the figure, which is equiva-
lent to the mean position of S1 in Fig. 2, can be derived from
the midpoint between average values of image intensity in
the La-rich and Si-rich layers. Since HRTEM image con-
trasts of crystalline lattices are generally much higher than
those of amorphous structures, the edge of the lattice fringe
appears not at the mean position �C in Fig. 4� but at position
B, as if the interface is located there. Detection of the mean
position C is rather difficult because the relationship between
crystalline thickness and its lattice fringe contrast is
complicated.28 In HAADF-STEM observations, image con-
trast is less complicated than in HRTEM, and is approxi-

mately proportional to sample thickness.29 The features of
HAADF-STEM enable measurements of the mean position
C and the width dBC of the interfacial roughness.

Figure 5�a� shows an aberration-corrected HAADF-
STEM image of the 300 °C-PDA sample. Because it is a
dark field image, the La-rich and Si-rich layers appear in
reverse contrast compared to the corresponding TEM images
�Fig. 1�. The black curve in Fig. 5�b� shows the mean inten-
sity profile across the stacked layers. The slope from D to B
in the profile is due to the roughness at the Si-rich/substrate
interface, Rl. Since the intensity at the slope is the sum of the
scattering from the crystalline and amorphous volumes at
each position, a differential curve of the profile �gray curve
in Fig. 5�b�� should reproduce the distribution of the fluctu-
ating interfacial positions. The differential curve from C to D
is fitted well to a Gaussian curve, though the section from C
to B is influenced by the La-rich layer. Thus, Rl is measured
as a standard deviation �l of the Gaussian curve. As summa-
rized in Fig. 3�c�, it has been clarified that Rl increases after
PDA. Here we have used a feature of aberration-corrected
STEM: reduced acquisition time, that is, effective reduction
in sample drift during image acquisition, rather than im-
provement in spatial resolution. This enables us to measure
distances in STEM images precisely at the atomic level.

The procedure mentioned here is not applicable to the
La-rich/Si-rich interface which is sensitive to radiation dam-
age induced by STEM probes. Precise measurements of the
thickness TSi-rich should be obtained not from HAADF-
STEM images but from HRTEM images. As shown in Fig. 4,

FIG. 4. Comparison between a cross-sectional structure �schematic� and a
projected image �experimental one by aberration-corrected TEM�. A, B, C,
and D denote the mean position of the La-rich/Si-rich interface and the top
edge, the mean position and the bottom edge of the rough Si-rich/Si inter-
face, respectively.
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the distance dAB between the mean position of the La-rich/
Si-rich interface �A� �identical to the mean position of S1 in
Fig. 2�b�� and the edge of the lattice fringe �B� is measured
from the aberration-corrected HRTEM images. As explained
in the Appendix, the distance dBC is estimated by the rough-
ness Rl measured from HAADF-STEM images. The values
of TSi-rich, as the sum of dAB and dBC, are summarized in Fig.
3�b�. The result shows that TSi-rich increases with annealing
temperature.

C. Elemental analyses of the dielectric films

The inset at the upper right in Fig. 6�a� shows a STEM
image after STEM-EELS line analysis along the dotted line
L1. The profiles show STEM image intensity along L1 and
the neighboring line L2 before and after line analysis. The
elemental distribution, especially of La, is clearly changed in
the hatched area because of electron radiation during line
analysis. This undesirable change has not been suppressed to
a greater degree than in Fig. 6�a�, despite optimization of
experimental parameters such as acceleration voltage, the di-
rection of the line scan, and acquisition time compatible with
an acceptable S/N ratio in the spectra. Since the effect of
radiation is discussed later, here we describe the results of
areas outside the hatched area.

Figures 6�b�–6�d� show elemental profiles in each
sample. Profile heights are composed by integrating EELS

signals in an energy range after ordinary background
subtraction.30 The integration ranges are 98.0–102.9 eV for
Si, 528.6–555.2 eV for O, and 832.2–858.8 eV for La. The
profiles in the figures are normalized in such a way that
profile heights can be compared directly between the figures
with respect to each element. At the top of Figs. 6�a�–6�d�,
schematics of the stacked layers are drawn based on the re-
sults in Fig. 3�b�. Peaks in the La profiles are located at
positions shown by black dotted circles. The La composition
is increased by about 1.2 times by PDA at 500 °C, although
it is hardly changed by PDA at 300 °C. In Figs. 6�b�–6�d�,
plateaus in the O profiles appear in the La-rich layers, as
shown by gray dotted circles. The relative heights of the

FIG. 5. �a� HAADF-STEM image of the 300 °C-PDA sample. �b� Intensity
�black curve� and differential profiles �gray curve� across the stacked layers
acquired from �a�. B, C, and D are defined as well as Fig. 4. The slope from
D to B in the intensity profile comes from the roughness Rl. The distribution
of the fluctuating interfacial positions is reproduced by the differential
curve. A Gaussian curve fitted to the slope is also drawn below the differ-
ential profile. A distance between dotted lines shows the standard deviation
�l of the Gaussian, which corresponds to Rl.

