
PHYSICAL REVIEW B 104, 045432 (2021)

Electronic properties of bismuth nanostructures

Christian König ,1 James C. Greer ,2,* and Stephen Fahy1,3

1Tyndall National Institute, University College Cork, Lee Maltings, Cork T12 R5CP, Ireland
2Nottingham Ningbo New Material Institute and Department of Electrical and Electronic Engineering,

University of Nottingham Ningbo China, 199 Taikang East Road, Ningbo 315100, China
3Department of Physics, University College Cork, College Road, Cork T12 K8AF, Ireland

(Received 16 April 2021; accepted 7 July 2021; published 30 July 2021)

The passivation of thin Bi(1 1 1) films with hydrogen and oxide capping layers is investigated from first
principles. Considering termination-related changes of the crystal structure, we show how the bands and density
of states are affected. In the context of the much-discussed semimetal-to-semiconductor transition and the band
topology of the bulk material, we consider the effects of confinement in the whole Brillouin zone and go
beyond standard density functional theory by including many-body interactions via the G0W0 approximation.
The conductivity of unterminated films is calculated via the Boltzmann transport equation using the simple
constant relaxation-time approximation and compared to experimental observations that have suggested a
two-channel model.
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I. INTRODUCTION

The electronic properties of the semimetal bismuth have
been subject to intense investigation. The bulk material has
a low density of states at the Fermi level, which originates
from the indirect overlap in the range of 30 meV to 40 meV
[1–5] between the valence band at T and the conduction
band at L. The direct band gap is located at the L point and
even smaller with a value of only about 10 meV to 15 meV
[1,3,5–8]. These delicate features make the material interest-
ing to study but on the other hand also challenging to describe
with standard electronic structure methods. Figure 1 shows the
crystal structure and electronic structure of the bulk.

Bismuth nanostructures offer a means to probe and manip-
ulate material properties and thus are interesting both from
physics and application points of view. Experimental studies
have in particular investigated films ranging from the microm-
eter to the nanometer range. The small effective masses of
the charge carriers at the Fermi level lead to confinement
effects, which can increase the energy difference between
the valence and conduction bands (see, e.g., Refs. [10–14])
and a semimetal-to-semiconductor transition in the nanometer
thickness regime has been anticipated and studied by many
groups, see, e.g., Refs. [15–19]. Although the transition into
the semiconducting regime offers great potential for applica-
tions [20,21], it is still subject to an ongoing debate and the
growing importance of surface states with increasing surface-
to-volume ratio in very thin films has to be considered. The
surface state conductivity of Bi(1 1 1) films has been found
to be particularly large and in recent years various transport
measurements [22–28] and magnetotransport measurements
[29–31] suggested that the conductivity of thin films is com-
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posed of two channels, i.e., a semiconducting and a metallic
contribution, ascribed to the film interior and surface. The
passivation of the surface states surprisingly has not been
studied to the same extent.

It has been noted, e.g., in Refs. [25,28,30,31], that although
the two-channel model is quite successful in describing the
measurements, the surface and core regions can not be con-
sidered to be completely decoupled. In particular, Ishida [12]
showed that the surface states at the � and M point extend
considerably into the core of the film. Accordingly, the effect
of quantum confinement is most pronounced in these regions.
The surface states of the films also play a significant role
in the discussion of the topological properties of bismuth
and their manifestation in two-dimensional films affected by
quantum confinement, see, e.g., Ref. [32]. Three-dimensional
topologically nontrivial materials have surface states, which
are immune to passivation [33].

Various methods have been used in order to obtain the band
structure of bismuth although not all of them are easily trans-
ferable to nanostructures. The tight-binding model developed
by Liu and Allen [34] is commonly used in the literature and
aims to reproduce the bulk features around the Fermi level. To
do so, interactions up to the third-nearest neighbors had to be
included. As pointed out in Refs. [35–37], minimal changes
in the model produce basically the same features but induce
a topological phase transition. In addition to the uncertainty
related to the model (or any other electronic structure method
for that matter), another disadvantage of the tight-binding
model is that surfaces, which naturally occur in nanostructures
are not well described. Therefore, additional surface hopping
terms like in Ref. [38] may have to be introduced. Specifically,
a simple truncation of the bulk model leads to a crossing of the
surface states of Bi(1 1 1) [37], which are important in nanos-
tructures, e.g., for the overall density of states in thin films.
Furthermore, tight-binding models are not easily transferable
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FIG. 1. (a) Rhombohedral Bi unit cell. The second basis atom is slightly displaced from the center of the cell. Therefore, bismuth forms
bilayers, which are clearly visible in (b) where we show a side view of the hexagonal supercell (black lines, contains only six atoms). The
bilayers lie perpendicular to the [1 1 1] direction. (c) Brillouin zone of the unit cell with the main high-symmetry points and their projection
onto the two-dimensional hexagonal Brillouin zone of the Bi(1 1 1) surface. (d) Band structure of the bulk as calculated with density functional
theory. All bands are doubly degenerate due to inversion and time-reversal symmetry (Kramers degeneracy theorem). For more details on the
structure we refer to Ref. [9].

and predictions for different types of surface terminations are
not possible, making the method not ideal for nanostructures.

