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Abstract

The integration of the Bi1−xSbx topological insulator on GaAs is studied both

experimentally and theoretically on (001) and (111)A surfaces. The molecular beam

epitaxy of thin Bi0.9Sb0.1 layer on both substrates leads to the observation of different

growth modes: Volmer Weber for GaAs(001) and Stranski–Krastanov for GaAs (111)A.

By first principles calculations, we corroborate these observations. On the (001) surface

at the early stages of deposition, we show that Bi atoms diffuse more easily until they

agglomerate to form isolated islands on the surface, favoring a 3D growth. Here, each

island can have an independent growth direction. On contrary, the diffusion of Bi

atoms on the (111)A surface is limited: it is favorable for Bi atoms to bond directly

with GaAs, creating thus a wetting layer before a further Stranski–Krastanov growth.
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1 Introduction

Topological insulators (TIs) have attracted much attention over the last decades due to their

unique physical properties.1 What distinguishes these materials from ordinary insulators is

the presence of gapless metallic states topologically protected from disorder at their edge

or surface.2,3 These states have a chiral nature similar to that of a quantum Hall system,

but with unconventional spin textures.4 This means that the spin orientation of carriers

is locked perpendicular to their propagation. There are two kinds of TIs: the strong ones

(non-trivial) that stand out from the weak ones (trivial) by the odd number of crossings

between the Fermi level and the surface states. This prevents the metallic surface states

from being gapped even in the presence of non-magnetic perturbations5 and regardless of the

chemical potential.4 In their pioneer article, Fu and Kane predicted that Bi1−xSbx behaves

as a strong TI.6 Shortly after this theoretical proposition, Bi1−xSbx becomes the first 3D TIs

experimentally confirmed by Hsieh et al.7 Bi1−xSbx presents a high electrical conductivity (∼

105 Ω−1m−1)8,9 and a large spin Hall angle (∼ 52°)10 making it one of the most promising TIs

for spintronics applications such as low-current spin-orbit torque magnetoresistive random

access memories.11

Nevertheless, the epitaxial growth of Bi1−xSbx remains a challenging task, which has

limited its integration in industrial devices. Indeed, the TI behavior comes from an insulating

bulk, the crystalline symmetry and a low number of defects in the material. The absence of

natural substrate for Bi1−xSbx limited its integration to polycrystalline and amorphous thin

layers by chemical and physical vapor deposition techniques. Moreover, even if Bi1−xSbx

thin films have already been successfully grown on a GaAs (111) B12 and A13 surfaces,

the nanoelectronics and optoelectronics industry prefers (001) oriented substrates. Different

crystal structures and large mismatches (13.7%) strongly limited this integration until recent

developments.14,15

In this paper, we study the bismuth growth modes on both GaAs (001) and (111)A

oriented substrates experimentally by molecular beam epitaxy (MBE) and theoretically by ab
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inio calculations. The growth mechanisms on both surfaces present clear differences leading

to structurally and electronically different properties of the deposited metallic films, which is

probed using transmission electron microscopy (TEM) analysis and resistivity measurements.

These observations are corroborated by the ab initio calculations, detailing the first stages

of the growth, such as the nucleation of Bi atoms on the surface, by a thorough study of the

adsorption sites and the ability of the atoms to diffuse on the surface. Methods are described

in section 2. Experimental measurements are presented in section 3. Ab initio results are

then shown in section 4 before a final discussions in section 5.