FIG. 6. �a� Structural change induced by electron irradiation during an el-
emental analysis. The inset upper right shows a STEM image of the as-
deposited sample after the line analysis along L1. The intensity profiles
along L1 and the neighboring L2 before and after the line analysis are shown.
In the hatched area, a diffusion of La atoms is induced during the line
analysis. ��b�–�d�� Elemental profiles from EELS analysis of the as-
deposited, the 300 °C-PDA, and the 500 °C-PDA samples, respectively. At
the upper end in each figure, schematics of the stacked layers are drawn
based on the results in Fig. 3�b�. Compositions of La and O in the La-rich
layers are shown by black and gray dotted circles, respectively.
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plateaus indicate that the O composition is increased by
about 1.6 times by PDA at both 300 and 500 °C.

Note that the profiles of Si in the La-rich layers do not
correspond to the real values of the Si composition. This is
because in EELS spectra, La N-edges appear in the energy
range used for signal integration for Si L-edges.31 To clarify
whether the La-rich layers are lanthanum silicates or lantha-
num oxides, chemical shifts in La M-edges are compared in
Fig. 7. The La-rich layers in all the samples show M-edges at
the same energy position, about 3 eV higher than that of
La2O3.31 Although there is no previous report on the La
M-edges of lanthanum silicates observed by EELS, the edges
are known to appear 2–3 eV higher than that of La2O3 in
XPS measurements.20 Considering the general tendency that
qualitatively identical chemical shifts occur in EELS and
XPS in most materials,32 the result in Fig. 7 indicates that the
La-rich layers are lanthanum silicates in all the samples. This
is also consistent with XPS measurements.33 No remarkable
difference in chemical shift values is found between samples,
although Fig. 6 shows a difference in the composition be-
tween the lanthanum silicate layers. The chemical shifts be-
tween lanthanum silicates with various compositions are
considered to be much smaller than those between La2O3 and
lanthanum silicates. They may not be detected in the present
experiments, which have an energy resolution of 1.4 eV.

IV. DISCUSSION

Based on the above experimental results, we discuss the
structure and annealing behavior of the gate dielectric in
terms of atomic diffusion and interfacial reactions. During
the deposition at room temperature, chemical reactions occur
between the silicon substrate and the lanthanum oxide. Since
stoichiometric La2O3 is thermodynamically stable on
silicon,34 the deposited lanthanum oxide is thought to be
oxygen-excessive.35 Since the formation enthalpies of SiO2,
lanthanum silicides, and lanthanum silicates are negative,36

the temperature increase due to exothermal reactions may
result in thermal diffusion of Si atoms from the substrate to
the lanthanum oxide and of O atoms in the opposite direc-
tion. As a result of further reactions enhanced by the tem-

perature rise and catalytic effects of lanthanum oxide,37 a
stack of a SiO2 layer �Si-rich layer� and a lanthanum silicate
layer �La-rich layer� forms on the substrate. An atomically
flat SiO2 /silicon interface is known to form layer by layer
during a dry oxidation process.38 The roughness at the Si-
rich/substrate interface is considered to result from inhomo-
geneous interfacial reactions, unlike the case in the dry pro-
cess; for example, it may evolve from agglomerated
lanthanum oxide clusters on the substrate in the initial stage
of deposition. The formation of the Si-rich layer requires a
supply of O atoms from the lanthanum oxide. Thus, the La-
rich layer is lanthanum silicate which has a rather lower O
composition than the deposited lanthanum oxide and in-
cludes a number of oxygen defects. Oxygen defects in di-
electric films are known to act as trapping sites for
carriers.39,40 Thus, the high leakage current in the as-
deposited sample41 could be caused by trap-assisted tunnel-
ing instead of direct tunneling.42 In addition, Coulomb scat-
tering by the trapped charges is believed to be one of the
reasons for the decrease in carrier mobility.23

