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A B S T R A C T
Bi ﬁlms deposited on InAs(111) A and B sides have been studied by photoemission electron microscopy. A
series of snapshots acquired during sequential annealing of the interfaces at temperatures below and above
the melting temperature of Bi allowed obtaining a comprehensive image of the topographic and chemical
evolutions of the Bi ﬁlms that are found to be InAs side dependent. On the A side, a morphology of circular
patterns controlled by Bi atoms mobility is observed. The patterns are formed on the pristine In-terminated
InAs(111) surface covered by a weakly bonded Bi bilayer. On the B side, no particular morphology is observed
due to a stronger chemical interaction between Bi and As atoms as evidenced by the spatially-resolved
core-level photoelectron spectra.
© 2016 Elsevier B.V. All rights reserved.

1. Introduction
Bismuth is the heaviest group-V semimetal; so its large spinorbit splitting combined with the loss of inversion symmetry at the
surface may result in a band structure which is not spin degenerate [1]. It is therefore useful exploring how the electronic properties
of bulk Bi are affected at the nanoscale, i.e. in Bi thin ﬁlms deposited
on semiconductors. Theoretical studies show the importance of
one [2] or several [3] bilayers (BL) of Bi(111) for spin and topological
systems [4–6].
This has motivated investigations of Bi thin ﬁlms grown on
various substrates, e.g. Si(111) [7, 8], SiC(0001) [9] and highlyoriented pyrolitic graphite [10]. InAs(111) is an alternative substrate
that deserves to be investigated because of the close lattice match
to Bi(111). Alloying of thin Bi ﬁlms on As-terminated InAs(111) was
analysed by core level photoelectron spectroscopy [11] and lowenergy electron diffraction (LEED), revealing a complex chemistry
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depending on the annealing temperature. However more detailed
understanding of atomic arrangements, as obtained by combining
local imaging and spectroscopy, is needed.
In this work, the structural, chemical and electronic properties
of Bi thin ﬁlms deposited on InAs(111) have been investigated
using soft X-ray photoemission electron microscopy (PEEM). PEEM
allowed us to get snapshots, in both real space and reciprocal
space, of the clean surface and of the changes it undergoes after
Bi deposition and upon annealing. We found that the nature of the
InAs surface, i.e. either In-terminated (the so-called A side) or Asterminated (the B side), plays a crucial role in the Bi growth mode.
A morphology of circular patterns controlled by Bi atoms mobility is
observed on the A side. The B side shows no particularly organized
morphology due to a stronger chemical interaction between Bi and
As atoms.
2. Experimental
The substrates were cut from a 0.5 mm thick n-type InAs(111)
wafer (Wafer Technology Ltd., UK) doped with S with a carrier
concentration of 3×1018 cm −3 and polished on both sides, one being