Density functional theory (DFT) is a ground state theory
and well suited to predict the structure of materials from first
principles. However, the electronic states are not accurate
by construction, with the exception of the highest valence
state, which is the ionization energy [39,40]. The many-body
problem is only approximated with the exchange-correlation
functional and the states are only meant to reproduce the
true charge density for the system (rather than quasiparticle
energies) [39]. Nevertheless, DFT is often used for calcula-
tions of the band structure. As it turns out, the results often are
reasonable with exception of the notorious underestimation of
the band gap. Therefore, with respect to the Bi tight-binding
model, DFT suffers from similar issues since an artificial
inversion of the small L gap might occur, with consequences
for the topology of the bulk material.

The problems of the methods described above can be min-
imized by means of the GW method, which corrects the state
energies as calculated with DFT by replacing the exchange-
correlation functional with the calculation of the self-energy,
see, e.g., Ref. [39]. Thus, the interaction and screening be-
tween the electrons is more accurately described, leading in
general to more reliable results and a much better agreement
between the calculated band gap and its experimental value
[39]. Naturally, the computational cost increases accordingly.

In the following we use density functional theory with
complementary G0W0 calculations in order to investigate if
the surface states in thin Bi(1 1 1) films can be passivated. We
furthermore discuss the effects of confinement in the films as
calculated with both methods as well as the consequences for
the band gap and conductivity.

II. COMPUTATIONAL DETAILS

The plane-wave code QUANTUM ESPRESSO [41,42] was
used for all density functional theory calculations. The gen-
eralized gradient approximation (GGA) as formulated by
Perdew, Burke, and Ernzerhof [43] was employed using
fully-relativistic and norm-conserving SG15 pseudopotentials
[44–46]. We note that spin-orbit coupling is essential for a
good description of the electronic structure of bismuth and is
taken into account in every step of our calculations, including
the G0W0 correction of the state energies for which we used
YAMBO [47,48].

In the following we discuss the properties of thin bismuth
films with different geometries. To start with, we show the
effect of confinement on the surface states of Bi(1 1 1) films as
calculated with DFT. In order to allow for a comparison with
the bulk and previous calculations, we used the experimental
lattice parameters from Ref. [49] measured at roughly 300 K,
which are also used in Ref. [1]. A kinetic-energy cutoff of
50 Ry and a kinetic charge-density cutoff of 200 Ry proved to
be sufficient to very accurately obtain the state energies on a
6 × 6 × 1 k-point grid. The vacuum was set to 20 Å, which
is more than sufficient to suppress interactions between the
periodic images of the slab. A bulk calculation in a hexagonal
supercell was done for the projected bulk states. The results
are compared to those of a G0W0 calculation.

In addition to that, the effect of surface termination on the
structures previously described in Ref. [50] with regards to
a passivation of the surface states is discussed. These struc-
tures were optimized (under constraints) so that the remaining
forces do not exceed 5 × 10−2 eV/Å . While accurate forces
require a kinetic-energy cutoff of up to 100 Ry, the state
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FIG. 2. DFT band structures for films with 3, 5, 10, and 30 bilayers (i.e., 1.0 nm, 1.7 nm, 3.7 nm, and 11.6 nm) thickness. The slabs were
cut from the bulk with experimental geometry; no further relaxation was allowed. The number of quantum-well states grows with increasing
thickness, approaching the bulk limit. By the same token, the splitting of the valence and conduction bands is strong only in thin films and
gradually decreases. In line with Ref. [12], mainly � and in particular M are affected by confinement. For 30 bilayers we also show the
projected bulk band structure. Here the effect of confinement at � is small, so that the band edges give a clear energy reference where we can
align the projected band structure to. Since the surface states do not connect to the valence and conduction bands at M any more, it follows that
the DFT calculation predicts a trivial band topology for bulk bismuth, see, e.g., Fig. 3(c) in Ref. [36]. At �, the surface states are degenerate
but do not connect to the bulk valence bands. This is in contrast to Refs. [13,37,58], presumably due to the lack of a clear energy reference as
only the Fermi level is used for the relative alignment of the bands to the projected bulk states.

energies converge faster, which reduces the computational
cost, in particular regarding the G0W0 calculations. Therefore,
in general, for all structures a cutoff of 60 Ry or more was used
for the calculation of DFT states, which can serve as input
for G0W0.

