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Self-focusing of an atomic-scale high-energy electron wave packet by channeling along a zone axis
in crystalline silicon is directly measured by scanning transmission electron microscopy using thin
epitaxial SrTiO3(100) islands grown on Si(100) as test objects. As the electron probe propagates
down a silicon atom column it is progressively focused onto the column, resulting in a fourfold
increase in the scattered signal at the channeling maximum. This results in an enhancement of the
visibility of the Sr'TiO3 islands, which is lost if the sample is flipped up-side-down and the channeling
occurs only after the probe scatters off the Sr'TiOs layer. The evolution of the probe wavefunction
calculated by the multislice method accurately predicts the trends in the channeling signal on an
absolute thickness scale. We find that while electron channeling enhances the visibility of on-column
atoms, it suppresses the contribution from off-column atoms. It can therefore be used as a filter to
selectively image the atoms that are most aligned with the atomic columns of the substrate. Using
this technique coherent islands can be distinguished from relaxed islands. For SrTiOs films formed
in a topotactic reaction on Si(100) we show that only ~55% of the SrTiOs is aligned with the Si
atom columns. The fraction of coherent SrTiOs islands on Si(100) can be increased by choosing

growth conditions away from equilibrium.

I. INTRODUCTION

Annular dark field (ADF) imaging in a scanning trans-
mission electron microscope (STEM) has proven to be a
powerful technique for characterizing buried structures,
such as thin films, isolated vacancies and defects in a
crystall *. Because the scattering contrast in high-angle
annular dark field (HAADF) imaging is strongly depen-
dent on the atomic number Z, it is often referred to as
Z-contrast imaging®®. In zone-oriented crystals, how-
ever, electron channeling causes the probe wavefunction
to be focused on the atomic columns and can therefore
greatly affect the ADF image contrast. Theoretical stud-
ies of electron channeling in crystals have shown that
the probe intensity at the exit surface of a crystal can
strongly be enhanced”?, thus leading to increased visi-

bility of an adatom® or of dopant atoms!.

Electron channeling through the substrate can also be
used to image thin, buried layers, which we have previ-
ously shown in the case of SrTiO3(100) grown epitaxially
on Si(100)*. Figures 1(a) and (b) show plan-view ADF-
STEM images of a nominally 2.5 unit cell (uc) thick,
buried SrTiOg3 layer. To exploit electron channeling the
sample was oriented so that the electron probe has to
propagate through the Si substrate before reaching the
SrTiOgz layer. By slowly moving along the wedge-shaped
electron transparent sample, the thickness of the Si sub-
strate was carefully tuned to maximize the contrast of the
SrTiOs film. This allows the thin SrTiO3 layer to be im-
aged and reveals that the film is not uniform, but forms
islands. The higher magnification image (Fig. 1(b))
shows perovskite lattice fringes in the bright regions, con-
firming that these patches are due to SrTiOj;.

At a compressive strain of ~1.7% for epitaxial
SrTiO3/Si the nominal SrTiO3 layer thickness of 2.5 unit
cells is below the equilibrium critical thickness, above
which the film becomes unstable to relaxation. In fully
relaxed structures misfit dislocations are expected every
59 unit cells (~23 nm), and at lower densities in partially
relaxed structures. The typical island size of 5-10 nm is
much smaller than this length scale. We also do not see
evidence for misfit dislocations in these thin films; neither
in plan-view nor in cross-section (in contrast to thicker
films, where we do). The formation of islands is therefore
not driven by misfit strain. Instead, we have shown that
the dewetting of thin SrTiO3 grown on Si(100) is caused
by a phase-separation instability'!.

While experimentally, electron channeling has success-
fully been exploited to image buried structures, the chan-
neling signal has so far not been measured directly, but
rather simulations have been used to predict its evolution
with crystal thickness.

Here, we directly measure channeling enhancement in
Si(100) by using the ultrathin, buried SrTiO3 islands as
test objects to track the evolution of the differential ADF
signal and find good agreement with simulations.

