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Abstract
The growth of Bi on both the In-terminated (A) face and the As-terminated (B)face of InAs(1 1 1)has
been investigated by low-energy electron diffraction, scanning tunnellingmicroscopy, and photoelec-
tron spectroscopy using synchrotron radiation. The changes uponBi deposition of the In4d andBi
5d5/2 photoelectron signals allow to get a comprehensive picture of the Bi/InAs(1 1 1) interface. From
the early stage the Bi growth on theA face is epitaxial, contrary to that on the B face that proceeds via
the formation of islands. Angle-resolved photoelectron spectra show that the electronic structure of a
Bi deposit of≈10 bi-layers on the A face is identical to that of bulkBi, whilemore than≈30 bi-layers
are needed for the B face. Both bulk and surface electronic states observed are well accounted for by
fully relativistic ab initio calculations performed using the one-stepmodel of photoemission. These
calculations are used to analyse the dichroic photoemission data recorded in the vicinity of the Fermi
level around the G point of the Brillouin zone.

1. Introduction

The discovery a decade ago of the family of topological insulators [1–4] has brought to the front a new and
fascinating area of physics. The simplicity of the topological insulator surface states, the robustness of both
topological properties and surfacemetallicity under external perturbations, and the prediction of novel
quantized states arising from the peculiar coupling betweenmagnetic and electric fieldsmake these systems of
great interest for developing the next generation of electronic and spintronic devices.

Focusing on the spintronics aspect, one of the possibilities to obtain spin-polarized electronic currents is to
use the spin splitting inmomentum space of surface states that results from the breaking of inversion symmetry
at a surface (Rashba effect) [5]. This has recently stimulated studies of the electronic structure ofBi andBi-based

OPEN ACCESS

RECEIVED

25 July 2019

REVISED

26October 2019

ACCEPTED FOR PUBLICATION

21November 2019

PUBLISHED

12December 2019

Original content from this
workmay be used under
the terms of the Creative
CommonsAttribution 3.0
licence.

Any further distribution of
this workmustmaintain
attribution to the
author(s) and the title of
thework, journal citation
andDOI.

© 2019TheAuthor(s). Published by IOPPublishing Ltd on behalf of the Institute of Physics andDeutsche PhysikalischeGesellschaft



compounds, because of the large spin–orbit interaction in this heavy group-V element (see, e.g. [6]). Along this
linemany investigations of the changes with respect to bulkBi of the electronic structure of Bi thin films
deposited on semiconductors, e.g.Si(1 1 1) [7, 8], SiC(0 0 0 1) [9], and highly-oriented pyrolytic graphite [10],
have been performed. Such studies onBi thin films are also of importance for a better understanding of the
physical properties of topological insulators [1, 3, 11–13] (see also [14] review).

As far as thin layers are concerned, it has been theoretically predicted fromfirst-principles calculations that two-
dimensional bismuth couldbehave as a topological insulator [15–18]. These studies reveal that key factors leading to
the appearanceof a topological behaviour are tensile straindue to the latticemismatch at theBi/substrate interface
and formationof chemical bonds at the interface. Inparticular it has been established thatbismuthene grownona
SiC(0001) substrate is nontrivial [19]. Along these lines,Reis et al [20]have shown ina combined theoretical and
experimental study that in this case it is possible toobtain aquasi two-dimensional topological insulatorwhereboth
a large gapanda strong spin–orbit coupling arepresent.Thus studyingBi/substrate interfaces canbe expected to
reveal newphysical properties andprovide improvedmeans to engineer them.On the experimental side, III–V
semiconductor substrates havenotbeen exploredup tonow.Wereport hereona studyof the electronic structure
ofBifilmsdepositedonbothA (In-terminated) andB (As-terminated) faces of InAs(111). Although some results
on the growthofBi on InAs(111)Bhavebeen reported in thepast [21], theBi/InAs(111)Ainterfacehasnot yetbeen
investigated toourknowledge.

