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The twin distribution in topological insulators Bi,Te; and Bi,Se; was imaged by
electron backscatter diffraction (EBSD) and scanning X-ray diffraction
microscopy (SXRM). The crystal orientation at the surface, determined by
EBSD, is correlated with the surface topography, which shows triangular
pyramidal features with edges oriented in two different orientations rotated in
the surface plane by 60°. The bulk crystal orientation is mapped out using
SXRM by measuring the diffracted X-ray intensity of an asymmetric Bragg peak
using a nano-focused X-ray beam scanned over the sample. By comparing bulk-
and surface-sensitive measurements of the same area, buried twin domains not
visible on the surface are identified. The lateral twin domain size is found to
increase with the film thickness.

1. Introduction

Three-dimensional topological insulators represent a new
state of matter with bulk band gap and Dirac cone-like surface
states (Zhang et al., 2009). Bi, X3 with X = Se and Te are prime
members of this material class and were shown to exhibit the
predicted exotic topological properties (Chen et al., 2009). For
electrical devices, large-area high-quality thin films are
required. However, epitaxial films as well as bulk crystals
generally suffer from a large number of structural defects. The
most common defects are twin boundaries that arise from the
rhombohedral structure of Bi, X3, which consists of three X—
Bi-X-Bi-X quintuplet layers separated by a van der Waals
gap. The stacking of the (000.1)" basal planes can be described
by a face-centred cubic (f.c.c.)-like AbCaBC... stacking as
shown in Fig. 1(a), where lower- and upper-case letters
correspond to Bi and X atomic layers, respectively. Because of
the weakly bonded van der Waals gap, the Bi chalcogenides
are highly prone to twin formation; a twinned domain (TD)
exhibits the inverted AcBaCB... stacking and can be
described as being rotated by 60° around the [000.1] ¢ axis of
the crystal with respect to that of the ordinary domain (OD).
The boundary dividing the OD and TD, i.e. the twin boundary,
is the most common planar defect in these materials and it can
be parallel or inclined to the sample surface. Twin boundaries
perpendicular to the c axis, which is the usual growth direction,
are particularly common since the change of the stacking can

! We use Miller indices (hkl) and Bravais indices (hki.l) with i = —h — k to
denote the rhombohedral structure.
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easily occur in the weakly bound van der Waals gap formed by
the X—X double layers, as shown in Fig. 1(a). However, in thin
films twin boundaries inclined to the ¢ axis also occur owing to
the simultaneous nucleation of two different domains on
lattice type mismatched substrate materials (Schreyeck et al.,
2013; Tarakina et al., 2014). Since it is the (000.1) surface of
Bi, X3 that features the topological surface states, the impact of
such defects depends on their orientation. For example,
(000.1) twin planes parallel to the surface were shown to
influence the electronic properties of the surface state when
they are in close vicinity to the surface (Aramberri et al.,
2015). On the other hand, little is known about the impact of
the lateral twins with inclined twin boundaries which cross the
surface and therefore might perturb the surface state as well.

Up to now, only a few studies have dealt with the real
structure and defects in epitaxial Bi, X5 films, which will
obviously depend strongly on the substrate material and
growth conditions. Richardella et al. (2015) studied crystal
defects in epitaxial layers of (Bi,Sb),(Te,Se); on InP(111)B
and SrTiOj; substrates using atomic force microscopy (AFM),
transmission electron microscopy (TEM) and X-ray diffrac-
tion (XRD). These authors detected the presence of twin
domains and interpreted the broadening of the XRD maxima
as lattice mosaicity; they concluded that lattice mismatch
between the substrate and the layer is the main factor deter-
mining the quality of the epitaxial growth and consequently
the presence of twin domains. However, no information on the
domain size and their arrangement was obtained. Reduced
twin formation in Bi,Se; was reported by Tarakina ez al. (2014)
by deposition on artificially roughened InP(111)B substrates.
Another strategy for the twin suppression was chosen by
Kampmeier et al. (2015), where Bi,Te; layers were deposited
by van der Waals epitaxy on Te-passivated Si(111) substrates
using an extremely slow growth rate of 2.7nmh™'. The
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Figure 1

