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Microstructural characterization of Cr-doped (Bi,
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magnetically doped topological insulators can significantly modify their band topology and carrier density,
and hence their electronic properties. In this paper, we report on a detailed microstructural characterization of Cr-doped (Bi,Se)2Te3 layers grown by molecular beam epitaxy on Si(111). We provide detailed
microscopical descriptions of defects present in the films (twins, mosaicity tilt, mosaicity twist), and suggest
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ways to control their structural quality.

Introduction
The recent experimental observation of the quantum anomalous Hall effect in Cr-doped (Bi,Sb)2Te3 has generated significant interest in this material system for its potential as a magnetic topological insulator.1–3 It is important to recognize that
the magnetism in this material originates from the Cr atoms.
While the concentration of Cr is high by doping standards, it
is nominally incorporated into the lattice by random substitution onto cation sites, occupied by Sb and Bi, and so does not
have its own defined crystallographic order.4 The crystal structure of Cr-doped (Bi,Sb)2Te3 is analogous to that of other 2 : 3
topological insulator dichalcogenides and can be described in
terms of a cubic close packing (ccp) of cations and Te. The
five-layer stack Te–A–Te–A–Te (A = Bi, Sb, Cr), which is referred to as a quintuple layer (QL), is the main structural element in Cr-doped (Bi,Sb)2Te3. Three QLs, bonded by weak van
der Waals forces, form one unit cell. Thin films of such
dichalcogenides connect to a substrate via van der Waals interactions. The formation of such layers by so-called van der
Waals epitaxy5 poses fewer restrictions than for standard epitaxial growth, making it possible to grow them on a wide vari-
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ety of substrates, including Si(111),1 InP(111),2,6–8
SrTiO3Ĳ111),8–10 GaAs(111)B11,12 and sapphire.13,14 However,
the accommodation of the large lattice mismatch usually occurs through the formation of different defects. At present
there is no detailed microstructural characterisation of Crdoped (Bi,Sb)2Te3 grown on Si(111), although from several
microstructural studies of Cr-doped (Bi,Sb)2Te3 grown on
other substrates, as well as from analyses of the microstructure of the isostructural compounds Bi2Se3, Bi2Te3 and Crdoped Bi2Se3,9,15–19 one can expect the following defects to be
present in the films: 60°-rotational twin domains, translational domains, stacking faults, tilts and in-plane twists of domains. It has been shown in several reports that the presence
of stacking faults and strain at domain boundaries in Bi2Se3
and other isostructural compounds can significantly modify
the band topology18–24 and thereby the topological properties.
This may also be the reason for the often-observed high carrier densities in these layers, which obscure the topological
surface states in electronic transport.25–27 Thus, the ability to
control strain and structural defects is of great importance for
the realization of device applications based on these systems.
A further aspect of the microstructure that has to be taken
into account is that Cr-doped (Bi,Sb)2Te3 films belong to the
class of dilute magnetic systems. Although such systems have
been studied for a long time28 and have often proven to be
useful materials, it should be noted that they are not always
homogenous, and that because of their dilute nature they are
susceptible to phase segregation or other mechanisms that
can lead to fluctuations in the local concentration of magnetic
atoms. For example, segregation is well known in Mn-doped
Ge layers, where Mn forms nanocolumns during film
growth.29 Similar effects have been observed in more closely
related materials such as CrS1−xSex and CrSxTe1−x (ref. 30 and
31) and Cr-doped Bi2Se3.14,19
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In this paper, we present a detailed microstructural study
of Cr-doped (Bi,Sb)2Te3 layers grown by molecular beam epitaxy (MBE) on Si(111), with the aim of recognizing ways in
which the formation of defects and strain can be controlled.

Experimental
CrzĲBixSb1−x)2−zTe3 (z = 0–1.27, x = 0–1) layers were grown by
MBE in a CreaTec system at a base pressure of 1 × 10−10 mbar
on hydrogen-passivated Si(111) wafers. The chamber is
equipped with standard effusion cells filled with 99.9999% purity Bi, Sb, and Te, and 99.998% purity Cr. Prior to growth, the
Si(111) substrates were dipped in 50% hydrofluoric acid to remove the oxide layer and achieve hydrogen passivation. After
this etching, the 2 inch substrates were transported under nitrogen atmosphere to the growth chamber and loaded into the
MBE system. Low-temperature growth (substrate temperature =
180 °C) took place under Te-rich conditions at a growth rate of
approximately 0.2 Å s−1. Growth was monitored by reflection
high-energy electron diffraction (RHEED) using a chargecoupled device camera. After growth, the samples were characterized using a DME DualScope 95-50 atomic force microscope
(AFM) and a Philips X'Pert MRD diffractometer. Energydispersive X-ray (EDX) spectra were obtained using a Philips
XL30 scanning electron microscope equipped with an EDAX
Si(Li) detector operated at 10 kV. (Scanning) transmission
electron microscopy ((S)TEM) was carried out using an FEI Titan 80-300 (S)TEM operated at 300 kV (University of
Würzburg) and at the Ernst Ruska-Centre for microscopy and
spectroscopy with electrons.32,33 STEM EDX maps and electron
energy-loss (EEL) spectra were collected at 80 and 200 kV, respectively. TEM cross-sectional and plan-view specimens were
prepared by focused ion milling using an FEI Helios Nanolab
Dual Beam system. A 30 kV Ga+ ion beam, currents of 0.28 nA
down to 28 pA and a 1° incidence angle were used for thinning
the lamella. Final cleaning was performed at 2 kV and 16 pA.

