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The interfacial oxygen diffusion during film growth often results in the appearance of a thin SiOx layer in
SrTiO3/Si films and related heterojunctions. High-resolution TEM investigations on the
La0.9Sr0.1MnO3/SrTiO3/Si�LSMO/STO/Si� heterojunctions suggested that the thickness and microstructure
of the SiOx interfacial layer change visibly from one sample to another grown under slightly different condi-
tions. Electron diffraction observations demonstrated the epitaxial relationships in the LSMO/STO/Si hetero-
junction as �001�LSMO� �−110�Si, �110�LSMO� �001�Si and �001�STO� �001�Si, �010�STO� �−110�Si. The electron
energy loss spectroscopy analyses on the LSMO/STO/Si interfacial region indicated that the Si ions are in
intermediate oxidation states in the amorphous layer and the interfacial Ti bonding changes slightly. Electron
holography measurements indicated that the energy barrier between the Si substrate and the LSMO film is
about 0.95±0.16 V, where notable negative charges accumulate in the amorphous SiOx layer.
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I. INTRODUCTION

Since the discovery of colossal magnetoresistance �CMR�
in the perovskite manganese oxides, there has been enor-
mous interest in these kinds of materials and related devices
because of their unusual magnetic and electronic properties
and possible potential applications, such as magnetic field
sensors, hard disk read heads, magnetic tunnel junctions, and
p-n junctions.1–3 In order to combine the advantages of func-
tional oxides with Si electronics, several insulating oxide
films, e.g., SrTiO3, BaTiO3, and Bi3.25La0.75Ti3O12, were epi-
taxially deposited on a Si substrate.4,5 The main driving
forces behind these efforts is the application of the current
complementary metal-oxide-semiconductor technology on
silicon. Recently, efforts6,7 have been made to grow manga-
nese oxide films on certain buffered semiconducting sub-
strates, Lü et al.8 have fabricated the La1−xSrxMnO3/SrTiO3,
La1−xSrxMnO3/SrTiO3/Si, and La1−xSrxMnO3/Si hetero-
junctions and found the ultrafast photoelectric effects ex-
panding the application prospect. The nature of the interface
in the thin films, heterojunctions, and related devices plays a
crucial role in their physical properties. Interface roughness
and composition inhomogeneity across the interface can evi-
dently affect the optical and electronic parameters.9,10 Hence,
understanding of electronic structure, energy barriers, and
charge diffusion in these newly developed heterojunctions
and related semiconducting devices is one of the crucial is-
sues in both academic research and technological applica-
tions. In addition to transmission electron microscopy �TEM�
and electron energy loss spectroscopy �EELS�, the rapidly
developed electron holography has also been successfully
applied in studies of interfaces,11 and grain boundaries.12

Electron holography measurements in combination with the-
oretical analysis can directly reveal the interface diffuseness,
the electric potential, and field crossing of a semiconducting
p-n junction.13 In this paper, we will report on the remark-
able interfacial modifications arising from the oxygen diffu-

sion between the SrTiO3 �STO� film and Si substrate in the
related heterojunctions as observed by TEM, EELS, and
electron holography.

II. EXPERIMENT

The La0.9Sr0.1MnO3 �LSMO� films were fabricated by a
computer-controlled laser molecular beam epitaxy. The Si
substrates were first dipped into a �5% HF solution for 20
�30 s to remove the native silicon oxide on the surfaces and
to form a hydrogen-terminated surface, and then were imme-
diately transferred into the epitaxial chamber. The SrO and
STO with a thickness of about 1 to 2 nm were deposited on
the Si substrate as buffer layers at room temperature, then the
LSMO film was subsequently deposited. Samples for TEM
observations were prepared using the conventional method
consisting of gluing, cutting, mechanical polishing, dim-
pling, and finally ion thinning using the FISCHIONE 1010.
The specimen was milled from both sides using an accelera-
tion voltage of 3.5 kV and an incident angle of 12°. Before
insertion into the TEM for structural investigations, the
specimen has been carefully cleaned in plasma cleaner to
remove carbon contamination. A Tecnai-F20 �200 kV� FEG-
TEM equipped with a Gatan image filter system was used to
examine the microstructure and to acquire EELS in the in-
terface regions of LSMO/STO/Si films. Electron micros-
copy and off-axis electron holography observations were car-
ried out using a Philips CM200/FEG-TEM equipped with an
electrostatic biprism. A Möllenstedt-Düker electrostatic bi-
prism was used to interfere beams from different parts of the
illuminated area. The holograms were acquired with a Gatan
794 multiscan charge coupled device camera and processed
using the HOLOWORK package.

