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A bilayer of bismuth is recognized as a prototype two-dimensional topological insulator. Here we present
a simple and well reproducible top-down approach to prepare a flat and well ordered bismuth bilayer with
a lateral size of several hundred nanometers on Bi,Se;(0001). Using scanning tunneling microscopy, surface
x-ray diffraction, and Auger electron spectroscopy we show that exposure of Bi,Se;(0001) to atomic hydrogen
completely removes selenium from the top quintuple layer. The band structure of the system, calculated from first
principles for the experimentally derived atomic structure, is in excellent agreement with recent photoemission
data. Our results open interesting perspectives for the study of topological insulators in general.
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I. INTRODUCTION

The discovery of three-dimensional (3D) topological insu-
lators (TTIs) has led to intense research owing to the potential
applications of these materials in the field of spintronics
and quantum computing [1-6]. While TIs are insulating
materials in the bulk, they host metallic surface states in
the bulk energy gap with a Dirac-cone-like dispersion. Being
protected by time-reversal symmetry, these states show spin-
momentum locking, which leads to suppression of the electron
backscattering by defects. Although theoretically predicted
earlier [7], two-dimensional (2D) TIs have been much less
investigated. They are characterized by 1D edge states for
which first experimental evidence was given by the observation
of quantized conductance in HgTe/CdTe semiconductor quan-
tum well structures [8,9]. Since large spin-orbit coupling is a
prerequisite for a material to exhibit topologically protected
states, bismuth is a primary candidate and bismuth bilayers
(BLs) have become under intense study. They are now regarded
as a prototype of an elemental 2D TI [10,11]. Recent studies
have aimed to prepare bismuth BLs by using different methods
such as molecular beam epitaxy [12—15], exfoliation [16], or
by investigating step edges of a Bi(111) surface [17].

While these attempts used bottom-up schemes to prepare
bismuth BLs leading to films of quite limited size and flatness,
in this study, we present a simple and controllable approach,
which is based on exposing Bi,Se;(0001) to a flux of atomic
hydrogen. Our top-down procedure results in a bismuth BL,
which is atomically flat and which is limited in lateral size
only by the size of the substrate terraces (typically several
hundred nanometers). Scanning tunneling microscopy (STM)
in combination with surface x-ray diffraction (SXRD) and
Auger electron spectroscopy (AES) provide unambiguous
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evidence for the complete removal of selenium from the first
quintuple layer (QL). Only trace amounts (~0.05 monolayers)
of vacancies and bismuth BL islands are found on the surface.
The surface energy band dispersion, calculated from first
principles for the experimentally obtained crystalline struc-
ture, is in excellent agreement with a recent photoemission
experiment. Our results open wide perspectives for the study
of 2D TIs and for the controlled growth of 3D TI architectures.

II. EXPERIMENT

Bulk Bi;Se; single crystals were grown by the Bridgman
method. Crystals were transferred into ultra high vacuum
(UHV) (base pressure ~1 x 107!9 mbar) and cleaned by
mild Ar" sputtering (0.5-1 keV) followed by annealing at
450-550 °C for several minutes. STM and AES measurements
indicate a well ordered and clean surface with atomically
flat terraces up to several hundred nanometers wide. Well
contrasted sharp spots evidencing threefold symmetry ac-
cording to the p3m1 plane group symmetry of the surface
were observed by low-energy electron diffraction (LEED).
Recent SXRD studies of the as prepared surface [18,19] found
no evidence for the presence of a bismuth BL termination
previously reported for Bi,Ses [20].