Results and discussion
X-ray diffraction (XRD) revealed the formation of a continuous solid solution based on the (Bi,Sb)2Te3 structure (sp.gr.
R3̄m). The observed shift of the 006 peaks to larger angles (inset to Fig. 1) implies a reduction in the lattice parameter c
with increasing Cr doping. This decrease in lattice parameter
is linear for samples with Cr contents below 8%, which may
be an indication of the homogeneous incorporation of Cr
into the (Bi,Sb)2Te3 lattice. For the sample with 25.4 at% Cr,
additional Cr2Te3 peaks were observed (Fig. 1a, arrows). EDX
spectra (not shown) obtained in the scanning electron microscope showed that the overall (Cr + Bi + Sb)/Te ratio is 2 : 3
for all of the studied doping concentrations. Thus, Cr is incorporated on cation sites, but the presence of an additional
phase in Cr-doped (Bi,Sb)2Te3 is consistent with the overall
composition.
Since the quantum anomalous Hall effect1 has been
reported for samples with relatively low Cr content (nCr <
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Fig. 1 (a) XRD of magnetically doped (Bi,Sb)2Te3 thin films with
different Cr concentrations. The BST reflections are labelled in black.
(b) c lattice constants corresponding to peak positions determined
from the 006 reflections shown in the inset of (a).

3%) and an Sb content of about 0.8, we focused on
Cr0.13ĲBi0.20Sb0.80)1.87Te3 samples. In order to understand the
formation of different planar defects, in addition to thin
layers (6QL) of this composition, thick layers of about 150
nm were also grown (Fig. 2). We refer to these layers as 6QLCr-BST and Cr-BST below, respectively. As can be seen in
Fig. 2a and b, both films consist of domains, whose size increases with layer thickness but does not exceed 100 nm. For
Cr-BST, the domain size increases with increasing film thickness. This observation is confirmed by AFM (Fig. 2c and d).
Selected area electron diffraction (SAED) patterns, which are
shown in Fig. 3, confirm the epitaxial growth of Cr-BST on
Si(111) with the following crystallographic relationships: Cr_
_
BST(001)∥SiĲ111), [100]Cr-BST∥[110]Si or [110]Cr-BST∥[110]Si. Cr-BST
reflections were indexed according to a hexagonal unit cell
with lattice parameters a = 4.3 Å and c = 30.5 Å.
Cross-sectional annular dark-field (ADF) STEM images
show typical defects in the films (Fig. 3). The analysis of
SAED patterns and high-resolution ADF STEM images reveals
the presence of twins (Fig. 3a), tilting of domains with respect to one another and the substrate in the plane perpendicular to the substrate (mosaicity tilt) and twisting of domains in the plane of the substrate (mosaicity twist).
Additional Te layers were found at the interface (marked with
small horizontal triangles in Fig. 3d and f). This observation
agrees with earlier reports on Bi2Te3 thin films.15 Either one
or two Te layers were found in different regions across the
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Fig. 2 (a) Cross-sectional ADF STEM image of Cr-BST. (b) High-resolution TEM image of 6QL-Cr-BST films grown on Si(111) recorded along the
[100] direction, showing the distribution of domain boundaries. (c and d) 2 μm × 2 μm AFM images of layers corresponding to the TEM images next
to them with z-scales of 14 and 6 nm, respectively.

Fig. 3 (a–c) SAED patterns recorded from the Cr-BST film grown on Si(111), viewed (a) along [100], showing the presence of twins, with red and
white colours denoting reflections from the first and second twin, respectively; (b) along [110], showing a splitting of 00l reflections (marked by arrows) due to the tilting of domains in the direction perpendicular to the substrate; (c) along [001], showing a splitting of the reflections (marked by
arrows) due to the twisting of domains in the plane of the substrate. (d–g) ADF STEM images of (d and f) interfacial regions and (e and g) a translational twin boundary in a Cr-BST film. Horizontal arrows and kinks in the zig-zag lines indicate the positions of boundaries between lamellar twins.
Small horizontal triangles mark additional Te layers at the interface. Vertical triangles mark the positions of twin boundaries that formed perpendicular to the substrate.