Sketch of the atomic structure of Bi, X5 (X = Se, Te). Panel (a) shows the
stacking of the basal planes for the two twin modifications. A unit cell
consists of 15 atomic planes which are grouped into three quintuples. A
dashed line marks a horizontal twin plane which separates twins 1 and 2
and marks the moment of a change of the stacking order, which is
indicated. Panel (b) shows the top view of the two twin modifications. The
unit-cell parameters ¢ and a are indicated in panels (a) and (b),
respectively.

deposited layer followed the threefold symmetry of the
substrate surface and no twin domains were detected. For
vicinal InP(111)A substrates Guo et al. (2013) have found that
the miscut steps play a stabilizing role in the step-flow growth
mode which suppresses the twin domains as well. In the
mentioned work the existence of twin domains was detected
by XRD pole-figure measurements and microscopically
observed by cross-sectional high-resolution scanning trans-
mission electron microscopy. However, no information on the
sizes of twin domains and their vertical and lateral arrange-
ment in the layer could be derived.

The aim of this study is to address and clarify this issue by
real-space imaging of individual twin domains by electron
backscatter diffraction (EBSD), TEM and scanning X-ray
nanobeam diffraction microscopy (SXRM). The latter is based
on reciprocal-space mapping using a highly focused primary
X-ray beam with a footprint of about 200 nm, which is laterally
scanned over the sample, as has been previously used for
investigation of various thin layers and nanostructures (see,
for instance, Stangl et al., 2009; Hrauda et al., 2011; Chahine et
al., 2014, 2015; Schéfer et al., 2016). Here, we show that EBSD
and SXRM are able to directly determine the local crystalline
orientation with high spatial resolution. With EBSD, however,
only the material in close vicinity to the surface is probed. The
EBSD measurements are therefore correlated with the surface
topography, whereas SXRM yields information from the
whole film thickness. Combining the results with cross-
sectional TEM investigations we obtain a complete picture of
the twin domain/defect structure of both topological insulator
Bi,Se; and Bi,Te; films. The paper is structured as follows:
after description of the sample growth and the methods
employed, we present our results for Bi,Te; films and describe
the evolution of twinning in Bi,Se; as a function of the layer
thickness. Our results reveal for the first time the twin distri-
bution in such films and demonstrate that EBSD and SXRM
are key tools for characterization and optimization of van der
Waals bonded topological crystalline insulator hetero-
structures.

2. Experimental
2.1. Sample growth and characterization

Thin film samples of Bi, X5 (X = Se, Te) were grown using
molecular beam epitaxy on cleaved BaF,(111) substrates from
compound BiSe/BiTe and elemental Se and Te beam flux
sources. By adjusting the Se and Te fluxes (Caha et al., 2013),
the growth of the pure Bi, X3 phase is achieved with lattice
parameters of a = 0.414, ¢ = 2.865nm and a = 0438, ¢ =
3.050 nm for Bi,Se; and Bi,Tes;, respectively. The lattice
mismatch between the (111) BaF, surface and the (000.1) ¢
planes of Bi X5 is —5.5% and <0.2% for X = Se and Te,
respectively. All epilayers grow with their ¢ axis parallel to the
[111] surface normal of the substrate. The larger mismatch in
the case of the Bi,Se; on BaF, is easily overcome because of
the weak links of the van der Waals gaps in the material, which
has been proven to enable growth of this material on a wide
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Table 1

Overview of studied Bi, X3 samples.

The thin film material, film thickness, growth temperature 7
surface domain size determined from EBSD are listed.

» and average

Towt]

Label Material Thickness (nm) Tyrown (K) Average domain size (um?)
BT-A  Bi,Te; 200 553

BT-B  BiTe; 200 593 24.9

BS-25 Bi,Ses 25 633 6.1

BS-50  Bi,Ses 50 633 7.7

BS-100 Bi,Se; 100 633 224

range of different substrate materials (Richardella et al., 2010;
Taskin et al., 2012; Guo et al., 2013; Schreyeck et al., 2013;
Tarakina et al., 2014; Kampmeier et al., 2015). We study two
different Bi,Te; (BT) samples grown at different substrate
temperatures and three Bi,Se; (BS) samples grown simulta-
neously up to different layer thicknesses as listed in Table 1.
For the Bi,Te; sample BT-A the substrate temperature was
about 40 K lower than for BT-B.

