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ABSTRACT: Bismuth−antimony alloy (Bi1 − xSbx) is the first reported 3D
topological insulator (TI). Among many TIs reported to date, it remains the most
promising for spintronic applications thanks to its large conductivity, its colossal
spin Hall angle, and the possibility to build low-current spin-orbit-torque
magnetoresistive random access memories. Nevertheless, the 2D integration of
TIs on industrial standards is lacking. In this work, we report the integration of
high-quality rhombohedral BiSb(0001) topological insulators on a cubic
GaAs(001) substrate. We demonstrate a clear epitaxial relationship at the
interface, a fully relaxed TI layer, and the growth of a rhombohedral matrix on top
of the cubic substrate. The antimony composition of the Bi1 − xSbx layer is
perfectly controlled and covers almost the whole TI window. For optimized
growth conditions, the sample generates a semiconductor band structure at room
temperature in the bulk and exhibits metallic surface states at 77 K.
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Topological materials attracted much attention in the last
decade due to their unique physical properties. In such

condensed matter systems, the electronic surface states are
topologically protected from the environment, making them an
ideal platform for future quantum devices.1,2 In their pioneer
paper, Kane and Mele predicted the existence of topological
insulators (TIs),3 which are insulators in the bulk and exhibit
metallic surface states. These states are topologically protected
by time-reversal symmetry and spin−orbit interactions.4,5

Shortly after this theoretical proposal,6 TIs were first realized
in 2D systems containing HgTe quantum wells7 and in
bismuth−antimony alloys (Bi1 − xSbx) for 3D TIs.8 Despite
numerous TIs being reported thereafter, including most of the
chalcogenides,9−11 Bi1 − xSbx remains the most promising for
spintronic applications thanks to its large conductivity (∼105
Ω−1 m−1),12,13 its colossal spin Hall angle (∼52),14 and the
possibility to build low-current spin-orbit-torque (SOT)
magnetoresistive random access memories (MRAM).15 More-
over, it is possible to control the Bi1 − xSbx alloy composition
and thus to tune precisely its electronic properties. Indeed,
Bi1 − xSbx is predicted to behave as a topological semimetal for
0.04 < x < 0.07, as a topological insulator6 for 0.07 < x < 0.22,
or as a Weyl semimetal16 for x = 0.5 or x = 0.83. Nevertheless,
only a few research groups managed to successfully grow thin
epitaxial layers,17−19 which is a crucial step for industrial
integration.

In their recent paper, Yao et al.18 reported the epitaxial
growth of Bi0.73Sb0.27 on GaAs(111)A and the texture growth
of Bi0.36Sb0.64 and Bi0.78Sb0.22 on GaAs(001). In this study, the
layer growth is strongly affected by surface reconstruction and
termination, and the composition barely reaches the TI range.
In 2020, two different works presented the growth of BiSb on
BaF2(111) by molecular beam epitaxy (MBE)17 and on
sapphire substrates by a sputtering technique.19 In the first
study, epitaxial BiSb films are obtained by increasing the
growth temperature from 150 to 250 °C, which leads to an
uncontrolled final Sb composition. In the second one, different
grain orientations appear for thicknesses bigger than 50 nm,
which affect the layer quality. Finally, a smooth BiSb layer on
GaMnAs(001) was grown in 2019 by Khang et al.20 for lower
growth temperature (150 °C), but no claims are reported
about wafer-scale homogeneity. Overall, the large lattice
mismatches, different crystalline matrices, and difficult surface
preparations generate disorders such as strain, cracking, and
dislocations. This affects the electronic properties of the
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Bi1 − xSbx layer such as the band gap, the mobility, and the
effective mass of charge carriers. Such structural defaults can be
detrimental for quantum applications since they can destroy
the topological protection21 and even create artifacts such as
zero-energy modes in Majorana devices.22−24