We have followed the structural and electronic changes that occur during the deposition of Bi on bothA and
B faces of InAs(1 1 1) bymeans of low-energy electron diffraction (LEED), scanning tunnellingmicroscopy
(STM), and core-level as well as valence-band photoelectron spectroscopy (PES) using synchrotron radiation.
The growthmode is found to be dependent on the substrate side. An epitaxial growth is evidenced on the Aside
and, as a consequence, ultra-thin Bifilms deposited on InAs(1 1 1)Ahave an electronic structure showing all the
characteristics of bulkBi. On the contrary the Bi growth on the B face proceeds via the formation of islands. The
angle-resolved PES (ARPES) data onBi/InAs(1 1 1)A arewell accounted for by ab initio fully relativistic one-step
photoemissionmodel calculations performed in the framework of the density functional theory combinedwith
themultiple scattering formalism. The confrontation between experimental data and theoretical simulations
helps to identify the nature of the electronic states close to the Fermi level.

2. Experimental and computationalmethods

The experiments were performed at the APE beamline [22] of the Elettra synchrotron radiation facility (Trieste,
Italy) and at the I3 beamline [23] of theMAXIII synchrotron (MAX-lab, Lund, Sweden). The substrates were
cut from0.5mmthick n-doped (3×1018 cm−3) InAs(1 1 1)wafers (Wafer Technology Ltd., UK) polished on
both sides. After degassing, both InAs(1 1 1)A andB surfaces were prepared (simultaneously) by repeated cycles
of ion bombardment (Ar+, 600 eV) and annealing at 400 °Cuntil a sharp (2×2) or (1×1) LEEDpattern for
sideAor sideB, respectively, was obtained (see, e.g. [24] and the references cited therein). Bismuthwas
deposited fromaKnudsen cell at a rate of about 0.5 bi-layer (BL)min−1, under a pressure lower
than ´ -4 10 Torr10 , on substrates at room temperature.

The band structure calculationswere performed using the SPR-KKRpackage [25] that is based on the
Korringa–Kohn–Rostokermethod, which uses theGreen’s function formalismwithin themultiple scattering
theory and theDirac equation, thus fundamentally containing all relativistic effects, such as spin–orbit coupling.
The bulk potential that was used as an input to simulate the ARPES spectrawithin the one-stepmodel of
photoemission [26, 27] results from calculations performedwithin the local density and atomic sphere
approximations. Themodel of Rundgren–Malmström [28]was used to describe the crystal potential in the
surface region. The relaxation of the surface was taken into account using the structural data given in [29]. For
the bulk, the lattice parameters in the hexagonal description (a=4.5332 and c= 11.7967Å)were used [6].

3. Results and discussion

3.1. Pristine InAs(1 1 1) surfaces
While a (2×2) LEEDpattern is observed for InAs(1 1 1)A (figure 1(a)), the InAs(1 1 1)B surface is
unreconstructed (not shown); this is due to charge transfer between the outermost layers [30]—which also
explains the»250 meV shift towards the high binding energy (BE) side of themain peak of the In4dPES
spectrum for the A sidewith respect to the B side—and/or the presence of In vacancies on the In-terminated A
surface (see [31–33], and the references therein). The In4dPES spectra for both theA side and the B side of
InAs(1 1 1) are in agreement with those reported previously [21, 34, 35]. They are given infigure 2 to help
comparisonwith those of the Bi-covered substrates in the following discussion.
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It has been early recognized that, in addition to the bulk component (denoted by B), the In 4d core level
spectrum contains a surface contribution (denoted by S) [34]. Our experimental data is well reproduced using
two components with aVoigt profile accounting for the total instrumental (Gaussian) broadening and the
lifetime (Lorentzian) broadening with a full width at halfmaximum (FWHM) of 0.18 and 0.35 eV, respectively.
The spin–orbit couplingwas set to 0.86 eV. One can also note that the intensity of the surface (S) component
is larger for the In-terminated A side than for the B side. The energy shift between the surface and bulk

Figure 1. (a) and (b) LEEDpatterns of pristine InAs(1 1 1)A showing the (2×2) reconstruction (taken at 52 eV) and of a 10 BLBi
deposit on InAs(1 1 1)A (taken at 22 eV). Schematic arrangement of atoms (top view) in: (c)the top layer of InAs(1 1 1)A (In-
terminated) and (d)thefirst BL of Bi(1 1 1). (e)Apossible arrangement of the Bi deposit on InAs(1 1 1)A (the Bi atoms located above
the In atoms of the substrate are in light blue). (f) and (g)STM images of the InAs(1 1 1)A substrate covered by 10 BLBi. The hexagon
in (g) is a guide to the eye showing the arrangement of the Bi atoms.