The surface morphologies of the films typically show a
triangular pyramidal structure as exemplified by the AFM
image of Bi,Te; film BT-A in Fig. 2(a). The observed side steps
of the pyramids are 1 nm high, which corresponds exactly to

Intensity (arb.u.)

180 300

sample azimuth ¢ (deg)

Figure 2

Surface characterization by AFM (a), (b) and large-area XRD azimuthal
scans (c) of Bi,Te; samples BT-A and BT-B. Both samples show triangular
pyramids on the surface; however, for sample BT-B the pyramids show
two orientations different by 60/180°. The lattice plane indices of the
preferred surface step orientation are indicated in (a). White dashed lines
in (b) mark the boundary between areas with the two distinct
orientations. (¢) XRD azimuth scans of the (101.25) Bragg peak, which
has a threefold symmetry according to the crystal structure, show that
sample BT-A from panel (a) (red) indeed shows this threefold symmetry,
while sample BT-B (black) shows a sixfold symmetry. For the X-ray
measurements the signal from an area of ~4 mm? is averaged. The origin
of the Bragg peaks from the ordinary domains and twin domains is
indicated by OD and TD, respectively.

the thickness of one quintuplet (one-third of the crystal-
lographic unit cell). These steps are oriented along (110.0)
lattice planes as indicated in Fig. 2(a). Note that the (110.0)
and (101.0) lattice planes differ because of the rhombohedral
symmetry of the unit cell (Nakajima, 1963). Depending on the
growth conditions we find that the orientation of the triangles
varies. For sample BT-A all visible pyramids are oriented in
the same direction, whereas for sample BT-B (Fig. 2b) two
types of orientations are observed. This difference is caused by
the different growth temperature and corresponds to drasti-
cally different XRD azimuth traces as shown in Fig. 2(c).
These azimuthal scans were recorded at the (101.25) Bragg
peak of Bi,Tes;, which according to the rhombohedral crystal
structure has a threefold symmetry. Indeed, a predominantly
threefold symmetry is observed for sample BT-A, indicating
an almost complete absence of any twinning, in perfect
agreement with the presence of only one orientation of the
surface pyramids in the AFM image. The majority of the
diffraction signal of the (101.25) Bragg peak is found at 0, 120
and 240°, i.e. in the azimuth of the (224) substrate peaks, and
corresponds to the ODs. Only around 3% of the total scat-
tered X-ray intensity is found at azimuths of 60, 180 and 300°,
and this stems from the TDs. In contrast, for sample BT-B an
almost perfect sixfold symmetry of the (101.25) peak is found
in the azimuthal scan, indicating a strong twinning in the thin
film with almost equal abundance of the ordinary and twin
regions. Note that the azimuthal scans were compiled from
several scans performed at slightly different incidence angles
to avoid inaccuracies arising from possible misalignments of
the [000.1] direction from the goniometer rotation axis.

2.2. Twin imaging methods

To further investigate the correlation between surface
morphology and twin orientation, microscopic methods
directly sensitive to the crystal orientation are needed. For this
purpose we used two complementary methods. First, we used
the well established EBSD method, which, by recording the
Kikuchi pattern from backscattered electron diffraction in a
scanning electron microscope, is able to determine the local
crystal orientation (Schwartz et al, 2009). For EBSD
measurements a Zeiss Auriga cross-beam electron microscope
combined with a focused ion beam (FIB) was used. The
microscope is equipped with a gas injection system for Pt layer
deposition and an EDAX Digiview EBSD camera. Since the
orientation of the two twins in our sample differs by a 60°
rotation around the ¢ axis, the two twin domains cause two
distinctly different Kikuchi patterns as shown in Fig. 3(a). The
TSL OIM Analysis software (http://www.edax.com/Products/
EBSD/OIM-Data-Analysis-Microstructure-Analysis.aspx)
used identifies the crystal orientation from these Kikuchi
patterns using the crystal structure as an input. The informa-
tion depth of this method is limited to the penetration/escape
depth of quasi-elastically scattered electrons, which for the
used operation voltage of up to 20kV is limited to a few
nanometres. Two different measurement geometries were
employed to study the lateral and vertical twin distribution.
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For the lateral (plan-view) imaging, samples were studied
using 20 keV electrons incident on the surface under an angle
of 70°. For the cross-sectional investigations, samples were
vertically cut using FIB milling after locally depositing a
protective platinum layer. The side face of the cut was
analysed by EBSD with the beam voltage reduced to 8 keV in
order to minimize the electron beam induced charging effects
and image distortions caused by the electron beam hitting the
non-conductive substrate, and to increase the lateral resolu-
tion.

