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ABSTRACT.

Topological insulators (TI) are promising materials for future spintronics applications and
their epitaxial integration would allow the realization of new hybrid interfaces. As the first
materials studied, Bismuth Antimony alloys (Bi;«Shx) show great potential due to their
tuneable electronic band structure and efficient charge-to-spin conversion. Here, we report the
growth of Bi;xShy thin films on GaAs (111)A substrates following two different protocols.
For the conventional epitaxy process, the grown films show excellent crystallinity and twin

domains corresponding to an in-plane 180° rotation of the crystalline structure. Domain walls



are found to be composition-dependent and have a lower density for Antimony-rich films. For
the optimized process, depositing an Antimony bilayer prior to BiSb growth allows achieving
single crystallinity of the T films. The topologically protected surface states are evidenced by
ex-situ ARPES measurements for domains-free and conventional films. To the best of our
knowledge, this work presents the first large-scale epitaxial integration of single crystalline

Bi1xSby thin films on industrial substrates.

1. Introduction

Three-dimensional Topological insulators (3D TI) are materials with semiconducting
bulk behaviour and gapless metallic states at their boundaries.! As predicted by Kane and
Mele, in a material with strong spin orbits coupling, breaking the space inversion symmetry
while preserving the time-reversal one, generates topologically protected surfaces states
(TSS) displaying spin-momentum locking.>®> Moreover, once an electric current is applied
through the material, a spin accumulation can be observed at the material surface.>* This
effect could be compared to those observed for spin-Hall effect in heavy metals and Rashba-
Edelstein effect in ferromagnets.” Therewith, the induced metallic surface states, in TI
materials, exhibit a robust spin polarisation which enables an efficient charge-to-spin
conversion.*® Finally, the transfer of spin’s angular momentum from the TI’s surface enables
magnetization switching in an adjacent magnetic layer having a perpendicular anisotropy
(PMA).®" Such phenomenon is referred to as current-induced spin-orbit torques (SOT), which
allows a deterministic manipulation of magnetization in a magnetic memory device.?®

In this context, Bismuth Antimony (Bi1«Sby) is one of the most promising materials for
Spintronics applications when its Sb composition lies between 7 and 22%, which corresponds
to its semiconductor window.** 2 Non-trivial TSS have already been reported by Hsieh et al.
for a sample with x=0.1, in which an odd fermi level band crossing is observed by ARPES

measurements.'* Since this pioneer work, similar properties have been observed for multiple



materials (Bi,Ses, Bi,Te,Se, BiSe,Te, BiSbTeSe alloys, ...) creating a plethora of candidates
for future applications.™**® Considering SOT-MRAM applications, BiSh alloys outstand other
Tls thanks to their large spin-hall angle (Osy = 52) generating a high spin-orbit field, which
leads to a very low switching current for the magnetization of an adjacent ferromagnetic
layer."” The origin of such unique properties remains unclear mostly due to the complex
transport mechanisms in BiSb. Indeed, different carrier channels have a contribution on the
global electrical transport such as the TSS, the thermally activated carriers through the narrow
band gap, and, possibly, the defects-enabled leakage currents. The surface and bulk
conduction channels are expected to be tuneable by changing the composition, whereas the
latter is directly linked to the material synthesis."®

This driving search for efficient TI1 materials led to multiple attempts for integrating BiSb
thin films on industrial substrates. Recently, Yao et al. reported the epitaxial growth of BiSb
thin films by Molecular Beam Epitaxy (MBE), on GaAs (111)B substrates.® Yet, the
obtained films suffer from high surface roughness and a composition out of the TI range,
which is detrimental for device integration. Similar difficulties in controlling the composition
appears at high growth temperature (250°C) on BaF, (111) substrates.?’ Finally, the BiSh
growth on sapphire by sputtering techniques leads to polycrystalline films above 50nm.
Smooth MBE films with good crystalline quality were obtained on GaMnAs-buffered GaAs
(001) substrates.?? Moreover, the difficult integration of a buried MRAM stacking before TI
growth motivated the search for different substrates and growth strategies.*** In previous
studies, we reported the 2D MBE growth of BiSb films with TSS on GaAs (111)A and
(001).2>?® Room-temperature Hall measurements revealed a semiconducting behavior of the
bulk, transiting to a metallic one below 100K. Typical hole Hall mobilities at 20K are 1430
and 7620 cm?/(V-s) for 450 nm and 1 pm thick films, respectively.”>?® For the integration of

