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We calculate the local density of states of two prototypical topological insulators (BiySes
and Bi,Te,Se) as a function of distance from the surface within density functional theory.
We find that, in the absence of disorder or doping, there is a 2nm thick surface dipole the

origin of which is the occupation of the topological surface states above the Dirac point. As
a consequence, the bottom of the conduction band is bent upward by about 75 meV near

the surface, and there is a hump-like feature associated with the top of the valence band. We
expect that band bending will occur in all pristine topological insulators as long as the Fermi
level does not cross the Dirac point. Our results show that topological insulators are intrinsic

Schottky barrier solar cells.

Keywords: topological insulators, surface dipole, surface photovoltage, band bending,

Schottky barrier solar cell
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l. Introduction

Semiconductor interfaces are of fundamental importance in
electronic device operation. At the heart of this technology
are heterojunctions made of n-doped and p-doped semicon-
ductors [1]. The charge carriers through pn-junctions can
be accurately controlled via gate voltages, giving diodes
and transistors its useful properties. It is well known that
near the interface region there is a permanent electric field,
which bends the conduction and valence levels. This region is
referred to as space-charge region or interface dipole ( surface
dipole if the interface is with vacuum). This band-bending
(BB) effect is also of fundamental importance in silicon-based
solar cell technology, where the electric field separates photo-
exited electrons and holes.

Band bending in semiconductors can be determined from
the I-V characteristics of the junction, from surface photo-
voltage spectroscopy [2], surface potential microscopy or
from angle-resolved photoemission spectroscopy (ARPES).

0953-8984/15/422001+5$33.00

Many factors contribute to the BB measured by any of
these techniques. Among the most important are the differ-
ence in work functions of the materials at the interface, the
image charge potential and possible interface reconstruction.
These are ‘intrinsic’ contributions. Occupied impurity states
also contribute to BB (extrinsic contributions). Analytical
calculations of BB in semiconductor interfaces usually
determine the charge distribution self-consistently from an
effective one-dimensional Poisson equation and a single-
particle Schrodinger equation. Such calculations often depend
on unknown parameters, which are ultimately determined in
experiments.

Recently, a new type of ‘semiconductor’ was discovered,
the topological insulator (TI), which is an insulator in the bulk
but has metallic surface states (SSs) protected by time rever-
sal symmetry [3—7]. For further details about TIs we refer the
reader to the many excellent reviews of the subject such as [8]
and references therein. At low energies, the surface states of
TIs can be described by the Dirac equation in two-dimensions
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Figure 1. (A) Hexagonal crystal structure of Bi,Ses and Bi,Te,Se
quintuple layers. (B) schematic diagram shows a cross section of the
slab and the location of the valence band (VB) and conduction band
(CB). Occupied regions are shaded. Two cases are shown: (B) when
the surface states (SSs) are occupied up to the Dirac point (DP) and
(D) when they are thermally occupied. When the SSs are occupied
up the the DP only (non-thermal case), upward band bending (BB)
is absent but there is a small downward BB near the surface. When
SSs are occupied (thermal case), the bands bend upward near the
surface of the slab. In (C) we show the BB characteristics of Bi,Ses
and BiyTe,Se. E; » 3 parametrize the magnitude of BB.

with the spin of the electron locked to its momentum. This
property can be utilized in spintronic [9] applications.

Band bending in TIs surfaces has been investigated experi-
mentally with ARPES [10-17] and other techniques [18,
19]. However, the results have not been consistent, even in
apparently similar conditions. For example, BB of Bi,Ses has
been found to be either upward (~75 meV) [12] or downward
(~100-300meV) [10, 11, 13, 16, 17, 20]. This suggest that the
dominant contribution to BB in these experiments is extrinsic,
e.g. doping, and hence it is very sensitive to the details of the
sample preparation. In view of these considerations, it is clear
that extrinsic and intrinsic effects play a role in actual experi-
ments and that disentangling intrinsic from extrinsic factors
would be very useful as a benchmark for future experimental
and theoretical studies. On the theoretical side, the Poisson—
Schrodinger equations [21, 22] and tight-binding models [23,
24] have been successfully used to model BB in TIs. However,
understanding and characterizing BB in TIs interfaces has not
been explored systematically from first principles despite the
fact that it could open the door for new technological applica-
tions, e.g. in solar cell technology.

