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Properties of self-assembled Bi nanolines on InAs(100) studied by core-level and valence-band
photoemission, and first-principles calculations
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We have studied self-assembled bismuth (Bi) nanolines on the Bi-terminated InAs(100) surface by core-level
and valence-band photoelectron spectroscopy, and ab initio first-principles calculations. A structural model for
this intriguing surface is suggested based on the comparison of the measured and calculated core-level shifts.
Also, the atomic origins for the core-level shifts are proposed based on the calculations. A clear peak related to
this surface was observed in the valence band 0.34 eV below the Fermi level, which can be used as a “fingerprint”

of a well-ordered Bi/InAs(100) nanoline surface.

DOLI: 10.1103/PhysRevB.83.245401

I. INTRODUCTION

The study of well-defined single-crystal surfaces provides
an opportunity to reveal the fundamental mechanisms behind
several phenomena that occur on surfaces, such as chemical
reactions and catalysis, epitaxial growth of thin films, and self-
assembly of nanostructures, which are all of great scientific
importance. From the technological point of view, formation
of periodically ordered nanostructures offers a possibility to
fabricate prototype electronic devices based on the quantum
confinement of electron states.!™ Semiconductor surfaces are
particularly interesting in this aspect since the surface states
inside the gap cannot couple with the substrate.! Furthermore,
different nanostructures can be used as templates to grow other
ordered nanoscale systems with electronic, optical, or even
magnetic properties, which may differ drastically from those
of a bulk system.®®

In particular, a number of studies, both experimental
and theoretical, have been performed on self-assembled
one-dimensional (1D) systems such as nanowires and
nanolines.® ' For example, stepped silicon surfaces have been
used to orient different metals and molecules,>*!* silicon
quantum wires have been grown on Ag(110),'"!? and various
metals (Pt, In, Pb, etc.) form atomic lines on the Ge- or
Si(100)(2 x 1) substrates.!®!” Also, one of the most studied
systems is the Si(100)(2 x 1) surface with highly ordered Bi
nanolines, which consist of two parallel rows of symmetric Bi
dimers.”~!? Besides the fundamental studies of exotic behavior
of quantized electronic states and charge transport, such
structures could be used, for example, as interconnections in
nanoelectronics or as a one-dimensional grating in the molec-
ular scale.”'® Significantly fewer studies have been reported
on 1D systems on III-V(100) semiconductor surfaces, which
is surprising considering their technological importance. Also,
their surface structures are inherently single domain, which is
an important feature when studying, for example, the transport
properties of surfaces. On the other hand, Bi is an interesting
material since its stepped surfaces have 1D spin-split surface
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states, which could be used as spin selectors in electronic
devices (i.e., spintronics)."”

We have found that by self-assembly, it is possible to
produce a uniform, large-scale, single-domain pattern of Bi
nanolines on the InAs(100) substrate.’ The first monolayer
(ML) of Bi grows two dimensionally producing a (2 x 1)
structure in which the Bi atoms form dimers in the [011]
direction. On top of this Bi/InAs(100)(2 x 1) surface, the
second layer grows into one-dimensional Bi chains, which
are aligned parallel to each other by additional heating after
the Bi deposition. Based on our STM (scanning tunneling
microscopy) and LEED (low-energy electron diffraction)
studies, we concluded that the lines are 4.3 nm apart and
have a double periodicity along the line indicating that
the lines are formed by Bi dimers parallel to the dimers
of the underlying (2 x 1) structure. This corresponds to a
(2 x 10) reconstruction of the Bi/InAs(100) surface. Density-
functional calculations of AlZahrani and Srivastava supported
this tentative atomic model.?! However, the understanding
of the atomic and electronic structure of the Bi/InAs(100)
nanoline surface is far from complete due to the limited number
of measurements reported on this surface, and we address this
issue by reporting core-level and valence-band photoemission
data complementary to previous STM and LEED studies,
which provide important criteria for building up the atomic
model for this surface. Also, a number of new atomic models
are considered by theoretical calculations.