II. METHODS
A. Experimental

The SrTiO3/Si sample was prepared by molecular-
beam epitaxy using the following growth sequence. First,
a 1/2 monolayer (ML) Sr template!? 15 is deposited on a
(2x1) reconstructed clean Si (001) surface at 700°C. After



cooling to close to room temperature, 3 MLs of epitaxial
SrO followed by 2 MLs of amorphous TiO4 are deposited
in high oxygen partial pressures and then heated up in
vacuum until the TiO9 reacts (a topotactic reaction) with
the underlying SrO to form SrTiO3'316. Finally, the film
was capped with amorphous Si (a-Si) to prevent damage
of the thin SrTiOgz layer during the TEM sample prepara-
tion. In addition, a second sample was prepared as above,
but with the thickness of the Sr template increased to 1
ML.

Cross-sectional and plan-view TEM samples were pre-
pared by conventional tripod polishing followed by low-
energy, low-angle ion milling in a Fischione Model 1010
ion mill. To minimize any water exposure, an alcohol
based lubricant (Allied Blue Lube) was used during sam-
ple cutting and polishing. The plan-view sample was pre-
pared by polishing the Si substrate at a 2° wedge angle
and subsequent ion milling from the back side (substrate
side).

Annular dark field (ADF) imaging was performed in a
200 kV FEI Tecnai F20 SuperTWIN STEM with a con-
vergence semi-angle of (9.54+0.5) mrad. By varying the
inner detector angle from ~65 to ~22 mrad, the imaging
conditions can be switched from high-angle annular dark
field (HAADF) to low-angle annular dark field (LAADF).

To increase the signal to noise ratio and average
out the scan noise in the high-magnification images,
Fig. 1(b) and (c), 7 and 11 successive images were
cross-correlated and averaged in the two respective
cases. Subsequently, the 1024x1024 pixel images were
rebinned to 512x512 pixels.

FIG. 1: (a), (b) Plan-view and (c) cross-sectional ADF-STEM
images of a nominally 2.5 uc thick epitaxial SrTiO3(100) film
grown on Si(100) and capped with 15 nm of amorphous Si
showing the formation of SrTiOs3 islands and nonuniform cov-
erage. (a) and (b) are viewed along a substrate <001> zone
axis and (c) along a <110> zone axis. For more details see
Ref. 11.

B. Simulations

Electron channeling, convergent beam electron diffrac-
tion (CBED) and ADF-STEM imaging were simulated
using the multislice method®'® 2% in which the specimen
is divided into slices parallel to the optical axis of the
microscope (typically a single slice corresponds to one
atomic layer) separated by vacuum. For each slice the
projected atomic potential and the transmission func-
tion, which ultimately produces a small phase shift in
the electron wavefunction as it passes through the slice,
are calculated. Starting with a probe wavefunction fo-
cused at a specific position on the specimen (in STEM),
the wavefunction is transmitted through the sample, slice
by slice, with Fresnel diffraction between slices. After
propagating though the entire thickness of the crystal
the electron wavefunction is diffracted onto the detector.
The ADF intensity is computed by incoherently integrat-
ing the intensity of the diffracted wavefunction over the
annular detector geometry. The multislice calculation is
then repeated for each position of the incident focused
electron probe.

Phonon scattering is modeled using the frozen-
phonon approximation?! 23 which assumes that the elec-
tron/atom interaction occurs so rapidly that the atom
appears stationary and is frozen in “mid-vibration”?2!.
Following the Einstein model for thermal vibrations the
frequency of oscillation of each atom is taken to be con-
stant and all the atomic displacements to be uncorrelated
with each other. This results in a Gaussian probability
distribution of the atomic displacements, where the stan-
dard deviation is the r.m.s. atomic displacement along
each direction. Note that small displacements (i.e., sub-
slice) along the optic axis (z-axis) are lost because only
the projection of the atomic potentials along the z-axis
is used to compute the slice transmission function. A
single phonon configuration is then defined as the entire
set of all random atomic displacements?!. Finally, mul-
tislice calculations are performed for a series of phonon
configurations and the results are averaged incoherently.

For comparison with experiment, the incident probe
was modeled according to the conditions of a 200 kV
FEI Tecnai F20 SuperTWIN STEM (spherical aberration
coefficient (Cs) =1.2 mm, defocus (Af) =450 A, semi-
angle of the probe forming aperture (aqp) =9.6 mrad).
The evolution of the electron probe, initially placed on
an atomic column at the center of a 32.58x32.58A% (6x6
uc?) Si supercell and then propagating through the sam-
ple, was calculated on a 1024 x1024 pixel grid, allowing a
maximum scattering angle of 263 mrad. Phonon scatter-
ing was taken into account as described above averaging
over 20 phonon configurations with an r.m.s. atomic dis-
placement for silicon of about 0.078 A24.