such material in future low-energy consumption spintronic devices, two essential points need



to be considered: the TI films’ uniformity and surface smoothness need to be optimized for
magnetic material deposition along with preserved topological surface states are required.

In this study, we report the successful epitaxial growth of TI Bi;«Sby films on (111)A
oriented GaAs substrates by MBE. We study the influence of the Antimony composition,
within the TI range, on the films’ crystallinity and the microstructure morphology for a series
of 2um-thick samples. In-depth X-ray diffraction (XRD) analysis and transmission electron
microscopy (TEM) observations are performed to unveil the nature of the observed domains.
TSS features are confirmed by ARPES measurements since the surface bands are crossed an
odd number of times at the Fermi level. A new growth protocol is proposed enabling the

epitaxial growth of single-crystalline BiSb films on 2 inches wafers.

2. Results and discussion

2.1. Growth protocol

Bi1xShy thin films (x = [0.7; 0.11; 0.15; 0.19]) are grown on (111)A oriented GaAs substrates
having a 2° miscut in the [1-10] direction by molecular beam epitaxy (MBE). The surface
reconstruction is measured during growth by reflection high energy electron diffraction
(RHEED). 2 inches GaAs wafers from AXT are loaded in our MBE system and transferred
into the preparation chamber to be degassed at 300°C for 1 hour. Wafers are then transferred
into the growth reactor and heated up to the deoxidation temperature of 635°C under 2x10”
Torr of Arsenic as illustrated in (Figure 1.a). As soon as native oxide removal is confirmed
by RHEED observations, 300 nm of GaAs is homoepitaxially grown at 580°C in one hour.
Finally, after reaching 160°C, the Bii«Shx growth is initiated by opening simultaneously the
Bismuth and Antimony shutters. The BiSb growth rate is set to 260 nm per hour. Note that the
Arsenic flux used for deoxidation is kept down to 400°C.

2.2. Material characterizations



(Figure 1.c) shows a 30° tilted SEM image of an as-grown Big ggSbg 11 300nm thick thin film.
Randomly distributed grains can be observed (bright areas) within an overall uniform layer
(darker area). A zoom-in is proposed in (Figure 1.d), enlightening a rather smooth layer-by-
layer growth of the continuous matrix, which opposes to the rough grain surface. Such
patterns are found to be less visible for higher thicknesses, while the domain structure is
found to be persistent as presented in (Figure S.1) for a set of 2 um thick films with different
compositions. On the other hand, the domain walls density is composition-dependent and
decreases when the Antimony amount is increased as shown in (Figure S.2). Note also that
triangular shapes can be observed, that have all the same orientation, which is characteristic of

an epitaxial growth.
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Figure 1. a) Temperature vs time illustrative diagram of the MBE growth process of our Bij.

«Sby thin films. b) Curvature as a function of growth time. Different growth steps are



indicated. Note that Bi and Sb shutters are opened and closed simultaneously. c¢) Surface
morphology of the as-grown BiSb layer probed by SEM. The zoomed-in area indicated by a

red square is shown in (d). Target composition and thickness are x=0.11 and 300nm.

