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ARTICLE INFO ABSTRACT

Keywords: Self-assembled nanolines are attractive to build the technological devices of next generation, but characterizing
Bi nanolines their electronic properties is often difficult to achieve. In this work we employ angle-resolved photoemission
Self-assembly spectroscopy and density functional theory to clarify the electronic structure exhibited by self-assembled Bi

Photoemission spectroscopy
InAs surface
Density-functional theory

nanolines grown on the InAs(100) surface. A surface resonance associated to the reconstructed ¢(4 x 2) surface
is visible in the photoemission spectra before and after the formation of the Bi nanolines. This demonstrates
that Bi deposition does not necessarily drive a transition to an unreconstructed surface in the substrate, which
is contrary to what was reported in previous studies. In addition, experiment and theory show the presence of
a flat band located in the band gap of InAs, just above the valence band maximum. This flat band is associated
to the Bi nanolines and possesses a strong orbital character, consistent with its unidimensional nature. These
spectral features suggest that Bi nanolines on InAs(100) may have a strongly polarized conductivity, which
makes them suitable to be exploited as nanowires in nanotechnology. The coexistence with an accumulation
layer suggests an even farther functionalization.

1. Introduction

As nanoscale devices continue to shrink, components and intercon-
nects of low dimensionality need to reach the scale of a few nanome-
ters. As conventional lithography techniques have a natural limit of
about 10—15 nm [1,2], self assembly is being considered as an attrac-
tive alternative option to fabricate nanostructures for the technology
of the next generation. In this regard, one-dimensional (1D) nano-
lines have drawn a certain attention for their capacity to function
as interconnects at the nanoscale, i.e. in nanowires [3]. Their high
surface-to-volume ratio as well as their tunable electronic, thermal and
transport properties give 1D nanolines a wide applicability in various
fields of technology, including electronics, optoelectronics, photochem-
istry, and energy storage [4]. As a result, the fabrication of 1D nanolines

on semiconductor surfaces was achieved via self assembly for several
systems, as e.g. Pt on Ge(001), In on Si(111) and Bi on Si(100) [5-12].

Of particular interest are Bi nanolines, as they form kink-free,
defect-free straight lines whose length is limited only by the size of
the terraces formed on the semiconductor surface [13,14]. Their appeal
for functionalization is further increased by a high stability against pro-
longed annealing and by the tendency to maintain a constant width [3].
Most works in the last decade have been focused on the self assembly
of Bi nanolines on Si(100), which is achieved by annealing a Bi-covered
Si(100) surface at around 580 °C, i.e. the Bi desorption tempera-
ture [14,15]. However, subsequent investigations on the electronic
structure have emphasized the absence of energy states derived from
the Bi nanolines in the vicinity of the Fermi level [16,17]. This means
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that the Bi nanolines cannot conduct on their own at low bias voltages
and hence are not suitable to be exploited as nanowires in prototype
electronic devices.

It is natural to ask if the limitations outlined in the previous para-
graph hold for other substrates as well. III-V semiconductors are im-
portant in this regard, as they have a high electron mobility and a
high carrier density, making them very attractive for technology. InAs
possesses a narrow, direct band gap and interesting properties for
quantum transport. Moreover, the (100) and (111) surfaces of InAs
host a natural charge accumulation layer [18-22], where a quasi 2D
electron gas (2DEG) can form [23,24]. The curiosity of exploring these
diverse, intriguing features has motivated the synthesis of uniform
single-arrays of Bi nanolines on InAs(100) [25-28]. Interestingly, a va-
riety of patterns were observed, depending on the particular conditions
of growth and annealing. The most stable configuration corresponds
to a (2 x 6) periodicity, which is obtained through the deposition of
about 1.5 monolayers of Bi on the pristine InAs(100)-(4 x 2) surface,
followed by annealing at about 520 K for 30 min to 1 h. The observed
periodicity was also interpreted as an “average” reconstruction arising
from patterns with smaller and larger periodicities [26]. Electronic
structure calculations based on density-functional theory (DFT) can
help explaining the reported experimental data. AlZaharani and Sri-
vastava first identified that the nanolines are formed by Bi dimers on
top of a monolayer of Bi dimers, which are in turn placed over the
In-terminated InAs(100) surface [29]. The most favorable arrangement
was found to have the Bi dimers in the nanolines parallel to those
in the monolayer. Later on, Ahola-Tuomi et al. showed that a more
stable configuration is obtained by creating Bi defects in the monolayer,
just below the nanolines [27]. Despite the detailed structural analysis,
the electronic properties of the Bi nanolines have not been addressed
in detail. As we stressed above, it is crucial to identify whether the
conductive character of the Bi nanolines can be associated to a detached
impurity band or not. A related question is how the electronic structure
of the pristine surface is going to be affected by the presence of Bi.
Answering these two questions is necessary to hope to exploit these
nanostructures in prototype devices.