After propagation through the sample the exit wave-
function is diffracted, forming a CBED pattern. To ob-
tain high resolution CBED patterns (high sampling in
reciprocal space), a large supercell of 108.6x108.6 A2
(20x20 uc?) was chosen. This results, for a 1024x1024



pixel? grid, in a maximum scattering angle of ~79 mrad,
which is rather small since it does not include any higher-
order Laue zone (HOLZ) rings. For our purposes, how-
ever, all features (scattering angles <30 mrad) were suf-
ficiently reproduced, which we have confirmed by per-
forming one calculation for a 22 nm thick crystal on a
2048x2048 pixel? grid, which increases the maximum
scattering angle to ~158 mrad. Further care has to be
taken when simulating CBED patterns with overlapping
diffraction disks, as is the case for our imaging condi-
tions. Phase information is included in the areas where
diffraction disks overlap (interfere) and the contrast is
therefore sensitive to the position of the electron probe
if it is smaller than the unit cell size?>. For larger elec-
tron probes the thickness of an on-axis crystal can be
determined by matching experimental CBED patterns
recorded with a stationary probe with simulated CBED
patterns?1:23:24 - Alternatively, for finely focused probes
similar results can be obtained by recording the position-
averaged CBED pattern while scanning the beam across
an area larger than a unit cell?27. Accordingly, in the
simulation of CBED patterns we have incoherently aver-
aged CBED patterns for 36 positions in the unit cell. For
each probe position the CBED patterns for 20 phonon
configurations were averaged, i.e., the final CBED pat-
tern at each thickness is an average over 720 individual
CBED patterns. Finally, all simulated CBED patterns
presented in this paper are displayed on the logarithmic
scale to bring out the low-intensity features.

The channeling signal was determined by simulating
the ADF intensity after each slice and taking the deriva-
tive with respect to the sample thickness. The atomic
potentials and transmission functions were sampled on a
4096 %4096 pixel?® grid over 81.45x81.45 A% (15x15 uc?),
allowing a maximum scattering angle of ~420 mrad and
the signal was averaged over 20 phonon configurations.
The ADF detector angles were set according to the exper-
imental values, i.e., the inner detector angle is 65 mrad
in HAADF and 22 mrad in LAADF and the outer angle
is five times the inner angle.

The visibility of a single Sr atom on a Si crystal, dis-
cussed in section III C, was calculated using a 2048 x2048
pixel? grid over 38.01x38.01 A% (7x7 uc?), resulting in
a maximum scattering angle of ~450 mrad.

For all presented multislice results, except for the
CBED calculations, the total integrated intensity after
propagation of the wavefunction through the entire
sample thickness is within 1 % of the incident intensity.

IIT. RESULTS AND DISCUSSION

A. DMultislice Simulations of electron channeling in
Si(100)

The channeling signal, which is the differential ADF
intensity dI/dz with z being the sample thickness, for
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FIG. 2: Channeling signal, dI/dz, determined by simulat-
ing the ADF intensity after each slice and taking the deriva-
tive with respect to the sample thickness z. The channeling
signal was computed for two probe positions, the first one
on the atomic column and the second one in-between atomic
columns, propagating down Si<001>. Phonon scattering was
taken into account using the frozen-phonon approximation
and following the Einstein model for thermal vibrations, av-
eraging over 20 phonon configurations.

an electron probe propagating through a Si crystal along
a <001> axis is shown in Fig. 2. Within the first few
nanometers dI/dz computed on an atomic column in-
creases rapidly, reaching its maximum at ~ 10 nm. The
differential contribution to the ADF image intensity of an
atom placed at the thickness of the channeling maximum
is enhanced fourfold compared to that of an atom at the
entrance surface of the crystal. The visibility of a thin,
buried layer can therefore be maximized by selecting the
thickness of the crystalline substrate to be close to the
channeling maximum. Additionally, this effect is benefi-
cial for ADF-STEM imaging of thin crystalline samples
as it damps the contribution of the first few atomic layers,
which are often damaged during the sample preparation
process.