interface. The formation of Te layers at the interface was further confirmed using EEL spectroscopy (Fig. 7).
Both 60° rotation twins (with domain boundaries perpendicular to the substrate) and lamellar twins (with domain
boundaries parallel to the substrate) can be seen in Fig. 3.
The 60° rotation twins form when adjacent domains have dif-
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ferent stacking sequences of ccp layers (e.g., ABC or ACB). In
the present films, such twins often form translation domain
boundaries. Different explanations are possible for the translation of adjacent twin domains along the growth direction,
including: (1) the height of a diatomic step at the Si surface
(one diatomic step in the Si substrate is approximately 3.1 Å,
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Fig. 4 TEM images of Cr-BST thin films recorded along [001]. (a) Overview image showing multiple domain boundaries and many dislocations. (b)
Moiré pattern resulting from the overlap of two domains that are twisted by 8.4° with respect to each other. (c) Simulation of the moiré pattern
within the square area marked in (b).

which corresponds to a third of a QL, approximately 3.4 Å as
described for Bi2Se3 (ref. 15 and 16)); (2) the presence of a
non-uniform Te layer at the interface.15
A plan-view TEM image recorded along [001]Cr-BST shows
multiple domain boundaries (DBs) with random shapes
(Fig. 4a). The DBs accommodate many dislocations, thereby
contributing to a reduction in strain. Neighbouring domains
are often twisted in the plane of the substrate, confirming
the presence of mosaicity twist (Fig. 3c). An analysis of twist
angles based on fast Fourier transforms obtained from different positions in the plan-view sample (Fig. 4) shows that primarily low-angle DBs are formed (with angles of up to 9°).
The formation of moiré patterns, associated with overlapping
twisted domains, was observed in multiple locations. The rotational moiré fringe spacing of the patterns seen in
Fig. 4a and b is 2.5 nm, which corresponds to a rotational angle of 8.4°. (A corresponding simulated moiré pattern is
shown in Fig. 4c.) A high-resolution TEM (HRTEM) plan-view
image of a low-angle domain boundary with a twist angle of
approximately 2° is shown in Fig. 5. Corresponding (−1−10)

Fig. 5 (a) HRTEM image of a low-angle DB in the Cr-BST thin film
recorded along [001]. Inset: Fourier transform of (a). (b and c) Fourierfiltered images showing (−1−10) and (−210) atomic planes and dislocations along the domain boundary. Edge dislocations are marked with
red and white “T” symbols. (d–f) Strain field maps obtained from the
marked area in (a), showing the εxx, εyy and εxy components of the
strain tensors determined using GPA. For obtaining the GPA maps, the
x axis was aligned with the domain boundary and the y axis was oriented perpendicular to the domain boundary.34

3636 | CrystEngComm, 2017, 19, 3633–3639

and (−210) lattice fringes obtained by Fourier filtering the image using two pairs of reflections (indicated by white and red
circles in the inset to Fig. 5a) helps to visualise the positions
of the edge dislocations. The Burgers vectors of the dislocations are b1 = a[−1–10] and b2 = a[−210], respectively. The resultant Burgers vector b = a[−100] is perpendicular to the domain boundary, and is consistent with results obtained for
Bi2Se3 thin films.18
The strain tensor components εxx, εyy and εxy were
obtained using geometrical phase analysis (GPA)34 and show
the in-plane compressive and tensile strain associated with
each dislocation (Fig. 5d–f). The strain field is greatest in the
direction of the domain boundary and extends for approximately 2 nm from the dislocation core, corresponding to a
lattice distortion of ±15%.

Chemical analysis
EDX maps recorded from cross-sectional Cr-BST samples did
not reveal preferential segregation of Cr either at the

Fig. 6 HAADF STEM image of translational domain boundary and EDX
maps of elements present in the Cr-BST film.
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Fig. 7 (a) Cross-sectional HAADF STEM image of a 6QL-Cr-BST film grown on Si(111). (b) Averaged raw spectra over the three different regions
shown in (a), “Si/interface”, “middle layer” and “surface layer”. (c) Intensity maps associated with the three EEL spectral components shown in (d)
obtained using VCA. The field of view in each map is 9.5 nm × 5.5 nm. The bottom right EEL spectra around the L Cr edges in (c) are the “surface
layer” raw data (left) and the “O/Cr” spectral component (right).