In the present work, we investigate the electronic properties of
the self-assembled Bi nanolines on top of a Bi-stabilized InAs(100)
surface using angle-resolved photoemission spectroscopy (ARPES) and
ab initio electronic structure calculations. In accordance with previous
experiments, the InAs(100) surface is shown to undergo a {(4 x 2)
reconstruction, whereas the Bi/InAs(100) system shows a (2 x 6) sym-
metry. The combined experimental and theoretical analysis shows that
the signature of the Bi nanolines is a strong non-dispersive resonance
peak located just above the valence band maximum. This feature, in
conjunction with the presence of a charge accumulation layer, suggests
that the Bi nanolines on top of InAs(100) can conduct on their own
and therefore may potentially act as nanowires. Most importantly, a
characteristic surface resonance observed with and without Bi as well
as the periodicity of the flat band demonstrate that the ¢(4 x 2)
surface reconstruction is preserved. This result emphasizes once more
how crucial are the external conditions in the sample preparation and
suggests that non-destructive growth can be obtained on other III-V
surfaces as well.

2. Material and method

ARPES experiments were carried out at the APE beamline of the
ELETTRA synchrotron radiation center, in Trieste, Italy, and at the
CASSIOPEE beamline of the SOLEIL synchrotron radiation center, in
Saint-Aubin, France. All measurements were performed on undoped
InAs(100) single crystals. The samples were cut along the (110) natural
cleavage plane from an InAs[100] oriented surface. The In-terminated
InAs(100) clean surfaces were first prepared with several cycles of
Ar-ion bombardment at room temperature and then with subsequent
heating to a temperature of 700 K. The low energy electron diffraction
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(LEED) patterns, reported in the Supplementary Material, demonstrated
that we have achieved a high-quality In-terminated InAs(100)-{(4 x 2)
reconstructed surface, with self organized lines of In oriented along
the [011] direction. Bismuth was deposited from a Knudsen cell cal-
ibrated with a quartz monitor and the sample was then annealed to
520 K after the deposition. The obtained LEED pattern, also reported
in the Supplementary Material, shows a (2 x 6) reconstruction for
the Bi, in agreement with the “average pattern” identified in previous
literature [25-27]. In these studies, based on scanning tunneling mi-
croscopy, the largest separation between the Bi nanolines was found
to be 4.3 nm [26] i.e. 10 times the distance of the surface unit cell
of InAs(100)-(1 x 1). The Bi nanolines were found to be oriented
along the [011] direction, also in agreement with previous literature.
An important point to stress is that our (as well as previous) LEED
data do not show a clear hexagonal pattern for the Bi monolayer below
the nanolines, ruling out a bismuthene-like arrangement [30-32] and
confirming the previously suggested dimerization [27,29]. Annealing
at temperatures higher than 520 K causes the desorption of Bi. The
ARPES measurement of the valence band were performed with linearly
polarized photons of 31 eV energy, which is the value for which the
resonant effect was found to be maximal. The electric field vector E
was oriented along horizontal and vertical directions, i.e. in the surface
plane or normal to it, respectively. Most measurements were performed
with E along the horizontal direction. All ARPES measurements were
performed at room temperature.