148

M. Richter et al. / Surface Science 651 (2016) 147–153

cation (In) terminated, the A side, and the other anion terminated
(As), the B side, due to the lack of inversion symmetry of the InAs
crystal (see e.g. Ref. [12]). After degassing, both InAs(111)A and B surfaces were prepared by repeated cycles of ion bombardment (Ar + ,
600 eV) and annealing at 400 ◦ C. Bismuth was deposited from a
Knudsen cell at a rate of about 0.5 BL/min.
The experiments were performed at the NanoESCA beamline of
the Elettra synchrotron radiation facility [13, 14]. The NanoESCA
instrument combines an electrostatic lens and a double-pass hemispherical electron analyser allowing work function overview imaging in real time using the 4.9 eV photons emitted by a mercury
arc lamp (achieved lateral resolution 50 nm). Using synchrotron
radiation (p-polarised light) both element speciﬁc images and smallspot chemical state images can be recorded by photoelectron spectroscopy; k-space imaging by angle-resolved photoelectron spectroscopy (ARPES) can be done as well. The ARPES spectra were taken
with a photon energy hm of 43 eV, as well as most Bi 5d and In 4d
PEEM images; some In 3d, As 4d and Bi 5d core level PEEM images
were recorded at hm = 100 eV. The spatial resolution was better than
1 lm. The energy resolution was ≈0.3 eV. All measurements have
been made at room temperature.
3. Results and discussion
3.1. Clean InAs(111) surfaces
Typical LEED patterns and ARPES data for the InAs(111) A and B
sides after the above-mentioned surface preparation are shown in
Fig. 1 (a) and in Fig. 1 (b and c), respectively (note that throughout this article, blue and orange colours are used in the ﬁgures for
real- and reciprocal-space representations, respectively, except for
the LEED pictures). The LEED patterns show a (2 × 2) reconstruction
[Fig. 1 (a), top view] for the A side and a non-reconstructed surface
for the B side [Fig. 1 (a), bottom view], in agreement with previously
reported investigations (see e.g. Ref. [15] and the references cited
therein).
Identical electron energy bands in the C̄–M direction are observed
for both sides. As an example we give in the bottom panel of Fig. 1
(c) an ARPES spectrum that is typical of the A side. The bands are in
agreement with previously published ARPES spectra [16].
The surface crystallography of the A and B sides is also revealed
by the k-maps recorded [Fig. 1 (c)] very close to the Fermi energy
(EF ) because of the presence of an electron accumulation layer in the
vicinity of the C̄ point for both surfaces. For the A side, the periodic
variation of the spectral weight near EF [see the dash-dotted (red)
line in Fig. 1 (c), bottom panel] along the C̄–M direction is given in
the top panel of Fig. 1 (c): the intense and faint (marked by the black
arrows) peaks correspond to the accumulation layer observed at C̄
for the (2 × 2) reconstruction. This accumulation layer was observed
for the ﬁrst time on InAs surfaces by Olsson et al. [16] and later
investigated in detail by King et al. [17]. The corresponding twodimensional k-map is given at the top of Fig. 1 (b): it shows a strong
hexagonal pattern with additional weaker spots corresponding to
the (2 × 2) reconstruction; two black arrows are used as a guide to
the eye for the additional spots of this pattern. For the B side, only
the hexagon associated with the unreconstructed surface is visible
[bottom panel of Fig. 1 (b)].
The analysis of the In 4d and As 3d core level photoelectron spectra reveals the same components as those previously reported in
Refs. [11, 18, 19]; thus these spectra are not shown here.
3.2. Bi/InAs(111) interfaces
Bismuth was then deposited on such prepared A and B sides. Epitaxial growth on the A side leads to a high-quality Bi monocrystal
already after deposition of several BL of Bi whereas, for the same

coverage, the B surface induces formation of islands. However, after
deposition of ≈30 BL the crystal quality is almost the same for
both sides. For this reason, ﬁlms with this thickness were initially
prepared for our studies.
As an example, we show in Fig. 2 the results for the deposition
on the B side. The mercury lamp image shows a “granularity” on a
scale of 1 lm. More quantitative information can be obtained from
a pixel by pixel ﬁt to the threshold spectra across the whole ﬁeld
of view. The photoemission threshold is ﬁtted using an error function and the result is mapped in Fig. 2 (a). The histogram of the work
function distribution shown in the inset to Fig. 2 (a) is centred on
4.37 eV with a full width at half maximum of 50 meV. This is a strong
evidence for a chemically uniform surface. The measured work function value in PEEM has to be corrected for the Schottky effect due
to the high extractor ﬁeld [20]. In this case 98 meV should be added
to the measured values, thus the true work function is 4.47 eV, close
to the value of 4.32 eV measured by ultra-violet photoelectron spectroscopy [21] for Bi(001). We have a more dense (111) surface which
should indeed show a higher work function than the (001) surface.
Typical values of the work function ﬂuctuation are 0.1–0.4 eV. The
nearly uniform work function across the ﬁeld of view suggests that
the contrast is rather of topographical nature. This is conﬁrmed by
scanning tunnelling microscopy (STM), which shows [see Fig. 2 (b)]
six-fold symmetry patterns at a scale of ∼100 nm corresponding to
Bi(111) terraces. This observation is very similar to the one done
on ﬁlms of Bi2 Se3 (which has the same crystalline structure as Bi)
grown by molecular beam epitaxy on SrTiO3 (111) substrates [22].
The STM image [Fig. 2 (c)] shows a perfect hexagonal arrangement
of closed-packed Bi atoms, without any presence of allotrope structures. Those may appear in initial stages of growth, as this is the case
for the Bi/Si(111) interface [23]. The excellent crystallinity of the terraces is also conﬁrmed by the sharp Bi/InAs(111)-(1×1) LEED pattern
[Fig. 2 (d)] as well as by the well-deﬁned energy bands and Fermi
surface obtained by ARPES [Fig. 2 (e) and (f), respectively] that are
identical to those observed for the (111) surface of bulk bismuth (see
e.g. Refs. [24–26]). One can recognize the hexagonal electron pocket
at the centre of the Fermi surface, surrounded by six “petal” hole
pockets along the C–M directions.