We use the random phase and plasmon pole approxima-
tions implemented in YAMBO. Notably, G0W0 requires more
k points than DFT to converge. In order to ensure reliable
results, our calculations use up to 30 × 30 × 1 k points. For
even better accuracy of the M gap we employed an extrapola-
tion scheme. Further details are given below. Furthermore, a
Coulomb cutoff [51] has to be used in YAMBO to completely
avoid the interaction between the slab and its periodic images.
The particular implementation requires even more vacuum
than the DFT calculations and the overall cell height has to
be more than twice the thickness of the slab. The combination
of both effects, and of course the total number of electrons in
the system, limits the maximum film thickness for which the
many-body corrections can be calculated.

Since YAMBO only determines the quasiparticle energies on
a uniform grid of k points, an interpolation method has to be
used to plot the band structure. An interpolation to a fine grid
in k space is also useful in order to calculate the conductivity.

Thus, we interpolate the bands with BOLTZTRAP2 [52,53]
via a smooth Fourier interpolation scheme [54–57], which
exactly reproduces the input data. The density of states and
conductivity are subsequently calculated by a bespoke code
developed in-house.

III. SURFACE STATES ON THE Bi(1 1 1) SURFACE

Figure 2 shows the band structure of thin unterminated
Bi(1 1 1) slabs with a thickness between 3 and 30 bilayers.
By comparison with the projected band structure of the bulk
(shaded region in the figure), the two surface bands can be
identified at the Fermi level as they appear in the projected
bulk gap. In fact, each of the bands is degenerate with another
band and the two states correspond to the two surfaces of the
slab. Only in a semi-infinite bulk, there is no second surface
and therefore no degeneracy so that two spin-split bands re-
main on the surface. The states in a slab are subject to quantum
confinement perpendicular to the surface so that the energy
splitting between the valence and conduction states increases
with respect to the bulk. Since the direct band overlap of Bi
is small, a semimetal-to-semiconductor transition has been
expected even for relatively thick films (between 23 nm to
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FIG. 3. DFT: (a) Band structure and DOS of a hydrogen terminated slab. For simplicity, the slab was kept in the experimental geometry of
the bulk and only the H atoms were relaxed. We also show the data for the unterminated slab in gray. Clearly, the points � and K are affected by
the surface termination. At �, the conduction bands are pushed to higher energies, which increases the overall distance between the occupied
and unoccupied states in the Brillouin zone. The previously very large local gap at K is reduced while the M point is only marginally affected.
In this artificial but controlled setting, we observe a passivation of the surface, which results in a band gap of 259 meV. (b) Results for the
hydroxyl termination. In comparison to (a), the main difference is the K point where the lowest conduction band (effectively one of the two
surface bands) drops below the Fermi level so that the system becomes even more metallic. This is clearly reflected in the DOS.

32 nm) [9,15,17–19]. Nevertheless, the experimental observa-
tions made are not without ambiguity and the transition is still
subject to debate.

It is clear from Fig. 2 that the effect of confinement is most
prominent at K, �, and particularly M. The states between �

and M remain relatively close to the Fermi level. For details
we refer to Ref. [12]. Overall, the expected onset of a semicon-
ducting phase with a large band gap is not in agreement with
the predictions of density functional theory. We can only see
a very small gap for three bilayers or about 1 nm thickness,
which is also sensitive to further relaxations away from the
experimental bulk lattice. In fact, the expectations formulated
above rely on an idealized picture of quantum confinement as
a perturbation to the bulk. The fact that broken bonds may
give rise to metallic states at the surface is not considered. In
other words, it is assumed that the surface states are removed
from the band structure by passivation. This passivation, e.g.,
with a native oxide, may be required in Bi films to open the
band gap (see also Ref. [22]). In the following we investigate
if a hydrogen, hydroxyl or Bi2O3 termination as presented in
Ref. [50] can achieve passivation of the surface bands.

The discussion will be divided into two sections. First of
all, we start by using the experimental bulk geometry for
a three bilayer thick film. Thus we can clearly isolate the
effect of the surface termination without any side effects, e.g.,
further relaxation of the films. Each side of the slab will be
terminated with hydrogen or hydroxyl, which is allowed to
relax on the surface. For the oxide termination, a five bilayer
slab is used where the upper and lower bilayers are oxidized
and relaxed. Afterwards, we consider further relaxation of
the structures and apply strain equivalent to lattice matched
growth of Bi(1 1 1) on a Si(1 1 1)–7 × 7 substrate.

Figure 3 shows the bands and density of states (DOS) of the
–H and –OH terminated structures and compares the results to
the unterminated slab. We can see that the hydrogen termina-
tion does reduce the DOS at the Fermi level by pushing the
lowest conduction band states at � to higher binding energies.
In turn, the splitting at K is reduced—but not enough to close
the gap. As we will show subsequently, further relaxation of
the structure will close the gap again. The hydroxyl termina-
tion has a similar effect on the band structure, but the changes
at K are even more pronounced. The first conduction band
crosses the Fermi level and closes the global gap due to an
overlap with the valence bands at �.