3. Calculations

To investigate the electronic structure of Bi/InAs(100) we per-
formed first-principles calculations via DFT, as implemented in the
Vienna Ab-initio Simulation Package (VASP) [33]. This code is based on
the projected augmented wave (PAW) method [34] and has been shown
to have a high accuracy with the most recent pseudopotentials [35].
Determining the formation of self-assembled nanostructures deposited
on a substrate is a very complex problem, especially for patterns
with a large periodicity. As discussed in the Introduction, previous
works [27,29] have already clarified that the Bi nanolines form on
top of a monolayer of Bi dimers, located on the substrate [27,29].
The precise distance between the Bi nanolines depends on the growing
conditions and was found to range from 1.7 nm to 4.3 nm, corre-
sponding to a periodicity of (2 x 4) to (2 x 10) [25-27]. Previous
DFT studies showed that the local structural changes are minor across
the patterns (2 x 6), (2 x 8) and (2 x 10), since the nanolines are
already sufficiently distant to experience a negligible interaction [29].
Hence, for computational convenience, we adopt the smallest unit cell,
corresponding to a (2 x 6) periodicity, which also corresponds to the
average periodicity emphasized by our LEED patterns. The modeling
of the Bi system on top of the In-terminated InAs(100) substrate was
done using the repeated slab method [36]. The InAs(100) substrate
was modeled with 11 layers of alternating In and As planes along
the lattice vector ¢ direction. The dangling bonds in the bottom As
layer were passivated with fractionally charged pseudohydrogen atoms,
with Z = 0.75. Three surface reconstructions were considered for the
InAs(100) surface viz (a) the pristine unreconstructed surface, (b) the
(4 x 2) reconstructed surface, (c) the {(4 x 2) reconstructed surface
(see the Supplementary Material). The initial arrangement of the Bi
dimers on top of the substrate depends on the reconstruction, but has
to be consistent with the experimental evidence that the Bi nanolines
are perpendicular to the In lines on the (4 x 2) surface of InAs(100).
Finally, a vacuum region of 15 A was added to separate periodic images
along the out-of-plane z-direction. These initial configurations were
fully relaxed, while the bottom four atomic layers of the substrate were
kept fixed to their ideal bulk positions. The in-plane lattice constant
was kept fixed to InAs bulk, being equal to 4.27 A along [011] and
[011] directions. The structures were considered optimized when the
forces were found to be smaller than the convergence criterion of
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0.01 eV/A. The three initial configurations leading to the three relaxed
structures discussed in the next sections have been described in the Sup-
plementary Material, for sake of completeness. The wavefunctions were
expanded within the plane-wave basis set with a kinetic energy cut-
off of 500 eV. The generalized gradient approximation as implemented
within the Perdew-Burke-Ernzerhof formalism (PBE-GGA) was the
choice for exchange—correlation functional [37]. A I'-centered k-point
mesh of 5 x 3 x 1 was used to sample the Brillouin zone (BZ) of the
supercell. Dipole corrections were applied within the Neugebauer and
Scheffler scheme to avoid any artificial electrostatic fields arising due
to the application of periodic boundary conditions [38]. As it is well
documented that spin—orbit coupling (SOC) can have significant effects
on the band structure for bulk Bi as well as 2D Bi surfaces [39-41],
electronic structure calculations were carried out with the inclusion
of SOC. For a better comparison with experiment, the band structure
of the supercell was unfolded onto the BZ of InAs via the BandUP
code [42,43].

4. Results
4.1. Experimental observations

We start with the description of the valence band spectra in normal
emission, already presented in our previous study [44] but useful to
anticipate and interpret the results obtained in ARPES. In Fig. 1, we
report the spectra of the clean InAs(100)-{(4 x 2) reconstructed surface
(blue curve), compared to the spectra recorded after Bi deposition
and annealing (red and gold curves). For the clean InAs(100) surface,
i.e. the blue curve, E is aligned perpendicularly to the In lines, in order
to maximize their contribution to the spectra. This experimental geom-
etry makes it possible to emphasize the presence of a strong resonance
peak at the binding energy of about 3 eV. This feature is also preserved
after the Bi deposition, as demonstrated by the gold curve (measured in
the same geometry). Here, the peak is sitting on a secondary electron
background generated by the photo-excited electrons from the InAs
substrate that are crossing the Bi layer, and thus appears even higher
than in absence of Bi. Since this peak corresponds to a well-known
surface state of the InAs(100)-¢(4 x 2) reconstructed surface [45,46],
we can conclude that the latter is not destroyed by the Bi deposition.
The red curve in Fig. 1, instead, corresponds to the spectrum of the
system after the Bi deposition, measured for E aligned to the In lines
and hence perpendicular to Bi nanolines, as shown in the inset. This
configuration strongly amplifies the intensity of the Bi-derived states,
labeled as “1”, “2” and “3”. In particular, band 1, located at a binding
energy between 0.4 and 0.5 eV, exhibits a marked resonant behavior.