Atomic hydrogen was generated by a microwave-driven
(2.45 GHz), SPECS PCS-ECR plasma source, operated in
the atom-beam mode [21,22]. During the operation of the
atom source, the hydrogen partial pressure in the chamber
was pu, &5 x 1075 mbar. For the quantification of the
exposure of the sample, we use Langmuir (L) units (1 L =
1.0 x 1079 Torrs) in the following, which is proportional to
the amount of hydrogen atoms interacting with the sample.
The sample was kept at room temperature. SXRD experiments
were carried out using an in-house UHV diffractometer
allowing in situ sample preparation and characterization by
LEED and AES. A microfocus x-ray source (A = 1.54 A) and
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FIG. 1. (CO]OI‘ online) Ratio R = ISe-MMM/IBi»NOO between the
peak to peak intensities of the Se-MMM and the Bi-NOO transition
vs exposure in Langmuirs. The dashed line is a guide to the eye.
The inset shows the corresponding differential AES spectra. Peaks at
42 and 96/101 eV correspond to Se-MMM and Bi-NOO electronic
transitions, respectively. Spectra are normalized to the Bi-NOO peak.

a two-dimensional pixel detector were used for the collection
of the reflected intensities along the integer order crystal
truncation rods (CTRs).

The surface chemistry of the Bi,Se; crystal was analyzed
by AES. The inset of Fig. 1 shows a series of differential
spectra as a function of the hydrogen exposure. The spectra
are dominated by two unresolved Se-MMM Coster-Kronig
transitions at a kinetic energy of approximately 43 eV and
the Bi-NOO transition 101 eV. In Fig. 1, the intensities
are normalized to the Bi-NOO peak. Upon exposure to
atomic hydrogen the Se-MMM Auger peak rapidly dimin-
ishes. Figure 1 also shows the ratio R = Isc.mmm/ IBi-NOO
versus exposure. The ratios R = 0.75, 0.46, 0.23, 0.09, and
0.06 correspond to the exposures of 0, 700, 1400, 4200,
and 54000 L.

Two regimes can be distinguished, namely the first where R
rapidly decreases, and the second, where R is almost constant.
The boundary between the regimes lies at approximately
4200 L. The rapid reduction of the selenium peak is attributed
to the removal of selenium from the near surface region,
creating a bismuth enriched surface. We suggest that selenium
atoms are removed via the reaction 2H 4 Se — H,Se®.

Figures 2 and 3 show constant current topographic images
of the Bi;Se;(0001) surface which were taken after dosing
1400 and 4200 L of hydrogen corresponding to R = 0.23 and
0.09, respectively. In Fig. 2, three terraces are visible. They
are separated by two steps labeled by “Bi,Se; step” whose
heights are equal to 9.6 A corresponding to the geometric step
height of a Bi,Se; QL which is equal to 9.54 A [23]. One
QL consists of a sequence of Se-Bi-Se-Bi-Se layers, while the
whole crystal is composed of van-der-Waals bonded QLs.

On each terrace two areas labeled by “areal” and “area2”
can be distinguished, in which the STM contrast is significantly
different. This is clarified by the profiles along the lines
labelled by “A” and “B” shown in Fig. 2(b). While for areal
the corrugation lies in the range of approximately 1 A only,
for area2 it is in the 3.5t0 4 A regime suggesting the presence
of BL islands. The boundary between the two regions runs
parallel to the QL step edge. The apparent step height at
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FIG. 2. (Color online) (a) 200 x 100 nm?> STM topographic im-
age (U =1V, 1 =200pA) of Bi,Se;(0001) after exposure to 1400 L
of hydrogen. Three terraces are observable separated by a 9.5 A
high step corresponding to the height of a quintuple layer labeled
by “Bi,Ses step.” (b) Profiles along the lines labeled “A” and “B”
within the region “areal” and “area2” characterized by low and high
topographic contrast. Note that the profiles are set to height = 0 at
their minima.
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FIG. 3. (Color online) (a) Topographic STM image (300 x
300 nm?, U =1V, I =200 pA) of the topmost bismuth layer of
the BL film on Bi,Se;(0001) prepared by exposing Bi,Se; to 4200 L
of atomic hydrogen. Two profiles along the lines “A” and “B” are
shown in (b) and (c), respectively. The inset shows an atomically
resolved image of the bismuth surface.
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the boundary between the two areas on one QL terrace is
approximately 1.9 A.