In this study, we report the epitaxial 2D growth of Bi1 − xSbx
thin films on industrially compatible GaAs substrates by
molecular beam epitaxy (MBE). The antimony composition
ranges from 5 to 20%, covering almost the whole TI window.
Since BiSb has a rhombohedral crystalline structure (R-3m),
close to a hexagonal one, a natural substrate could be
GaAs(111) as proposed in Yao et al.’s study.18 Unfortunately,
the industrial standards for nanoelectronics and optoelec-
tronics are (001) oriented substrates. Here, we report the
growth of this quasi-hexagonal material on a standard
GaAs(001) cubic substrate, show a clean epitaxial relationship
between GaAs and BiSb, and prove the high quality of the BiSb
layer. These hybrid interfaces hold promising properties for
MRAM15 or optical25 applications.
First, 2 in. undoped GaAs(001) wafers from AXT are loaded

in our MBE Riber 412 system and degassed at 300 °C for 1 h.
Then, they are deoxidized in a growth chamber at 635 °C
under an As flux of 1.2 × 10−5 Torr. A 1 μm-thick GaAs buffer
layer is grown with a V/III ratio of 2 at 580 °C. Next, the
samples are cooled down to the Bi0.9Sb0.1 growth temperature
(215 °C), keeping the arsenic flux on for temperatures above
400 °C. During this process, an As-rich GaAs(001) top layer
with a c(4 × 4) surface reconstruction26 is obtained. Finally, Bi
and Sb are evaporated simultaneously, and the Bi0.9Sb0.1 layer is
grown for 50 min, which corresponds to 200 nm. Thanks to an

in situ optical monitoring of the wafer curvature,27 the stress of
the system is probed during the growth, as reported in Figure
1c. When Bi and Sb shutters are opened, the stress accumulates
for 70 s before reaching a step. Importantly, the presence of
stress during nucleation excludes a van der Waals growth
process and indicates the creation of covalent bonds between
the GaAs(001) substrate and the BiSb(0001) layer.
Figure 1a shows a scanning electron microscopy (SEM)

image of an as-grown optimized Bi0.9Sb0.1 sample. Different
grains can be observed in this figure: the majority has a flat top
facet, whereas a few look disoriented. Interestingly, different
triangular shapes can be observed (see red dashed lines),
always pointing upward or downward (in the [−110]
direction), which proves an epitaxial relationship between
the GaAs and the BiSb layers. To investigate the crystalline
orientation of the grains, X-ray diffraction measurements are
performed in a symmetric 2θ−ω configuration in a Bruker D8
Discover diffractometer. Figure 1b shows the diffraction
pattern of the sample presented in Figure 1a. The
GaAs(002) and GaAs(004) peaks correspond to the
GaAs(001) substrate and the 1 μm-thick buffer layer. The
BiSb(0003), BiSb(0006), and BiSb(0009) peaks reveal grains
having the same c axis as the GaAs(001) substrate.
Importantly, no other grain orientation can be found in this
pattern. From Figure 1a,b, it is possible to conclude that most
of the Bi0.9Sb0.1 grains have a vertical (0001) orientation and
thus that the quasi-hexagonal BiSb matrix grows on top of the
cubic GaAs one. The inset in Figure 1a shows an amplitude
error AFM image of a triangular grain obtained by stacking
several triangular layers (see the Supporting Information,

Figure 1. Surface morphology of the as-grown BiSb layer. (a) SEM image and (b) X-ray diffraction of the Bi0.9Sb0.1 films deposited on a GaAs(001)
substrate. The inset in panel (a) is a high-resolution AFM image of the triangular BiSb grain indicated by the red dashed-triangular shapes. The
green dashed-rectangle shows regular layer by layer growth. (c) Stress × thickness and related curvature as a function of growth time. The black and
gray arrows indicate the start and end of BiSb growth, respectively. Note that Bi and Sb shutters are opened and closed simultaneously. The stress
measurement shows that covalent bonds are formed during the nucleation of BiSb on GaAs: at the start of the BiSb growth, a stress thickness of
∼−1.4 GPa nm appears and relaxes almost immediately (<70 s) during the growth.
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Figure SI-2 for the corresponding 3D height sensor image).
This extremely sensitive AFM mode corresponds to the
difference between the oscillation amplitude of the tip and the
preset amplitude value. It allows determining precisely the
shape of the topographical surface features. Here, the top facet
of the terrace is flat without any step, and no screw dislocation
can be observed. A regular array of steps can be observed in the
green area of the inset of Figure 1a, starting from the side of
the triangular grain and covering the substrate.
In order to investigate the crystalline orientation and the size