The oxide termination in Fig. 4(a) on the other hand ba-
sically does not have any significant effect on the surface
states. The equilibrium position of the oxide layers is further
away from the Bi core than another Bi bilayer would be.
Figure 4(a) shows the band structures of the full terminated
slab, the core Bi region, and the isolated oxide layers. Clearly,
the surface bands are affected only slightly and there appears
not to be enough chemical interaction with the oxide to push
the states away from the Fermi level. The band dispersion of
the valence bands below −1 eV is to a good approximation
just a superposition of the bands of the two subsystems. Since
GGA underestimates the bond strengths, we also investigated
how the electronic structure is affected if the oxide layers are
closer to the surface of the Bi slab. Keeping those Bi atoms of
the oxide layers, which are closest to the slab in the position of
a new bilayer, the interaction is enhanced slightly. However,
rather than passivating the slab, the states at � are affected
such that the small band gap is closed completely.

We note that the band gap of our oxide layers (approxi-
mately 2.6 eV) is in good agreement with experimental values
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FIG. 4. DFT: (a) Band structure and density of states for the oxide terminated slab in red, the unterminated slab in gray, and the
corresponding isolated oxide layers in blue. While the Bi core region was kept in the experimental bulk geometry, the oxide was relaxed
on the surface of the film and shows very little interaction with the core. In particular, the surface bands at the Fermi level are not affected
and the band structure is basically a superposition of those of the subsystems. Thus, the oxide termination has no passivating effect on the
surface states. The bands of the relaxed hydrogen terminated structure are shown in (b) where the in-plane lattice constant was kept fixed. The
reorientation of the film has a significant impact on the electronic structure. The C3 symmetry is lost, so that the M points (and K points) are
no longer equivalent. Thus, we have chosen a path, which is perpendicular and parallel to the characteristic direction of the system, given by
the orientation of the surface bonds. The valence and conduction bands overlap in the direction of the Bi-H bonds and therefore the system
remains semimetallic.

for α-Bi2O3, which is the most common and stable oxide
phase [59–62]. The native oxide on the films in Ref. [21]
was found to be Bi2O3. Five different phases of bulk Bi2O3

are known and the native oxide layer may, as is shown in
Refs. [59–61] for Bi2O3 films, consist of a mixture of these
phases (or even amorphous regions and regions with different
stoichiometry, also depending on the preparation conditions).
Values of 2.15 eV and 2.60 eV for the indirect (thermal and
optical) band gap in α-Bi2O3 and 2.91 eV for the direct
(optical) gap were reported in Ref. [63]. However, there is
considerable variation to be expected (2.3 eV to 3.3 eV for
the optical gap in the oxide films, 2.3 eV for α-Bi2O3, and
about 2 eV for amorphous films in Ref. [61]). The structure
of the native oxide and the layered oxide model may not
coincide with the bulk phases, so that the electronic structure
is modified. Confinement may also further change the band
gap in the thin oxide layers. Nevertheless, overall the model
appears to describe the oxide layers reasonably well1.

After this simplified investigation, there are two additional
factors, which have to be considered for the realistic descrip-
tion of the films. First of all, the slabs might relax further, in
particular perpendicular to the substrate. Chemical interaction
with the goal of passivating the surface will have an impact
on the overall structure. This has been discussed in Ref. [50]
for hydrogen and hydroxyl termination, which changed the
orientation of the whole film for sufficiently small thickness.
A stronger covalent bonding between film and oxide than

1The band gap is wide enough so that the coupling of the oxide to
the Bi states at the Fermi level is small.

observed here for our model can be expected to lead to a
change in the orientation of the crystal close to the surface.
Furthermore, lattice strain due to the growth on a mismatched
substrate such as Si(1 1 1)–7 × 7 has to be considered.

In any case, we require a relaxation of the full structure
with respect to the experimental bulk lattice. We note that the
weak forces between the layers in combination with the high
number of atomic coordinates makes it difficult for common
relaxation algorithms to find the true global energy minimum.
To start with, Fig. 4(b) shows the hydrogen terminated film
after relaxation where the in-plane lattice constant was kept
fixed at 4.546 Å. We observe the expected reorientation of the
film induced by the covalent bonds at the surface, which has a
significant impact on the electronic structure of the film. Since
the rotational symmetry of the previously hexagonal surface
is lost, we have chosen those K and M points for the band
structure plot, which are perpendicular and parallel with the
in-plane orientation of the Bi-H bond. The overlap between
the valence and conduction band has increased significantly
due to the changes at the M point and the film has become
even more metallic. Therefore, it is not realistic to assume that
a hydrogen termination would lead to the passivation seen in
the unrelaxed geometry shown in Fig. 3(a).