Prolonged dosing (4200 L, corresponding to R = 0.09)
leads to the flattening of the surface morphology as shown
in Fig. 3(a). Apart from a 9.5 A high QL step atomically flat
terraces are observed on which small islands, about 5 nm in
diameter and 4.2 A in height, are located [see line profiles in
Figs. 3(b) and 3(c)]. Given the fact that after dosing of 4200 L
of hydrogen the selenium AES signal has almost disappeared
(see Fig. 1), it can be qualitatively concluded that at least the
two topmost layers of the crystal are composed of bismuth.
The atomically resolved image in the inset shows well ordered
hexagonal arrangement of the top layer bismuth atoms.

Based on the STM image alone it is not possible to draw
quantitative conclusions with regard to the detailed atomic
surface structure. To this end, we have carried out quantitative
SXRD experiments. SXRD benefits from the applicability
of the single scattering theory, facilitating the quantitative
analysis of the scattered intensities.

Solid symbols in Fig. 4 represent the experimental structure
factor amplitudes (| Fops(hk€)|) along several CTRs collected
for the Bi,Se3(0001) sample after low (1200 L, upper curves)
and high (&6 x 10* L, lower curves) hydrogen exposure.
While the STM image of Fig. 2(a) was taken after a comparable
exposure (1400 L) as applied for the SXRD experiment, it
significantly differs for the highly dosed samples. However,
as it will be shown below in comparison with the STM image
in Fig. 3(a) (exposure 4200 L), prolonged dosing beyond
the 4200 L range does not significantly affect the overall
surface morphology and atomic structure since the SXRD
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FIG. 4. (Color online) Experimental (symbols) and calculated
(lines) structure factor amplitudes |F| along crystal truncation rods
of Bi,Se; after low (upper curves) and high (lower curves) exposure
to hydrogen. Curves are shifted by 100 units in |F| for clarity. Fits
correspond to structure models shown in Fig. 5.
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derived structure model correlates well with the STM derived
morphology.

The | Fops(hk€)| were derived from the integrated intensities
I(hk{) with | Fops(hkl)| o< o/ I(hk€). They were collected by
a 2D pixel detector and corrected for geometrical factors [24].
The CTRs appear due to the truncation of the crystal [25].
In the present case, where only rods related to the (1 x 1)
substrate metric are present, the quantitative analysis of the
adsorbate structure is based on the interference between
the scattering amplitude of the semi-infinite substrate for-
mally expressed by the structure factor Fgy,(hk¢) and that
of the adsorbate, F,q(hkl), given by I(hkf) o |Fyw(hke) +
F.a(hk?) exp[i¢]|2, where the phase factor formally ac-
counts for the registry of the adsorbate structure relative
to the substrate. The bulk substrate contribution can be
written as a semi-infinite sum from n € [—00,0] over the
number n of unit cells (uc) multiplied by the uc struc-
ture factor F.(hkl), leading to the expression Fy,,(hkl) =
Fyc(hk€)1/[1 — exp(—i2n¢)]. Adding the adsorbate contri-
bution the relation F,; = Fyc(hk€) x 1/[1 — exp(—i2m )] +
> fi0; expli2m(hx; + ky; +1z;)] is obtained, where the
adsorbate contribution has been written in full generality
including the atomic scattering factor ( f;), the occupancy (6;)
and the atomic coordinates (x;, y;, z;) of all atoms j located
on the bulk truncated crystal. In this way, also relaxations of
the substrate surface structure can be considered.

According to the hexagonal setting of the rhombohedral
crystal structure bulk Bragg reflections appear at the condition
—h+k+¢=3m with me Z. They are not included
in the analysis, since the surface contribution is negligible
there. Experimental uncertainties (lo) were derived from
the counting statistics and the reproducibility of symmetry
equivalent reflections. In the present case, o is in the range
of 10%—-15% in |F|. The |Fys| along several symmetry
independent CTRs were collected, namely 10¢, 01¢, 20¢, and
02¢ [Figs. 4(a)-4(d)].