The effect of channeling can easily be understood in the
framework of the linear-imaging model for ADF-STEM,
which is valid for large ADF detector angles and states
that the differential contribution to the ADF signal of
a layer of atoms at thickness z is the convolution of the
probe intensity |¥(r,, 2)|* and the object function 7'(r, )
of that layer?®. The final image intensity for a sample of
thickness t is given by

I(rp):/O |U(r —r,, 2)* @ T(r,2)dz, (1)

where ® stands for convolution. So, the differential con-
tribution to the ADF signal is
dI

%(r;ﬂvz): |\I/(r—rp,z)|2®T(r,z). (2)



When defining T'(r,z) as a set of delta functions at
the atomic positions weighted by an atomic scattering
strength, proportional to Z!'7 for ADF-STEM®%2?, the
channeling signal can be directly related to the probe in-
tensity at thickness z via Eq. 2 as dI /dz o< [¥(0, 2)|?, i.e.,
it tracks the on-column probe intensity.

The evolution of the electron probe shape as it prop-
agates through the Si crystal was simulated using multi-
slice. Within the first 10 nm the incident 1.4 A beam is
focused down to 0.5 A, as shown in Fig. 3. At the chan-
neling maximum the probe intensity is therefore strongly
enhanced” ®, thus leading to increased visibility of an
adatom® or a dopant atom at that thickness'®.

After passing the first channeling maximum, the probe
then dechannels, spreading intensity away from the cen-
ter atomic column, which causes the channeling signal to
drop to a minimum at z ~ 30 nm. Some of the inten-
sity then channels back to the atomic column, increasing
dI/dz again. As the probe propagates further through
the crystal, it continues to spread, resulting in a overall
damping of the channeling signal.

Large changes in the channeling signal are observed as
the probe is moved from an atomic column to in-between
four atomic columns (Fig. 2). Here, the probe again
channels over the first 10 nm after which it dechannels,
resulting in a rapid decrease of dI/dz, almost down to
the initial value at the sample entrance surface. At that
point some of the probe intensity has channeled onto the
atomic columns, resulting in a local maximum in the on-
column channeling signal. For direct comparison with
experimental results, phonon scattering has to be taken
into account, which results in damping of some channel-
ing peaks and for the off-column signal in a shift of the
channeling peaks to larger thicknesses (Fig. 2).

Note, that in the case of Si(100) the interpretation of
the channeling signal in the framework of the incoher-
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FIG. 3: Focusing of the electron probe in crystalline Si due
to electron channeling along <100>s;. Probe profiles at the
entrance and at the exit surface of a 10 nm thick Si crystal,
respectively.

ent imaging model is valid only for thicknesses up to ~
100 nm. For larger thicknesses the proportionality of the
channeling signal and the probe intensity (including the
center and the neighboring columns) breaks down.

B. Experimental results of electron channeling in
Si(100)

The channeling signal at a specific thickness of the Si
crystal can be directly determined from ADF images of
the SrTiO3/Si sample discussed in Section I. The SrTiOs
islands in different areas of the wedge-shaped sample are
used in this case as test objects to track the evolution
of the channeling signal with the thickness of the Si sub-
strate.

Figure 4 (g-1) shows plan-view LAADF STEM images
of SrTiOj3 islands on Si(100) in successively thicker parts
of the sample, i.e., the average height of the SrTiOg is-
lands remains constant, but the thickness of the Si sub-
strate increases. For all displayed ADF images the differ-
ence between the maximum and the minimum intensity
is fixed in order to demonstrate the change in the visi-
bility of the SrTiOj3 islands. The thickness of the Si sub-
strate was determined for each image from CBED pat-
terns recorded while scanning the probe in the same area.
By matching the experimental CBED patterns, shown in
the left half of Fig. 4 (a-f), with simulated ones (right
half of Fig. 4 (a-f)), the thickness of the Si substrate can
be determined within + 2 uc.