III. RESULTS AND DISCUSSION

We will first focus our attention on the interfacial alter-
ation arising from oxygen diffusion between STO and Si.
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Figure 1�a� is a bright-field TEM image displaying the cross-
section morphology and the epitaxial growth relationships of
the as-grown LSMO/STO/Si film along the �001� direction
of silicon. The essential layered structural feature in the
LSMO/STO/Si heterojunction, as well as an interfacial
amorphous �bright band�, are clearly recognizable in the
TEM images. The thickness for the LSMO, STO, and the
amorphous layers as measured from the cross-sectional TEM
images are about 1200 nm, 4 nm, and 3 nm, respectively.
Columnar structures originating from the interface to the
LSMO film commonly appear on this kind of film, as re-
ported in previous investigations. This typical microstructure
property is fundamentally connected with the growth mecha-
nism and the interfacial misfit strain. The inset of Fig. 1�a�
shows that the selected-area electron diffraction �SAED� pat-
tern from the interface region clearly exhibits the diffraction
spots arising distinctively from the Si substrate, STO, and
LSMO films. The weak but sharp spots at the systematic
position 	h h 2n+1
 position are caused by the known buck-
ling structural distortion in the perovskite LSMO. The
growth direction of the LSMO film in general follows the
�110� direction and occasionally follows the �001� direction
in certain regions. The orientation relationships between the
LSMO film and the Si substrate can be briefly described as
�001�LSMO� �−110�Si, �110�LSMO� �001�Si as indicated in the
inset of Fig. 1�a�. The diffraction spots for STO are weak
owing to its small thickness, and the SAED pattern from the
STO/Si film clearly demonstrate the orientation relationships
of �001�STO� �001�Si, and �010�STO� �−110�Si. The lattice mis-

match in this case is fairly small, its theoretical value being
about 1.7% for STO �a=3.905 Å� and Si d110=3.84 Å.

To get a thorough understanding of the microstructure
properties of the interfacial amorphous layer, we have per-
formed an extensive investigation on several typical samples.
The experimental results indicate that interfacial oxygen dif-
fusion could markedly damage interfacial atomic structure
and yields a notable disordered �amorphous� layer between
the STO layer and the Si substrate. This disordered layer was
considered as a slice of the interfacial silica14 caused by oxy-
gen diffusion from the film into the Si during film deposition.
This process is generally accompanied by the atomic reorga-
nization in the interfacial region. According to our systematic
analysis, as well as the TEM images reported in previous
literature,15 this disordered layer has a thickness of 0.7 to 4
nm, and the atomic structural features depend directly on the
local oxygen concentration in SiOx. Figure 1�b� shows a
high-resolution TEM image demonstrating the presence of a
partially ordered state �intermediated state� for the reaction
layers. The crystal lattice fringes along the growth c direc-
tion are clearly visible, in sharp contrast with the totally de-
stroyed atomic order within the a-b plane. These results
probably suggest that the interfacial oxygen diffusion results
in the silicon disordering first within the a-b plane and then
layer by layer along the c-axis direction. Though the thick-
ness of the amorphous layers or atomic disordering could
change notably depending on deposition conditions, these
TEM observations clearly demonstrate that the deposited
STO and film grows perfectly along the c-axis direction. The
Si �001� surface in all images has a well-defined atomic
structure as indicated by the dashed lines, suggesting that the
interface between STO and the amorphous layer can be ei-
ther wavy or sharp as exhibited in Fig. 1�c� and Fig. 1�d�,
respectively. These facts suggest that the oxidation of the Si
substrate generally occurs layer by layer along the Si �001�
direction. The influence of the amorphous layer on the STO
growth is certainly complex and accompanied by the atomic
disordering of the Sr, Ti, and O sublattices, as demonstrated
in the following EELS analysis.