There are some further intricacies of the electronic
structure related to the equilibrium geometry of the film.
Figure 5(a) shows the band structure and DOS of a bismuth
film with the same in-plane lattice constant as the previously
discussed films. The remaining parameters that determine the
crystal structure were optimized for a minimum bulk energy.
Since GGA underestimates the bond strengths, the interlayer
distance increases. As a consequence, as we have discussed
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FIG. 5. DFT: The figure shows the effects of relaxation and strain on three bilayer thick films. The results for the unterminated slabs are
shown in gray while the red curves correspond to those with termination. The slab in (a) was cut from a bulk lattice where the out-of-plane
lattice constant ch and atomic positions were optimized via a minimum energy fit (GGA). Effectively the inter-bilayer distance increased while
ah was not changed with respect to the previous calculations. As a consequence, the T-L overlap increases in the unterminated slab (dip in
the surface state between � and M) although the splitting due to confinement is much stronger at M. However, compared to the previous
crystal structure, the overlap at M also increases if H is attached to the surface and the DOS remains semimetallic even with termination.
Panel (b) corresponds to a thin film on a Si(1 1 1)–7 × 7 substrate, i.e., 1.3% in-plane compressive strain. In order to avoid issues with the
interlayer distance, we deduced ch by assuming constant volume. The atomic positions in the bulk were also optimized via a fit. We observe an
effect similar to (a) with increasing indirect band overlap and an almost identical semimetallic density of states at the Fermi level. However, in
contrast to (a), this not due to the deficiencies of DFT regarding the equilibrium structure.

previously in Ref. [64], the indirect band overlap between T
and L increases2. These high-symmetry points of the bulk
project to the � and M point of the slab, see Fig. 1(c).
Indeed, compared to Fig. 3(a), the surface state of the un-
terminated slab (drawn in gray) between these two points
drops in Fig. 5(a) to lower energies and closes the gap of the
unterminated slab. Directly at M, the effect of confinement
is much stronger and pushes the bands apart. Hydrogen was
then used to passivate the surface and only the H atoms were
relaxed. The corresponding band structure of the terminated
slab is drawn in red. Notably, in contrast to the case of ex-
perimental lattice geometry, the first conduction state at M
now drops in energy, leading to a semimetallic density of
states.

Next, we consider the strain, which a Si(1 1 1)–7 × 7
substrate exerts on a thin Bi film. The strain in films of this
thickness has been reported to be -1.3% so that the bismuth
film matches with the silicon substrate with six unit cells of
the hexagonal lattice [67–70]. In order to avoid any issues
related to the bilayer distance as predicted by the GGA, we
apply the strain to the in-plane lattice parameter ah and adjust
the out-of-plane parameter ch accordingly so that the cell
volume is preserved; the coordinates of the basis atoms were
optimized for the bulk. The results are shown in Fig. 5(b).
Again, the gray bands correspond to the unterminated slab for
which the results are very similar to Fig. 5(a). Clearly, the

2At the same time the material is pushed towards the topologically
non-trivial state (decreasing L gap).

compressive strain in the plane increases the overlap of the
valence and conduction bands in line with the discussion in
Ref. [64] for the bulk. Introducing bonding hydrogens to both
sides of the film (bands drawn in red) does not passivate the
surface since the overlap between the valence and conduction
bands persists.

We note again that the relaxation and strain effects also
affect the unterminated three bilayer slab in Fig. 2 insofar as
the small band gap, which is obtained with experimental bulk
geometry, closes.

IV. CONFINEMENT: DFT AND G0W0

Based on the observations above, the surface states can not
realistically be expected to be removed in our DFT calcu-
lations3. In-plane compressive strain or a relaxation towards
increasing bilayer distance is further detrimental to passiva-
tion since the overlap of the valence and conduction bands
increases. Therefore, the reported semiconducting behavior
of thin films raises the question if density functional the-
ory achieves an adequate description of the confined system.
Since the M gap is the most sensitive to confinement and also
accessible in experiment via angle-resolved photoemission
spectroscopy (ARPES), this quantity is a reasonable observ-
able to check.