Moreover, we observe that the film morphology depends on the Bi;«Sbhy layer thickness.
Indeed, holes are present for thicknesses below 300nm, and domains emerge beyond 50nm.
The surface curvature presented in (Figure 1.b), and measured during growth shows 3
different regimes. A drop of the curvature in the first 30 nm is observed (red filling),
indicating the nucleation of the initial islands. Next, a jump in the curvature measurement is
observed (blue area) indicating the coalescence of the initial islands. Beyond 200 nm, a
continuous strain accumulation is observed until the end of the growth. In order to study the
films’ crystallinity, X-ray diffraction analysis in a 6-20 geometry is performed and presented
in (Figure 2.a) for the set of 2um thick samples and for the first three orders of diffraction.
The absence of any parasitic phase inside the BiSb films is confirmed by the well-shaped
single diffraction peaks at each measured order. Also, the diffraction analysis reveals a
BiSh(0001)/GaAs(111)A epitaxial relationship between the grown films and the substrate.
Note that the 3 low intensity peaks observed near 20 = 42°, 54°, and 64° are generated by the
experimental setup and are not related to the BiSb film. Zoomed-in 6-26 diagrams around the
angular region corresponding to the second order of diffraction are presented in (Figure 2.b).
Contrary to the GaAs peaks (see dashed lines in (Figure 2.a)), a clear peak shifting to higher
angles is observed for BiSb (0006) peaks when increasing the Antimony composition. Such a
trend reveals the expected evolution of the out-of-plane lattice parameter as a function of the
composition. Interestingly, unfamiliar peaks’ intensity changes are observed depending on
both the azimuthal angle (®) and whether alignments are performed along the substrate or the

film. In order to understand and identify the origin of such behaviour, reciprocal space maps



(RSM) are collected around the BiggeSho.11(0006) diffraction peak at different azimuthal angle
® (in-plane sample rotation around the z-axis). RSM performed at ®=0°,60°,180°, and 270°
are shown in (Figure 2.c-f), respectively. Different observations can be made from these

symmetric Bragg reflections (depending only on the out-of-plane lattice component).
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Figure 2. X-ray diffraction analysis of four Bi;xSby thin films with x =[0.7; 0.11; 0.15 0.19].

a) 0-20 diffraction patterns up to the third diffraction order. Peaks indicated by asterisks (*)



are generated by the sample holder. b) Zoomed-in region at an angular range around the BiSb
(0006) reflection. The dashed line is a guide for the eyes. The peaks shift to higher angles
when increasing the Antimony composition. Reciprocal space mapping around the BigggSho.11
(0006) reflection and the GaAs (222) reflection are presented for azimuthal angles of (c)
®=0°, (d) ®=60°, (e) ®=180°, and (f) ®=270°. The BiSb (0006) reflection shifts along qx
when rotating the sample around ®. (g), (h) and (i) Schematics of the real-space
crystallographic-axis relation at the film-substrate interface for @ azimuthal angles of 0°, 60°
and 270°, respectively. The @ origin is arbitrarily defined for a condition where the

BiSh(0006) and GaAs(222) reflections are axis-aligned with g,=0 nm™.

As shown in (Figure 2.c), two peaks are visible for different g, positions, which
corresponds to both the BiSb (0006) film and the GaAs (222) substrate. As expected, the
GaAs peak is narrower than the BiSb one, and no trail is observed between both peaks, which
is compatible with a higher mosaicity of the BiSb layer compared to the monocrystalline
substrate and a relaxation of the accumulated strain by misfit dislocations at the layer-
substrate interface, as observed previously.?® Yet, the full widths at half maximum of the
rocking curves peaks are equal to 0.067°; 0.092°; 0.093°; 0.102° for x=0.07; 0.11; 0.15; 0.19,
respectively (See (Figure S.3)). These values are an order of magnitude lower than the ones
recently reported for Sh,Te; films grown on Bi,Tes-buffered Si (111) substrates?’, which
confirms the high crystalline quality of the TI layer. Next, we measured the same RSM at
®=60° (see (Figure 2.d)), and observed a clear shift towards positive gx values of the film’s
reflection. This shift is ® dependent, with the highest value observed near 90° (See (Figure
S.4)). When increasing the azimuthal angle further, the BiSb reflection crosses the q,=0 axis
at ®=180° and drifts towards negative qx values (®=270°). (Figure 2.e.f). Such a behaviour is