The structure analysis was carried out by fitting calculated
structure factor amplitudes (| Fyic|) to the observed ones using
the program PROMETHEUS. [26] The analysis benefits from the
fact that all atoms occupy high symmetry sites within the plane
group p3m1. All atoms are located at threefold rotation axes. In

consequence, there is no positional freedom within the 7-—17)
plane and only the z-parameters (one per atomic layer) are
allowed to vary. In addition, one overall Debye parameter B =
87 (u?), where (u?) represents the mean squared displacement
amplitude, was refined.

The | Feqc|, represented by solid lines in Fig. 4 are super-
imposed to the observed ones. From a direct inspection, it is
evident that while the overall shape of the rods is very different
for the two samples, the fits are very precise for both data sets.
The fit quality is quantified by the unweighted residual (Ry),
which is the average (relative) deviation of the | F.y .| from the
| Fons| givenby Ry = Z [| Feate] — [ Fobsll/ Z | Featc|, where the
summation runs over all data points. Ry values in the range
from 0.12 to 0.15 are achieved.

Figure 5 schematically sketches the near surface structure
of the BiySes crystal in side view after low (a) and high (b)
hydrogen dosing. The structure models are exactly related to
the fits shown in Fig. 4. In accordance with the STM image
[see Fig. 2(a)], for low hydrogen dosing, two structurally
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FIG. 5. (Color online) SXRD derived schematic structure models for the near surface region of Bi,Se; after low (a) and high (b) exposure
of hydrogen. Large blue and small red spheres correspond to bismuth and selenium atoms, respectively. Numbers label distances in angstrom
units. Theoretically calculated interlayer spacings for the bismuth BL are shown in brackets in (b). The relative abundance of the different
regions is indicated in percent of a monolayer. Bismuth and selenium layers are respectively labeled by yellow and white numbers beginning

with “1” from the top.

different regions labeled by “areal” and “area2” are formed.
The former, here with an abundance of about 50%, is
characterized by an intact QL with selenium islands (selenium
atoms “1”) on the surface. These islands cover approximately
2/3 of the second bismuth layer. This explains why the
selenium MMM AES peak is still observable. In areal, the
STM contrast is low and given by the height difference
(Ah) between the selenium atoms and the bismuth atoms
underneath. The SXRD structure analysis finds Ak = 0.7 A
which is in reasonable agreement with the STM corrugation
(average approximately 1.0-1.2 A). In comparison with the
bulk vertical spacing (1.59 ;A) [19] this corresponds to a
reduction of -56%, but it should be emphasized, that the
contraction of the selenium-bismuth bonds is much less
dramatic and amounts to only —12% (2.50 A versus 2.86 A
in the bulk). This bond length contraction is related to the
finite size of the islands, which is commonly referred to as
“mesoscopic misfit” [27]. The uncertainty of the determination
of the vertical spacings lies in the 0.05 to 0.10 A range.
While areal can still be viewed as an intact Bi;Se3(0001)
surface albeit with a selenium deficiency, area2 corresponds
to a region where the bismuth concentration is already
considerably enriched. The SXRD model provides evidence
that this part of the near surface region consists of bismuth
islands composed of layers labeled “1” and “2.” These bismuth
islands on the right of Fig. 5(a) correspond to the BL visible
in the STM image in Fig. 3(a), which are 3.55 A high and
reside on the bismuth layer “3.” The step height between areal
and area? is equal to 1.98 A also in very good agreement with

the STM experiment. It should be noted that in the present
experiment the x-ray coherence length (=30 nm) is smaller
than the average terrace size, which is several hundred nm.
Consequently, the substrate morphology characterized by its
9.5 A steps can be neglected in the analysis (incoherent scat-
tering from different terraces) and only the coherent scattering
within the terraces plays a role for the scattered intensity.

In general the atomic species, bismuth (Z = 83) and
selenium (Z = 34) can be well separated in x-ray diffraction
since the atomic scattering amplitude is proportional to the
atomic number Z. An important result of the combined STM
and the SXRD analysis is that upon hydrogen dosing selenium
is not only directly removed from the topmost surface but also
laterally by penetration of hydrogen into the QLs from the step
edges leading to a “reaction front” visible by the boundary
between areal and area2 which runs parallel to the step edge.
This is responsible for the characteristic lateral asymmetry of
the chemical composition, structure and morphology within
each terrace.