3Only in the artificial situation where hydrogen is attached to an
otherwise unrelaxed slab, the surface states are sufficiently deformed
to open a small band gap, but not entirely removed.
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FIG. 6. (a) The direct G0W0 M gap was fitted as a function of the number of k points in each direction of the Brillouin zone. A decaying
exponential was used in order to obtain the converged value. The results are shown in (b) as a function of the reciprocal slab thickness and
compared with the DFT values. The light and dark gray areas indicate the L gap of the bulk as calculated in DFT or G0W0, respectively. In
DFT, the band topology of bismuth is trivial, which is confirmed by the fact that the value of the M gap for 30 bilayers is already smaller than
the bulk L gap. In the semi-infinite limit, the surface states still exist but are degenerate as shown in Refs. [12,32,65] and as a result the gap does
vanish. In the case of G0W0, we have shown previously [64] that Bi is topologically nontrivial (using the same crystal structure and methods).
Thus, one of the surface bands connects to the valence band while the other surface band connects to the conduction band in the semi-infinite
limit. The same interpolation was done for the experiments in Refs. [13,66] and the respective data combined with that from Ref. [11] is shown
as a gray line. The data contains only films with at least 7 bilayers so that the line is extrapolated to thinner films. Surprisingly, the experimental
results match very well with the DFT results whereas G0W0 overestimates the M gap.

We calculated the M gap for films with a thickness between
3 and 30 bilayers, again using the experimental bulk lattice.
The results are shown in Fig. 6. There we also compare the
DFT results to those of G0W0 calculations, which for many
materials improve the electronic structure, in particular re-
garding the energy gaps. As shown in Fig. 6(a), a high number
of k points is required in the two-dimensional G0W0 calcula-
tions and we use an extrapolation scheme in order to obtain
well converged results. The limiting factors that determine the
maximum film thickness for which calculations are possible
are discussed above in Sec. II.

Figure 6(b) shows the same analysis that was applied to
the experimental results in Ref. [11] and Refs. [13,66] where
the measured M gaps were plotted as a function of the re-
ciprocal film thickness and used for an extrapolation to the
semi-infinite limit. Since the gap is increased in thin films due
to confinement, the relative error is small and the extrapolation
is thus more reliable than a direct measurement of the small
splitting of the surface bands on the semi-infinite surface,
which at the maximum might amount to a value of the order
of the bulk L gap. We note that in comparison to the films
calculated here, those used in experiment are typically thicker,
since these samples are easier to grow with high quality.

A linear dependence of the M gap as a function of the
reciprocal slab thickness has been found in Ref. [13] over a
range of 14 to 202 bilayers, which is explained in Ref. [66]
by the Dirac dispersion of the bulk in the direction normal to
the film surface; the k⊥ of the standing waves are determined
by the thickness and by taking into account the phase shifts

at the surface and at the interface to the substrate. Our DFT
and G0W0 results agree with this observation reasonably well
even for a thickness of only a few bilayers. We note that a
gap, which is a linear function of the reciprocal thickness has
also been taken as an indication of a parabolic confinement
potential, e.g., in Ref. [28].

Surprisingly, the DFT results for the M gap are al-
ready in good agreement with the experimental data while
G0W0 overestimates the gap substantially. From this per-
spective, the DFT description of the surface states in thin
Bi(1 1 1) films, affected by confinement, appears to be
very reasonable. However, the discrepancy of the many-body
calculations requires some clarification, particularly since
G0W0 is known to improve the description of the bulk
bands [1,64].

V. FULL MANY-BODY BAND STRUCTURE

Knowing only the size of the M gap is not sufficient in
the context of a semimetal-to-semiconductor transition and
for the interpretation of the conductivity measurements in
the literature. Rather, the calculation of many k points in the
Brillouin zone equivalent to the full band structure is required.
We evaluated the quasiparticle energies on the full 30 × 30
k-point grid. Figure 7 shows the interpolated band structures
for 3-, 5-, and 10-bilayer-thick slabs in bulk-like geometry and
compares to the DFT bands.

As we have observed previously, the splitting of the surface
states at M is enhanced with respect to DFT and the same is
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FIG. 7. Band structure of 3-, 5-, and 10-bilayer-thick Bi(1 1 1) films in bulk-like geometry with (red) and without (gray) the many-body
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interpolation with BOLTZTRAP2 ensures that there are no fitting errors, in particular at K, �, and M, which however causes some Gibbs
oscillations on the path between the calculated points. The Fermi level is at 0 eV.

true for K. The most interesting however is the behavior in
the middle of the Brillouin zone near the � point, where the
DFT valence and conduction bands are very close. The many-
body corrections split the bands further apart so that for three
bilayers a substantial band gap can be observed. Thus, G0W0

suggests that quantum confinement alone is sufficient to open
a small band gap of about 140 meV in the very thin film and no
passivation of the surface states is required. We note however
that this gap is smaller than commonly expected for a total
thickness of only 1.0 nm. Furthermore, the gap already closes
for less than ten bilayers, i.e., 3.7 nm thickness.

Unfortunately, there is not the same amount of data in the
literature for other symmetry points than M. Based on our
observations, the � point of the films and its contribution to
the conductivity would be particularly interesting and could
offer an explanation for the observed semiconducting proper-
ties if the removal of the surface states (i.e. the passivation)
indeed fails.