Figure 2. In4dPES spectra of clean InAs(1 1 1): (a)Aside; (b)Bside. Rawdata are shown as dots; the lines are thefit to the data and
the components (denoted by B for the bulk and by S for the surface) involved in thefit.
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components is found to be 0.3 eV for theA side, in good agreementwith [34], and to be 0.26 eV for the B
side [21].

3.2. Bi/InAs(1 1 1): growthmodes
From the early stage of the Bi deposition, the LEEDpattern of the InAs(1 1 1)A (2×2) substrate (figure 1(a))
starts to blur and relatively broad spots showing the formation of Bi(1 1 1) layers appear. For a Bi coverage
greater than»10 BL, a sharp Bi(1 1 1) (1×1)pattern is observed (figure 1(b)).

This is consistent with the fact that the InAs(1 1 1)A surface exhibits a hexagonal pattern of In atoms
separated by»4.28 Å (figure 1(c)) and the Bi(1 1 1) a honeycomb structure inwhich the distance between a Bi
atom and its second in-plane neighbour is»4.55 Å (figure 1(d)). This≈6%mismatch is not insignificant but
small enough to allow the relaxation of the Bifilm lattice parameters to their natural values after a deposition
equivalent to a fewBLs of bismuth and thus the epitaxial growth of Bi(1 1 1) on the InAs(1 1 1)A substrate, for
instance in themanner depicted infigure 1(e). For very thin layers (1–2 BL)wedonot observe any order by either
LEEDorARPES. The substrate In 4dPES signal disappears totally for a Bi coverage of»10 BL.

The intensity of the Bi 5d and In 4dPES signals as a function of the Bi evaporation time on InAs(1 1 1)A (not
shown) contains a series of linear segments with break points, separated by a common evaporation duration,
where a change in slope occurs, which is thewell-known signature of a layer-by-layer (Frank–van derMerwe)
growthmode. This is consistent with both the LEEDpatterns (figure 1(b)) and the STM images of these surfaces
with terraces having the six-fold symmetry characteristic of the hexagonal arrangement of the Bi atoms on (1 1 1)
terraces (figures 1(f) and (g)).

For the InAs(1 1 1)B surface, the intensities of the Bi5d and In4dPES signals as a function of the Bi
deposition time also change linearly, but only to the point corresponding to1 BL coverage. Deviation from the
linear behaviour at higher coverage suggests that the Bi growth on the B side of InAs(1 1 1) proceeds via a
Stranski–Krastanowmode, contrary towhat happens on InAs(1 1 1)A. Indeed the STM images show the
presence of such islands on InAs(1 1 1)B [33]. The substrate In4dPES signal remains visible up to deposition
equivalent to a coverage of~50 BL Bi, abovewhich the Bi three-dimensional islands that build on the surface
above 1 BL coalesce.

3.3. Bi/InAs(1 1 1): electronic structure
3.3.1. Bi on InAs(1 1 1)A
Changes in the electronic structure of the Bi/InAs(1 1 1)A interface can be detected at the early stage of the Bi
deposition in the In4dPES spectrum (recorded at n =h 40 eV) (figure 3(a)).

For 0.2 BL coverage thewhole spectrum shifts relative to that of the pristine substrate by»200 meV towards
the lowBE side; this shift reaches»300 meV for a coverage of»1 BL and stabilizes to this value for higher
coverage. This shift is accompanied by a change in the overall shape of the In4d spin–orbit doublet. Both effects
are due to the progressive disappearance of the surface (S) component of pristine InAs(1 1 1)A (see figure 2). The
substrate In4dPES signal disappears totally for a Bi coverage of»10 BL.

The spectrum at the bottomoffigure 3(a) presents the result of the subtraction of the spectrum for 0.2 BL
from that for 2 BL Bi coverage. This difference spectrum is very similar to that corresponding to the surface (S)
component in the In4dPES spectrumof pristine InAs(1 1 1)A. This is thus a confirmation of the disappearance
of the S component at the early stage of Bi deposition on InAs(1 1 1)A.Note thatwe did not subtract the In4d
PES for 0.2 BL Bi coverage because of the band bending effect induced by the deposition of the first Bi atoms. It
is interesting to note that the subtraction reveals a faint structure at»17.4 eV BE, i.e.at the BE expectedwhenBi
is chemically bound toIn. Such a behaviour is also observed for the Bi/GaAs(1 1 1)A andB interfaces [36, 37], as
well as for the Bi/InAs(1 0 0) interface [38, 39].