In this study, we monitored the formation of the Bi
nanolines on the Bi/InAs(100)(2 x 1) substrate and their
removal by core-level and valence-band photoemission. The
experimental results were combined with first-principles cal-
culations, because especially the comparison of the measured
and calculated core-level shifts provides detailed structural
information,?” although the size of the (2 x 10) unit cell
represents a significant challenge for the calculations. The
core-level photoemission results which are supported by the
calculations show two new surface core-level shift components
for the Bi 5d photoemission spectra from the surface with
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Bi nanolines compared to the Bi/InAs(100)(2 x 1) substrate.
This indicates that the nanolines are indeed induced by
Bi. According to the calculations, Bi dimers of the actual
lines, Bi dimers on both sides of the lines, and Bi dimers
underneath the lines contribute to those shifts. Photoemission
intensity at the Fermi level suggests that the surface is
slightly metallic. Furthermore, a clear peak was observed at
0.34 eV below the Fermi level for the well-ordered Bi-nanoline
surface. Interestingly, the peak arises from the (2 x 1)-Bi
areas between the nanolines according to the calculations.
However, the presence of the Bi nanolines clearly enhances
the emission. Finally, we propose an atomic model hitherto
not reported for the Bi/InAs(100) nanoline surface, which is
energetically favored and explains all the experimental data up
to date.

II. EXPERIMENTAL DETAILS

The photoemission experiments were performed at the
Swedish Synchrotron Radiation Center MAX-lab on beam-
lines 41 and I511. On the beamline 41 the incident angle
of the light was 45° relative to the surface normal. A
hemispherical analyzer with angular resolution of 2° was
used to measure the spectra and the spectral resolution was
100-200 meV depending on the photon energy used. I511
is an undulator-based beamline equipped with a Scienta
SES-200 hemispherical electron analyzer. Grazing incidence
of light (approximately 80° off surface normal) was used to
measure the core-level spectra and the photon resolution of the
photoelectron spectra was 30 meV. Both systems are equipped
with LEED and Ar+ sputter gun and have a possibility for
indirect sample heating. All spectra were recorded at room
temperature.

InAs(100) substrates were cut from a S-doped (n-type)
wafer. Cycles of 1-keV Ar ion sputtering with sample kept
at 380°C and subsequent annealing at 470°C were used to
clean the sample. Two or three cycles were needed to produce
a sharp LEED pattern typical for the well-ordered In-rich
InAs(100)c(8 x 2) surface [Fig. 1(a)].>*** Also, no indium
oxide was observed in the In 4d core-level spectrum. On
the beamline I511, no oxygen and carbon were detected
by photoemission. Approximately 1.5 monolayers (MLs) of
Bi was evaporated from a piece of Bi metal wrapped in a
tungsten coil filament and the InAs(100) substrate was kept at
room temperature during the evaporation. After the deposition,
extra Bi was desorbed from the surface by additional heating
at 250 °C. The Bi/InAs surface was then heated gradually
and Bi 5d, In 4d, and As 3d core levels and the valence
band were measured after each heating step. The experiments
were performed more thoroughly on the beamline 41 at
MAX 1, and some of the measurements were repeated on
the beamline 1511 at MAX II, which accounts for the differ-
ent experimental resolution in the resulting spectra. Photon
energies for the photoemission measurements were chosen
considering the surface sensitivity and resolution. In both
systems, the Fermi level was measured on a cleaned Ta plate,
which was mounted to the sample holder in electrical contact
with the sample. Temperature was monitored by an infrared
pyrometer.
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FIG. 1. (a) LEED pattern of the clean InAs(100)c(8 x 2)
(55 eV), (b) Bi/InAs(100)(2 x 6) (44 eV), (c) Bi/InAs(100)(2 x 1)
with Bi nanolines [i.e., (2 x 10)] (42 eV), and (d) Bi/InAs(100)(2 x
1) surface (43 eV).