In a previous study, the total EOT in a lanthanum gate
prepared by the same procedure as in the present study was
determined by electrical measurements to be 1.29 nm after
PDA at 300 °C.22 If we assume that the Si-rich layer in the
300 °C-PDA sample is pure SiO2, the EOT of the layer is
estimated to be 1.1 nm from the thickness shown in Fig.
3�b�. On the other hand, the EOT of the 4.1-nm-thick La-rich
layer is estimated to be more than 0.8 nm because the dielec-
tric constants of lanthanum silicates should be lower than
that of La2O3 �20–30�. The sum of the EOT of both the
layers is much larger than 1.29 nm as determined by electri-
cal measurements. Some ab initio calculations have shown
that the dielectric constant of SiO2 increases considerably by
doping with only about 3% Hf or Zr atoms.43 On an analogy
from the fact that oxides of Hf and Zr are also high-k mate-
rials, it is suspected that the Si-rich layer is SiO2 containing
a small amount of La atoms and, in consequence, has an
EOT rather smaller than 1.1 nm. Although detecting the
small amount of La atoms is difficult by EELS in terms of
sensitivity limit and radiation damage, it could be possible
by other spectroscopic methods, for example, an advanced
XPS analysis developed recently.44

Figure 6 shows that the total amount of O atoms in the
deposited film increases during PDA at 300 and 500 °C. O
atoms are believed to have been supplied to the film from
outside, for example, from O2 molecules residing in the am-
bient N2 and/or adsorbed on the surface during sample trans-
fer between the chambers. The increase in O composition
naturally results in the compensation of oxygen defects,
causing a decrease in the leakage current and increase in the
mobility. However, PDA at 500 °C causes additional unde-
sirable changes, especially in the La-rich layer. Although lan-
thanum silicates formed on a silicon substrate are amorphous
and thus in quasiequilibrium, their compositions are believed
as La2SiO5 and/or La2Si2O7 based on the free energies at
about 1000 °C,35 that is, approximately from the viewpoint
of thermal equilibrium. It should be natural that the thermal
equilibrium at 500 °C in our sample is different from that at
1000 °C. In other words, the volume ratio between silicon

FIG. 7. La M-edges in the EELS spectra from the La-rich layers and a
referential La2O3 �Ref. 31� All of the M-edges from the present samples are
located at the same energy loss position, which is measured to be about 3 eV
higher than that of La2O3. Energy dispersions have been calibrated carefully.
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oxide and lanthanum silicate and their compositions �espe-
cially, La and Si in lanthanum silicate� should be changed
with temperature according to the lever rule in the ternary
phase diagram of La, Si, and O. As shown in Figs. 3�b� and
6, a decrease in the thickness and increase in La composition
are induced in the La-rich layer by PDA at 500 °C. The
increase in La composition is consistent with previous XPS
research, which indicates that La–O–Si bonds are replaced
with La–O–La bonds in a La2O3 film on a silicon substrate
during PDA at 600 °C.33 Thus, it is considered that the phase
separation from lanthanum silicates �like La2SiO5 and
La2Si2O7� to SiO2 and lanthanum silicate with an increased
La composition has progressed toward the thermal equilib-
rium at 500–600 °C. Remote phonon scattering by the La–
O–La bonds is believed to be responsible for the low channel
mobility in the 500 °C-PDA sample.45 On the other hand,
the increase in the thickness of the Si-rich layer during PDA
at 500 °C causes an increase in the EOT,23 since its dielec-
tric constant should be smaller than that of the La-rich layer.

The compositional change in the La-rich layer indicates
thermal diffusion of Si atoms from the La-rich layer to the
Si-rich layer, as shown schematically in Fig. 8. Diffusion of
Si and La atoms around the La-rich/Si-rich interface may
increase the interfacial roughness �Ru in Fig. 3�c��, which
causes degradation of the carrier mobility by increasing re-
mote roughness scattering. For the same reason, it is specu-
lated that the increase in the surface roughness �Rs� is ac-
companied by precipitation of a surface Si-rich layer. The
surface roughness of a lanthanum oxide film is increased
considerably by the absorption of moisture from air.46,47 Rs in
the present study is, however, at the same level as the surface
roughness before absorption, which is measured by atomic
force microscopy.47 It can be attributed to the sample thin-
ning process, in which the sample surfaces are covered with
glue just after exposure to air. Thus, the Rs values in our
experimental data support qualitative discussion that the sud-
den increase in Rs after PDA at 500 °C is induced by atomic
diffusion, as mentioned above.