We now turn to the Bi5d5/2 PES signal (figure 3(b)). Its shape converges to that of the bulk Bi signal when
the amount of Bi deposited is increased up to»10 BL. To shed light on the origin of the changes occurring at low
Bi coveragewe show at the bottomoffigure 3(b) the difference spectrumobtained by subtracting the Bi5d5/2
PES spectrum for15 BL (not shown in thefigure as essentially identical to the10 BL PES spectrum) from that
for 0.2 BL Bi coverage, removing in such away the bulk component. This difference spectrum ismade of two
components: the one at lowBE, ofmuch higher intensity, can be attributed to Bi bound to In and that at high BE
to Bi bound toAs (see [21]). The latter can be observed despite the InAs(1 1 1)A substrate is In-terminated
because some defects due to surface preparation (ion bombardment and annealing)might allowAs atoms to be
present on the surface. The subtraction clearly indicates that the apparent change in the position of the Bi5d5/2
PES uponBi deposition, namely 0.2 BL, arises from the intensity variation/decrease of the PES component
corresponding to the Bi–In bond, similarly towhat is observed for the In4dPES signal uponBi deposition.
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3.3.2. Bi on InAs(1 1 1)B
The evolution of In4d andBi 5d5/2 PES spectra on InAs(1 1 1)B is quite different from that on InAs(1 1 1)A
(figures 3(c) and (d)). The presence of Bi atoms on the B surface does not induce a shift as observed for
InAs(1 1 1)A. This allows a subtraction of the In 4d spectrumof the pristine substrate from that corresponding
to 0.2 BL Bi deposition (denoted by ‘(0)–(0.2)’ at the bottomoffigure 3(c)). Similarly to InAs(1 1 1)A, the surface
(S) component disappears at very early stages of Bi deposition. For higher Bi deposition a new lowBE feature
appears in the spectra.

A better insight of its evolution is shown infigure 4(a)wherewe plot only difference spectra. The surface
component (‘(0)-(0.2)’ from figure 3(c)) is shown as a reference. Subtracting the In 4d spectrum corresponding
to 0.2 BL Bi, i.e.containing only the bulk (B) component, from that corresponding to 13 and 27 BL Bi deposits
(middle and upper spectrumoffigure 4(a), respectively, where only the In 4d5/2 component is shown) reveals
two new structures that can be attributed to Bi–In (higher BE) and In–In (lower BE) components. The presence
of such features has been previously suggested [21] but not evidenced. Here, the In–In component clearly
appears for higher Bi coverage.We believe that its formation is due to the fact that the Bi–As bond is stronger as
compared to the Bi–In one, as deduced fromBE shifts [21]. At higher coverage Bi–As bonds are formed and free
In atoms are released on the surface. A similar chemical behaviour has been observedwhen annealing Bi layer on
top of an InAs(1 1 1) crystal [24].

The evolutionwith Bi deposition of the Bi 5d5/2 PES spectra (figure 3(d)) is in agreementwith the above
chemical interpretation. As in the case of InAs(111)A,we show at the bottomoffigure 3(d) the difference
spectrum resulting from the subtraction of the Bi 5d5/2 PES spectrum for 0.2 BL Bi coverage from that for13 BL