III. CALCULATIONS

Theoretical calculations were performed using the ab initio
density-functional total-energy code with the local-density
approximation (LDA).?>?® The approach is based on plane-
wave basis and projector augmented wave method*”-?® (Vienna
ab initio simulation package, VASP)?°~3? The calculations were
performed using (2 x 10) slabs, including 13 atomic layers
(+ pseudohydrogen atoms) and treating the d electrons as
core electrons. The dangling bonds of the bottom surface As
atoms were passivated by pseudohydrogen atoms (Z = 0.75).
A theoretical LDA lattice constant (4.28 A) was used, and two
bottom atomic layers of the slabs were fixed to the ideal bulk
positions. Other atoms, including the pseudohydrogen atoms,
were relaxed using conjugate-gradient minimization of total
energy until the remaining forces were less than 30 meV/A.
The energy cutoff was 300 eV. The number of k points in
the surface Brillouin zone was 10. The k-point sampling was
performed by the Monkhorst-Pack scheme with the origin
shifted to the I' point.* Surface core-level shifts (SCLSs)
were calculated within the initial-state model.??

IV. RESULTS AND DISCUSSION

A. LEED

A (2 x 6)/c(2 x 12)] LEED pattern was observed straight
after Bi deposition [Fig. 1(b)]. A similar LEED pattern has also
been observed for the Bi-induced InAs(100) surface previously
with similar coverage.’**> In our experiments, we observed a
clear (2 x 6) structure for a number of coverages from 1 ML
up to 3 MLs even without annealing, which indicates that
the surface has a periodic structure. However, this (2 x 6)
pattern does not correspond to an ordered reconstruction,
but rather an average over the surface with “meandering”
lines.?® On top of these lines, Bi islands start to form with
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FIG. 2. Comparison of the Bi 5d, In 4d, and As 3d core-level photoelectron spectra from the Bi/InAs(100)(2 x 1) surface and the same
surface with Bi nanolines [i.e., Bi/InAs(100)(2 x 10)]. The spectra were measured on beamline I511 at Max II.

increasing Bi coverage, which gives a faint (1 x 1) LEED
pattern co-existing with the (2 x 6)/c(2 x 12), which was
also verified with STM (not shown here). After heating the
sample at 250 °C for several hours, the (2 x 6) changed to
a (2 x 1) with elongated or some additional, nonresolvable
spots in the [011] direction [Fig. 1(c)]. Similar streaking of the
substrate spots has been observed for the Si/Ag(110) surface
with self-aligned Si nanowires.'?> After heating at 280 °C,
the streaking of the LEED spots disappeared and the pattern
changed to a (2 x 1) with no additional spots [Fig. 1(d)].*
Heating at 450 °C for approximately 30 min removed
Bi completely, restoring the c(8 x 2) pattern of the clean
surface.

B. Core-level spectroscopy

The core-level spectra from Bi 5d, In 4d, and As 3d levels
of the Bi/InAs(100)(2 x 1) surface and the same surface with
Bi nanolines are presented in Fig. 2. All the spectra were
measured at beamline I511. The double-peak line shapes
are caused by spin-orbit splitting of the d levels into the
d3> and ds;, components. Because the atoms in the surface
and bulk have different chemical environments, small shifts
in binding energies are observed when measuring core-level
photoemission. These differences are called surface core-level
shifts, which give information of the atomic arrangement of a
surface. The core-level shift components resulting from the
fitting are marked as S. Voigt line shape was used in the
fitting process of the core-level spectra,’” and the background
was removed by Shirleys method.*® Lorenzian widths of 0.16,
0.16, and 0.20 eV and the spin-orbit splitting of 0.855, 0.69,
and 3.05 eV were used for In 4d, As 3d, and Bi 5d spectra,
respectively, in agreement with previous studies.’*3%0 The

branching ratio of the ds;, and d3,, components was allowed
to vary slightly from its statistical value of 1.5 because of the
possible diffraction effects.*'**> For the spectra measured on
the beamline 41 (I511), the Gaussian width of 0.45 (0.31) eV
was used for the As 3d spectra, which was deducted from the
spectra with only a bulk component. Gaussian widths of 0.41
(0.29) and 0.51 (0.40) eV were used for In 4d and Bi 5d, which
resulted from the fitting of the spectra with a minimum number
of components. Similar values for the Gaussian widths have
also been used before. 3333943