More detailed information on the main resonant peak is provided
by the ARPES spectra and constant energy surfaces reported in Fig. 2.
As in Fig. 1, the orientation of the linearly polarized electric field
vector E with respect to the In lines and the Bi nanolines is shown
in the small sketches, one for each pair of panels. In Fig. 2(a) and
Fig. 2(d), the measurements of the clean InAs(100) surface in the
experimental geometry where E is perpendicular to the In lines are
reported. Fig. 2(d) illustrates that the surface states touch the gap
at around 0.6 eV binding energy. The corresponding constant energy
surface, in Fig. 2(a), shows the precise shape of these surface states
in the 2D BZ. In Fig. 2(b) and Fig. 2(e), instead, the measurements
of the clean InAs(100) surface in the experimental geometry where E
is parallel to the In lines are reported. In this geometry, the resonant
peak at about 3 eV binding energy, indicated by the red arrow, is
much reduced, as inferred from the comparison between the panels
(d) and (e). This switching from resonant to non-resonant behavior
is consistent with what discussed above, for Fig. 1. In both constant
energy plots, i.e. panels (a) and (b), the (4 x 2) reconstruction of the
InAs(100) surface can be recognized and has been emphasized with
vertical dotted lines.
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Fig. 1. Normal emission valence band spectra at the resonance photon energy (31 eV)
for the clean InAs(100) surface (blue curve) and for Bi/InAs(100) (red and gold curves).
The orientation of the linearly polarized electric field vector E with respect to the In
lines and Bi nanolines (when present) is sketched in the inset, separately for each curve.
Different experimental geometries make it possible to emphasize different contributions
to the spectra. In the red curve, new bands that can be attributed to Bi are indicated
and labeled as “17, “2” and “3”. Similar data were reported in our previous work [44].