3.3. Annealed Bi/InAs(111)A interface
The deposited ﬁlms were then annealed. We stepwise increase
the temperature, looking at the surface morphology by recording at
each step the PEEM image matrix over the threshold-close valence
band with the mercury lamp. An important change in the images
starts to appear at an annealing temperature of ≈230 ◦ C [see Fig. 3
(a)]. This is not unexpected because this temperature is close to the
melting point of bismuth, which means that the mobility of Bi atoms
is then greatly enhanced, some evaporation not being excluded. One
notes that the long-range homogeneity observed in Fig. 2 (a) has
been broken and that small terraces of the original surface gain in
size, spanning now a few 100 lm2 . The work function analysis after
annealing at 230 ◦ C is shown in Fig. 3 (a). The majority of the surface has a work function of 4.28 eV, whereas the darker geometric
patches have a work function of 4.33 eV. This can also be seen from
the broader histogram of work function values [see the inset to
Fig. 3 (a)].
At the same time, the observed modiﬁcation due to the enhanced
mobility of Bi atoms does not alter the crystal quality of the remaining ﬁlm because the large terraces still retain the six-fold symmetry.
This is further demonstrated in Fig. 3 (b and c) showing that the ﬁlm
has the all-over characteristics of the electronic band structure and
of the Fermi surface of Bi(111) [see also Fig. 2 (e and f) for comparison]. So, the thickness of the terraces must be large enough to stand
for a bulk crystal and the structure is that of the original ﬁlm.
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Fig. 1. Clean InAs(111): (a) LEED patterns (at 50 eV for the A side and at 54 eV for the B side). The basis vectors of the reciprocal space are shown as dashed (red) arrows;
(b) k-maps near the Fermi level; (c) ARPES of the A side along the C–M direction (bottom panel) and intensity proﬁle of the ARPES spectrum near (red dash-dotted line) the Fermi
level (black dashed line) (top panel).

respect to the surface normal. We attribute these white triangles
to the drop shadow (absence of photoemission intensity) resulting
from the presence of clusters, as the triangles exist in the same place
whatever the core-level or valence-band energy-ﬁltered PEEM image
is considered. Moreover, a closer inspection of element-sensitive
images in Fig. 3 (e–g) reveals the presence of Bi clusters appearing as
small dark dots at the upper part of the triangles in Fig. 3 (g).
When going from Fig. 3 (d) to Fig. 3 (e and f), the contrast is
reversed, testifying the presence of In and As in about the same proportion on the light blue central terrace of Fig. 3 (d). Note that the
slight variation of photoemission intensity across the terrace is due
to an inhomogeneity of the synchrotron light and not to a concentration gradient across the sample. The contrast is again reversed in
Fig. 3 (g), measured at the maximum of the Bi 5d5/2 core level photoemission, indicating a small concentration of bismuth inside the
terrace, except on the spots above the white triangles, as discussed
above. On the contrary, outside the terrace, there is a massive Bi signal, corroborating our attribution of Bi ﬁlm thickness in the various
regions.
Raising the annealing temperature to 300 ◦ C, i.e. above the melting temperature of Bi, switches the atom dynamics to another regime