2 Methods

2.1 Preparation of the GaAs (001) and (111)A surfaces

One of the most important steps that contribute to define the quality and morphology of the

growth layer is the substrate surface preparation. That of the GaAs (001) substrate used in

our work is based on several successive steps. Once the 2 inches undoped GaAs (001) wafers

(350 µm-thick) from AXT are loaded into the Riber’s MBE 412 system, they are transferred

into the preparation chamber to be degassed at 300◦C for 1 hour. Next, they are loaded

into the growth chamber, where they are heated up to 635◦C, temperature for which the

GaAs is known to be fully deoxidized,16–18 under an As flux of 1.2 × 10−5 Torr. Note that

the As shutter opens as soon as the temperature is above 400◦C. The substrate temperature

is maintained at 635◦C for 10 min to ensure that all oxide is removed. This temperature is

probed by band edge thermometry from kSA BandiT. At this point, the GaAs (001) Reflec-

tion High-Energy Electron Diffraction (RHEED) pattern appears, confirming the removal of

the superficial oxide layer of the GaAs substrate.14 Next, the temperature is ramped down

to 580◦C to grow a 1 µm-thick GaAs buffer layer with a V/III ratio of 2 in 1 hour.

The surface preparation of the GaAs (111)A substrate is generally more complex than

that of GaAs (001) due to the very low adhesion coefficient of As atoms on the Ga-terminated
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surface.19 Once the surface of the 2 inches undoped GaAs (111)A wafers is degassed at the

same temperature as the GaAs (001) one, the oxide on the GaAs (111)A surface is removed

by heating the substrate to 635◦C under an As flux of 2×10−5 Torr for a temperature above

400◦C. Then, the temperature is cooled down to the GaAs buffer layer growth temperature.

At this stage, the surface preparation of GaAs (111)A requires a very high As flux since

As atom can only bond to one Ga atom of the outermost layer of a GaAs (111)A substrate

instead of two as in the case of GaAs (001). Besides the As flux, the substrate temperature

is also an important parameter to obtain smooth GaAs layers. Da Woolf et al.20 have shown

that setting the substrate temperature above 560◦C or below 500◦C leads to pyramid-shaped

defects and rough surface, respectively. Based on this, a GaAs buffer layer is grown with a

V/III ratio of 10 at 550◦C until an atomically smooth surface is obtained (thickness of about

0.3 µm).

In both cases, once the GaAs buffer layer is grown, the temperature is cooled down

to the Bi1−xSbx growth temperature while keeping the same As flux on for temperatures

above 400◦C (1.2 × 10−5 Torr for GaAs (001) and 2 × 10−5 Torr for GaAs (111)A). After

temperature stabilisation, Bi1−xSbx growth is initiated (terminated) by opening (closing)

simultaneously the Bi and Sb shutters. According to the RHEED records, a change in

temperature leads to the GaAs (001) surface reconstruction transitioning from β2(2 × 4)

to c(4 × 4) when the temperature is below 505◦C21 while GaAs (111)A exhibits only the

(2 × 2) surface reconstruction, even at low temperature, which is in agreement with.20 In

this study, the composition of the bismuth antimonide is Bi0.9Sb0.1. Further details can be

found in Ref. [14,15]. A complementary analysis of the Bi/Sb ratio by energy dispersion

spectroscopy (EDS) performed in a TEM is provided in Appendix A Fig. 8. The Bi0.9Sb0.1

alloy composition is chosen constant for the whole study.
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2.2 GaAs surfaces modeling

The GaAs (001) and (111)A surfaces have been modeled using respectively a 172-atom

orthorhombic supercell and a 188-atom hexagonal supercell of diamond-like GaAs repeated

periodically in the three dimensions. The surface reconstructions have been chosen to be

As-rich, as suggested by the experimental V/III ratio. A 20 Å thick vacuum space has been

added on top of the bulks to create the slabs and respectively 32 and 16 hydrogen atoms have

been added under the bottom layer to passivate each dangling bond. The two supercells are

finally defined as Ga64As76H32 (001) and Ga80As92H16 (111)A.

The atomic positions of the two bottom GaAs layers are fixed at their calculated positions

in the diamond-like bulk (Ga-As distance=2.39 Å), while all the other atomic positions are

allowed to relax freely. As atoms have been added above the surface to obtain the As-rich

surface reconstructions. The reconstruction of the As-rich (001) surface leads to the c(4×4)β

structure ,22–26 composed of two [110] rows of As-As dimers separated by a so-called channel.