The same experimental geometry of Fig. 2(b) and Fig. 2(e) is then
used for the ARPES measurements of the Bi/InAs(100) system, reported
in Fig. 2(c) and Fig. 2(f). Fig. 2(c) shows the constant energy surface
of the resonant band previously identified, located at the binding
energy between 0.4 and 0.5 eV and originating from the Bi states. The
band is enhanced due to the resonant behavior, obtained when E is
perpendicular to the Bi nanolines, as already pointed out in the analysis
of Fig. 1. The red line represents the intensity variation of the band at
k, = 0, while vertical lines indicate the 4x periodicity inherited from
the substrate. The comparison between the ARPES spectra shown in
Fig. 2(e) and Fig. 2(f) makes it possible to better characterize the Bi
derived bands 1, 2 and 3. The Bi resonant peak, band 1, is a weakly
dispersing flat band at a binding energy between 0.4 and 0.5 eV,
located in the band gap of InAs and extending over the whole BZ. Other
contributions that may be assigned to Bi appear at energies where InAs
has no spectral weight as shown in the normal emission plot with a
magnified energy range, on the left hand side of Fig. 2(f). Here, the
green spectrum corresponds to pure InAs(100) for E perpendicular to
the In lines, the blue spectrum to Bi/InAs(100) for E perpendicular
to the In lines (and thus parallel to the Bi nanolines, in non-resonant
conditions), and the red spectrum to Bi/InAs(100) for E parallel to
the In lines (and thus perpendicular to the Bi nanolines, in resonant
conditions). The labels 1, 2 and 3 have been used in analogy to Fig. 1.
Despite the presence of important contributions originating from the Bi
states, the InAs surface states are still clearly visible in Fig. 2(f). This
not only suggests that the surface reconstruction has been preserved,
but also that the interaction between Bi and the substrate is rather
weak. Notably, the surface state within the band gap, indicated by
a black arrow in Fig. 2(e), is unaltered by the presence of Bi, see
Fig. 2(f). In addition, we observe a clear modulation of the Bi-derived
flat band in the constant energy plot of Fig. 2(c), with the periodicity
of the underlying In lines, i.e. one fourth of the unreconstructed BZ,
as exemplified by the red intensity line. Overall, our experimental
data show Bi-derived features of clear 1D nature, providing a spectral
signature of the Bi nanolines.
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Fig. 2. ARPES measurements of the clean InAs(100)-{(4 x 2) reconstructed surface are shown in panels (a), (b), (d) and (e). Panels (a) and (b) show constant energy surfaces
at binding energies corresponding to the top of the valence band. The vertical lines are a guide-to-the-eye to emphasize the 2x and 4x periodicity. Above each panel, a sketch
indicates the orientation of the linearly polarized electric field vector E with respect to the In lines (in blue). k, and k, are oriented with respect to the direction of E, and hence
they correspond to different directions in the 2D BZ for different geometries. Panels (d) and (e) show the corresponding ARPES spectra measured in the perpendicular direction to
the In lines, i.e. along k, in (d), with k, =0, and along k, in (e), with k, = 0. The red arrow points to the most relevant surface resonance, whose intensity is higher in panel (d),
being on-resonance, and lower in panel (e), being off-resonance (see also the blue curve in Fig. 1). ARPES measurements of Bi/InAs(100) are shown in panels (c¢) and (f). In
panel (c), the constant energy surface at a binding energy of 0.4 eV is shown, corresponding to a band originating from the Bi nanolines. As discussed for Fig. 1, this band is
enhanced (on resonance) when E is perpendicular to the Bi nanolines, as indicated in the sketch above the panel. The red line represents the intensity variation of the band at
k, = 0, while the vertical dashed lines indicate its 4x periodicity along this direction. In panel (f), the corresponding ARPES spectrum is shown on the right hand side, as measured
along the direction perpendicular to the In lines, i.e. k,, and for k, = 0. On the left hand side, the normal emission spectrum (in red) is shown, for an enhanced energy scale. For
reference, the spectrum of Bi/InAs(100) for E parallel to the Bi nanolines is also shown (in blue), alongside the spectrum of the clean InAs(100) in the same geometry (in green).
In the blue curve, one can identify three main features, labeled as “1”, “2” and “3”, as in Fig. 1. The intensity of the peak 1 is strongly enhanced in the resonant geometry for
the Bi nanolines, i.e. when they are perpendicular to E. The black arrows in (e) and (f) point to an InAs-surface state that is still present after the deposition of Bi, confirming

that the ¢(4 x 2) reconstruction has been preserved.

Having identified a band that can be clearly attributed to the Bi
nanolines, we proceed to characterize it. In Fig. 3, the ARPES spectra
for two different high symmetry directions in one fourth of the pro-
jected 2D BZ of bulk InAs are shown. The spectrum along k., which in
this geometry corresponds to a direction that in real space is parallel to
the Bi nanolines, shows the flat band having a minimum at the I' point,
then going slightly up and then decreasing again towards an energy
very close to that of the I" point, in agreement with the 4x periodicity
inherited from the substrate, as discussed above. Conversely, the spec-
trum along k,, which in this geometry corresponds to a direction that
in real space is perpendicular to the Bi nanolines, shows the flat band
having a maximum at the I" point, then decreasing and then raising
again, with a faster period than for the other direction. This is consis-
tent with our LEED pattern (see Supplementary Material), pointing to a
(2 x 6) symmetry for the Bi system, even in case this is only an average
measurement combining patterns of different periodicities.

4.2. Morphology of Bi/InAs(100) system

The experimental data presented above raise two interesting points.
First, the deposition of Bi does not seem to destroy the surface recon-
struction of the substrate, which is in disagreement with the conclu-
sions drawn in previous studies [26,27,29]. Second, the Bi nanolines
contribute to the formation of an impurity-like band inside the InAs
band gap, which is in sharp contrast to what was observed when
Si(100) is used as a substrate. To clarify these two crucial points,

we performed first-principles calculations of the entire Bi/InAs(100)
system, which is a very demanding computational task.