In addition to the hygroscopic features of the films, ra-
diation damage by high-energy electrons introduces other
uncertainties in electron microscope analyses. As shown in
Fig. 6�a�, the sample structure changes in the hatched area
during EELS line analysis. This change has been induced by
an electron dose per unit area about 100 times larger than
that in STEM imaging. Considering the large atomic number
of La, the change in the profile implies that a few La atoms
have diffused from the La-rich layer into the Si-rich layer.
However, when we continuously acquire STEM images for
more than 10 s, a similar change in image contrast is induced
in the entire observed area. On the other hand, in HRTEM
observations, the image contrast does not change within sev-
eral minutes. Although the origin of the difference is un-
known, it is for this important reason that we measure TSi-rich

and Ru on the basis of HRTEM images in the present
samples. SiO2 /silicon interfaces are reported to have a large
tolerance to a STEM probe.48 Since the Si-rich layer is
nearly equivalent to SiO2, it is considered that the roughness
Rl can be measured precisely from the STEM images �Fig.
3�c�� without serious radiation damage.

V. CONCLUSION

In the present study, the annealing behavior of a lantha-
num oxide thin film deposited on a silicon �001� substrate by
electron-beam evaporation has been studied. We have devel-
oped a procedure for the precise measurement of thickness
and interfacial roughness by taking advantage of features of
aberration-corrected TEM/STEM combined with the statis-
tics of fluctuating crystalline edge positions. The results of
the measurements and quantitative elemental analyses by
STEM-EELS have revealed atomic diffusion and reactions
during deposition and PDA at 300 and 500 °C. The channel
mobility could be limited by Coulomb scattering before
PDA, and by remote roughness scattering and remote pho-
non scattering after PDA at 500 °C. When we consider the
large leakage current caused by oxygen defects in the as-
deposited sample and the large EOT of the thick Si-rich layer
in the 500 °C-PDA sample, the gate properties of the
300 °C-PDA sample should be better than those of other
samples, as shown by electrical measurements.

Considering the present silicon technology, 300 °C as

FIG. 8. Schematic diagrams of structural evolutions �a� during the deposi-
tion of La2O3, �b� the PDA at 300 °C and �c� the PDA at 500 °C. Thickness
and surface/interface roughness are changed as the results of atomic diffu-
sions and reactions as shown.
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the optimal annealing temperature is too low from the view-
point of practical applications. Recently, favorable properties
have been achieved in La-based gates prepared by PMA at
500 °C.37 Influences of the capping metal layer on the inter-
facial reactions, for example, by preventing additional oxy-
gen supply and extensive SiO2 formation during PMA, will
be clarified based on the above fundamental knowledge of
the intrinsic properties of lanthanum oxide/silicate films on
silicon substrates. The analysis procedure presently devel-
oped for a radiation-sensitive amorphous stack with rough
interfaces on a silicon substrate may be applicable to other
high-k gates, for example, HfSiON /SiO2 /Si that are being
used in practical applications. We hope that the present re-
sults will contribute to a guideline for designing future MOS-
FETs.
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APPENDIX
Figure 9 shows a schematic diagram of a cross section of

a TEM thin film sample including a rough crystalline/
amorphous interface. The top and bottom surface layers are
damaged amorphous layers introduced during an ion thin-
ning process. The thickness td of the layers is typically 3–4
nm in the case of silicon. When the crystalline area in the
thin film is divided by lattice spacings ax and az, which are

shown in the figure, the thickness is expressed by naz. The
definitions of the x, y, and z directions and positions A, B, C,
and D are the same as in Fig. 4. The origin of the x coordi-
nate is set at C, the mean position of the rough interface. In
the present study, ax and az are the �002� and �220� spacing
of silicon �0.272 nm and 0.384 nm�, respectively. They are
the minimum steps of the roughness.

The x coordinates of the rough interface can be assumed
to fluctuate at different y-z positions according to a Gaussian
distribution

G�x� =
1

�2��l

exp	−
x2

2�l
2
 . �A1�

The standard deviation �l is equivalent to Rl in the case of a
Si-rich/substrate interface measured from the HAADF-
STEM image in Fig. 5. If the characteristic length of the
roughness is larger than the sample thickness, the fluctuation
can be traced directly in aberration-corrected HRTEM im-
ages, similar to the La-rich/Si-rich interface in Fig. 2�a�. On
the other hand, when the length is equal to or smaller than
the thickness, the fluctuation is projected and overlapped in
the corresponding HRTEM image.28 Since the fringe contrast
of a crystalline lattice is much higher than the granular con-
trast from an amorphous structure in an HRTEM image, an
edge of the former appears at the position B �x=xB�0�, as if
the crystalline/amorphous interface is located there. The edge
of the lattice fringe is observed clearly in Fig. 1�b� by
aberration-corrected HRTEM without image delocalization
effects. The fluctuation of the edge positions is described by
the fluctuation of position B along the y direction in Fig. 9.
From the statistics of xB, the distance between B and C, dBC,
can be estimated as follows.