First we consider the spectra from the surface without the
lines, i.e., the Bi/InAs(100)(2 x 1). Although the discussion
of the core-level shifts of the Bi/InAs(100) nanoline surface
in context of the clean InAs(100)c(8 x 2) shifts might be
useful, we find it misleading since the atomic structures of
the clean and Bi-induced InAs(100) surface reconstructions
are very different, and thus their core-level shifts are not
well comparable. (Note that we have analyzed the clean
InAs(100)c(8 x 2) reconstruction elsewhere.**) We have also
previously studied several other Bi-induced III-V(100)(2 x 1)
surfaces,*% and we utilize those results in combination with
our recent theoretical calculations to analyze the spectra here.
The In 4d emission consists of three components marked B
(bulk component), S1 on the 0.32-eV higher kinetic energy
(lower binding energy) side of B, and S2 on the 0.18-eV lower
kinetic energy (higher binding energy) side of B. S1 is assigned
to the In atoms bonding to the Bi layer.***¢ For the As 3d
spectra, component S1 is found on the 0.25-eV higher kinetic
energy side of B. This originates from the As atoms of the third
surface layer. The origin of S2 in the In 4d spectra is discussed
in the following.

The Bi 5d spectrum of the Bi/InAs(100)(2 x 1) surface
consists of two SCLS components denoted as S1 and S2*.
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No bulk component exists because Bi is present only in the
overlayer structure. According to our calculations, the most
stable atomic model for this (2 x 1) surface consists of one ML
of Bi with symmetric Bi-Bi dimers (called BiBi in our previous
studies).’®*® The structure of this (2 x 1) reconstruction is
shown for the second Bi layer in the schematic image of the
possible atomic structures for the nanoline surface in Fig. 4.3
The component S1 in the Bi 5d emission is assigned to these
Bi dimers. Some areas of the surface may contain a slightly
different (2 x 1) phase depending on the surface preparation,
which can effect the surface reconstruction.*® Thus the origin
of the small component S2* in the Bi 5d spectra on 0.30-eV
lower kinetic energy compared to S1 is most likely due to
another (2 x 1) phase(s) co-existing with the BiBi structure.
The same explanation also applies to the S2 in the In 4d
spectra. Also, some broadening of the In 4d spectra can
be expected for the Bi/InAs(100)(2 x 1) surface compared
to the nanoline surface. Since the nanoline surface contains
more Bi than the (2 x 1) surface, it is thus mostly covered
with the (2 x 1) BiBi phase whereas the Bi/InAs(100)(2 x 1)
has more likely other phase(s) which broadens the spectral
features.>®

The comparison of the core-level spectra measured from the
surface with Bi nanolines and the surface without the lines, i.e.,
the Bi/InAs(100)(2 x 1), shows that there are notable changes
only in the core-level shifts of the Bi 5d emission. This gives
us further support that the nanolines are made of Bi. Two new
components, S2 and S3 on 0.43-eV and 0.69-eV lower kinetic
energy side of S1, respectively, are found for the nanoline
surface [i.e., Bi/InAs(2 x 10)]. Since S2 is on lower kinetic
energy and it is much more intense than S2%, it certainly
represents a new core-level shift component, suggesting that
the Bi on top of the (2 x 1) contributes to S2. We would like
to note here that because of the experimental resolution, we
cannot say whether S2* still exist, and contributes to the S2
emission also. However, in this case the contribution would
be small and thus insignificant. Another component, S3, is
found for the nanoline surface, which disappears as the lines
are removed from the surface. This is therefore most likely
related to the lines as well. Compared to the (2 x 1) substrate,
new bonding sites are found for the nanoline surface: the Bi
dimers forming the lines, the Bi atoms straight underneath
the lines, and the Bi dimers on the sides of the lines. These
all contribute to the Bi 5d emission, and will be discussed
more closely in the next chapter. A comparison of the Bi 5ds,»
peak from the Bi/InAs(100) surface with different Bi coverage
measured on the beamline 41 (with lower resolution than on
I511) is shown in Fig. 3 to appoint the changes in the Bi
5d spectra as a function of Bi coverage. The excess Bi on
top of the nanoline surface contributes to the component S2
which is seen from the bottom spectrum. This is reasonable,
since the binding environment is similar as for the dimers in
the lines since all the Bi dimers on the top layer are bonded
to Bi.