In order to clearly view the alternation of chemical com-
position and the valence states of the major atoms at the
interfacial region, we have performed a series of EELS mea-
surements from the Si substrate, via the SiOx amorphous
layer, to the STO film. Figure 2�a� shows the EELS spectra
in the low energy range obtained from the areas in Fig. 1�c�
as numbered 1 to 5. In order to well identify the local elec-
tronic structure, these spectra were obtained under scanning
transmission electron microscopy �STEM� mode with a
probe size of 0.3 nm in diameter �the SiO2 spectrum16 is
cited for comparison�. Energy resolution in these spectra is
about 0.9 eV for the FWHM �full width at half maximum� of
the zero-loss peak. The most striking feature is the progres-
sive shift of the plasma peak at around 17.2 eV in Si to 24.6
eV in SiO2. This fact directly suggests that the amorphous
layer is actually in the intermediate states of SiOx with x
ranging from 0 to 2, it is also noted that the peaks in spectra
2, 3, and 4 are quite broad; this phenomenon is considered a
result of the different oxidation states in the detected area.

The EELS measurements of the near-edge structures for
Si-L and Ti-L edges were performed using a probe size of

FIG. 1. �a� High-resolution TEM image showing the morphol-
ogy and layered structure of the epitaxial LSMO/STO/Si film in-
dicating the presence of an amorphous layer. The corresponding
SAED pattern is shown in the inset. �b� TEM image showing the
visible crystal lattice fringe along the c direction. �c� Layer-by-layer
type of atomic ordering for the interface between the STO and SiOx

layer. �d� Zigzag type of atomic ordering for the interface between
the STO and SiOx layer.
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about 1.5 nm in diameter. It is noted that the EELS near-edge
structures for Si-L and Ti-L edges show up evident alterna-
tion depending on the probe position. Figure 2�b� shows the
EELS near-edge structures for Si-L3 from the areas indicated
in Fig. 2�b�, i.e., the Si substrate labeled 1 and two different
areas within the SiOx layer labeled 2 and 3. The SiO2 spec-
trum cited from the EELS atlas is also shown for compari-
son. The remarkable L-edge shift from Si through SiOx to-
ward SiO2, can be well understood in terms of state
alternation of Si oxidation. The broadening of the L3 edges
on SiOx directly suggests the presence of multioxide states
arising from the interfacial reaction accompanying the
atomic disordering. Previously, the electronic structure for
the Si-SiO2 interface has been investigated by x-ray photo-
electron spectroscopy17 and by an EELS equipped18 TEM.
The spectral features revealed in near-edge structures can be
fundamentally interpreted for the transitions from the 2p
state to the conducting band; these critical transition energies
are, respectively, 99.8 eV for bulk silicon and 106 eV and
108 eV for SiO2 �Si4+�. The spectra from interfacial areas
show the presence of broadened peaks ranging from 102 eV
to 104 eV, suggesting the existence of SiO and certain mixed
states. Si atoms in a SiO �Si2+� crystal are coordinated by
two oxygen and two Si atoms and could give rise to a tran-
sition of about 103 eV as indicated by the arrow in Fig. 2�b�.
Figure 2�c� shows the EELS near-edge structures of Ti-L2,3
obtained respectively from the STO layer and a small area at
the STO/SiOx interface. The Ti-L2,3 peaks in TiO2 is cited
for illustrating the typical Ti+4 spectrum. It is remarkable that

certain additional fine structures appear at pre-edge regions
for the interfacial Ti ions. This result directly suggests that
the local Ti-O bonding changes notably during interfacial
oxygen diffusion.

In addition to the notable changes of the atomic structure
and electronic structure on the interfacial region, the influ-
ence of interfacial oxygen diffusion on the charge density
�electrons or holes� in the heterojunctions is another focal
point of the present study. Electron holography measure-
ments in principle can provide information on the distribu-
tion of electrostatic potential due to charge accumulation.
When the electron beams pass through a local electric field,
interaction between the incident electron wave and the elec-
trostatic potential within the specimen induces a local differ-
ential phase shift in the exit electron wave function. If the
sample is free from magnetic fields, the phase difference
between the object wave and the reference wave is given by

���x,y� = CE� V�x,y,z�dz , �1�

where CE is a constant �CE=7.295�10−3 rad/ �V nm� for
200 keV electron�, V�x ,y ,z� is the electrostatic potential of
the object including intrinsic and extrinsic fields. The inte-
gral is taken along a trajectory parallel to the beam direction.