One As-As dimer is missing every three dimers (Fig. 1a). The reconstruction of the (111)A

As-rich surface leads to the β(2×2) with the As-As-As trimer structure27,28 featured by four

trimers above the Ga-As top layer (Fig. 1b).

(a) GaAs (001) surface (b) GaAs (111)A surface

Figure 1: Top and side views of the supercells used for the modeling of (a) the GaAs (001)
surface and (b) the GaAs (111)A surface. For clarity, only the topmost layers are represented.
Yellow and green spheres represent As and Ga atoms, respectively.
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2.3 Computational details

Total energy calculations have been performed within the density functional theory (DFT),29,30

in the pseudopotential and plane waves approach as implemented in Quantum Espresso

7.031 with the general gradient approximation (GGA32) for the exchange and correlation

functional. The core electrons are represented by the projector-augmented wave (PAW) po-

tentials.33 The energy cutoff is set at 70 eV and the Brillouin Zone has been sampled at zone

center only (Γ point) inducing an accuracy of 2 meV/at.

The theoretical study conducted is only detailed for Bi. It should be noted that a similar

study has been conducted with Sb (with the same calculation parameters. Results on Sb

adsorption energies are provided in Appendix B Fig. 9 and Fig. 10), the trends observed are

the same and do not change the main conclusions of this work. We also consider that Bi

concentration vs. Sb concentration dominates in the early stages of deposition and that the

coupled effects of Bi/Sb at higher coverage is out of the scope of this paper.

The thermodynamically stable sites for the Bi adsorbed atoms have been found by adding

a Bi atom 4 Å above the surface on different positions sampled over the symmetrically

reduced supercell. All the unfixed atomic positions are then relaxed while fixing the supercell

parameters. The addition of the n-th Bi atom has been done following the same sampling

procedure above the reference configuration at step n − 1. To study the island formation,

the reference n − 1 configuration is the most stable one among the ones forming an island.

The adsorption is said to form an island, or agglomeration, when the added atom is bonded

to a previously deposited Bi or to a dimer/trimer already bonded to a Bi atom.

The adsorption energy of n adsorbed Bi atoms has been calculated as En
ad = Esurf+nBi−

Esurf − nEBi where Esurf+nBi is the relaxed surface with n adsorbed Bi atoms, Esurf the

energy of the reconstructed surface without any Bi atom, and EBi the energy of one single

isolated Bi atom. The same equation was used to determine the Sb adsorption energies

provided in Appendix B Fig. 9 and Fig. 10. The relative adsorption energy of the n-th atom

is defined as En
ad,rel = Esurf+nBi − Esurf+(n−1)Bi where (n − 1) is the most stable structure
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containing (n − 1) adsorbed Bi atoms. In the following, we also use ∆E to compare the

stability of two atomic configurations at a given Bi coverage. The activation-relaxation

technique as coupled with DFT approach (ARTn34,35) has been used to calculate the energy

barriers Eb of the Bi diffusion between the stable surface positions.

3 Experimental results: different BiSb growth modes

depending on the orientation of the GaAs substrate

The addition of Bi and Sb atoms on the GaAs (001) surface leads to the formation of many

Bi0.9Sb0.1 grains on the surface (Fig. 2a top panel). These grains have different growth orien-

tations (Fig. 2a bottom panel) such that the Bi0.9Sb0.1 (0001) growth direction is not parallel

to the GaAs (001) one. The angle between the GaAs (001) surface and the Bi0.9Sb0.1 (0001)

one has a huge variability ranging from 0 to 40°. This implies that the grains merge together

forming twins at the grain boundaries. On the contrary, the addition of Bi and Sb atoms

on the GaAs (111)A surface leads to the formation of a thin clean Bi0.9Sb0.1 film (Fig. 2b

top panel) for which the Bi0.9Sb0.1 (0001) growth direction is parallel to the GaAs (111) one

(Fig. 2b bottom panel).