The bismuth interlayer distances can be compared with
those in bulk bismuth along the [111] direction [28,29],
where a long (2.35 A) and a short (1.59 A) distance alternate
corresponding to the strength of the interlayer bonds, which
are of van der Waals and covalent type, respectively. A gross
overview over the distances within the bismuth rich regime
shows that they do not correspond to the bulk ones. We
neither observe the characteristic sequence of the spacings
nor any of the bulklike distances within the experimental
uncertainty (~0.10-0.15 A). As compared to the short bulk
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spacing (1.59 A) those in the bismuth rich region are expanded
by 10%—20% (1.83, 1.72, and 1.90 A). Using elasticity theory
a 10% expansion of the interlayer spacing can be explained
by the in-plane compression of —8.8% along the hexagonal
axes of the bismuth lattice on Bi;Se3;(0001) (lattice parameter
ay = by = 4.14 A on Bi,Ses versus 4.54 A in the bulk). In the
hexagonal system, the out-of-plane lattice strain &3 is related
to the in-plane strains ¢; and &; by e3 = —(C13/C33)(g1 + €2),
were the C;; are the experimental bulk elastic constants, and
& (i = 1,2,3) represents the strain along the [210], [010],
and [001] direction, respectively [30]. Using C3 = 24.5 GPa
and C33 = 38.1 GPa from Ref. [31] we obtain an expansion of
&3 = +0.11 in good agreement with the experimental data as
far as the two upper spacings are concerned.

Prolonged exposure of hydrogen, i.e., beyond 4200 L, leads
along with the disappearance of the selenium MMM transition
in the AES spectrum to significant changes in the SXRD
profiles (lower curves in Fig. 4) as well as in the STM image
where a flattening of the surface morphology is observed
[Fig. 3(a)]. The SXRD analysis (after dosing 6 x 10* L)
confirms this result in all details. It can be concluded that the
structural changes with respect to a 4200 L exposed sample are
not significant. STM images show that the density of bismuth
BL vacancies slowly increases with exposure.

Figure 5(b) schematically shows that the surface is com-
posed of a bismuth BL covering about 80%—90% of the surface
on a selenium terminated intact crystal. In addition, there is a
fraction of double layer vacancies (®5%—10%) and BL high
(~4 A) bismuth islands, also observable in the STM image.
The surface can be seen as being composed of the remainings
of the first QL after three selenium layers of the top QL have
been removed, i.e., a compact well ordered bismuth BL is
left behind. The presence of an almost perfect bismuth BL
even after prolonged exposure to hydrogen atoms indicates
that the bismuth BL can be regarded as a protective layer
which is significantly more resistant versus hydrogen exposure
than selenium is. For practical preparation purposes, this is of
considerable importance as no highly accurate calibration of
the hydrogen dosage is necessary to prepare the bismuth BL.

We find that the vertical spacing within the BL located on
the Bi;Se;(0001) surface (1.78 IOA) is perfectly in agreement
with the prediction from elasticity theory of &3 = 40.11
corresponding to 1.78 A as discussed above. Furthermore,
the large vertical spacing between the lower bismuth layer
and the topmost selenium layer (2.29 A) suggests a rather
weak interaction with the Bi,Ses substrate, which might be
important for the stabilization of the 2D topological character
of the bismuth BL, whose structure closely resembles the
bulk one. In agreement with this suggestion, the characteristic
sequence of layer spacings (long/short/long/...) even continues
into the island structure (2.35 and 1.89 A).

III. THEORY

Following the detailed experimental structure determina-
tion of the bismuth BL film on Bi,Se;, we went one step
further to carry out first-principles calculations of the system to
support the experimental results and to compare the calculated
band structure with available experimental data. This was
done by using the projector augmented-wave method [32] in
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the VASP implementation [33,34] and the generalized gradient
approximation to the exchange-correlation potential [35]. The
Hamiltonian contained the scalar relativistic corrections and
the spin-orbit coupling was taken into account by the second
variation method [36]. In order to correctly describe the van
der Waals interactions we made use of the DFT-D2 approach
[37].