distribution of the Bi0.9Sb0.1 grains, an electron backscattering
diffraction (EBSD) measurement was performed in a FEG-
SEM JEOL JSM 7100F equipped with a Nordlys Nano EBSD
camera (Oxford Instruments). Figure 2a shows the EBSD map
and the tilt of Bi0.9Sb0.1 (0001) grains with respect to the GaAs
substrate [001] direction. The color scale on the right of
Figure 2a corresponds to tilts ranging from 0 to 40°. The
surface fraction indexed region (colored surface in Figure 2a)
represents 97.8% of the EBSD map; thus, most of the grain
orientations are determined. Unindexed regions are localized
mainly at grain boundaries. In order to study this orientation as
a function of the antimonide composition, three other samples
are grown with x compositions of 5, 15, and 20%, keeping all
other parameters constant. Statistics about the grain
orientation for the different compositions are reported in
Figure 2b. Four grain families are defined as follows: in blue,
grains having a tilt between 0 and 5°; in green, a tilt between 5
and 20°; in yellow, a tilt between 20 and 35°; and finally in red,

a tilt between 35 and 50°. First, it can be noticed that the
growth conditions are clearly optimized for the Bi0.9Sb0.1
sample (Figures 1 and 2a) since 84.2% of the grains are
(0001) oriented and have less than 5° of tilt. About 12% have a
tilt between 5 and 20°, and less than 4% of the total substrate
surface has other grain orientations. Furthermore, it can be
observed that the grain size is directly dependent on its
orientation: when the tilt is below 5°, the mean grain size is
3.93μm2, whereas it is 0.88μm2 for larger tilts. On the other
hand, the surface morphology for the other compositions (see
the Supporting Information, Figure SI-3) is rougher and less
organized and presents more holes. If low tilt grains (in blue)
represent the majority of the surface for all compositions, other
grain orientations are favored when changing x: more bismuth
favors grains having a tilt around 25° (in yellow), whereas
more antimonide favors 10° tilt grains (in green). Finally, an
EBSB pole figure of the Bi0.9Sb0.1 sample is presented in Figure
2c. The x axis corresponds to the [110] direction of the GaAs
substrate, whereas the y axis corresponds to the [−110] one. It
can be noticed that the tilt distribution is not random: a cross
is formed in the center of the pole figure, which reveals two
preferential tilting directions: either the [110] or the [−110]
direction. It is unlikely for a grain to tilt along any other
directions, which indicates a clear epitaxial relationship and
covalent bonds between the BiSb layer and the GaAs substrate.
This is further confirmed by the XRD pole figure reported in
Figure SI-4 and performed on the same sample.

Figure 2. Determination of the grain orientation. (a) EBSD map showing the angular deviation between the (0001) Bi0.9Sb0.1 grains and the
GaAs(001) substrate. The color scale corresponds to the tilt ranging from 0 to 40° with respect to the substrate direction. (b) Grain tilt statistics as
a function of Sb composition (5, 10, 15, and 20%). (c) Corresponding pole figure displaying the (0001) grain orientation and showing distribution
with respect to the [110] and [1̅10] GaAs directions.
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In order to probe the BiSb/GaAs interface and to assess the
crystalline quality of the optimized Bi0.9Sb0.1 layer (see Figure
2), a thin lamella of the sample, obtained by focused ion beam
(FIB), was examined by transmission electron microscopy
(TEM) (Figure 3). In order to protect the sample, a layer of
carbon and another of platinum are deposited on top of the
BiSb layer prior to the FIB cut, as illustrated in the SEM image
of the lamella reported in Figure 3a. To further study the BiSb/
GaAs interface, a zoomed TEM image is shown in Figure 3b,
where three grains A, B, and C can be observed. In addition,
high-resolution images of the interface between the three
grains and the GaAs substrate are reported in Figure 3c,d.
Noticeably, grains A and C have a rather flat surface (cf. Figure
3a), while their (001) plane rows are almost parallel to the
GaAs ones (<2° in Figure 3c,d). On the contrary, the B grain
surface is rough, and its (001) planes are inclined with respect