The procedure of extracting the average increase in the
ADF image intensity due to the presence of the SrTiOg
islands on the Si crystal from the experimental ADF im-
ages is demonstrated in Fig. 5. First, the background
(Fig. 5(b)) of the original image (Fig. 5(a)) was re-
moved using a singular value decomposition routine laid
out by Voyles et al.'%. The histogram of the resulting
background subtracted image is then fitted by two Gaus-
sians, one describing the regions of the sample that are
covered by SrTiOj islands and the second describing the
uncovered regions. The difference between the centers
of the two Gaussians is the average increase of the ADF
image intensity due to the presence of the Sr'TiO3 on the
Si substrate, and is therefore a measure of the channeling
signal at the specific thickness of the Si crystal in that
region.

After repeating the described procedure for each
recorded image, the evolution of the ADF intensity of the
SrTiOg islands, i.e., the channeling signal, with thickness
can be determined. The open symbols in Fig. 6 show the
experimentally determined channeling signal for the case
that the crystalline substrate constitutes the entrance
surface for the electron probe, which then channels in
the crystal before reaching the SrTiOg3 layer. As expected
from the multislice results (Fig. 2) the signal increases
rapidly as the probe channels in the crystal, resulting in a
fourfold increase in the differential ADF intensity from its
initial value at zero thickness to its maximum at ~ 12 nm.



FIG. 4: Plan-view imaging of a thin epitaxial Sr'TiO3 film grown on crystalline Si and capped with amorphous Si in areas of
the sample where the crystalline Si is increasingly thicker. The sample was oriented so that the electron probe first propagates
though the crystalline Si substrate before reaching the SrTiO3s layer. The thickness of the crystal was determined by matching
the experimentally recorded convergent beam electron diffraction (CBED) patterns (left half of (a-f)) with simulated CBED

patterns of crystalline Si at various thicknesses (right half of (a-f)).

Low angle annular dark field imaging of the epitaxial

SrTiOs film (g-1) reveal the change in the visibility of the Sr'TiOg3 islands with sample thickness.

It then damps out for larger thicknesses. When directly
comparing with the prediction, it is important to point
out that experimentally the ADF intensity is averaged
over all probe positions as the incident probe is scanned
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FIG. 5: Process of extracting the average ADF intensity of
the SrTiOs islands from plan-view ADF images. (a) Orig-
inal ADF image, (b) background of (a) determined using a
singular value decomposition routine and (c¢) the background
subtracted image. The average intensity from the SrTiOs is-
lands is determined by fitting 2 Gaussians to the histogram of
(c) and taking the difference between the centers of the two
Gaussians.

across the area. For comparison with the experiment the
simulated channeling signal is therefore approximated by
the average of the channeling signal from on the atomic
column and from in-between four atomic columns (both
shown in Fig. 2). This simulated channeling signal is
shown in Fig. 6 as a solid line. Note that not the abso-
lute intensities, but only the qualitative behavior of the
channeling signal is compared. Within the uncertainty
of the experiment the theory matches our data, which
demonstrated that this is, to the best of our knowledge,
the first time that the evolution of the electron channel-
ing signal in a crystal has directly been measured.

As a reality check the sample was then flipped up-
side-down, so that the electron probe enters through the
15 nm thick amorphous Si capping layer, then reaches
the SrTiOs before propagating through the crystalline
Si substrate. In this case, the probe does not undergo
channeling before scattering off the SrTiOgz layer. Since
the thickness of the a-Si layer is fixed for all areas on
the sample where SrTiOg islands are observed, the con-
tribution to the ADF intensity from the SrTiOj islands
should remain constant. The solid symbols in Fig. 6
show the experimental results for this case and confirm
this prediction. It is also worth pointing out that as the
thickness of the crystalline Si approaches zero, the in-
tensity of the SrTiOj islands is about the same for both
sample orientations, as channeling in the Si substrate is
eliminated.

The difference in the differential contribution to the
ADF intensity for the two sample orientations demon-
strates how the visibility of an SrTiOj island can be
enhanced by exploiting electron channeling. Even for
thicknesses larger than the optimum thickness, at which
the channeling signal reaches its maximum, the intensity
from the SrTiOj3 islands is enhanced when the sample
is oriented so that the probe channels in the crystalline
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FIG. 6: Comparison of the theoretical and the experimen-
tally measured channeling signal in Si(100). For the ex-
perimental results the orientation of the sample is labeled
by Substrate/SrTiO3, when the electron probe propagates
through the substrate before scattering off the SrTiO3 layer
and by SrTiO3/Substrate when the sample is flipped up-side-
down. The error bars reflect the uncertainty in the determi-
nation of the crystal thickness by matching the experimental
CBED patterns with simulations and the standard deviation
of the intensity of the SrTiO3 islands determined for different
parts of the ADF image by the procedure described in the
text.

substrate first.