In this paper we resolve the intrinsic contribution to BB
(and hence to the surface dipole) by studying BB in pristine
TIs BirSe; and Bi,Te,Se. We consider a finite slab of BirSes
and BiTe,;Se and calculate variations of the local density of
states (LDOS) as a function of depth using first principles
density functional theory (DFT) with no fitting parameters.
Figure 1 summarizes our main results. We find an upward BB
of the conduction and valence bands within 2nm below the
surface. The upward BB for Bi,Se; and Bi,Te,Se is 75 meV
and 60 meV respectively, even without disorder or doping. We
attribute this BB to the occupation of topological SSs above
the Dirac point. In the valence band we find a hump-like fea-
ture near the surface consisting of an upward bend (65 meV

for BirSe; and 30 meV for Bi,Te,Se) 2nm from the surface,
followed by a 20 meV downward bend Inm from the sur-
face. We note that, our results do not rely on the Poisson equa-
tion to find the equilibrium charge distribution. Instead, the
charge distribution arises from the inclusion of electron cor-
relations at the DFT level. Therefore, we expect deviations
from Poisson electrostatics. In particular, we find asymmetric
BB of the valence and conduction bands, including a small
downward BB of the valence band near the surface. Finally,
although we used Bi,Se; and Bi,Te,Se as TI prototypes, we
expect similar order of magnitude BB for the family Bi,X;
with X = Se,Te and X,Te,Y with X = Sb,BiandY = S,Se, as
Y and X enter with the same oxidation state.

This paper is organized as follows. In section II we com-
pute the band structure and LDOS of Bi,Se; and Bi,Te,Se for
the physically relevant situation where thermalized electrons
fill the SSs above the Dirac point. In section III we compare
with the LDOS without spin—orbit coupling and with SSs
occupied up to the DP and discuss the origin of the surface
dipole. The appendix A contains additional information about
the calculation.

ll. Local density of states

I.A. Crystal structure

Bi,Se; and Bi,Te,Se are layered materials with rhombohedral
(R3m) crystal structure [25]. The structure can be represented
as hexagonal planes stacked along the c-axis containing only
one type of atom, as shown in figure 1(A). In one hexagonal unit
cell, the order of the stacking is -[Se(2)-Bi—Se(1)-Bi-Se(2)]o-
[Se(2)-Bi-Se(1)-Bi-Se(2)]13-[Se(2)-Bi-Se(1)-Bi-Se(2)]23
in BiySe; and -[Te-Bi-Se-Bi-Te]y-[Te-Bi—Se-Bi-Te];/3-
[Te—Bi—Se—Bi-Te]y3- in BiyTe,Se. The group of five atomic
layers in square brackets are often referred to as a quintuple
layer (QL) shown in figure 1(A). The subscripts indicate the
fractional translation of the QL along the c-axis of the hexago-
nal unit cell. The QLs are weakly coupled by Van der Waals
forces, forming natural cleavage planes with negligible sur-
face reconstruction. In what follows we present results for
Bi,Se; only, the results for Bi,Te,Se are similar and summa-
rized in figure 1.

1I.B. Band structure and local density of states

Here we provide some details of our first-principles calcula-
tion of the LDOS (more information is in appendix A). We
used Quantum-ESPRESSO [26] and Wannier90 [27] to com-
pute the band structures and LDOS of Bi;Se;. Our periodic
computational unit cell consists of 9 QLs of Bi,Ses (total
width of 8.4nm) with a 1 nm of vacuum layer between peri-
odic images. Therefore, each computational cell consists of 45
atoms in total, at which the LDOS is calculated. Bi,Se; slabs
are terminated with Se atoms on both sides, as found in experi-
ments [25]. Other terminations are possible but generally lead
to reconstructed surfaces which are absent in our case.

To visualize BB we compute the LDOS across the entire
slab and then note its variations in intensity as a function of
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Figure 2. Band structure of a slab of Bi;Ses. (A) corresponds to the physical case where electrons are thermalized at 300 K and occupy
surface states (SSs) above the Dirac point (DP) which is located at the I" point. In (B) the spin—orbit coupling has been turned off and hence
there are no SSs. In (C) the SSs are occupied up to the DP. In all panels occupied bands are marked in red.