The annealing brings as well other new features with it. In the
middle of the terraces one remarks small white triangular regions
that can be attributed to the formation of Bi clusters as will be proven
by Bi 5d core level PEEM. This is better seen in Fig. 3 (d), which is the
energy ﬁltered work function image at E − EF = 4.7 eV of the region
shown on the work function map by a white frame [Fig. 3 (a)]. Here
we have chosen E − EF such that the thickness of the Bi layer scales
the darkness of the blue colour. In all other ﬁgures [Fig. 3 (e–g)] corresponding to PEEM images recorded at the maximum intensity of
the In 4d, As 3d and Bi 5d photoelectron signals the white shadows
are observed as well. One can also remark that the white triangles are
present only on the thinner Bi terraces (light blue colour in the work
function image). Clearly, at the given annealing temperature and due
to higher atom mobility, bismuth has the tendency to deplete the
surface of the substrate and agglomerate in clusters.
Another proof of cluster formation is the fact that the triangles
have the same orientation in the core-level PEEM images, but a different one in the mercury lamp image. This is simply due to the fact
that the incoming light shines on the sample in a different azimuth
for each type of picture while the angle of incidence for the mercury
lamp radiation and for the synchrotron radiation is the same with
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Fig. 2. 30 BL Bi/InAs(111)B: (a) work function map taken with the mercury lamp and work function histogram (inset); (b) STM image showing terraces with a six-fold symmetry;
(c) STM image showing the hexagonal arrangements of the Bi atoms on a terrace; (d) Bi/InAs(111)B-(1 × 1) LEED pattern (at 33 eV); (e) ARPES in the C–M direction; (f) Fermi
surface [the Bi(111) surface Brillouin zone with relevant high symmetry points is shown for reference].
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(c) Fermi surface [the Bi(111) surface Brillouin zone with relevant high symmetry points is shown for reference]; (d) work function image for the region indicated by the white
frame in (a); (e–g) In 4d, As 3d and Bi 5d PEEM corresponding energy ﬁltered images of the white frame area.

obtained after successive annealings are shown in Fig. 4 (d). After
the ﬁrst annealing most of the surface has a work function centred on 4.24 eV, lower than that of as grown Bi but still close to the
value reported in the literature for Bi. A signiﬁcantly higher value
of 4.50 eV is observed in the round patches, pointing to a distinct
surface chemistry. The latter is extinguished after the second annealing and the main work function peak shifts to 4.30 eV and ﬁnally
4.44 eV after the third annealing. The corresponding ARPES data,