The resistivity of the samples has been measured for different thicknesses as described

in Ref. 15. Before the Bi0.9Sb0.1 epitaxy, the resistivity of the sample is the one of the

semiconducting bulk GaAs. It then decreases drastically when the Bi0.9Sb0.1 totally covers

the surface allowing thus the electrons to freely travel into the layer. The overall evolution of

this resistivity as a function of the deposited Bi0.9Sb0.1 thickness (Fig. 3) is not the same for

the two surfaces. On the (111)A surface, the decrease of resistivity quickly appears, after the

deposition of 5-10 nm of Bi0.9Sb0.1, which suggests a uniform distribution of the deposited

atoms as atomic scale layers. On the (001) surface, this decrease appears later, after the

deposition of 20-30 nm. This suggests a non uniform growth mode where the deposited

atoms do not form early a connected layer, but agglomerate into isolated islands before
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GaAs (001)

Grain A B C
BiSb

1µm

GaAs (001)

Grain B Grain C

BiSb

20 nm

10° <2°

(a)
Bi0.9Sb0.1 deposited
on GaAs (001) surface

GaAs (111)A

BiSb

1µm

GaAs (111)A

BiSb (0001)

5 nm

(b)
Bi0.9Sb0.1 deposited
on GaAs (111)A surface

Figure 2: Transversal TEM images of the Bi0.9Sb0.1 deposition on top of (a) the GaAs (001)
surface and (b) GaAs (111)A surface.

coalescence, as confirmed in our previous work.15 We note that topological surface states of

BiSb are known to appear above 2.5 nm,36 but the resistivity of the wetting layer in Fig. 3

decreases only above 5 nm due to the roughness of the sample surface that prevents the BiSb

surface conduction channels for centimeter large devices. In situ strain measurements during

growth37 validate this conclusion of two distinct growth modes. The curves are presented in

Appendix. C, where the changes in slope of the wafer curvature observed around 20 nm on

GaAs (001) and around 4 nm on GaAs (111)A correspond to the observations in Fig. 3.
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Figure 3: Variation of the sample resistivity for different Bi0.9Sb0.1 thicknesses on the
GaAs (001) (black) and GaAs (111)A (red) surfaces.
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4 DFT results

4.1 Diffusion of single adsorbed Bi atom on the surface

All stable adsorbed configurations discussed below are shown in appendix B.

GaAs (001) surface - Four main stable adsorption sites have been identified on the

GaAs (001) surface. (i) In the ground state site (GS001 Fig. 9a, E1
ad=-2.89 eV), the Bi atom

is located in the middle of the missing dimer, bonded to the four As atoms of the sublayer.

(ii) In the adsorption site corresponding to the side of the missing dimer (mds Fig. 9b,

∆E=0.02 eV), the Bi atom is linked to two As atoms in the sublayer and to the As atom of

a dimer in the adjacent As dimers row. (iii) In the channel site (ch Fig. 9c, ∆E=1.02 eV),

the Bi atom is in the middle of the channel, bonded to one As atom on the two dimers

separated by the channel and to one As atom of the sublayer. The two As-As dimers are

partially broken, which explain the higher energy of this position. (iv) In the top dimer site

(td Fig. 9d, ∆E=0.04 eV) the Bi atom is above the square formed by two adjacent dimers,

bonded to the four corresponding As atoms. Note that the td configuration can be only

reached by a relaxation from a particular symmetric position above the surface, giving it a

low probability to exist. All these sites have relatively similar adsorption energies that differ

from each other by less than 1.02 eV.

To diffuse from one GS001 to a topologically equivalent GS001 one, a symmetric minimum

energy path is obtained (Fig. 4a). First, the Bi atom escapes from the GS001 configuration

to reach a mds site. Then from the mds site the Bi atom passes through a ch configuration

in the channel. From this configuration, the Bi atom continues to diffuse by a diffusion

path symmetric to the first part, passing successively from a ch site in the vicinity of the

first one encountered in the same channel, a new missing dimer mds and finally to the

middle of the new missing dimer on a GS001 site. The maximum energy barrier along this

path is Eb=1.10 eV above the ground state. At the temperatures considered in the growth

technological process (around 700K), this energy barrier allows the easy diffusion of Bi atoms
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on the whole GaAs (001) surface. The td site is not necessary for the diffusion as it requires

much higher energies (EGS001→td
b =1.29 eV, Etd→td

b =1.24 eV, Ech→td
b =1.00 eV).