We note that in comparison to the bulk calculation
in Ref. [64], the effect of many-body interaction correc-
tions resembles much more that of a scissors operator (see
Supplemental Material [71]).

VI. ELECTRONIC TRANSPORT PROPERTIES
OF THE FILMS

We used the same interpolation method as described above
to obtain the density of states and conductivity σ of the slabs.
Since the effect of confinement on the surface states appar-
ently is described reasonably well with density functional
theory (at least at M where we compared with experimental
data), the DFT states were used as basis for the following
calculations. Our code uses the tetrahedron method for the
calculation of the DOS and the Boltzmann transport equation
with the constant relaxation time approximation for σ , similar

to BOLTZTRAP2 [52,53]. The conductivity is then linearly pro-
portional to the constant relaxation time parameter τ . When
calculating σ for different temperatures, the occupation of
the states changes. Changes of the scattering rates that have
been used to distinguish between the metallic surface and the
semiconducting bulk channel of the films in experimental data
(see, e.g., Ref. [23]) can however not be considered in this
simple model.

Figure 8(a) shows the density of states of the thin films.
A good description of the surface states is particularly impor-
tant since they constitute the majority of states at the Fermi
level. As we already know, only the three bilayer thick film
has a band gap. Notably, films with 10, 15, and 30 bilayers
all have approximately the same feature at the Fermi level,
which originates from the surface states and thus does not
appreciably change if the film thickness is increased further.
Upon normalization with the number of bilayers in Fig. 8(c),
the density of valence states of 10-, 15-, and 30-bilayer-thick
films approaches a converged value, i.e., the bulk limit. A
prominent feature at around 100 meV to 200 meV above the
Fermi level can be observed for the three bilayer thick film
and corresponds to an almost flat surface band. The curvature
of this band increases in thicker films but otherwise does not
change its position in energy so that the peak spreads over a
wider energy range.

The observations above are useful for the interpretation of
the conductivity, which is shown in Figs. 8(b) and 8(d) without
and with normalization with the slab thickness. First of all,
the three and five bilayer thick films are insulating at 0 K. The
low-temperature behavior of the sheet conductivity, Fig. 8(b),
clearly shows that the critical thickness, below which the
surface states require thermal excitation in order to conduct
current, lies between five and ten bilayers. In contrast to that,
the thicker films all have finite conductivity for low tempera-
tures since the surface states are already partially filled. The
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10 and 15 bilayer films have a very similar conductivity at 0 K
and the core of the film remains insulating. The thickest slab
with 30 bilayers has an additional low-temperature contribu-
tion from the � valence bands.

Similar to Fig. 4 in Ref. [24], when normalized with
the number of bilayers, thicker films have a lower conduc-
tivity at low temperatures before thermal excitation makes
the semiconducting core conduct. Before that, only the
surface contributes to the current. However, the films in
Fig. 8(d) are thinner than those used in the experiment and we
observe the transition from the semiconducting to semimetal-
lic films already at around five bilayers. The G0W0 corrected
band structures in Fig. 7 suggest the same since the energy gap
here also closes at around five bilayers. This threshold agrees
well with the measurements in Ref. [22]. Aitani et al. [30]
report that a transition between surface and bulk dominated
transport happens above a film thickness of 16 bilayers.

We expect that more sophisticated models including
temperature-dependent scattering will further improve the
agreement with the measurements. The changes in the scat-
tering are important to show where the surface contribution is
outweighed by the semiconducting core because the metallic
states at the surface conduct less at higher temperatures, so
that it is possible to clearly distinguish the two channels by

fitting σ (T ) where required, see, e.g., Ref. [24]. With the
simpler approach presented here, we have already identi-
fied the onset of conductivity in the unterminated films as
a function of thickness in order to compare to the exper-
imentally predicted semimetal-to-semiconductor transition.
We also note that for these very thin films an allotropic phase
exists, which has a similar effect on the conductivity, see, e.g.,
Refs. [22,24,67] for more details.

VII. DISCUSSION

In the first part of this paper we have shown how the
surface states on thin Bi(1 1 1) slabs react to different kinds
of surface termination. The metallic states are not removed
but shifted at the three main symmetry points K, �, and M.
The importance of the � point for a global band gap as well as
relaxation effects (inter-bilayer spacing and reorientations due
to surface termination) have been highlighted. We found that
the layered-oxide model shows negligible interaction with the
film and thus does not passivate the surface. In summary, the
passivation of the surface of a three bilayer film was not pos-
sible in DFT without additional constraints on the structure.