Note that the presence of strain fields, which cause
displacements from the expected crystal atomic sites®C,
can affect channeling of the electron probe and the ADF-
STEM image contrast. Here, however, the center of the
SrTiOg islands are fully strained according to the ~1.7%
lattice mismatch between Si and SrTiOs''. The Sr atoms
are therefore aligned with the Si columns and no addi-
tional contrast in the ADF image is expected.

C. Electron channeling as a filter for on-column
atoms

In the previous section we have experimentally shown
that the visibility of a thin SrTiOj island can be en-
hanced by electron channeling in the substrate. As the
probe channels onto the atomic column, its intensity
and the differential contribution to the ADF signal in-
creases. What happens, however, to an adatom that is
displaced from the atomic column or is sitting in-between
the atomic columns? In order to answer this question,
we have calculated the visibility of a single Sr atom on
Si(100) that is successively displaced from the atomic col-
umn. Here, the Sr visibility is defined as the fractional
increase in the intensity due to the presence of the Sr
atom.

Figure 7 shows the simulated Sr visibility as a Sr atom
is displaced from the Si column along a <100>g; direc-
tion, as indicated in the sketch (<110>g; projection) in
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FIG. 7: Visibility of a single Sr atom placed on the side
through which the electron beam exits of a (a) 10 nm and
(b) 40 nm thick crystalline Si substrate. As the Sr atom is
moved off an atomic column the visibility decreases and drops
below the detection limit when displaced by less than 1 A.
The visibility is calculated using a simple model (convolution
of the incident probe intensity with the projected position of
all the atoms in the sample weighted by Z1‘7) and multislice
for two detector geometries corresponding to the LAADF and
the HAADF signal. At a Si substrate thickness of 10 nm the
Sr visibility for HAADF imaging closely follows the shape of
the electron probe at that thickness.

the top panel. Two cases were simulated, one where the
thickness of the Si crystal corresponds to the channeling
maximum (10 nm) and one for a thicker Si crystal (40
nm). In both cases, the Sr visibility strongly depends on
the position of the Sr atom. As the Sr atom is displaced
from the Si atomic column the visibility decreases and
eventually drops below the detection limit. The point
at which it falls below the detection limit depends not
only on the sample thickness, but also on the imaging
condition. For a 10 nm thick Si crystal a single Sr atom
disappears after being displaced by only ~ 0.5 A off the
atomic column in HAADF imaging and by ~ 0.7 A in
LAADF. As the thickness of the Si crystal is increased
to 40 nm the visibility decreases for all Sr positions and
the Sr atoms remains visible only up to a displacement



of ~ 0.3 A in HAADF.

In order to understand the role of channeling, the mul-
tislice simulations are compared with a much simpler
model, which does not take into account the evolution
of the probe in the sample, but is simply the convolu-
tion of the incident probe intensity with the projected
position of all the atoms in the sample weighted by Z7.
In this simple model, in which channeling is ignored, the
visibility of an on-column Sr atom is reduced as expected.
In addition we find that the visibility falls off more grad-
ually with the displacement of the Sr atom. This sug-
gests that electron channeling enhances the visibility of
on-column atoms and filters out atoms that are sitting
in-between the atomic columns. The rapid decrease in
the visibility with Sr displacement can be understood by
looking back at the evolution of the probe shape in the
sample, discussed in section IIT A. As the probe channels
in the crystal it narrows up and the intensity away from
the atomic column decreases which in return results in
a decrease in the visibility of an off-column atom. For
HAADF imaging the Sr visibility therefore closely fol-
lows the probe shape after propagation through 10 nm
of Si (Fig. 7).