and affects signiﬁcantly the topography of the surface. The ﬁrst
qualitative observation on the work function map [Fig. 4 (a)] indicates that the domains with six-fold symmetry have been replaced
by an array of micrometer-sized circular patches with a spot at
their centre. Upon repeated annealing at the same temperature, each
of them during about 10 min, the patches decrease in size as well
as in density, until complete disappearance, only the central spots
staying in place [see Fig. 4 (b and c)]. The work function histograms
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Fig. 4. 30 BL Bi/InAs(111)A sample after annealing at 300 ◦ C: (a) work function map taken with the mercury lamp after a ﬁrst 10 min annealing; (b) and (c) further annealing
for 10 and 20 min, respectively; (d) work function histograms corresponding to samples (a–c); (e) ARPES spectrum in the C–M direction of the surface shown in (a); (f) energy
distribution curve close to the Fermi level for the surfaces in (a) and (c). For comparison, the spectra corresponding to the clean InAs(111)A surface and to the 30 BL Bi/InAs(111)A
surface annealed at 280 ◦ C are also shown.
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averaged over the whole image [Fig. 4 (e)], reveal that the band
structure is no more that of bismuth but is related to that of InAs
as also testiﬁed by a clear signature of the accumulation layer [see
Fig. 1 (c) for comparison]. The evolution of the ARPES spectrum can
be more precisely followed through the energy distribution curve
at the C point. In Fig. 4 (f) we plot the energy distribution curves
corresponding to the images shown in Fig. 4 (a) and (c). For reference,
we show also the energy distribution curve of the Bi/InAs(111)A surface annealed at 280 ◦ C and that of the clean InAs(111)A surface.
One can see that the intensity of the feature due to the accumulation layer decreases when going from the InAs(111)A surface to
the most annealed Bi/InAs(111)A surface. At the same time, the
band dispersion in 2-dimensional ARPES data looses in contrast (not
shown). This leads to the ﬁrst qualitative conclusion that the annealing above the melting temperature of bismuth progressively destroys
the crystallinity of the surface.
In order to identify the chemical nature of each of the three different regions in Fig. 4 (a), i.e. the circular patches, the spots at their
centre and the inter-patch region, we acquired the PEEM images
over the core level spectra and show the images at the maximum
intensity of the In 4d5/2 and Bi 5d5/2 core level spectra [Fig. 5 (a and
b), respectively].
The In concentration is high on the circular patches, but low on
the central spots [Fig. 5 (a)]. Bismuth has a lower concentration on
the patches than between them. The Bi concentration is also high in
the central spots, indicating that those are made of bismuth clusters
which we already observed in Fig. 3. This is also corroborated by the
white shadows just below the Bi spots [Fig. 5 (b)]. From the size of the
shadow and from the angle between the direction of the impinging
photons and the sample surface (≈ 25◦ ), we estimate the height of
the Bi clusters to be ≈250 nm.
The core-level chemical shifts [see Fig. 5 (c and d)] greatly help
to better understand the morphology of the annealed surfaces. The
shape and the binding energy of the Bi 5d5/2 photoemission from
the central spot can be considered as corresponding to bulk Bi and
is taken here as a reference [spectrum in green with triangles in
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Fig. 5 (d)]. When going from the spot to the circular patch, the concentration of bismuth strongly decreases and the core level is shifted
to lower binding energies.
This area of the patches is typical of a situation where Bi forms
an interface with the In-terminated surface of InAs: Bi atoms interact
weakly with In and a shift of the Bi core level to lower binding energy
occurs as this is the case for the Bi/InAs(100) surface (see Ref. [27]
and the references cited therein). The photoemission spectra and
the calculations reported in this publication lead to the conclusion
that when annealing Bi ﬁlms on an In-rich surface, the most stable atomic model of the interface consists of one BL of Bi in contact
with the In surface layer. This implicitly means in our case that the
remaining amount of bismuth migrates to form clusters as soon as
the temperature is high enough. As we will explain, the formation of
circular patches is a logical consequence of this. We suggest that the
circular patches consist of the InAs(111)A monocrystal covered by
one BL of bismuth. This suggestion also agrees with the fact that prolonged annealing destroys the crystallinity of the substrate which is
in fact observed as a progressive reduction of the number of patches,
a diminution of their size and the disappearance of the accumulation
layer, in complete consistency with Fig. 4.
Now, the question concerning the structure of the region in
between the patches needs to be addressed. In this region, the Bi
5d5/2 core level shifts to higher binding energies, which is a ﬁngerprint of bonding between Bi and As [11]. This is a logical consequence
of the prolonged annealing at 300 ◦ C which provides enough energy
to stimulate the formation of Bi–As bonds which are stronger than
Bi–In bonds, as testiﬁed for instance by core-level shifts [11, 27].
This can only be done if the uppermost In layer is broken favouring
the diffusion of As atoms to the surface, which is consistent with a
progressive loss of crystal quality.
This scenario is the last missing argument to complete our explanation of the observed surface morphology. First of all, it is important
to keep in mind that our PEEM images are measured at room temperature and therefore show a frozen atomic conﬁguration of the surface
at higher temperatures. Our results indicate that during the annealing at temperatures slightly above the melting point of Bi, the major
part of the surface formed by one Bi BL sitting on the In top layer
is preserved and, at the same time, in arbitrarily scattered (homogeneously distributed) points of the surface, probably where defects
are present, a formation of Bi–As compounds is initiated. This necessitates more Bi atoms than available in one Bi bilayer and the Bi
reservoirs are the clusters which were formed during the annealing
of the ﬁlm. The reaction between Bi and As is then fuelled by a ﬂux of
mobile Bi atoms leaving the cluster and sliding on top of the Bi bilayer
which is sticking to the surface. As the ﬂux of atoms is isotropic, the
patches maintain a circular shape with the cluster in their centre.
Implicitly, the rate of the reaction between Bi and As is lower than
the velocity of surface-melted Bi atoms. Prolonged annealing favours
a progressive advance of the frontier between an amorphous-like
mixture of Bi–As–In compounds and the pristine InAs crystal covered
by one Bi bilayer.

3: Bi-Bi

3.4. Annealed Bi/InAs(111)B interface
1 3

1

0

Relative binding energy (eV)

1: Bi-As

1

2: Bi-In

0

-1

Relative binding energy (eV)

Fig. 5. 30 BL Bi/InAs(111)A sample after a 10 min annealing at 300 ◦ C: (a) In 4d and
(b) Bi 5d PEEM images; (c) In 4d and (d) Bi 5d5/2 photoelectron spectra corresponding
to the regions 1, 2 and 3 of (a).