Figure 3.Changes in core level PES spectra uponBi deposition (in BL) on InAs(1 1 1). InAs(1 1 1)A (top panel): (a)In4d spectra (the
difference spectrumbetween In 4d data for 2.0 and 0.2 BL Bi coverage is shown (in green/light grey) at the bottomof thefigure);
(b)Bi5d5/2 spectra (the difference spectrumbetweenBi 5d5/2 PES signals for 0.2 and 15 BL Bi coverage is shown (in green/light grey)
at the bottomof the figure). InAs(1 1 1)B (bottompanel): (c)In4d spectra (the difference spectrumbetween In 4d data for 0 and
0.2 BL Bi deposition is shown (in green/light grey) at the bottomof thefigure); (d)Bi5d5/2 spectra (the difference spectrumbetween
Bi 5d5/2 data for 0.2 and 27 BL Bi deposition is shown (in green/light grey) at the bottomof the figure).
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coverage. Thefinal difference spectrum exhibits again two components: the one at high BE has now a larger
intensity, which is expected for the As-terminated Bside; the presence of the lowBE component, attributed to
Bi–In bonds, can be justified because the annealing during the sample preparation eliminates preferentially As
atoms, leaving In-terminated patches on the surface. This scenario is consistent with further evolution of the Bi
5d5/2 spectra. For 2.5 BL Bi coverage, as all Bi–As bonds are saturated, the peak related to the Bi–In bonding is
dominant. Upon further deposition, the FWHMof the Bi 5d5/2 feature decreases and reaches that of bulk Bi well
above 27 BL (figure 4(b)), when Bi islands coalesce in larger terraces, in clear contrast withwhat happens in the
case of the InAs(1 1 1)A surface.We suggest that the presence of strong Bi–As bonds prevents epitaxial growth at
very initial stages of Bi deposition.

Bearing inmind that for such high depositions the In4dPES signal is faint, but still present, this is in line
with the formation of 3DBi islands during the growth. This situation is similar to that encounteredwhenBi is
deposited onGaAswhere Bi bands have been reported for a 2 BL deposit [36]. Indeed the STM images show the
presence of such islands on InAs(1 1 1)B [33].

We deposited as well Bi on InAs surfaces prepared bymolecular beam epitaxy(MBE). Interestingly, in spite
of the higher quality of these surfaces as compared to those prepared using ion-bombardment–annealing cycles,
the Bi growth on the InAs(1 1 1)A is worse. InMBE chambers, it is impossible to suppress instantaneously the As
vapour pressure after the InAs substrate growth. So, evenMBEprepared In-terminated A face is covered by a
fraction ofmonolayer ofAs, preventing a good epitaxy. Bi films grown on bombarded/annealed A faces are of
much higher quality than those obtained byMBE.

3.4. Bi/InAs(1 1 1)Avalence bandPES
TheARPES spectra recordedwith a photon energy of n =h 20 eV along the G–K direction for Bi coverage of 2
and12 BL are shown infigure 5. ABi coverage of 2 BL is sufficient for the ARPES spectrum to showmain bands

Figure 4.PES difference spectra between Bi-covered (in BL) and pristine InAs(1 1 1)B. (a)In4d; (b)Bi5d5/2.

Figure 5. (a)Valence band PES spectra at normal emission of InAs(1 1 1)A covered by 2 and 12 BL Bi. (b)and (c) corresponding
ARPES spectra along the G–K direction. Spectra were recorded at n =h 20 eV .
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characteristic of bulk Bi (figure 5(b)); in particular Bi states near the Fermi level start to appear in the gap of InAs.
We observed that the bands sharpen progressively upon increasing Bi deposition, thewhole ARPES spectrum
becoming identical to that of bulk Bi(see, e.g. [6]) for»12 BL coverage (figure 5(c)). Normal emission spectra in
(figure 5(a)), extracted fromfigures 5(b) and (c), show a strong intensity increase of the surface state resonance at
2 eV BE in the12 BL deposit (blue curve) that is characteristic for a high quality Bi crystal [6]. This is in complete
consistencywith the Bi epitaxial growthmode on the A side, as deduced from the analysis of the core level PES
spectra (see section 3.2).

The calculatedmomentumversus energy intensity distribution (see section 2) along the G–K direction for a
Bi(1 1 1) surface at n =h 22 eV and the spectrummeasured for a 12 BL Bi deposit on InAs(1 1 1)A at
n =h 20 eV are compared infigure 6. The spectra are found to be in good agreement. Themisfit in photon

Figure 6.Bi(1 1 1)ARPES spectrumalong the G–K direction. (a)Experimental data, taken at n =h 20 eV , for 12 BL Bi(1 1 1) grown
on InAs(1 1 1)A. (b)Calculation for n =h 22 eV .