The Bi 5ds/, spectra from the nanoline surface [i.e., the
(2 x 10)], measured on beamline 1511 with better resolution
than the previous Bi 5ds;, spectra, is presented in Fig. 5.
Three surface core-levels shift components were found in
the fitting procedure. The positions of S2 (0.43 eV) and S3
(0.69 eV) refer to the S1, which is assigned to the Bi dimers
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FIG. 3. Bi 5ds), spectra measured from the Bi/InAs(100) with
different Bi coverage (i.e., different surface reconstruction) on the
beamline 41 at MAX 1.

of the Bi/InAs(100)(2 x 1) BiBi structure, as previously
stated. We have examined several possible models for the
atomic structure of the Bi nanolines, and our total-energy
calculations show that the most stable structures consist of
Bi dimers parallel to the dimers of the (2 x 1) as shown
in Figs. 4(a)-4(d). This is in agreement with a very recent
theoretical study by AlZahrani et al.,>' who also concluded
that the Bi/InAs(100) nanoline surface has parallel Bi dimers
on top of the (2 x 1) substrate. However, we also considered
some new atomic models compared to the previous studies,
and we found energetically more stable structures. The results
for the corresponding surface energies of the models are also
shown in Fig. 4. The lowest surface energy was found for
the models (d) and (h) in Fig. 4, which both were 0.031 eV/
[(1 x 1) unit-cell area] lower than the surface energy of (a),
which was considered as the most stable model in the previous
study.?!

Since the calculated surface energy differences for the
most stable atomic models [Figs. 4(a)-4(d) and 4(h)] were
relatively small [within 0.03 eV/(1 x 1) area], the core-
level shifts for these models were calculated. They are
presented in Table I. According to the calculations for
models [(a)-(d)] in Fig. 4, three surface core-level shifts
are present in the Bi 54 emission besides the component
from the Bi dimers of the (2 x 1) structure. By comparing
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FIG. 4. (a)-(h) Schematic drawings (top view) of some atomic models and their surface energies [in units of eV /(1 x 1) area] considered
for the Bi/InAs(100) surface with Bi nanolines. The energies refer to the surface energy of the Bi/InAs(100)(2 x 1) substrate.

the measured and calculated core-level shifts, we can con-
fidently rule out model (c) in Fig. 4. Also, even though
model (h) has the lowest energy besides model (d), the
calculated core-level shifts are in contradiction with the
measured ones. Furthermore, the calculated STM image of
model (h) in Fig. 6(c) does not correspond well to the
measured one in Fig. 6. However, one cannot distinguish
whether the calculated STM image in Figs. 6(a) or 6(b)
describes the measured STM image better. Thus we do not
consider the atomic model (h) in Fig. 4 further either. When
considering models (a) and (b) in Fig. 4, the component
on energy position 40.37 and [40.33] eV arises from the
Bi dimers of the (2 x 1) structure on both sides of the
lines. The component on position +0.60 [+0.64] arises
from the Bi dimers in the actual lines, and the one on
the highest binding energy, +0.82 [40.87], is assigned to
the Bi atoms straight underneath these lines. The same
explanation also applies to the components on energy positions
+0.42 (dimers on the side of the lines), and +0.48 (dimers
on the lines) for model (d), but the component at the
position +0.59 is assigned to the dimers of the (2 x 1)

TABLE 1. Measured and calculated core-level shifts for different
Bi nanoline structures on Bi/InAs(100)(2 x 1). All these nanoline
structures have dimers parallel to the substrate 2 x 1 dimers. Positive
energy corresponds to larger binding energy (smaller kinetic energy)
referred to by the binding energy of the BiBi dimers of the Bi/InAs-
(2 x 1) substrate (S1 at 0 eV). Values are in eV.