Hard X-ray photons of 8.5 keV were used as a probe for
SXRM. In contrast to the low penetration depth of electrons,
these penetrate the full film thickness. For SXRM the
diffracted intensity of selected Bragg peaks was recorded from
a very small spot of the sample using a tightly focused X-ray
beam (Stangl et al., 2009). Focusing was achieved by a
1000 nm-thick tungsten Fresnel lens with a diameter of 300 pm
and outermost zone width of 80 nm, which was fully illumi-
nated and placed ~10 cm upstream of the sample. This setup
results in a ~150 x 150 nm full width at half-maximum beam
size at the sample position. Using a piezo-scanning stage and a
two-dimensional MAXIPIX detector (516 x 516 pixels with a
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\
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Figure 3

Twin contrast in EBSD and SXRM. (a) EBSD detects the two twin
orientations by their two different Kikuchi patterns resulting from the
different crystallographic orientations. The central pole corresponds
either to the [055.1] or to the [550.1] directions for twins 1 and 2,
respectively. (b) In SXRM, performed at the asymmetric (110.20) Bragg
peak, different intensities are detected if the X-ray beam hits a domain of
twin 1 or 2. Only one domain fulfils the Bragg condition in one azimuth as
seen in the four (magnified) detector images. (¢) Sketch of the SXRM
setup at beamline ID01 at the ESRF in Grenoble, France, showing the
focusing Fresnel lens, optical alignment microscope and two-dimensional
X-ray detector.

size of 55 um mounted at a distance of 70 cm) the diffracted
intensity can be recorded for various real-space sample posi-
tions (see Fig. 3c), therefore creating an SXRM image with
diffraction contrast. This can be repeated for different inci-
dence angles of the primary beam to produce a five-dimen-
sional data set consisting of three reciprocal-space dimensions
0., and two real-space dimensions x, y. In our study the
possible fifth dimension, i.e. the incidence angle, is only used
to set the sensitivity to a certain Bragg peak. Fig. 3(c) shows a
sketch of the SXRM setup at beamline IDO01 at the European
Synchrotron Radiation Facility (ESRF) in Grenoble, France,
and for further details the reader is referred to the work of
Chahine et al. (2014). To produce contrast between the two
twin orientations the incident angle and detector position are
adjusted to an asymmetric Bragg diffraction where either twin
1 (TD) or twin 2 (OD) diffracts. To align the sample to this
condition, information on the crystal orientation and the
lattice parameters is needed. For our epitaxial thin films these
parameters were determined by laboratory XRD experiments
which also provide the epitaxial relation to the substrate.
When the focused X-ray beam hits the domain which diffracts
only in a certain sample azimuth, a large intensity is found on
the detector. In Fig. 3(b) this is the case for twin 2 for an
azimuth of 0°, whereas for twin 1 the Bragg condition is not
fulfilled. Rotating the sample by 60° (or 180°, or 300°) the
situation is inverted as is shown in Fig. 3(b). Note that, owing
to the lateral tails of the focused X-ray beam, a small
diffracted intensity is always detected; however, the contrast
between the two orientations is more than two orders of
magnitude. Also note that, because of the divergence of the
focused X-ray beam of ~0.1°, resulting from the short focal
length of the Fresnel zone plate, a small misalignment due to
mosaicity does not influence the SXRM measurements.