The diffusion of Bi atoms on the GaAs (001) surface is in contrast to its diffusion on

the Si (001) surface that occurs only in one dimension along the channels,38 because the Bi

atoms cannot cross the dimer rows. On GaAs (001), the Bi atom takes advantage of the

surface reconstruction exhibiting missing dimers which allow adsorbed atoms to cross the

dimer rows and enables the two dimensions diffusion on the surface.
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Figure 4: Minimum energy pathways of the Bi atom between the ground state positions
above the (a) GaAs (001) and (b) GaAs (111)A surfaces. Red ball represent the adsorbed
Bi atom.

GaAs (111)A surface - Four stable adsorption sites have been found on the GaAs

(111)A surface: (i) In the ground state site (GS111 Fig. 10a, E1
ad=-3.69 eV), under the effect
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of adsorption, the Bi atom has broken one of the bonds of the trimer and is bonded to two

As atoms of this trimer and to a Ga of the sublayer. (ii) and (iii) In the top Ga adsorbed site

(TopGa Fig. 10b, ∆E=0.57 eV) and top As adsorbed site (TopAs Fig. 10c, ∆E=1.94 eV),

the Bi atom is bonded to one Ga atom (resp. to one As atom with non-covalent bond) of the

sublayer and bonded to two different trimers. (iv) In the so-called top trimer adsorbed site

(TopTri Fig. 10d, ∆E=1.29 eV), the Bi atom is on top of the trimer, changing its geometry

from equilateral to isosceles-like breaking two As-As bonds of the trimer. Each site can be

reproduced three times per trimer due to their centro-symmetry.

To diffuse from one GS111 to another topologically equivalent one on the GaAs(111)A

surface, two minimum energy paths have been found with a similar energy barrier. In the

first one, the Bi atom diffuses by contouring the trimers passing through the intermediate

configurations according to the sequence TopGa, TopAs, TopAs, TopGa (Fig. 4b, red curve,

Eb = 1.99 eV ), while in the second one, it diffuses by passing over the As-trimer using the

adsorbed configuration TopTri (Fig. 4b, blue curve, Eb = 1.84 eV ). In both cases, the energy

barrier is high to move a Bi atom from a GS111 configuration. Under the conditions of the

growth process, this energy barrier is too high to be overcome and prevents the diffusion of

Bi on the surface once it has reached the GS111 configuration.

The Bi atom is, as As, an element of column V. Its bonding with Ga is then favored

(III/V) than with As (V/V) to fill the electron deficiency. This can be seen by the lowest

adsorption energy on the GS111 site, where a Bi-Ga bond is formed, than on the GS001 site,

where only Bi-As are formed. This stronger bonding is harder to break and then requires

a higher energy barrier to be broken, which explains the drastic difference in the diffusion

capacity over the two surfaces.

4.2 3D islands versus isolated atoms

To verify the tendency to form 3D Bi islands or a 2D Bi deposited layer, the thermodynamic

stability of the Bi agglomeration is investigated by increasing the Bi coverage on both sur-
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faces. Up to six Bi atoms were added on different positions of the two surfaces, both on

isolated positions on the surface, and on configurations where one or more atoms are already

adsorbed or agglomerated.

The energies of the structures that have relaxed into an island are represented by dots

in Fig. 5. In this figure, if the relative adsorption energy is lower than that of the iso-

lated atom (green dashed curve), the agglomeration into an island is favored, otherwise, the

agglomeration is thermodynamically metastable which implies that islands do not form.