Measured Bi 54 SCLS: 0, +0.43, +0.69

Calculated shifts (VASP):

model (a) 0 +0.37 +0.60 +0.82
model (b) 0 +0.33 +0.64 +0.87
model (¢) 0 —0.12 +0.01 +0.10
model (d) 0 +0.42 +0.48 +0.59
model (h) 0 —0.16,+0.13 +0.24 +0.35, 4+0.39

structure, which sit next to the dimers on the side of the
lines [Fig. 4(d)] since the dimers underneath the lines are
missing.

By keeping in mind that the strength of the theory is to
reveal the number of the core-level shifts and their atomic
origins but not necessary to give the very exact values for
the energy positions of the components,*® the agreement is
excellent when considering the limitations of the experimental
resolution, which prevents the separation of the smaller energy
shifts. Thus we conclude that two atomic positions contribute
to S2 in Fig. 5: the Bi dimers on both sides of the lines and the
Bi dimers on the lines. §3 in Fig. 5 arises from the Bi atoms
underneath the lines [models (a) and (b) in Fig. 4] or from
the Bi dimers next to the Bi dimers on the sides of the lines
[model (d) in Fig. 4]. Also, the relative intensities of S1, §2, and
S3 support the previous interpretation. As mentioned above,
model (d) in Fig. 4 has the lowest surface energy and therefore

Bi 5d,, $1-52=0.43
hv F X S1-83=069

Normalized intensity

FIG. 5. Bi 5ds, from the Bi/InAs(100) surface with Bi nanolines
measured at MAX II, beamline I511. Three surface core-level shifts,
S1, $2, and S3, are present.
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FIG. 6. (a) Large-scale STM image of the Bi nanolines on the InAs(100) surface. The inset is from the same image in 3D display. (b) An
empty-states STM image (V= 2.2 V, I = 0.4 nA) of the surface. (c)—(e) Calculated images of three different models: (d), (b), and (h) in Fig. 4,

respectively, with the same bias as the measured one.

it is the most stable structure according to our calculations.
Furthermore, the agreement between the calculated and the
measured core-level shifts is better for model (d) than for the
other two models, (a) and (b) in Fig. 4. Thus we conclude
that the Bi nanolines are made of dimers parallel to the Bi
dimers of the Bi/InAs(100)(2 x 1) structure, and suggest that
the schematic atomic model (d) with 1.1 MLs of Biin Fig. 4 has
the closest resemblance to the Bi/InAs(100) nanoline surface
of all the studied ones to date.

C. Valence-band spectroscopy

The valence-band spectra referred to by the Fermi level
(E ) before and after deposition with increasing Bi coverage
from the bottom to the top spectrum (i.e., with different surface
reconstruction) are presented in Fig. 7. All the valence-band
spectra were measured on beamline 41 at Max I with normal
emission. The photon energy of 30 eV was chosen, since below

itdad b & il Lchdely bhdaa! b vl i bk
BillnAs(100) VB
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FIG. 7. Valence band of the InAs(100) surface with different Bi
coverage (i.e., different surface reconstruction). The spectra were
measured on beamline 41 at MAX 1.

this energy the Bi 5d emission excited by the second-order
light overlaps the valence spectra. On the valence spectrum
of the clean InAs(100)(4 x 2) surface, peaks marked B1 and
B2 are related to the bulk interband transitions.*” These
are also present in the spectra after the Bi deposition. The
intensity of a peak marked S1 at binding energy around
2 eV decreases clearly after the Bi deposition. The peak
at the same binding energy marked B1 (or S in previous
studies) was identified as a surface resonance present only
on the clean In-rich InAs(100)(4 x 2) but not on the As-rich
(2 x 4) surface.*’*® Our observation agrees with this since
Bi deposition destroys the surface (4 x 2) reconstruction.
Also, S2 was previously identified as a surface feature,
arising either from the backbonds or the dimer bonds of the
surface dimers.*’*” The same feature is also present on the
Bi terminated surface, which suggests that it originates from
the backbonds of the In atoms of the third surface layer, since
the dimer bonds of the surface In (or As) dimers break as a
consequence of Bi deposition. Similar assumption was also
made by Szamota-Leandersson et al.*> The most interesting
changes occur in the top of the valence band, presented in
Fig. 8.