3. Twin analysis of Bi,Te;
3.1. Surface topography—twin orientation relation

To correlate the surface morphology with the local crys-
talline orientation, we performed EBSD mapping and scan-
ning electron microscopy (SEM) imaging of the same sample
area to obtain the crystalline orientation map and surface
topography. In Fig. 4(a) we show the SEM image of a ~50 x
30 um region in which the in-plane crystal orientation map
determined by EBSD is overlaid as a semi-transparent
coloured layer, where the violet and yellow colours corre-
spond to the OD and TD, respectively. With EBSD we find
only two distinct crystal orientations corresponding to the two
60°-rotated twin orientations. The borders of these areas are
precisely correlated with the borders of areas showing one
particular orientation of the surface pyramids as indicated by
the triangles. This correlation can be better seen in the
magnified areas shown in Figs. 4(b) and 4(c). All areas that are
coloured yellow show the triangular pyramids pointing to the
left, while areas that are overlaid by violet are pointing to the
right. This proves that the surface topography is indeed
correlated with the local crystal orientation of the thin film.
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From large-area EBSD measurements (20 000 um?®) the
average size of the domains can be determined. For this
purpose the average number of domain defects in every
direction is determined and the resulting size is listed in
Table 1. For sample BT-A such a determination is hindered by
the strongly differing sizes of ODs and TDs. The ODs in
sample BT-A cover most of the surface area as seen in
Fig. 2(a). Since EBSD is only sensitive to the first few nano-
metres of the thin film, however, nothing can be concluded
about the possible twin boundaries parallel to the surface or
about the propagation of the defects into the depth of the thin
films.

3.2. Scanning nanobeam X-ray diffraction microscopy

Bulk-sensitive SXRM was employed to determine the
crystalline orientation integrated along the X-ray beam
trajectory, which penetrates through the full film thickness.
Using an optical microscope for navigation and a macro-
scopically large defect (scratch) on the sample surface as a
marker, we located the same position on the sample as already
studied by EBSD. Figs. 5(a) and 5(b) show the corresponding
SEM and SXRM images of this sample area, where the actual
measurement areas of EBSD and SXRM are indicated by the
blue and black dashed rectangles, respectively. Since inside the

Figure 4

Surface morphology and twin domain correlation. (a) Scanning electron
micrograph of sample BT-B overlaid with a semi-transparent representa-
tion of the EBSD crystal orientation data. The crystal orientation
indicates the direction of the in-plane a direction/[101.0] and in
agreement with our XRD data finds only two types of orientations, i.e.
the two twin orientations. The twin domain boundaries are correlated
with the surface structure. Panels (b) and (¢) whose location is indicated
in panel (a) show enlarged details confirming this correlation. For clarity,
arrows mark the orientation of the pyramids.

scratch the film material is either missing or tilted out of the
Bragg condition, it shows up as a dark region in the SXRM
image when the detector and incidence angle are set to the
symmetric (000.15) Bragg reflection of Bi,Te;, which is
insensitive to the twin orientation. The remaining areas in the
(000.15) SXRM image show a rather homogeneous intensity
distribution, indicating that all film parts are oriented with the
¢ axis perpendicular to the surface. The remaining small
intensity variations are most likely due to slightly varying film
thickness since the surface pyramids observed by AFM in
Fig. 2(b) typically have a height of several quintuple layers and
therefore result in a film thickness variation of up to about
10%. The SXRM image in Fig. 5(b) was recorded with a step
size of 2 um, whereas the resolution limit given by the foot-
print of the X-ray nanobeam is roughly ~400 x 150 nm at the
(000.15) Bragg angle.