to the GaAs ones (∼18° in Figure 3c,d). Moreover, the grain
boundaries are mostly vertical as shown in Figure 3c,d, and a
low strain can be observed at their junction. No further
structural defects can be observed in any of the grains, proving
their high structural quality.
In order to gain knowledge about their crystalline structure

and the BiSb/GaAs interface, high-resolution transmission
electron microscopy (HR-TEM) measurements were per-
formed on grain A (Figure 4a) and grain B (Figure 4b). In the
case of grain A, the [0001] growth direction is confirmed by
Figure 4a. A low tilt can be observed (<2°) between the GaAs
substrate and the BiSb layer, which corresponds to the blue
family in Figure 2b. The [110] direction of the GaAs
corresponds to the [11−20] of the BiSb, and the c axis is
identical for both crystals. 90° dislocations are present at the
interface (see the red dashed line), and the BiSb grain is fully

Figure 3. Cross-sectional measurement of the sample. (a) SEM image of the FIB cut once carbon and platinum have been deposited. (b) Zoomed
TEM images of the BiSb/GaAs interface indicated by a yellow square in panel (a) and showing the existence of different grains (A, B, and C). (c)
Boundary between grains A and B. (d) Boundary between grains B and C.

Figure 4. Interface between the BiSb layer and the GaAs substrate. The HR-TEM images are taken in the [11̅0] zone axis of the GaAs and show
the interface between GaAs and grain A in panel (a) and grain B in panel (b). The grain growth direction is [0001] with a tilt less than 2° for grain
A and of 18° for grain B. 90° dislocations are detected at the grain A/GaAs interface indicated by red dashed lines in panel (a). The inset images in
panels (a) and (b) show the side views of the crystal structures of grain A, grain B, and GaAs(001). Bi, As, and Ga atoms are represented by gray,
yellow, and pink atoms, respectively.
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relaxed. On the contrary, for grain B, an 18° tilt can be
observed between the GaAs [001] and the BiSb [0001]
directions (Figure 4b). These measurements are in good
agreement with both the XRD measurements in Figure 1b and
the EBSD one in Figure 2a,b. The BiSb layer is fully relaxed,
covalent bonds are formed during BiSb nucleation, and each
grain has a high structural quality.
Finally, in order to investigate the Bi0.9Sb0.1 surface

topography, scanning tunneling microscopy (STM) experi-
ments were performed at liquid nitrogen temperature (T =
77.8 K) on a commercial STM (LT Omicron), working with a
base pressure of 3 × 10−11 mbar. Further details about the
measurement are given in the Supporting Information (Text
SI-6). Figure 5a shows a 20 × 20 nm2 STM image of a BiSb
terrace (on the left) and a stepped area (on the right). The
step edges present a characteristic kink that demonstrates the
perfect film crystallinity. The larger terraces observed can be
several thousand of nanometers large on top of the crystallites.
These large domains are surrounded by stepped areas as
presented in Figure 5a, corresponding to the sides of these
crystallites. The corrugated areas can be used to measure the
monoatomic step height. A profile across a step band is
presented in Figure 5b. The cross section performed on
another large-scale image shows the presence of small terraces
about 2 nm wide separated by monoatomic steps, whose
average height is 3.56 ± 0.4 Å, which corresponds to one-third
of the c Bi0.9Sb0.1 lattice parameter at 77 K (1/3 of 11.76 Å at
77 K ).28,29 The surface of a terrace with atomic resolution is
presented in Figure 5c. The used bias voltage is 600 mV, and