Annealings leave the B side morphology completely different
from the one of the A side, as observed on the Bi 5d5/2 and In 4d PEEM
images [see Fig. 6 (a and b), respectively]. The surface is inhomogeneous, with scattered spots, and the ARPES measurement shows only
fuzzy InAs-like bands (not shown here).
As seen in Fig. 6 (a), we observe a higher density of Bi clusters
of smaller size as compared to the A side. Again, the white shadows
underneath the clusters are a proof of their height which can be estimated to be at least a quarter of their diameter ( 1 lm). As expected,
on the clusters, the Bi 5d5/2 photoelectron spectrum [red curve
with dots of Fig. 6 (c)] corresponds mainly to bulk Bi. In between
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Fig. 6. 30 BL Bi/InAs(111)B sample after 10 min annealing at 300 ◦ C: (a) Bi PEEM image averaged over the whole Bi 5d5/2 photoelectron spectrum; (b) In PEEM image recorded at
the energy of the intensity maximum of the In 4d photoelectron spectrum, between the clusters (left) and on the clusters (right); (c) and (d) Bi 5d5/2 and In 4d core level spectra
for two regions: between the Bi clusters (green curve with triangles) and on the Bi clusters (red curve with dots).

the clusters we ﬁnd an added component with a chemical shift of
≈1 eV to higher binding energies [green curve with triangles in
Fig. 6 (c)] which is attributed to Bi–As bonds [11]. The In 4d photoelectron spectra differ signiﬁcantly whether they are recorded either
on (red curve with dots) or between (green curve with triangles)
the clusters [see Fig. 6 (c and d), respectively]. PEEM images in
Fig. 6 (b) nicely show that the In 4d intensity contrast is reversed in
these two regions. Between the clusters, the In 4d spectrum is similar to that encountered for low Bi deposition (3 BL) on InAs, as
reported in Ref. [11]. Namely, we observe [see the arrow in Fig. 6 (d)]
a shoulder at ≈0.3 eV on the low binding energy side of the main
peak attributed to Bi–In bonds. Clearly, on the clusters, this component is strongly enhanced because here only Bi–In bonds can be
present. These bonds contribute to the main component seen in the
Bi 5d5/2 spectrum of Fig. 6 (c) (red curve with dots), as the Bi–In and
Bi–Bi bond binding energies are barely distinguishable [11]. This is in
line with the studies reporting formation of ternary InAs1−x Bix alloys
with Bi substituting As and giving thus a possible explanation for the
Bi–In bonds [28].

4. Conclusions
We observe a clear difference in morphology of Bi ﬁlms when
grown and then annealed on the In-terminated (A side) and Asterminated (B side) of the InAs(111) surface. After the deposition of a
thick ﬁlm (≈30 BL), a high-quality Bi monocrystal is built up on both
A and B sides.
Annealing of the interface on the A side leads to two different
regimes that depend on the temperature. Interestingly, the temperature that exceeds slightly the Bi melting point switches the atom
dynamics to a regime that affects signiﬁcantly the topography of the
surface. The six-fold symmetry terraces of the original monocrystal
are replaced by an array of micrometer-sized circular patches with
a Bi cluster in the middle. We identify the patches with pristine
InAs(111)A covered with one Bi bilayer. In between the patches,
ternary Bi–In–As compounds are formed having no long-distance
crystalline order. High-mobility Bi atoms ﬂowing from the central

cluster and fuelling Bi–In–As compounds formation control the reaction front between these two regions. The isotropic ﬂux of atoms
guarantees the circular shape of the patches.
The observed mechanism leading to this morphology of circular
patterns opens a way to controlled surface patterning of semiconductor interfaces. The thickness of the originally deposited ﬁlm and
the temperature and duration of annealing can be used to deﬁne the
size and the density of the circular patterns.
The situation on the InAs B side is quite different. After annealing
at 300 ◦ C, the surface presents less order than for the A side and Bi
clusters are formed with an irregular distribution in size. The origin
of this difference can be explained by a stronger chemical bonding
between Bi and the As-terminated B side. This induces a more complex structure at the interface, inhibiting the mobility of Bi atoms
during the annealing.
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