defect

-

—_O

(170.20) intensity

in-plane orientation

(o))
__©
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Figure 5

Comparison of SXRM and EBSD twin maps of the same position on
Bi,Te; sample BT-B. SEM (a) and SXRM (b) using a symmetric Bragg
peak are used to localize the same area on the sample surface for both
methods. The position of the EBSD map shown in Fig. 4(a) is marked by a
blue rectangle, while a dashed rectangle indicates the location of the
EBSD/SXRM measurements shown in (c¢) and (d), respectively. For the
SXRM image in (b) the symmetric (000.15) Bragg peak was used to be
insensitive to the twin domain pattern. (c¢) and (d) show the in-plane
crystal orientation determined by EBSD, i.e. the direction of the a axis/
[101.0], and an SXRM image of the same area produced by the
asymmetric (110.20) Bragg peak. The white lines in (¢) and (d) mark the
same features while the dashed ellipse highlights some distinctions.
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To investigate the twin distribution, the goniometer is set to
the asymmetric (110.20) Bragg peak and SXRM images of the
same area were recorded. At the asymmetric Bragg peak the
lateral resolution of the SXRM is improved owing to the high-
incidence co-planar measurement geometry resulting in a
reduced beam footprint below 200 nm. Accordingly, in the
SXRM images a step size of 160 nm was used for data
acquisition. This is sufficient to study the micrometre-sized
twin domain features seen in the EBSD map. Figs. 5(c) and
5(d) compare the EBSD map and the SXRM image of the
same position for Bi,Te; (BT-B), where the latter was
recorded in the diffraction azimuth of twin 1 (0°). As indicated
by the white lines, the EBSD and SXRM images are obviously
highly correlated and the same features can be easily identi-
fied. However, distinct differences can also be seen. While at
the surface, which is imaged by EBSD, one either finds only
one or the other twin orientation, the SXRM intensity shows a
more continuous variation. In particular, there are areas (an
example is marked by a cyan ellipse) in which the diffracted
intensity of twin 1 is observed in SXRM, while the EBSD
image indicates the presence of the 60°-rotated twin 2 domain
at the surface. This clearly indicates that the twin distribution
across the film thickness differs from that at the surface. Note
that the intensity in SXRM can vary continuously, whereas the
nature of the EBSD data analysis imposes the limitation that
only one particular crystal orientation can be determined for
one measurement spot. If the contributions from two twin
orientations are superimposed in the Kikuchi pattern the
analysis software either neglects the weaker contribution or
even fails to determine a distinct orientation for this particular
measurement spot. Such an overlap of Kikuchi patterns was
observed only near twin domain boundaries; however, in

almost all cases the analysis software automatically identifies
the stronger contribution. We highlight that within twin
domains where SXRM detected a buried domain [e.g. as
marked by the cyan ellipse in Figs. 5(c) and 5(d)] no such
overlap of Kikuchi patterns was found.

To clarify the origin of the SXRM intensity in locations
where EBSD detects the other twin orientation, SXRM of the
same sample area was also recorded in the 60° azimuth to
detect a possible contribution of twin 2 at each measurement
spot. Figs. 6(a) and 6(b) show the corresponding SXRM
images using the asymmetric Bragg peaks of twins 1 and 2.
One can see that at locations where a high signal is detected
for twin 1 a low signal is found for twin 2, and vice versa. To
confirm this complementarity, we sum both images in Fig. 6(c)
and compare the result with the intensity of the symmetric
(000.15) Bragg peak (Fig. 6d) at which both twin orientations
contribute equally. Both the sum of the asymmetric peaks
recorded in two azimuths and the SXRM of the symmetric
peak show a rather homogeneous distribution of the intensity
with only weak recognisable features which are, however, very
similar in both cases. Note that both images were recorded
with the same step width, so the blurring in Fig. 6(d) as
compared to Fig. 6(c) is a result of the change of incidence
angle between the two SXRM measurements.

The SXRM images in Figs. 6(a)-6(d) are complemented by
the intensity histograms shown in Figs. 6(e)-6(4). The histo-
grams reveal that the intensity distribution of the asymmetric
Bragg peak has contributions for all intensity intervals
between 0 and the highest detected intensity. In the case when
the twin domain boundaries always fully penetrate through
the entire film thickness from the substrate interface to the
surface, the film would either diffract or be out of the Bragg

Twin-sum symmetric (000.15)
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Figure 6

SXRM images of the same area of Bi,Te; sample BT-B recorded with different Bragg reflections. (a), (b) Images of the normalized diffracted intensity of
the (110.20) Bragg peak are shown for two azimuths different by 60°. The sum of the two images is shown in (¢) and compared to the intensity obtained at
the symmetric (000.15) Bragg peak in (d). Panels (e)—(h) show the corresponding intensity histograms. The normalization of the asymmetric peak
intensities is performed in such a way that the histogram of the sum in (g) has a centre of mass of 1.
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condition. Thus, a purely bimodal intensity distribution with
normalized intensities close to either 0 or 1 would be formed.
We find, however, more continuous-intensity histograms of
both individual asymmetric SXRM intensity maps as shown in
Figs. 6(e) and 6(f). As expected from the almost perfect
sixfold symmetry of the azimuthal scan in Fig. 2 averaged over
a very large film area, the histograms of the two azimuths are
almost equal, reflecting the equal twin population in this
sample. The histogram of the sum in Fig. 6(g), however, shows
a well defined peak around 1 similar to the histogram of the
symmetric Bragg peak (Fig. 6A). From this we conclude that, in
areas where for one twin the intensity is lowered, it is
increased by the same amount for the other. This points to a
more complicated vertical twin distribution in the bulk of the
films as compared to the bimodal twin distribution at the
surface and suggests that with surface-sensitive techniques not
all twin domains are detected.