the tunneling current is 5 pA. As expected, the Bravais lattice is
hexagonal (see the white hexagon superimposed on the atomic
network in Figure 5c). The lattice parameters can be measured
from this kind of image or from fast Fourier transform (FFT)
performed on larger scale topographies with atomic resolution.
A typical example is presented in the inset of Figure 5c and
shows the characteristic diffraction pattern. From these
measurements, a lattice parameter of 4.4 ± 0.4 Å is obtained,
close to the theoretical 4.51 Å for a fully relaxed Bi0.9Sb0.1 layer
at 77 K.29 Another point concerns the bias voltage that can be
used in the STM experiments. During the STM investigations,
it appears that very reproducible surface topographies can be
obtained for bias voltages as low as 40 mV (for tunneling
currents in the picoampere range). This suggests a large
conductivity of the Bi0.9Sb0.1 layer at liquid nitrogen temper-
ature, which is consistent with a metallic surface.
In addition, resistivity measurements have been performed

on a 450 nm-thick Bi0.9Sb0.1 sample by the four-terminal
method with a van der Pauw configuration. As shown in Figure
5d, the sheet resistance increases while decreasing the
temperature from 300 to 16 K, characteristic of a semi-
conducting bulk, and tends to reach a plateau below 30 K.
From Hall measurements, we observed an n-type semi-
conductor behavior of the bulk with a carrier density of 5 ×
1019cm−3 (9 × 1018cm−3) and an electron mobility of 520 cm2/
V · s (1200 cm2/V · s) at 300 K (at 100 K). Both
measurements prove the good electrical properties of the BiSb
layer and the semiconductor behavior of the bulk, whereas
STM measurements indicate metallic surface states. Overall,

Figure 5. STM measurements of the surface. (a) Large-scale STM topography (20 × 20 nm2) of the BiSb surface (V = 1 V, I = 10 pA, and T = 77
K). The steps on the right are monoatomic and present characteristic kinks. (b) Typical cross section performed across monoatomic steps
separating small terraces. (c) Atomic resolution on a BiSb terrace (15 × 15 nm2) showing the hexagonal network (V = 1 V, I = 10 pA, and T = 77
K). In the inset: a characteristic FFT pattern of a large-scale STM image (20 × 20 nm2) with atomic resolution conducted on the BiSb surface.
From the central hexagonal pattern, a lattice parameter of 4.4 ± 0.4 Å can be obtained. (d) Sheet resistance of the 450 nm-thick Bi0.9Sb0.1 sample as
a function of temperature.

ACS Applied Materials & Interfaces www.acsami.org Research Article

https://doi.org/10.1021/acsami.1c08477
ACS Appl. Mater. Interfaces XXXX, XXX, XXX−XXX

E

https://pubs.acs.org/doi/suppl/10.1021/acsami.1c08477/suppl_file/am1c08477_si_002.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsami.1c08477/suppl_file/am1c08477_si_002.pdf
https://pubs.acs.org/doi/10.1021/acsami.1c08477?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.1c08477?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.1c08477?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.1c08477?fig=fig5&ref=pdf
www.acsami.org?ref=pdf
https://doi.org/10.1021/acsami.1c08477?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


our electrical measurements are compatible with the behavior
of a topological insulator.30

In conclusion, we achieved the growth of high-quality BiSb
thin films on GaAs(001) despite large mismatches and
different crystalline matrices. We found that optimized growth
conditions yield more than 80% of the grains having a
negligible tilt with the substrate. A clear epitaxial relationship is
found between the GaAs and the BiSb. The surface roughness
and disorder are reduced, and the BiSb thin film is fully
relaxed. These results are confirmed by SEM, AFM, EBSD,
HR-TEM, and STM characterizations. Finally, electrical
measurements prove the high quality of the BiSb layer, a
semiconductor behavior at room temperature in the bulk, and
metallic surface states at 77 K.
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