depth. To obtain the LDOS with a required energy resolution
we use the Wannier interpolation [28] method. This method
consists of first computing Kohn—-Sham orbitals v,k and
energies €,k on a coarsely sampled Brillouin zone (we used
a uniform 9 x 9 mesh) for electronic bands of interest. In
figure 2(A) we show the band structure of Bi,Se;. The Dirac
point (DP) is at the I point of the Brillouin zone 180 meV
below the Fermi level. Note that the SSs (above the DP) are
occupied. and there is a bulk gap of ~350 meV consistent
with previous reports [29-32]. We then use these orbitals to
construct localized Wannier functions [33] |Rmi) centered at
lattice vector R, with both m = s, p like atomic character for
all 45 layers in the slab (index i goes from 1 to 45). Since the
Hamiltonian is exponentially localized in the Wannier basis we
can use this basis to interpolate electronic orbitals and energies
on a very dense k-mesh (3000 x 3000) with a negligible addi-
tional computational cost. Finally, we obtain the LDOS from
the histogram of the interpolated electronic energies ¢,

N(E, l) = Z |(0ml|’¢nk>|2(5(E — Enk). (1)
nkm

Here the sum is calculated over all electronic states (band n
and momentum k), and over all Wannier functions (m = s,
p), so that the local density of states N(E, i) depends only on
atomic layer (i) and energy (E). The LDOS (shown in fig-
ure 3(A)) was projected at each of the 45 atomic layers of
our supercell. The horizontal axes indicates the approximate
distance from the left surface. The matrix element appearing
in the sum is independent of lattice vector R, since the Bloch
functions are cell-periodic. Therefore we can sum only over
R = 0 for simplicity.

Figure 3(A) shows the LDOS across a slab of BiySes in the
physically relevant case with thermalized electrons occupy-
ing the SSs. For comparison we also include the case with-
out spin—orbit coupling (B) and with occupied SSs up to the
DP only in (C). In this section we discuss the physically rel-
evant case figure 3(A). The discussion of cases without spin
orbit coupling and with partial filling of SSs is given in sec-
tions III.A and IIL.B.

Near the surface there is a non-zero spectral weight
extending roughly d ~ 1 nm into the bulk, which originates

from the topological SSs. Interestingly, one can follow the
edges of the valence and conduction bands by observing
how the spectral weight infensity varies across the slab. To
quantify BB we follow the following procedure. We define
BB by the maximal deviation of the LDOS isocontours (see
white lines in figure 3(A)) between the first and middle QLs
in a given energy window (200 meV below the valence band
maximum or above the conduction band minimum). With this
definition, the edge of the conduction band bends upward
by ~75 meV within 2nm of the surface, figure 3(A). On the
other hand, the valence band has a hump-like feature near the
surface consisting of a 65 meV upward bend 2nm from the
surface followed by a 20 meV downward bend 1 nm from the
surface.

lll. Surface dipole

In this section we study the origin of BB in Bi,Ses; and show
that it can be modeled as a macroscopic surface dipole [1]. We
will study both the effect of the spin—orbit interaction and the
population of the surface states.

IIl.A. Spin—obit interaction

Turning off the spin—orbit interaction in our calculation
reduces the TI to a non-topological insulator, with no topo-
logical SSs. This can be seen by the lack of edge states in
figure 2(B). We expect that with no topological SS, the charge
distribution across the slab will be affected. This is indeed
what we find, see figure 3(B). Without spin—orbit interaction,
the conduction band is nearly flat. The maximum bending is
less than 20 meV. Therefore, we can assign the origin of the
upward band bending of the conduction band to the presence
of the topological SSs. We focus on the occupation of these
states in more detail in the next subsection.

Focusing now on the valence band, we find that even with-
out spin—orbit coupling there is a 75 meV downward BB
and a much smaller hump-like feature. Therefore, we again
assign the origin of the upward BB to the presence of topo-
logical SSs.
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Figure 3. (A) Local density of states (LDOS) across the slab corresponding to the physical case in which electrons are thermalized at 300
K and occupy SSs above the Dirac point (DP). (B) LDOS with no spin—orbit interaction and (C) occupying surface states (SSs) up to the
DP. About half of the slab is shown in each case. Dashed lines indicate the Fermi level when appropriate, and the green dot indicates the
position of the DP. The color scale used in panels indicates the LDOS in arbitrary units (largest LDOS corresponds to white color). The
energy resolution is 3 meV. The white lines are contours of equal intensity of LDOS. The contours where smoothed by Gaussian averaging

(o0 =36 meV) over energy and in each quintuple layer (QL).

I.B. Population of the surface states

While the presence of topological SSs is essential for BB in
pristine TT slabs, here we discuss the importance of their fill-
ing. As discussed in section II, the DP of the Bi,Se; slab is
below the Fermi level, and hence some of the SSs which are
above the DP are populated, figure 2(A). Since the whole slab
is neutral, this excess charge on the surface must be compen-
sated by a partial depopulation of some of the bulk-like states.