3.3. Cross-sectional electron backscatter diffraction twin
imaging

To shed more light on the vertical twin domain distribution
over the film depth we have recorded EBSD maps on film
cross sections. Fig. 7 shows such cross-sectional EBSD images
of the same Bi,Te; sample BT-B, which represent the substrate
in cyan colour and the two twin orientations 1 and 2 in red and
yellow, respectively. These cross-sectional images clearly
reveal that the twin domain boundaries indeed have various
trajectories across the film volume and that in many instances
the twin domain at the surface occurs in a region with opposite
Twin 2 (TD)

s Twin 1 (OD) BaF7 substrate

Figure 7

Cross-sectional EBSD images of the Bi,Te; film BT-B. The different
panels show the twin distribution at different regions along the prepared
layer cross section. Yellow and red colours indicate the two twin
orientations in the thin film, while cyan marks the single-crystalline BaF,
substrate. The shape of the interface between the two domains is found to
be complicated with frequent vertical overlap of the two domains. Tilted
domain boundaries are indicated by green arrows. The lower quality of
these data as compared to the top view data is caused by strong charging
of the insulating BaF, substrate.

twin orientation. This clearly demonstrates that the twins do
not exclusively originate from the nucleation on the substrate
surface, but also result from a switching of orientation during
growth, ie. that twinning is an intrinsic phenomenon in the
structure of these van der Waals bonded materials. In Fig. 7
the resolution of the EBSD images of ~10 nm is not really
sufficient to exactly derive the orientation of the twin domain
boundaries (green arrows), but the images indicate two
predominant propagation directions. One is horizontal,
corresponding to twinning across adjacent (000.1) planes, and
the second is inclined to the surface normal by about 20-30°,
which we therefore relate to the [101.7] directions with = 3-5.
High-resolution cross-sectional TEM studies of Bi,Tes,
however, suggest a more complicated trajectory of the twin
boundaries not related to any crystallographic direction
(Kampmeier et al., 2015).

4. Thickness dependence in Bi,Se;

To demonstrate the vast amount of information which is
obtained from the application of these imaging methods,
EBSD and SXRM studies of Bi,Se; films were performed in
order to evaluate the thickness evolution of the twin domain
structure. Fig. 8 shows SXRM and EBSD images of three
samples with increasing thicknesses of the Bi,Se; layer of 25,
50 and 100 nm. Note that only the SXRM and EBSD images
of the 50 nm-thick sample were recorded at the same sample
location. As for Bi,Te;, we find a clear correspondence
between the SXRM and EBSD domain images. Similar
features are highlighted by white lines, while a cyan ellipse
marks the differences; again, diffracted intensity is observed in
the bulk-sensitive SXRM, while the opposite twin orientation
is detected at the surface by EBSD.

Figure 8

SXRM images and EBSD maps of three Bi,Se; samples with different
layer thicknesses of 25, 50 and 100 nm. The SXRM image recorded using
the asymmetric (110.20) Bragg peak shown in (a)—(c) is compared with
the in-plane angle of the crystal orientation determined from EBSD
shown in (d)-(f). The measurements of the 50 nm-thick area were
performed on the same location. A darker region/line in the SXRM
image in panel (a) is caused by a cleavage step on the substrate surface.
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Figure 9

Cross-sectional bright-field (BF) and dark-field (DF) transmission electron micrographs of Bi,Se; sample BS-100 demonstrating the twin domain
distribution in the film’s cross section are shown in panels (a) and (), respectively. The substrate/Bi,Se; and Bi,Se;/Pt interfaces are indicated by white
dashed lines. Diffraction contrast between the two twin orientations in BF imaging conditions is achieved by tilting the specimen to enhance the
contribution of one domain (c). The DF was created using the (110.5) reflection where only one twin domain contributes. The limited vertical extent of a
tilted twin domain is marked by a green arrow. Panel (c) shows the diffraction image of the imaging conditions with specimen orientation close to the
[112.0] zone axis. Yellow and red colours indicate the reciprocal lattices of the two twin orientations in the thin film, while cyan marks that of the

substrate.