The morphology of the Bi monolayer and the self-assembled Bi
nanolines on the unreconstructed InAs(100) surface was elucidated in
previous theoretical and experimental works [25,27,29]. A physical
picture emerges where parallel Bi dimers arrange to form a monolayer
on top of the substrate. Above the monolayer, a nanoline of pairs of Bi
dimers may form. Those dimers are oriented in the same direction of
the nanoline and are also parallel to the Bi dimers in the monolayer.
With respect to previous literature, the following additional features
have to be considered to provide a suitable model of the system
probed in ARPES: 1) the (4 x 2) reconstruction of the InAs(100)
surface is likely preserved under the Bi layers; 2) the In lines of the
reconstructed surface are perpendicular to the Bi nanolines. Since the
analysis of Fig. 1 and Fig. 2(f) as well as previous literature [27]
suggest a weak interaction between the substrate and the Bi system,
we can safely assume that different surface reconstructions are not
going to induce a change in the number of dimers present in the Bi
system (in other words, the Bi coverage). We will come back to this
assumption before discussing the conclusions and implications of the
present study. With these considerations, we construct three models
corresponding to the three possible reconstructions of the InAs(100)
surface that we presented in the previous subsection. For simplicity,
we will refer to these three models as Bi/(2 x 1), Bi/g(4 x 2) and
Bi/¢(4 x 2) in the rest of the paper. A short discussion on the three
considered InAs(100) surface reconstructions [47-55] is provided in
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Fig. 3. ARPES spectra of Bi/InAs(100), for two different high symmetry directions in
one fourth of the projected 2D BZ of bulk InAs. Above the spectra, a sketch indicates
the orientation of the linearly polarized electric field vector E with respect to the In
lines (in blue) and the Bi nanolines (in red). For the spectrum as a function of k,, on
the left hand side, k, = 0. For the spectrum as a function of k,, on the right hand side,
k, = 0. The direction of E is used as the Cartesian reference for x and y.

the Supplementary Material. The Bi/(2 x 1) model is analogous to that
proposed by Ahola-Tuomi et al. [27] and requires a minimum in-plane
supercell size of (2 x 6). The Bi/f(4 x 2) and Bi/{(4 x 2) correspond
to two possible reconstruction compatible with the formation of the In
lines suggested by the formation of the resonant peak at 3 eV binding
energy, see Fig. 1, and requires a minimum in-plane supercell size of
(4 x 6). It should be noted that the requirement that the In lines are
oriented along the [011] direction while the Bi nanolines are oriented
along the [011] direction reduces the possible starting points for the
structural relaxation to only a few configurations.

The optimized geometries for the three models are shown in Fig. 4.
Depending on the reconstruction of the InAs(100) surface, the arrange-
ment of Bi dimers belonging to the monolayer differs from that of the
Bi dimers belonging to the nanolines. For the Bi/InAs(100) geometry,
the Bi dimers in the monolayer and the nanolines are all aligned in
parallel along the [011] direction, which is in agreement with previous
works [27,29]. The introduction of surface reconstruction does how-
ever affect the direction of the Bi dimerization. For the Bi/(2 x 1)
geometry, it is observed that the Bi atoms of the monolayer dimerize
along the [011] direction and are thus perpendicular to the Bi dimers
of the nanoline. On the other hand, the Bi/{(4 x 2) geometry shows a
mixed dimerization. The Bi atoms of the nanolines dimerize along the
[011] direction perpendicular to the growth direction of the nanolines.

[0i1]
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In the monolayer, the Bi atoms far from the nanoline dimerize along
the [011] direction, while the Bi atoms beneath the nanoline dimerize
along the [011] direction.

An increase in out-of-plane buckling with decreasing inter-layer
separation is noted as we proceed from the most symmetric Bi/(2 x 1)
system to the least symmetric Bi/¢{(4 x 2) system. The inter-layer
separation between the Bi monolayer and the topmost layer of the
InAs(100) surface decreases from 2.17 10\, for Bi/(2 x 1), to 1.60 A
and 1.25 10\, for respectively Bi/f(4 x 2) and Bi/{(4 x 2). This decrease
can be attributed to the nature of the (4 x 2) reconstructed InAs(100)
surface, which contains 2 atoms less than the unreconstructed one.
This induces an increased interaction between the surface and the Bi
monolayer, resulting in an observable buckling of the Bi layers, which
leads to a reduced inter-layer separation. Furthermore, in the ¢(4 x 2)
reconstructed InAs(100) surface, 4 of the 8 As atoms rise in the topmost
position (see e.g. Fig. 4). Considering that the atomic radius of As,
namely 1.15 A, is smaller than that of In, namely 1.55 A, the InAs(100)-
¢(4 x 2) surface has a more open, less closely packed geometry with
several hollow sites. Consequently, the interaction between the Bi
monolayer and the reconstructed surface is increased in comparison
to the other systems, leading to the smallest inter-layer separation.
This strong interaction, coupled with the open geometry of the surface,
results in a higher degree of buckling. Despite this buckling affects the
topmost layers of the InAs(100)-¢(4 x 2) surface as well, the distortion
remains a local effect and the overall geometry of the reconstruction is
still preserved. This conclusion is also supported by the analysis of the
electronic structure, which is provided in the next subsection.