Figure 3(C) shows the LDOS for a Bi,Ses slab with SSs
occupied up to the Dirac point only and unoccupied above
it, see also figure 2(C). This can be accomplished by setting
the population of the first 252 valence bands at all k-points to
unity. As can be seen, most of the upward BB features disap-
pear. The conduction BB is only 20 meV across the slab. For
the valence band, maximal upward bending (within 200 meV
of the valence band maximum) is only 15 meV. However, a
downward bend of the valence band near the surface is still
present. The downward bend is 90 meV, even larger than in
the thermalized case.

Therefore, to conclude this and the previous subsection, we
find that upward bending of the conduction and valence bands
is present only when topological SSs are present (section I1.A)
and when they are occupied.

II.C. Magnitude of the surface dipole

As a consistency check we compare the surface charge den-
sity estimated in two ways. First, we calculate the phase space
occupied by the SSs from the DP up to the Fermi level in our
thermalized calculation. This estimate gives us a surface charge
density nop ~ 0.7 x 1013 cm™2. Second, we estimate the surface
charge density by modeling the region near the surface as an
electric double layer separated by about L = 2nm with opposite
charges. One layer is negative due to the occupation of the SS
and the other is positive from the depletion of electrons in the

bulk-like region. In figure 3(B), we see that the potential discon-
tinuity at the surface is AV ~ 75 meV and from AV = Dgs/¢
(with e~ 100¢; the permittivity of BiySe; [34]) we obtain
Dss~6x 1000 CmL. Using Dss = enppL we find a surface
density nyp ~ 2 x 10'* cm~%in a reasonable agreement with the
first estimate, thus confirming that the occupation of SS above
the DP is responsible for the observed band bending.

IV. Conclusion

We have shown that free surfaces of pristine Bi,Se; and
Bi,Te,Se with no doping or disorder have an intrinsic sur-
face dipole. Bi,Se; and Bi,Te,Se grown without any post-
processing tend to be doped and disordered and appear to be
good bulk conductors [11, 14, 22, 35-38]. However, even in
this case the upward contribution to band bending computed
in this work is present. We note that [12] finds ~75 meV
upward band bending in Bi,Se; which is similar to pristine
Bi,Se;. However, more analysis is required to attribute this
band bending solely to intrinsic effects. As samples become
cleaner [39] only the intrinsic component computed here will
remain. We comment that, we have considered the case where
the DP lies below the Fermi level. We leave for future work
the discussion of the case where the Fermi level crosses at or
below the DP.

Importantly, the intrinsic band bending found in this work
means that TIs generate up to ~75 meV of surface photvolt-
age [2] upon illumination. The same principle applies in the
operation of Schottky barrier solar cells, where the inter-
face dipole is created at a metal-semiconductor interface.
Therefore, TIs could operate as intrinsic Schottky barrier solar
cells with an estimated maximum efficiency of ~7% accord-
ing to the Shockley—Queisser [1] criterion.

After completion of this work we became aware of [40]
which considers BB in Bi,Ses.
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Appendix A. Numerical details

We use density functional theory (DFT) as implemented in
the Quantum-ESPRESSO [26] computer package with the
generalized gradient approximation [41] to the exchange-
correlation energy functional. Convergence of the energy in
the self-consistent iterations was verified to better than 10~%
Ry and we used a 100 Ry plane wave kinetic energy cutoff. A
k-point mesh of 9 X 9 x 1 (9 x 9 x 9) was used in slab (bulk)
calculations. We performed a fully-relativistic calculation
with relativistic effects included in the pseudopotentials.

We first fully relax the lattice constants and the internal
coordinates in bulk compounds. For Bi,Se; we obtained the
DFT optimized parameters a = 4.080 A, ¢ =28.198 A and
for BirTe,Se a = 4.247 A c=29.632 A. Following a bulk
structural relaxation we performed the relaxation of the
internal coordinates in the slab geometry. We checked that
the LDOS results did not change if we used 6 QL instead
of 9 QL or if we used 20 A vacuum instead of 10 A. We
then constructed maximally localized Wannier functions
[33] and performed the Wannier interpolation [28] using the
Wannier90 [27] computer package. For initial projections
we used s and p-like atom-centered orbitals for both Bi and
Se (Te) atoms.

In the non-thermal calculation discussed in section III.B,
the occupations of the lowest N bands at each k-point are
fixed to one, where N is the total pseudocharge of our unit-cell
(N = 252). Filling up the lowest N bands in a topological insu-
lator corresponds to occupying states up to the Dirac point.
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