Even though the measurements were not all performed at
the same sample locations, both methods evidence a very
rapid increase of the lateral twin domain size with increasing
film thickness. Table 1 lists the average surface domain size
determined from large-area EBSD measurements, which
increases from 6.1 pm? for BS-25 to 22.4 pm? for BS-100.
SXRM, however, also shows signals which originate from the
buried domain pattern, where it is reasonable to assume that
the buried domains do not change their size when overgrown
further, i.e. that the buried domain pattern is fixed once it is
nucleated. Several areas in Fig. 8(c) indicate the presence of a
domain pattern with small-sized domains buried below larger
domains near the surface, which dominate the EBSD signal. It
is important to note that all three samples (BS-25, BS-50, BS-
100) were grown simultaneously in the same growth run and
that the different thicknesses were produced by employing a
sample shutter, ruling out any differences in the growth
conditions as a reason for the observed change in the domain
size. In addition to the dramatic increase of the average
domain size, a small change of the relative twin ratio is
observed. The statistical significance of the microscopic data is,
however, not sufficient to draw any quantitative conclusions.

To further clarify the twin domain distribution across the
film depth, cross-sectional TEM was performed for the
thickest Bi,Se; sample BS-100. The cross section was prepared
by FIB milling after the sample was covered by a protective
platinum layer. The resulting TEM lamella was thinned down
to a thickness of less than 100 nm for the TEM investigations.
Using bright- and dark-field TEM imaging as shown in Fig. 9,
the different twin domains in the electron-transparent part of
the lamella were observed and a similar orientation of the
defects was found as in the Bi,Te; sample by cross-sectional
EBSD. Thus, the same mechanisms for twin nucleation and
formation exist in both material systems. The majority of the
defect planes and domain boundaries are c-plane defects;
however, no defect or domain fully propagates through the

lamella in the image plane. The exact orientation of the lateral
termination of the defects is difficult to determine since in the
field of view only one termination has large enough length to
allow proper observation. As for the Bi,Te; film, the domain
boundary appears to be tilted from the surface normal (¢ axis).
For the given specimen thickness and resolution, the atomic
structure of the defects and the domain size as a function of
film depth could not be further determined.

5. Summary and conclusions

In summary, we have demonstrated imaging of the twin
domains and their distribution in Bi,Te; and Bi,Se; topolo-
gical insulator thin films using EBSD and SXRM, showing the
complementarity of these techniques. By investigations of the
same sample areas by different techniques we revealed a clear
link between the sample topography and the local crystal-
lographic twin orientation. The borders of regions with
distinct twin orientation are strictly correlated with the
borders of the domains with different crystallographic orien-
tations determined by EBSD. Surface-sensitive methods like
AFM and EBSD, however, are not able to detect the twin
distribution in the film depth. Using bulk-sensitive SXRM we
identify the regions where one twin domain is buried below
the other. Cross-sectional EBSD and TEM investigations
corroborate this effect and show that the defect structure in
both thin film systems consists of a combination of lateral
twinning originating from the hetero-nucleation on the
substrates and vertical twins arising from the switching of the
orientation during the epitaxial growth process. This results in
twin boundaries that regularly propagate through the film
thickness at complicated trajectories. The vertically propa-
gating defects reaching the surface are expected to influence
the topological surface states. Thickness-dependent investi-
gations further reveal a rapid growth of the average domain
size with the film thickness both in the bulk and near the
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surface. Since the twin boundaries will cause additional carrier
scattering and thus influence electrical transport properties a
decreased twin defect density is important. This also explains
why thicker Bi,Se; films are more suited for topological
transport studies (Taskin ef al., 2012) and therefore represent
a promising template towards electrical devices made from
these materials.

Future experiments should focus on clarification of the
exact propagation direction and structure of the vertical
defects, which was not possible from our work. Advanced
high-resolution electron imaging techniques can be used to
study the atomic structure of the defects. Coherent diffraction
imaging or ptychography will be valuable tools to improve the
resolution of SXRM well below the size of the X-ray beam. By
exploiting such an improved resolution it would be possible to
study the propagation direction of the domain walls in all
three dimensions.
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