interface or at the domain boundaries, in contrast to the situation for Cr-doped Bi2Se3 thin films (Fig. 6).19
A more detailed analysis of the chemical states at the surface and interface in the film was obtained from EEL spectra
recorded from the 6QL-Cr-BST layer and a translational domain boundary (Fig. 7). As the core loss regions in the EEL
spectra have a poor signal-to-noise ratio, for quantitative
analysis a vertex component analysis algorithm was applied.35 The spectra and maps (Fig. 7c and d) show that the
top layer of the film probably contains Cr. Previously, a tendency to segregate towards the sample surface has been observed in Mn-doped36 and Cr-doped Bi2Se3 layers.14 In the latter example, an accumulation of Cr at domain boundaries
was also reported.19 It is difficult to provide an unambiguous
explanation for the presence of Cr segregation at the surfaces
of Cr-BST films based only on EEL spectroscopy data. Inhomogeneous magnetic doping is a classical issue in magnetic
semiconductors, which also has to be addressed for magnetic
topological insulators. The presence of an O K-edge in the
spectra results from storage of the TEM lamella before the
experiment.
Controlling defects
The twins, tilting and twisting of domains and resulting tensile strain at domain boundaries described above can modify
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the band topology of Bi2Te3 and isostructural compounds18–24
and influence carrier densities, which can in turn mediate
their topological properties.25–27 Precise control over strain
and structural defects is therefore important for realizing device applications based on such films. In this section, we
briefly discuss several growth parameters, which we have
found to significantly influence the structural quality of CrBST (in particular, mosaicity-twist, -size and twins): the
growth temperature, the lattice mismatch between the film
and the substrate, and the roughness of the substrate.
(A) Growth temperature
An increase in growth temperature from 180 °C (low-temperature growth) to 300 °C significantly influences the domain
size in the Cr-BST films. Based on our AFM measurements
(Fig. 8e and f), the average domain size in a 135 nm-thick CrBST film grown at 180 °C is an order of magnitude smaller
than that in a 41 nm-thick Cr-BST film grown at 300 °C (although the layer thickness of the film grown at 180 °C is 3
times higher, which is known to increase the domain size
measured using AFM in these topological insulators36). In addition, the XRD pole scans reveal that this increase in domain size leads to a reduction in mosaicity twist by almost a
factor of two (from 4.6° to 2.6°), as determined from the full
width at half maximum (FWHM) of the Cr-BST 015 reflection
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complete suppression of twins in these films may be possible
when using a rough substrate with an even smaller lattice
mismatch.
Accordingly, we believe that the use of a rough, latticematched substrate and optimisation of the growth temperature are key points for controlling the amount of structural
defects in these films.

Conclusions

Fig. 8 (a–d) XRD pole scans of the 015 reflection of Cr-BST films
grown using different parameters (substrate, growth temperature), as
indicated in the upper left corner of each frame. Artefacts from the
substrate holder have been removed in (c). (e–h) 5 μm × 5 μm AFM images of Cr-BST films corresponding to the pole scans next to them,
with z-scales of 14 nm for (e) and 6 nm for (f–h).

in Fig. 8a and b. The increase of domain size with increasing
the substrate temperature can be understood by an enhanced
diffusion length of the atoms on the substrate surface
resulting in larger crystalline growth seeds at the growth
start.

We have performed a detailed microstructural study of Crdoped (Bi,Sb)2Te3 layers grown by MBE on Si(111), revealing
the presence of structural defects that include 60° rotation
and lamellar twins, mosaicity twist and mosaicity tilt. These
defects appear in both thin 6 QL and thicker layers. The average domain size in layers grown on Si(111) increases with
layer thickness but does not exceed 100 nm. Primarily low angle domain boundaries are formed. These domain boundaries accommodate many dislocations, thereby helping to reduce strain. The use of InP(111) substrates with a lower
lattice mismatch, as well as growth at a higher substrate temperature, improves the layer quality with regard to domain
size, tilt and twist. The formation of twins can be largely
suppressed by using rough substrates.
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Notes and references
(B) Lattice mismatch between the film and the substrate
In order to assess the influence of the lattice mismatch between the layer and the substrate on film quality, we grew 50
nm-thick Cr0.11ĲBi0.5Sb0.5)1.89Te3 films on InP(111)B, keeping
the growth temperature at 300 °C. The lattice mismatch between Cr-BST and Si(111) is approximately 11%, while for CrBST and InP(111)B it is approximately 4%. The use of the
better-matched InP(111)B substrate reduced the mosaicity
twist to 0.7° (Fig. 8c) and resulted in even larger domains
(Fig. 8g) than for growth on Si(111).
(C) Roughness of the substrate
It has been shown in several reports8,16,37–39 that the use of
rough substrates results in the significant reduction and
complete suppression of the formation of twins in Bi2Se3 thin
films. The results in Fig. 8d show that the same situation applies to 50 nm Cr-BST films grown on rough InP(111)B, for
which the twin volume is reduced to 14% and domains that
share the same crystallographic orientation merge into a
large connected assemblage (Fig. 8h). The values of the rootmean-square roughness identified according to the procedure
described in ref. 16 were 2.1 nm and 0.5 nm for the rough
and flat InP(111)B substrates, respectively. We suspect that
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