In the interface region, the phase changes on the junction
are directly connected with the potential barrier and charge
distribution. Under experimental conditions with minimal
dynamic diffraction effects, the phase shift of the object
wave is given by

���x,y� = CE�V0t + Vpn�t − 2t0�� , �2�

where t is the sample thickness, and t0 is the thickness of the
amorphous layer on each sample surface �mainly induced
during the TEM sample preparation and can be partially re-
moved in a plasma cleaner�, V0 is the mean inner potential
�MIP� of the specimen. For high-energy electron beams, V0
can be determined by the classical electrostatic potential of
an atom in the solid. As the phase profile is obtained as a line
scan across the junction in the present investigation, the
phase shift and the interfacial potential can be written as

Vpn =
���x�
CEt�x�

− V0. �3�

For a sample with thickness described by t�x� along the line-
scan trace and ignoring the thickness of a dead layer, the
magnitude of the potential Vpn can also be calculated from
the charge distribution ��x� using Poisson’s equation

d2

dx2Vpn�x� = −
��x�
��0

, �4�

where � is the relative permittivity and �0 is the permittivity
of a vacuum. Solving the above equations yields two impor-
tant parameters—the barrier height and the depletion region
width.

Figure 3�a� shows an electron hologram from this junc-
tion, the interference fringe spacing is about 0.16 nm, which
gives a spatial resolution of about 0.5 nm. The hologram is
taken with the junction oriented parallel to the electron bi-

FIG. 2. �a� EELS spectra in the low energy range obtained from
the areas in Fig. 1�c� as numbered 1 to 5, �b� Near-edge structure of
Si-L3 from the Si substrate and SiOx layer, the SiO2 spectrum is
cited for comparison. �c� Near-edge structure of Ti-L2,3 from the
STO layer and a small area at the STO/SiOx interface, showing the
presence of additional pre-edge structures. The Ti-L2,3 peaks in
TiO2 is cited for illustrating the Ti+4 spectrum.
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prism wires, and the electron beam oriented perpendicular to
the junction. Both the film and substrate are under weak
diffraction conditions. Figure 3�b� is the reconstructed phase
image from one set of holograms. The dark band of about 3
nm width at the center of the figure is the SiOx layer, clearly
showing the contrast alternations across interfaces in the het-
erojunction. The reconstructed amplitude image �not shown
here� was used to derive the sample thickness profile follow-
ing the method proposed by McCartney et al.19 The mean
free path is estimated to be 90 nm for the Si and LSMO
inelastic scattering. The local thickness for the distinctive
layer in this junction can also be obtained using convergent

electron beam diffraction and EELS techniques.20

Figure 4�a� shows the thickness profile �open triangle
line� along the direction perpendicular to the junction, each
data point is averaged laterally over 50 pixels to improve the
signal statistics. The region of the Si substrate was set as the
reference point to measure the relative thickness changes. It
is found that the LSMO layer in this TEM cross-section
sample is much thicker than the Si substrate, which is caused
by the notable difference in ion milling rates between Si and
LSMO materials in our TEM sample preparation. We can fit
the thickness profile with a sigmodial function �solid line�
and get the average thickness difference of around 36 nm
between Si and LSMO. Figure 4�b� shows the average phase
profile from the reconstructed phase image �open square
line�. This measurement was performed at the same positions
as the thickness profile. It is demonstrated that the phase
decreases rapidly and reaches a minimum value at the center
SiOx layer, then the phase increases with a large slope and
becomes positive in the STO and LSMO films. The phase
difference is about 1.1±0.2 rad on the junction as measured
from Fig. 4�b�.

It is known that a careful analysis of electron holography
data requires a comprehensive consideration of other factors
which influence the phase of the exit electron wave: �i� thick-
ness variations, �ii� the MIP alternations across the junction,
�iii� diffraction effects; and �iv� the presence of electrostatic
fields within the specimen. The effects of fringing fields may
be ignored because the width of the interfacial deletion layer
is far less than the thickness of the sample.21 We can also

FIG. 3. �a� Hologram taken on the interface for LSMO/STO/Si
film. �b� Reconstructed phase image from obtained hologram, dem-
onstrating the presence of remarkable phase changes across the
heterojunction.