On the GaAs (111)A surface, none of the tested island structures are thermodynamically

stable. Prior to coalescence, it is always more favorable to have isolated adsorbed atoms in

the GS111 sites than an agglomeration (see cross on the Fig. 5-GaAs (111)A). The expected

growth mode tends to fill these empty sites to form a 2D layer on the surface.

On the GaAs (001) surface, several of the tested island structures are thermodynamically

stable, more favorable than positioning single atoms (see cross on the Fig. 5-GaAs (001)).

Already, starting from the third adsorbed Bi atom, the structure starts to be 3D (see next

section). The expected growth mode is then island formation.
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Figure 5: Relative adsorption energies (En
ad,rel) of the n Bi atoms on (left) the GaAs (001)

and (right) the GaAs (111)A surfaces. Each dot corresponds to a structure where the
atoms are agglomerated into islands, each cross to a structure where the atoms do not form
islands, and the green line is the energy of the isolated ground state structure. The red dots
correspond to the most stable agglomerated structures at a given Bi coverage that serve as
energy reference for the next added atom.
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4.3 Growth orientation on GaAs(001)

Bader charge and electron density analysis show that the Bi-Bi dimer formed when n=2 Bi

is strongly bonded to the surface by covalent bonds (Fig. 6a: 0.24 and 0.34 exchanged

electrons). However, the addition of Bi atoms drastically reduces this binding energy from

n=3 (Fig. 6b) to n=4 (Fig. 6c). Indeed, these Bi atoms create a metallic island of crystalline

Bi, where Bi atoms have all their electrons. The Bader charge analysis shows that the

electron sharing between the surface and the bottom of the Bi island is reduced compared

to the n=2 Bi case, thus reducing the binding energy with the surface. We note that after

the formation of the Bi-Bi dimer in the position of the missing dimer (Fig. 6a), the third

Bi atom favorable for clustering can be placed equiprobably on its both symmetric sides

(Fig. 6b and Fig. 6e) and results in different orientations of the grown Bi nucleus. Each new

Bi atom addition is then located either on top of the island (Fig. 6c) or next to it, changing

its orientation again (Fig. 6d). The weak binding during the early stages of island formation

implies that the island has the possibility to reorient itself, as shown by the modification

of its crystalline axis between n=4 and n=5 (Fig. 6d). Here we confirm the many different

grain orientations observed in the TEM images (Fig. 2a).

(a) 2 Bi (b) 3 Bi (c) 4 Bi (d) 5 Bi (e) 3 Bi
sym

Figure 6: Most stable atomic configurations of the agglomeration of two to five Bi atoms
on the GaAs (001). Structures 3 and 5 can exist symmetrically, and an example is given
for structure 3 panel 6e. Variation of Bader charge is given on each adsorbed Bi atom in
reference to the value of Bi in its pseudopotential.
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5 Discussions

From this theoretical study, we can describe the early stages of deposition on the GaAs

surface and how these early stages are decisive for the growth of BiSb islands and then

layers.

On the GaAs (001) surface, the high diffusion rate of the Bi atoms allows their ag-

glomeration into thermodynamically stable islands (Fig. 7a panel 1). These observations

corroborate with a Volmer-Weber growth mode. Several orientations during the nucleation

of the 3D islands can appear (Fig. 7a panel 2), which implies a large variability of the mea-

sured angle (from 0 to 40°) with respect to the surface as observed experimentally.14 When

two neighboring islands with different growth orientations collapse, they form twins at the

grain boundaries (Fig. 7a, last panel) as shown by TEM images.
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(a) On GaAs (001) surface: creation of Bi0.9Sb0.1
islands, Volmer-Weber growth mode.
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GaAs (111)A
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no grains

(b) On GaAs (111)A surface: creation of a Bi0.9Sb0.1
thin film, Stranski–Krastanov growth mode.

Figure 7: Schema of the two different growth modes.