The atomic positions, derived from the calculations, are in
good agreement with the experimental ones [see Fig. 5(b)
on the right in brackets]. Some disagreement only exists
for the interlayer spacing within the bismuth BL, for which
the theoretical value (1.91 A) is about 7% larger then the
experimental one (1.78 A). This disagreement can be explained
by the roughness of the real surface, which was not taken into
account in the calculation. We emphasize that the variation of
this interlayer spacing within 7% does not change the surface
band structure significantly.

We further examined the electronic properties of a single
bismuth BL terminated Bi,Se3;(0001) surface using the ex-
perimentally obtained atomic structure. We have found that
the topological surface state (TSS) of the system features the
Dirac point at about 0.27 eV below the Fermi level, almost
in the middle of the bulk band gap [Fig. 6(a)]. The TSS
maintains helical spin texture and is localized predominantly
in the second QL of Bi,Se3(0001) as shown in Figs. 6(c)-6(d).
This is at variance to the pristine surface, for which the Dirac
state primarily resides in the first QL [38]. It should be noted
that our calculated dispersion curves are in disagreement with
those published by Eich et al. [39], who found a bismuth
BL to be located 4.4 A above the substrate. However, our
results are in good agreement with those of two other recent
theoretical studies concerning the band dispersion, Dirac cone
spin texture and its real-space localization [40,41]. In addition,
we find excellent agreement of our dispersion curves with
experimental ones collected in a photoemission study by
Miao et al. [41]. The data were taken from bismuth BL
epitaxially grown on Bi,Se;(0001). This is emphasized in
Fig. 6(b) by the direct comparison of the calculated (red
lines) with the experimental band structure (triangles). In
consequence, the experimentally derived atomic structure of
the bismuth BL on the Bi;Se3(0001) surface is highly reliable.
Finally, we would like to emphasize that, in comparison
to epitaxial growth, the new procedure presented in this
study allows to prepare the surface of significantly higher
quality, almost without imperfections within the bismuth
BL and with a smaller size of the second bismuth BL
islands (cf. Fig. 3(a) of the present work and Fig. S1(J) in
Ref. [41]).

IV. SUMMARY

In summary, we have presented an in sifu top-down
approach to prepare a flat long-range-ordered bismuth-bilayer-
terminated Bi;Se3(0001) surface. While previous investiga-
tions used conventional techniques like cleaving, exfoliation or
molecular beam epitaxy resulting in bilayers which were fairly
limited in size, flatness and regularity of the step edges, our
approach represents a step forward in that it creates a bilayer
covered topological insulator by removing the chalcogen
layers from the first quintuple layer in a top-down approach.
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FIG. 6. (Color online) Surface energy band dispersion of a single bismuth BL terminated Bi,Se3;(0001) with spin (a) and space (c) resolution.
In (a), the spin component shown is oriented in-plane, perpendicular to the k vector. The color coding and size of the circles indicates the
localization of the respective states, where black and blue correspond to the bismuth BL and the two topmost Bi,Se;(0001) QLs, respectively.
Green-shaded areas correspond to the bulk band structure projected onto the surface Brillouin zone. (b) The calculated band structure (red
lines) superimposed onto the experimental one (blue triangles) reproduced from Ref. [41], the latter being shifted upwards by 45 meV to
align the Dirac points. (d) Spatial distribution of the Dirac cone charge density integrated over the (x, y) plane of the bismuth BL terminated

Bi,Se;(0001).

This leads to a surface morphology, which is atomically flat
and whose lateral size is only limited by the terrace size of
the Bi,Ses substrate. Our procedure appears to be applicable
to more complicated 3D TIs which are composed of thicker
building blocks (e.g., septuple or nine layer blocks), possibly
allowing the creation of different metal overlayers on the TI
serving as substrate. Furthermore, the presence of a flat and
large size morphology also suggests the subsequent deposition
of foreign atoms in a “bottom-up” type scheme allowing the
preparation of novel TI architectures.
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