explained by the tilted orientation of the <0001>}, axis of BiSb film compared to the <111>;



one of the GaAs substrate as illustrated in (Figure 2.g-i). Indeed, when the incident beam and
tilting plane are parallel (©=0° and ®=180°), the effect of the tilt is screened and the reticular
planes of the film and the substrate seem to be perfectly parallel. Once the sample is rotated
around the z-axis, the tilt angle is observable through the BiSb(0006) reflection shifting, and
reaches a maximum value when the incident beam and the tilting plane are perpendicular
(®=90° and ®=270°). Thanks to these measurements, we estimated the tilt angle to be close to
~1.0° independently of the sample composition. Such a small value is not expected to affect
the films’ properties.

The presence of different domains can have a crucial influence on the transport properties
and the study of the interface is fundamental for future industrial integration. To access the
local structure across these domain walls, we conducted high-resolution (S)TEM (HR-
(S)TEM) measurements as shown in (Figure 3.a), where both the GaAs and BiSb layers are

identified.
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Figure 3. a) Cross-sectional STEM-HAADF image of a 450 nm-thick BiSb film grown on
GaAs (111)A substrate. The grain boundary originates at the interface and reaches the film’s
surface. b) Corresponding fast Fourier transform (FFT) showing the diffraction pattern of the
two BiSb grains in the <100> zone axis. Red and yellow annotations indicate the two different
grains. ¢) High-angle annular dark-field (HAADF) scanning TEM image acquired in the green
area, showing atomic arrangement within both domains’ boundaries. The respective

crystalline structures on both sides of the grain boundary are indicated in purple.

Two different grains can be observed separated by a slightly tilted boundary. The
corresponding FFT shows equivalent but inverted in-plane crystal structures for the two
domains. Reflections in red and yellow are equivalent to the same (hkl) families but appear at
different reciprocal space positions due to an in-plane rotation of the structure (see (Figure

3.b)). Hints about the nature of such effect are visible on the pure in-plane reflections showing



an intensity splitting as we can see for the (030) and (0-30) planes. On the other hand, the out-
of-plane crystalline component exhibits no change across the grain boundaries. Note that extra
weak reflections can be observed along the (001) direction that are measurement artefacts due
to the presence of a Moiré pattern where the grains overlap. An STEM atomic-scale image of
both grains is shown in (Figure 3.c). Their common boundary corresponds to the abrupt
change in the crystal structure orientation, which is highlighted by the green dotted line. Left
and right crystalline structures are pointed by yellow and red arrow, respectively. These
different areas are responsible for the two reflection families observed in the FFT pattern.
[llustrations of two different in-plane views of the same hexagonal structure of BiSh are
indexed and perfectly fit the atomic positions in the STEM image. Hence, the observed
domains correspond to the same BiSb crystalline structure with a different in-plane
orientation. Such a texture is confirmed at the macroscopic scale by XRD pole figures
acquired while performing complete rotations of the ®-angle for different y angles (ranging
from 0° to 90°) around the BiggeSho 11 (0009) Bragg reflection for a 300 nm-thick sample.
Such thickness is ideal to collect an acceptable signal from the substrate while maximizing the
one from the film. Both substrate and film exhibit a threefold symmetry as expected for R-3m
crystalline structure along the trigonal direction. The substrate’s reflections labelled in white
in (Figure 4.a.b) are identified by taking a pole figure on a epi-ready GaAs (111)A wafer in

the same previously used Bragg positions.
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Figure 4. X-ray diffraction pole figures performed around the BiggsShp11 (0009) Bragg
reflection (20 = 72.2°) of a 300 nm-thick film (a), and on a GaAs (111)A substrate (b). The
diffracted intensities are presented in a logarithmic scale. The labels near each reflection
correspond to the attributed (hkl) planes. A specific color code is used for each type of
reflection: white for the cubic GaAs substrate, green and yellow for both trigonal BiSb twins,
using a hexagonal (hkl) system. Models obtained using WinWulff software for single
crystalline and twinned BiSb films are presented in c) and d) respectively.