4.3. Electronic structure of the Bi/InAs(100) surface

After having discussed three possible geometries for our sample,
we can analyze their electronic structure with respect to the ARPES
spectra. To this aim, it is important to unfold [42,43] the band structure
of the supercells onto a BZ that is consistent with the one used to
interpret the experimental data. The latter was conveniently chosen
to match the unreconstructed (1 x 1) in-plane cell of the InAs(100)
substrate, which has a lattice parameter ~ 4.27 A along the [011] and
[011] directions. The unfolded band structures are then shown in Fig. 5.
The path Y — I' corresponds to probing along the [011] direction, which
is parallel to the Bi nanolines, i.e. k, in the geometry of Fig. 3. The
I'— X direction corresponds to probing along the [011] direction, which
is perpendicular to the Bi nanolines, i.e. k, in the geometry of Fig. 3.

The first feature to note is that all systems exhibit a rather well
defined valence band arising from bulk InAs and reaching a maximum
at about 0.5 eV below the chemical potential. Conversely, the con-
duction band is not so well defined, due to the overlap with the Bi
states. More in detail, we note that the states that should define the
conduction band minimum, at the I" point, cross the Fermi level for
both Bi/(2 x 1) and Bi/f(4 x 2). This implies that both these systems
have a metallic character, while Bi/¢(4 x 2) retains the semiconducting
character observed in experiment. Although this could suggest that we
should focus only on the latter, we should not forget the fact that
DFT in local or semi-local approximation is well known to tend to
underestimate band gaps in semiconductors in general [56,57] and

Bi/p(4x2)

Bi/{(4x2)

1
‘..o.\\(.\-ll.‘ 1 -
O A ED.
> 4 > < it L3
s ®

4
'o..‘l,“lﬂ\‘c 40 A

O CE (.:.) 4
o) — =

Fig. 4. Top view of the Bi/(2 x 1), Bi/#(4 x 2) and Bi/{(4 x 2) surfaces. Blue spheres denote the In atoms and light green spheres denote the As atoms. Bi atoms belonging to
the monolayer and the nanoline are denoted by orange and yellow spheres, respectively. The size of the spheres reflects the distance from the surface. An alternative visualization

of these structures is also provided in the Supplementary Material.
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Fig. 5. The band structures of the Bi/(2 x 1), Bi/#(4 x 2) and Bi/{(4 x 2) surfaces unfolded onto the InAs(100) (1 x 1) cell, as obtained by DFT in GGA-PBE with SOC. Zero
energy corresponds to the Fermi energy of the supercell. For a better comparison with the experimental data, two additional panels on the right hand side show the band structure
of the Bi/{(4 x 2) geometry magnified in the most relevant energy range and along the high-symmetry paths Y /4 — I' — Y /4 (top) and X/6 — I' — X /6 (bottom), reflecting the

expected periodicity.

for InAs in particular [22,58,59]. The second feature to focus on is
whether our theoretical spectra allow us to identify the localized band
corresponding to the resonant state associated to the Bi nanoline. The
precise position of the band may differ between theory and experiment,
due to the uncertainty in determining the chemical potential to use as
a reference. This uncertainty is a consequence of the aforementioned
error on the band gap, the difficulties in accounting for the accumula-
tion layer and finally in effects beyond our model, as e.g. impurities. A
better reference is the distance between the flat band and the valence
band maximum, which can be estimated from Fig. 1, Fig. 2 and Fig. 3
to be around 0.5 eV. Based on these considerations, and taking into
account the aforementioned uncertainties in comparing theory and
experiment, we can look for the experimentally observed flat band in
the region of the theoretical spectra comprised between —0.2 eV and
0.2 eV.