On the contrary, on the GaAs (111)A surface, the kinetic calculations show that the Bi

atoms do not diffuse and the thermodynamic calculations show that their agglomeration is

metastable (Fig. 7b panel 1), which implies that Bi islands are not formed during the initial

stages of deposition, and that a wetting 2D layer of Bi atoms tends to be formed in contact

with the GaAs (111)A substrate (Fig. 7b panel 2). It has been observed by scanning electron

microscopy (not shown), that once the BiSb film has been fully connected, the surface

chemical potential leads to the formation of facets (Fig. 7b panel 3). These observations
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corroborate with a Stranski–Krastanov growth mode along the <0001> direction.

6 Conclusion

In this study, we explain with the help of DFT calculations, the first steps of the growth of

BiSb thin films on GaAs (001) and (111)A surfaces which then control the quality of the thin

films deposited by MBE. In particular, it is shown that the way atoms deposit and diffuse

on the two surfaces affects the agglomeration of the deposited atoms, favoring or not the

formation of islands. The characteristic reconstruction of the GaAs (001) surfaces leads to

the growth of BiSb islands, presenting a high degree of freedom for their orientation, and

thus leading to the deposition of misoriented grains following a Volmer-Weber growth mode.

In the case of the GaAs (111)A surface, the mixed atomic layer composed of GaAs atoms

under the As-trimers surface reconstruction tends to favor the interactions of BiSb with the

III element of the substrate, which prevents surface diffusion to occur. Given the two studied

surfaces, we confirm the quality of BiSb films deposited on GaAs (111)A surface, conditioned

by the in situ epitaxial conditions and then validate their strong potential for new industrial

applications. Our results open new possibilities for the integration of TI at nanoscale on

semiconductor substrates.
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A Analysis of the BiSb composition

EDS measurement have been performed from the GaAs substrate and through the BiSb

grains (Fig. 8). The calculated intensities for each atom permits to know the BiSb stoi-

chiometry: Bi0.9Sb0.1.
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Figure 8: Variation of the energy dispersion spectroscopy (EDS) intensities for each atom
type (top panel) while crossing the BiSb grain. The beam path is represented by the red
arrow on the insert transmission electron microscopy (TEM) panel. The calculated Bi and
Sb concentrations (bottom panel) are calculated from there respective intensities.

B Stable sites on the GaAs surfaces

Here are the atomic structures of the most stable sites found for the adsorption of Bi / Sb

atoms on the GaAs 001) and (111)A surfaces. The values of the adsorption energies have

been added for both Bi and Sb: the order of the stable structures and relative energies is the

same, only the adsorption energies are shifted by ∼0.15 eV for all corresponding structures.
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Figure 9: Stable adsorption sites on the GaAs (001) surface. Yellow, green and red spheres
represent As, Ga and Bi/Sb atoms, respectively.
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Figure 10: Stable adsorption sites on the GaAs (111)A surface. Yellow, green and red
spheres represent As, Ga and Bi/Sb atoms, respectively.

C Experimental in situ strain measurements during

growth on GaAs (001) and GaAs (111)A

The two growth modes are further confirmed by in situ strain measurements37 during growth

on the two GaAs surfaces, that present totally different behaviors on both substrates.

A slope change in the curvature of the wafer is observed around 20 nm on GaAs (001)

and around 4 nm on GaAs (111)A, which roughly corresponds to the transitions observed

electrically. This is characteristic of a drastic change of the growth mode for both surface. A

compressive strain is observed during nucleation of the BiSb layer on GaAs. It can be noticed

that the stress accumulates faster on GaAs (111)A than on GaAs (001). This is compatible
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at 215°C (Bi flux of 4x10−7 Torr and Sb flux of 5x10−8 Torr for both growths).

with the presence of a BiSb wetting layer on GaAs (111)A and a Volmer Weber growth mode

on GaAs (001). In both cases, the strain shifts from compressive to tensile when coalescence

of nuclei occurs. It remains unclear for the moment while the strain decreases again on the

GaAs (111)A oriented wafer after 20 nm.
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