WinWulff simulations are conducted to identify the BiSb film’s reflections for two
different systems: a BiSb layer without and with twin domains, as presented in (Figure 4.c)
and (Figure 4.d), respectively. For the former, six intense reflections are observed for the
BiSh layer {214}, {-234}, {-324}, {-1-24}, {1-34}, and {3-14}, as labelled in green and are
aligned with the substrate’s reflections. Such an alignment points-out the epitaxial

relationship between the GaAs and BiSb through the interface and during the growth process

as reported previously. Moreover, weak extra reflections are observed (highlighted by yellow



circles) at the same y angular positions of the BiSb spots but with an 180° in-plane ¢ rotation.
As shown in the simulation presented in (Figure 4.d), such reflections correspond to the
same, yet rotated, BiSb crystalline structure and are indexed as {3-2-4}, {2-34}, {-2-1-4}, {-
31-4}, and {12-4}.Those results are in perfect agreement with both HR-TEM and SEM
observations in which the same domains’ nature is proposed. We mention that different
domain structures are already reported for BiSb films integrated on GaAs (001) substrates
where a large out-of-plane axis tilting is observed. Such a difference is related to the different
growth modes for each substrate as theoretically explained and experimentally confirmed in a
recent study.®® Another notable trend is the composition dependency of the domain walls
density and the decreasing of the grain boundaries’ length with the Sb concentration
increasing, as shown in (Figure S.2). This could be explained by the favorable Sb atoms
bonding to the As-rich surface compared to Bi ones, creating a wetting layer and resulting in a
layer-by-layer growth. Indeed, ionic Sb-As bounds are more stable and easier to create than
Bi-As ones.?® Consequently, the deposition of a Sb bilayer, before BiSb film growth, could
affect the domain walls formations and promote the BiSb single crystalline growth. . In order
to probe this hypothesis, a 500nm-thick BiSb film is grown after deposition of two Sb
monolayers on GaAs (111) A and the surface morphology is observed by SEM (see Figure
5.b). Contrary to the conventional process (see (Figure 5.a)), initiating the T1 growth with the
Sb-bilayer allows the nucleation of monocrystalline BiSb films with no domain structure.
Instead, multiple triangular-shaped defects are observed on the film’s surface. Such structural
features seem to be randomly distributed, while always pointing in the same in-plane direction
hinting at the epitaxial relation between the BiSb layer and the substrate. Indeed, XRD 0-20
scans and rocking curves are shown in (Figure S.5) showing a similar pure BiggsSho 15 films

grown along (0001) direction with an excellent crystallinity for both layer
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Figure 5. a) SEM image of the surface morphology of the 500nm thick BiggsSho 15 layer
grown directly on GaAs (111)A substrate. b) SEM image of the surface morphology of a
500nm thick BiggsSho 15 layer grown in identical conditions but starting with an Sb bilayer on
the GaAs (111)A surface. ARPES recorded on the same two layers: c) and d) Fermi surfaces
recorded on conventional and domains-free films, respectively. e) and f) respective cross

sections showing the band dispersion along the T'M direction of the same two samples.



Vertical black lines indicate the T and M points positions, respectively. Horizontal black lines

indicate the Fermi level position. Green and orange dashed lines are guides for the eye.

The electronic structure evolution of both BiggsSho1s films is measured by angular
resolved photoemission spectroscopy (ARPES) to track any change in the topological surface
states. Fermi surface maps obtained by measuring the band dispersion along T'K direction for
conventional and domains-free films are shown in (Figure 5.c.d), respectively. As previously

d,*+?30 the surface state intensity shows a hexagonal core (P1) centered at the T point