Fig. 5 illustrates that nearly flat states are present in all three
structures, but are more pronounced in those based on the (4 x 2)
reconstruction. To make sure we are able to identify the correct flat
band, we have to emphasize the following key features observed from
the experimental data: (1) along the Y — I' direction, the flat band
exhibits a minimum at I' and a maximum right close to it (see the

— BiNL(p)
— BiNL(p)
— BiNL(p)

N

DOS (states/eV)

Fig. 6. The orbital contributions p, (red), Py (green) and p, (blue) to the projected
density of states of the atoms composing the Bi nanolines. Zero energy corresponds to
the Fermi energy of the supercell.

left hand side of Fig. 3); (2) along the Y — I' direction, the flat band
has a 4-fold modulation matching the periodicity of the underlying
substrate [see panel (c) in Fig. 2]; (3) along the I' — X direction, the
flat band exhibits a maximum at the I'-point (see the right hand side of
Fig. 3); (4) the contribution to the flat band arising from the Bi nanoline
should have mainly a p, orbital character, with the x-axis in real space
being aligned along the [011] direction (conclusions derived comparing
ARPES data with horizontal and vertical polarizations, data not shown).
The inspection of Fig. 5 demonstrates that the only band that satisfies
the first three criteria is the localized band observed just below the
Fermi level in Bi/¢(4 x 2). In particular, the third criterion leads us to
exclude most of the localized bands that are visible in the spectrum.
To better verify that the shape of this band matches the experimental
data of Fig. 3, two magnified panels in the relevant energy range are
also shown in Fig. 5, providing a direct comparison between theory and
experiment. Then, we can proceed to verify if the flat band observed
in Bi/{(4 x 2) satisfies the fourth criterion as well. To this aim, we
investigate the projected density of states for the atoms composing the
nanolines, reported in Fig. 6. A we can see, the p, orbital character is
dominant in the region just below the Fermi level, which is consistent
with experimental data collected with different polarizations. All the
previous considerations allow us to identify the localized band observed
in ARPES as arising from the Bi nanolines on top of the ¢(4 x 2)
reconstruction of InAs(100). In turn, this also confirms the fact that
the Bi deposition does not destroy the native reconstruction of the
InAs(100) surface.

Before moving to the conclusions, it is worth commenting on the
accuracy of our theoretical modeling. The large size of the system,
encompassing several layers of the substrate plus a total in-plane
periodicity of (4 x 6), the uncertainty on the precise number of Bi
dimers and defects, as well as the limitations of DFT in modeling
semiconductors make it possible to only offer a qualitative analysis of
the geometry and, thus, the electronic structure. A more precise quan-
titative modeling is unfortunately not accessible at the moment, but
it will be interesting to address with the next generation of electronic
structure codes.

5. Conclusions
We have reported the results of a joint experimental and theo-

retical investigation of the electronic structure of self-assembled Bi
nanolines deposited on top of the InAs(100) surface. The comparison
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of theoretical and experimental electronic structure demonstrates that
the self-assembled Bi nanolines drive the formation of a flat band
located inside the band gap, approximately 0.5 eV above the valence
band maximum and 0.1 eV below the charge accumulation layer.
The presence of conducting states that can be affected by a low bias
voltage opens interesting perspectives for the application of this type of
nanostructures as nanowires in electronic devices. Having a flat band
with a one-dimensional character may also be evidence of a Luttinger
liquid, albeit only future studies will be able to clarify this point.
Furthermore, our analysis shows a surface resonance associated to the
¢(4 x 2) reconstruction which persists also after the Bi deposition.
This finding is contrary to the observations drawn from the previous
syntheses of the Bi nanolines, where it was shown that after annealing
a transition to the native unreconstructed surface is obtained [25-27].
Our findings mean that one can possibly tailor the conditions of growth
and annealing to preserve a certain type of surface reconstruction,
including the formation of a charge accumulation layer. The possibility
of interplay between these diverse aspects is very intriguing for future
nanotechnology based on self-assembly.
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