On the clean surface, Ef is located 0.45 eV above the
valence-band maximum (VBM). The position of the VBM was
determined by the analysis of the In 4d emission and the In
4d-VBM separation.”*>! Since the InAs band gap is 0.36 eV,
downward band bending of about 0.1 eV is observed for the
clean InAs(100)(4 x 2). This agrees with previous studies, 02
where pinning of the surface E; was found to be 0.1 eV or
close to the conduction-band minimum (CBM), respectively.
However, stronger band bending has also been found for this
surface.’*3 Therefore the E ¢ pinning seems to depend on
the preparation conditions or the surface quality.”® Also, it
may be of interest to note here that for the molecular-beam
epitaxy grown samples the £, was found 0.02 eV below the
CBM for the clean In-terminated InAs(100)(4 x 2).*’ For the
nanoline surface and the same surface without the lines, i.e.,
Bi/InAs(100)(2 x 1), the E¢-VBM separation was found to
be similar to for the clean surface, 0.41-0.43 eV. For more
disoriented surfaces (Bi amount of 2-3 MLs), E y was observed
to move further above the CBM. Also, slight emission at the
E ¢ is observed for these Bi-terminated surfaces, indicating a
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FIG. 8. (a) Top of the valence band measured from the
Bi/InAs(100) surface with different Bi coverage. (b) Top of the
valence band from the Bi/InAs(100) nanoline surface measured with
different photon energy. The spectra were measured on beamline 41
at MAX L.

metallic (or semimetallic) surface. The metallicity is enhanced
for higher Bi coverage, which agrees with the pinning of the
E ¢ well above the CBM.

The top of the valence band of the Bi/InAs(100) with
increasing Bi coverage from the bottom to the top spectrum
is presented more closely in Fig. 8(a). For the surface with
1.1 MLs of Bi, i.e., the Bi/InAs(100)(2 x 1) with Bi nanolines,
a clear peak arises with the binding energy of 0.34 eV. No
energy dispersion is observed for this peak, as seen in Fig. 8(b).
Figures 7 and 8 show that the emission at 0.34 eV enhances
for the (2 x 10) surface with the most ordered Bi lines.
The calculations reveal that this emission originates from the
(2 x 1)-Bi areas between the top layer lines of the Bi-nanoline
(2 x 10) surface, being reasonable because a similar emission
appears also on the pure (2 x 1)-Bi reconstruction. However,
it is interesting that the presence of the Bi nanolines clearly
improves the 0.34-eV emission suggesting a resonance-type
behavior behind it. Future investigations are needed to clarify
that. The same peak is not found for the surface with 2 MLs of
Bi, which indicates that the second surface layer is not so well
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oriented. However, a bump with slightly higher binding energy
is present. Previously, a state in the valence band with similar
binding energy (0.6 eV) was observed for the Bi/InAs(100)
with 3.5 MLs of Bi,» which was attributed to the topmost
occupied Bi dangling bonds. This also applies here.

V. CONCLUSIONS

In conclusion, based on the comparison of the measured
and calculated core-level shifts and the calculated surface ab
initio energies, we have proposed a new atomic model with 1.1
MLs of Bi for the interesting self-assembled Bi nanolines with
(2 x 10) periodicity on the InAs(100) surface. This model
agrees with the previous STM measurements. Furthermore,
we have observed the enhanced valence-band emission at
0.34 eV below the Fermi level on the well-ordered Bi-nanoline
surface, which interestingly arises from the (2 x 1)-Bi areas
between the nanolines, as the calculations demonstrate. This
can be used as a fingerprint of a well-ordered surface. The
presented results give further assistance to the understanding
of the formation mechanisms behind the self-assembled Bi
nanolines.
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