reporte
and associated with the S1 surface states band crossing the Fermi level. The P1 hexagon is
surrounded by six petals pointing in TM directions, corresponding to the P2 hole pockets of
the S2 band and P3 electron pockets of the S1 band local minima. We incidentally note here
that despite the surface states display a sixfold symmetry for both films, the bulk bands’
photoemitted intensity shows a strong threefold C3 symmetry, reflecting the crystalline
structure, as shown in (Figure S.6). A change in the shape of the P2 petals is observed with a
bands’ broadening in the case of the domains-free film making difficult to judge the opening
or closing of petals. (Figure 5.e.f) show the energy dispersion along the T'M direction, where
the S1 and S2 surface states are illustrated respectively by green and orange dashed lines. In
addition to the first crossing of S1 near T, the S2 band exhibits two more Fermi level
crossings for both films. A different shift can be observed for the domain-free film that might
originate from a slight misalignment of the sample as shown in (Figure S.7). Moreover, S1
band further double crosses the fermi level at the vicinity of M point, i.e. resulting in an odd
number of Fermi level crossings for both samples, which is a direct signature of their
topological nature and the presence of the TSS. We note that no S3 state is observed in our

samples near the M point, as reported by Hsieh et al..'! Later theoretical and experimental

studies demonstrate that this S3 band is induced by surface’s imperfection and that only S1



and S2 surface bands should be observed. **3* The TSS of our samples are thus comparable
to those recently reported for ultrathin BiSb layers and only achieved thanks to growth in a
MBE chamber directly connected to the ARPES setup in an ultra-high vacuum
environment.?**? These findings highlights the good crystalline quality of our samples as key
parameter to perform ex-situ measurements and to directly probe topological properties.
Combined with the wafer scale integration of domain-free Tl on industrial substrates, our
results should unlock new possibilities for future Spintronic devices.
I11. Conclusion

Topological insulator BiyxSby thin films are successfully grown on GaAs (111)A
industrial substrates by molecular beam epitaxy using two different protocols. Structural and
electronic investigations are performed by making use of complementary and advanced tools.
SEM observations indicate a composition- and thickness-dependant domains structure within
the films. High-resolution XRD and TEM investigation reveal the true nature of such domains
as an in-plane structural twining. Based on previous theoretical studies, the growth protocol is
optimized with the insertion of an antimony bilayer prior to the TI growth. The optimized
growth strategy is found to completely change the BiSb films’ microstructure. Indeed,
domains-free epitaxial layers are obtained with good crystallinity. ARPES measurements
demonstrate that both growth processes lead to topologically protected surface state, with an
odd Fermi level surface bands crossings. These results are in good agreement with recent
studies reporting TSS on in-situ grown BiSb thin films. To the best of our knowledge, only
textured or polycrystalline thin films have been grown at the wafer scale. We expect these
findings to motivate additional efforts to hasten industrial integration of such material in

future devices.

4. Experimental Section/Methods



Material growth: Bi;«Sby thin films (x = [0.7; 0.11; 0.15; 0.19]) are grown on (111)A
oriented GaAs substrates in a Riber MBE412 molecular beam epitaxy system. The substrate
temperature is monitored thanks to a kSA BandiT system and the surface reconstruction is
tracked during growth by reflection high energy electron diffraction (RHEED). The curvature
of the sample is monitored in-situ during the growth using the Riber EZ-CURVE tool
attached to the MBE reactor.®

Structural characterization: High-resolution X-Ray diffraction (HR-XRD) measurements
using different geometries (0-26, reciprocal space mapping, pole figure) are performed using a
D8 Brucker diffractometer (A = 1.54056 A). Scanning electron microscopy (SEM) images are
obtained using a FEI Aztec-600i microscope equipped with a Focused lon Beam (FIB)
cannon used for Transmission Electron microscopy (TEM) lamella preparation. TEM cross-
sectional analysis is performed on 100nm-thick lamella using an ARM microscope by JEOL
operated at 200kV, located at the Raimond Castaing Microanalysis Centre in Toulouse.
ARPES measurements: Angular resolved photo emission spectroscopy (ARPES)
measurements are performed at CASSIOPEE beamline of the French national synchrotron

facility SOLEIL. All measurements are performed at 17K with photon energies of 20eV.
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composition are supplied. Supplementary XRD and ARPES analysis are provided.
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