FIG. 4. �a� Thickness profile from a reconstructed amplitude image across the heterojunction. �b� Phase profile from the reconstructed
phase image. �c� Potential profile across the junction after convolution of the thickness and subtracting the MIP offset from the phase profile.
�d� Charge distributions from Poisson’s equation.
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eliminate the diffraction effects by tilting the sample off the
zone axis. In the present investigation, we are interested in
the electrostatic potential distribution across the heterojunc-
tion, therefore, the first two items are mainly considered in
the following analysis.

Equation �3� states that the phase difference depends on
the electrostatic potential distribution in the specimen. Nor-
malizing to the thickness is needed to quantify the experi-
mental results. Though the wedge shape is usually found in
the specimens prepared using ion milling, in the present case,
the thickness of the Si substrate and LSMO film, with evi-
dent ion-milling rate, can be considered separately in the
close vicinity of the junction. Measurements of the substrate
and the film are performed through recording another holo-
gram, where the thickness is obtained from the reconstructed
amplitude image. The averaged thicknesses as measured in
the present experiment are 36 nm for Si and 72 nm for
LSMO. These results are in good agreement with the data
measured by low loss EELS spectra.

The MIP is a fundamental property of a solid and given
by the zero-order Fourier component of the crystal potential.
The values are typically between −5 and −30 V, depending
on composition and structure. Our approach to determine the
MIP is from the phase shift for the known thickness as dis-
cussed in the above context. From the measured slopes for
both the phase and the thickness in this junction, an approxi-
mation of the MIP from several areas of the sample gave a
value of 10.8±1.8 V for Si and 7.6±1.3 V for LSMO. The
result for the Si substrate data is basically consistent with the
theoretical value of 14.2 V using the nonbinding
approximations.22

Figure 4�c� shows the resultant potential profile across the
junction after convolution of the thickness and subtracting
the MIP offset from the phase profile, the barrier height be-
tween the Si substrate and the LSMO film is 0.95±0.16 V as
demonstrated by the broken line. The potential variations
look similar with the phase profile, which drop to the mini-
mum value at the center of the silicon oxide layer, and rise
steeply on the interface region adjacent to the SiOx /STO
interface. The width of the layer is estimated to be around 4
nm. The depletion region width estimated from the potential

profile extends approximately 10 nm. The noise fluctuation
of the potential profile is considered as arising from the
fringing field. Figure 4�d� shows the corresponding charge
distribution obtained from Possion’s equation. It is notable
that there are two bumps at the interface positions indicating
the positive charge accumulated in the Si/SiOx region and
the SiOx /STO interface as indicated by the dotted line. The
negative charges accumulate mainly in the center SiOx layer
resulting from the interfacial diffusion in the heterojunction.
These facts directly demonstrate that the interfacial reaction,
such as oxygen diffusion in the present case, can cause re-
markable alternations in both atomic structures and charge
distribution. A more detailed study for understanding the ef-
fect of interfacial structures on the fundamental properties of
these heterojunctions is now in progress.

IV. CONCLUSIONS

In summary, we have performed an extensive investiga-
tion on the interfacial properties of the LSMO/STO/Si het-
erojunctions by means of TEM, EELS, and electron holog-
raphy. It is found that the thickness and microstructure of the
SiOx interfacial layer change clearly from one sample to an-
other, grown under slightly different conditions. Electron dif-
fraction observations show the epitaxial relationships of the
LSMO/STO/Si films and substrates as �001�LSMO� �−110�Si,
�110�LSMO� �001�Si and �001�STO� �001�Si, �010�STO� �−110�Si.
EELS analyses on the STO/Si interface indicated that the Si
ions are in intermediate oxidation states in the amorphous
layer, and the interfacial Ti bonding changes slightly due to
oxygen diffusion. Electron holography measurements indi-
cated that the energy barrier between the Si substrate and the
LSMO film is about 0.95±0.16 V, and notable negative
charges accumulate in the amorphous SiOx layer.
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