Although the number of crystalline slices in the z direc-
tion from the position C to the far left is n, it decreases with
increasing x around the rough interface. We define the x co-
ordinate where the number of crystalline slices is k and the
residual parts equivalent to �n−k� slices are amorphous re-
gions as xk. Considering the mesh spacing ax, the probability
that an edge of a crystalline slice �for example, the dark-gray
slice in Fig. 9� is located at a position x�xk is given by

R�xk� = �
xk−ax/2

�

G�x��dx�, �A2�

and the probability that this edge is located at x�xk is given
by

L�xk� = �
−�

xk+ax/2

G�x��dx�. �A3�

Because n is finite, the position xk should fluctuate at each y
position according to a probability function expressed by

Fn,k�x� = �R�x��k�L�x��n−k n!

k!�n − k�!
. �A4�

At a position around x=0, crystalline slices and amor-
phous regions coexist along the z direction. When electrons
pass through such region, scattering by the amorphous region
disturbs the lattice fringe contrast so that the positions of

FIG. 9. Schematic of a cross-sectional structure of an ion-etched TEM
sample including a crystalline/amorphous rough interface. The mesh size, ax

and az, in the x and z directions are lattice spacings of the crystalline struc-
ture. The black Gaussian curve, G�x�, represents a distribution of the inter-
facial positions in the x direction. The mean position of the rough interface
�C� and the edges of the crystalline lattice fringe in an aberration-corrected
HRTEM image �B� are defined as x=0 and x=xB, respectively.
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some atomic columns may not be recognized in the HRTEM
images. Since the so-called projection approximation in HR-
TEM imaging is valid if the crystalline thickness naz is less
than 5 nm, the probability for an atomic column at xk to be
visible can be expressed as a function of n and k, PV�n ,k�.
For the Si-rich/silicon substrate interfaces in the present
TEM samples, the surface damaged layers are considered to
be amorphous SiO2 arising from natural oxidation as well as
the Si-rich layer. On the basis of HRTEM image simulations
in the conventional multislice manner, we have determined
PV�n ,k� for various n and k in structural models including
silicon crystalline slices, amorphous SiO2 regions, and sur-
face amorphous SiO2 layers with td=3 nm. The results show
that PV�n ,k� increases continuously with increasing k with a
different gradient for each n instead of a step function be-
tween 0 and 1. This means that at the edges of the silicon
lattice fringes in Figs. 1�b� and 4, k is not constant but varies
stochastically at each y position. In the inset of Fig. 10, the
shift in position B along the y direction in the 500 °C-PDA
sample is traced by a white line. The number of crystalline
slices, k, differs at each position along the line according to
PV�n ,k�. Taking into account every value of k, the distribu-
tion of position B in all y coordinates is given after some
calculation by

Hn�x� = �
k

n ��
i

k−1

�1 − PV�n,i���PV�n,k�Fn,k�x�� . �A5�

A histogram of the fluctuation of position B along the
white line is shown in Fig. 10. The position of the histogram
relative to position C �x=0� is unknown in the experimental
data. Hn�x�, fitted to the histogram by a parameter n, is
shown by a gray curve in Fig. 10. The fit gives the distance
between B and C �dBC in the figure� from Eq. �A5�. As
shown in Fig. 4, the mean thickness of the Si-rich layer,
TSi-rich, is estimated by the sum of dBC and dAB measured
from aberration-corrected HRTEM images. At all the areas in
which we conducted the above analysis, the thickness of the
crystalline part naz is estimated by the fitting to be 3–4 nm,
and the projected approximation is valid. On the other hand,
the thickness is larger than the characteristic length of the
roughness, which is estimated to be about 1–2 nm, as seen in

the inset in Fig. 10. From the above procedure, we get dBC

=0.08 nm for the as-deposited sample, 0.15 nm for the
300 °C-PDA sample, and 0.23 nm for the 500 °C-PDA
sample. Thus, the thickness of the Si-rich layer is underesti-
mated by 10%–16% by direct measurement from the corre-
sponding HRTEM images. The fitting for td=4 nm does not
show any significant changes from the results for td=3 nm.

The mean position C of the Si-rich/substrate interface
may also be detectable from HAADF-STEM images.49 How-
ever, it is impossible to simultaneously measure positions C
and A by STEM in the present sample, because the La-rich/
Si-rich interface is changed by radiation damage during the
acquisition of STEM images, as mentioned in the discussion.
The method proposed here could have potential for applica-
tion to analyses of other rough crystalline/amorphous inter-
faces, which are often formed in high-k /silicon systems.
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