After displacing the Sr atom by 2.715 A along a
<100>g; direction it is again aligned with a Si atomic
column, however, now the Sr atom is much closer to the
last Si atom in that column. In the simple model, only
the projected positions of all the atoms in the sample
matter and the visibility is, therefore, for both Sr po-
sitions the same. The multislice results show, however,
that the reduction in the distance between the last Si
atom in the column and the Sr adatom causes an increase
in the Sr visibility. In LAADF imaging of a 10 nm thick
Si crystal the visibility of a single Sr atom approaches 2.

Finally, the multislice simulations also predict an in-
crease in the visibility as the detector angles are changed
from HAADF to LAADF imaging (Fig. 7), which ex-
plains why we have used LAADF imaging conditions in
the experimental setup.

The results discussed above imply that channeling in
a crystal can be used not only to enhance the visibility
of a thin layer, but also as a filter for imaging on-column
atoms. If, on the other hand, one tries to also image
off-column atoms, channeling is not desirable.

For the a-Si/SrTiO3/Si sample one option is to flip the
sample up-side-down, so that the a-Si constitutes the en-
trance surface. In that case, channeling occurs after the
probe has scattered off the SrTiO3 layer and, hence, all
atoms in the thin SrTiOj3 layer are imaged. In Fig. 8
LAADF images of a a-Si/SrTiO3/Si sample for the two
orientations, Si substrate on top (Fig. 8(a)) and a-Si
on top (Fig. 8(b)), are compared. For clarity, we have
chosen a sample where the thickness of the Sr template
was increased to 1 ML, which results in a lower density
of SrTiOg3 islands when imaged using channeling in the
Si substrate. Figure 8 shows that the apparent coverage
increases from ~30% to ~55%, when the sample is im-
aged in the “a-Si on the top” geometry. When imaged

FIG. 8: Plan-view ADF-STEM images of a nominally 2.5 uc
thick epitaxial SrTiOs(100) film grown on Si(100) using a 1
ML thick Sr template and capped with 15 nm of amorphous
Si viewed along a substrate <001> zone axis. The sample is
oriented so that (a) the Si substrate and (b) the a-Si layer
constitutes the entrance surface. When electron channeling is
used to enhance the visibility of the SrTiOs layer, the SrTiO3
that is aligned with the Si columns is preferentially imaged
and the apparent coverage decreases.

through the Si substrate, the visibility of the SrTiO3 is-
lands is enhance due to channeling in the crystal, but Sr
atoms that are sitting off-column are filtered out. This
suggests that ~45% of the SrTiOj is sitting between the
Si columns.

Using this channeling method SrTiOs islands that
are coherent with the substrate can therefore be distin-
guished from relaxed SrTiO3. The fraction of coherent is-
lands in epitaxial SrTiOg3/Si is strongly dependent on the
growth method. The SrTiO3 films imaged here formed in
a topotactic reaction on Si(100), as described in the ex-
perimental section. By choosing growth conditions away
from equilibrium, in which the SrTiOgs is not recrystal-
lized from an amorphous state!™12:3! the fraction of co-
herent SrTiO; islands can be increased!!.

IV. SUMMARY AND CONCLUSIONS

Electron channeling effects in the Si substrate have
been exploited to image thin, buried epitaxial SrTiOg
layers in plan-view ADF-STEM!'. Here, we have used
the same sample to directly measure the changes in the
electron channeling signal with thickness of the Si sub-
strate by tracking the increase in the ADF intensity due
to the presence of thin SrTiO3 islands. Multislice simula-
tions of channeling in Si(100) agree with the experimental
results when phonon scattering is taken into account.

At a thickness of 12 nm the channeling signal reaches
its maximum at which the intensity of the Sr'TiOj3 islands
has increased fourfold. This enhancement in the visibility
of the islands is lost when the sample is flipped up-side-
down and channeling occurs only after the electron probe
has scattered off the SrTiOs layer. In that case, the
contribution to the ADF intensity due to the presence
of SrTiO3 islands remains constant as the thickness of



the substrate is increase by moving to a thicker part of
the wedge-shaped sample.

Using the multislice method we have further shown
that while channeling results in an increase in the visibil-
ity of on-column atoms, it suppresses the contrast from
Sr atoms sitting between the Si atomic columns. It there-
fore acts as a filter for on-column atoms and should be
avoided if it is desired to also image atoms between the
atomic columns of the substrate.
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