Figure 7.CD-ARPES in the G–K direction of Bi(1 1 1). (a)Experiment ( n =h 20 eV) for 20 BL of Bi deposited on InAs(1 1 1)A.
(b)Theory ( n =h 22 eV). (c)Calculated spin polarization. (d)–(f)Theoretical analysis of the contribution of the angularmomentum
in the initial state (respectively,ℓ=1, 2 and in absence ofℓ=0) to the dichroic response. The blue-red colour scale indicates the
sign/strength of the dichroic signal. The ovals indicate the regionwhere bands are lacking onlywhen only either p (figure 7(d)) or d
(figure 7(e)) initial states are considered.
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energy of 2 eV between themeasured and calculated final-state bands can be attributed to electron correlation
effects beyond the local density approximation in density functional theory [40].

TheARPES spectra were observed to be highly dependent on the helicity of the light used to induce
photoemission. This is seen infigure 7(a)which shows theARPES circular dichroism (CD) in the G–K direction
for a 12 BL Bi deposit on InAs(1 1 1)Aobtained frommeasurements with left/right circularly polarized light at
n =h 20 eV photon energy. The theoretical prediction at n =h 22 eV (figure 7(b)) reproduces nicely the
experimental result. It is to be noted that themeasuredCDdiffers significantly from the spin polarization
expected from the calculations performedwithin the same theoretical framework (figure 7(c)). This reinforces
the consensus that CD-ARPES is not related directly to the spin texture of the system as already observed in other
cases (see, e.g. [41–45]) and cannot replace themuchmore experimentally demanding spin-resolvedARPES for
spin analysis [46, 47] (see [48] for a detailed discussion). Nevertheless CD-ARPES is a useful tool to probe the
orbital symmetry. This is illustrated infigures 7(d)–(f)wherewe show a theoretical analysis of the contribution
to theCDof initial states having different angularmomenta. Considering either the p or d initial states (see
figures 7(d) and (e), respectively) does not allow to fully recover thewhole result (it can be noted that the p states
contributemuchmore than the d states). The bands in the black ovals in figure 7(f) are reproduced onlywhen
both p (figure 7(d)) and d (figure 7(e)) initial states are considered, i.e.the s orbitals are deactivated. This suggests
an hybridization of the p and d states in this (k, BE) region.

Another aspect concerning the possible link betweenCD-ARPES and the spin polarization is the choice of
the energy of the incoming photon. This is exemplified infigure 8where CD-ARPES simulations for the G–K
direction are shown for various photon energies in the 26–50 eV energy range. Sign inversions are theoretically
predicted to occur rather regularly in theCDwhen increasing the photon energy by a feweV steps. This can be
attributed to the spin dependence of the relativistic dipole-matrix elements that are strongly sensitive to the final
states reached at different photon energies as clearly demonstrated in a comparison between PES experiments
and one-step photoemission calculations [42]. Thus, if CD-ARPES can be seen as a quickway to search for spin
polarized bands, it will not give a one-to-onemapping of the spin components of the photoemitted electron.

In order to experimentally provide evidence of such signflips inCD-ARPES in the G–M direction, we have
selected twophoton energies, namely 40 and 45 eV. Figure 9 shows the comparison betweenmeasurements and
theoretically expected results. Various sign changes are seen, depending on the spectral region (some examples
are indicated by black arrows infigure 9), even though the calculations are only in limited agreementwith
experiment. It is also to be underlined that, for a given photon energy, a change in the crystallographic direction
has a dramatic influence on theCD-ARPES signal observed.

Figure 8.CD-ARPES in the G–K direction of Bi(1 1 1) calculated for various photon energies. The blue-red colour scale indicates the
sign/strength of the dichroic signal.
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4. Conclusions

Wehave shown that the growth of Bi thinfilms on InAs(1 1 1) substrates present distinctive behaviours
depending on the atomic surface termination. The analysis of Bi and In core-level photoelectron spectra
indicates that Bi growth is epitaxial on the InAs(1 1 1)A surface, contrary to that on the InAs(1 1 1)B surface.
Deposition of 10 BL⪆ of Bi on InAs(1 1 1)A results in a Bimonocrystal of very high quality as attested by
comparison of valence band photoemission datawith previous results obtained on the bulkmaterial. Our results
are also supported by state-of-the-art theoretical simulation of the photoemission process. A detailed
comparison between theory and experiment on the circular dichroism in photoemission suggests a p–d
hybridization of the valence states in the vicinity of theG point. Finally the strong influence of thefinal states on
the dichroism in photoemission for this system is revealed, giving an illustration that dichroism in
photoemission has to be usedwith care for probing the spin texture of topological systems.
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