Subsequently, we have compared the performance of
DFT and G0W0 regarding an accurate description of the
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confinement effects in thin films. The DFT calculations agree
very well with experimental results in the literature although
the slab thickness is not directly comparable. G0W0, which
also reproduces the direct proportionality of the M gap with
the reciprocal thickness, overestimates the splitting of the
bands. This may be a result of substrate-induced strain, which
we did not account for above. In a test calculation for the film
in Fig. 5(b) we found the M gap to increase slightly from
1.25eV to 1.28 eV upon applying the 1.3% compressive strain.
Thus, it is likely that the difference in the M gap is rather due
to the vicinity of the substrate and the corresponding effect
on the screening in the thin film in experiment. Substantial
changes in the screening due to a substrate and a concomitant
decrease of the band gap has been shown for thin films in
Ref. [72]. The good agreement between the experimental M
gap and the density functional theory results justifies the use
of DFT for this passivation study.

Since the bulk material is topologically trivial in DFT,
those films, which have the same atomic structure do not
have to have topological surface states, which can not be
passivated. The situation is different once the many-body
corrections are considered. Using the same methods, we have
shown previously [64] that bismuth is topologically nontrivial.
If bismuth was an insulator, this would mean that metallic
surface states exist on the Bi(1 1 1) surface, which connect
the valence and conduction bands. Nevertheless, the band
structure of the three bilayer thick film in Fig. 7 has a global
band gap. There may be two reasons for this kind of behavior.
Firstly, as was pointed out in Ref. [36], the overlapping bulk
valence and conduction bands can be connected by surface
states without crossing the Fermi level. Explicitly, this would
mean that both surface states connect to the bulk valence
bands at � with a local energy gap between them and further
connect to the valence and conduction bands at M. Secondly,
confinement is a further perturbation to the system. In par-
ticular, although it is possible to construct the bulk system
corresponding to a strained film, it is not as straightforward
to construct such a system taking into account the effects
of confinement. Strain is known to drive topological phase
transitions and we assume that this is the case for confinement
as well, so that the topological constraints do not necessarily
remain in very thin films.

With a simple model we have investigated the conductivity
of the films and compared σ of the calculated band structures
to the popular empirical two-channel model. We observe an
onset of the surface state conductivity for a thickness above
five bilayers, which agrees well with experimental results.
For the interpretation of experimental data for films with a
thickness of only a few bilayers, the semiconducting allotropic
phase also has to be considered, see, e.g., Refs. [22,24]. A
clear distinction between the metallic surface states and the
semiconducting core or bulk states, which are populated by
thermal excitation, requires the inclusion of more details like
electron-phonon scattering.

Realistically, the relaxation time τ depends on the temper-
ature as well as the band energy and position in reciprocal
space. Thus, it is also a function of the thickness of the film.

Further relaxations of the thin films that may alter the elec-
tronic structure have been neglected completely. Disregarding
all these complexities, we can estimate τ for the surface states
by comparing with the experimentally obtained surface state
conductivity of approximately 1.5 × 10−3 �−1� [22]. The
calculated low temperature values for the sheet conductivity
between 100 to 250 �−1�/τ [ns] correspond to a relaxation
time of only 6 fs to 15 fs, which appears to be short and
is much smaller than the estimated value of 200 fs, which
was reported in Ref. [73]. However, the relaxation time is
comparable to the bulk value reported in Ref. [74]. There the
electronic lifetime was found to be about the lifetime of the
electronic force driving the Eg vibrational mode, which was
independent of the excitation energy (corresponding to the
band gap for the electron-hole recombination, changing with
confinement).

There have been few published studies concerning the ef-
fect of termination on the Bi(1 1 1) surface. Liu et al. have
schematically shown in Ref. [75] how a hydrogen termination
changes the band structure. Based on the similarity of their
results to Fig. 3(a), we assume that they have also only relaxed
the H atoms on the surface but did not allow the whole film to
relax. The shown band structure has no substantial band gap.
The authors of Ref. [32] investigated the effect of a surface
potential, mainly in the context of band topology and the
system’s response to perturbations. An asymmetric potential
was used there to remove some of the interaction between the
surface states at M and to thus distinguish the topologically
trivial and nontrivial phases. The surface potential was then
replaced with surface hydrogen bonding to a similar effect
as in our calculations and the results of Ref. [75]. Experi-
mentally, arguments for a passivation by oxidation have been
found in Ref. [22], although temperature-dependent measure-
ments would be particularly useful in this context, e.g., in
order to exclude the full oxidation of the six bilayer thick
film. The temperature dependence in the two-channel model
and the corresponding measurements only consider untermi-
nated surfaces. The atomistic modeling of the oxide and its
interaction with the film as presented above does not suggest
a passivation effect. In summary, with the results presented in
this paper, we have extended the knowledge on the passivation
of thin Bi(1 1 1) films with different kinds of termination and
have pointed out the side effects, which occur due to changes
in the crystal structure.
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