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Controlling conductivity by quantum well states in ultrathin Bi(111) films
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Epitaxial Bi(111) films were subject to many and partly even controversial studies on the semimetal-
semiconductor transition triggered by a robust quantum confinement. The residual conductance was ascribed
to conducting surface channels. We investigated ultrathin crystalline Bi films on Si(111) as a function of film
thickness d between 20 and 100 bilayers by means of electric transport measurements. Varying temperature and
magnetic field, we disentangled two transport channels. One remains indeed metallic at all thicknesses investigated
and exhibits a slightly increasing conductance as a function of d , whereas the second is activated with a d−1

dependence of the activation energy, indicating a quasiharmonic confining potential. Both channels reflect the
electronic properties of the entire film and do not allow us to strictly separate surface and bulk states. While there
is clearly no bulk conductivity, the activated channel is consistently described as electronic excitation into the
partly occupied quantum well states, which are also responsible for the metallic conductance and preferentially
located close to both interfaces of the film.
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I. INTRODUCTION

The semimetal Bi is characterized by strong spin-orbit
coupling and a large Fermi wavelength for bulk electrons,
which is around 30 nm. While symmetry prevents spin-orbit
split bands in the bulk, surfaces states are strongly spin
polarized, and the long Fermi wavelength leads to pronounced
quantum confinement effects in thin Bi films [1–9]. Moreover,
the Bi(111) films were analyzed recently with respect to their
topological character. While few layers of Bi on Si(111) and
Bi2Te3 were proposed to mimic a quantum spin Hall insulator
[10,11], also 30-nm-thick films and even Bi(111) crystals re-
veal signatures of a nontrivial surface-band dispersion [12,13].

The mesoscopic Fermi wavelength triggered an intense
search for a semimetal-semiconductor (SMSC) transition,
predicted 50 years ago by Sandormirskii [1]. Using thin Bi
films or Bi nanorods, controversial results were obtained [14].
A critical thickness of 30 nm was deduced from magnetotrans-
port experiments with the finding that thinner films become
semiconducting in the sense of an SMSC transition [15].
Photoemission results as a function of film thickness were
interpreted as evidence that the bulk states indeed undergo
the SMSC transition [8]. However, for thin films below 30
bilayers (12 nm) a crossing of the bulk valence band with the
Fermi energy was observed, so that the interior of film becomes
metallic. This re-entry of the bulk metallicity was explained by
surface-state size effect and the accompanied charge transfer
between surface and bulk [8].

This interpretation is partly at variance with other measure-
ments. Even below the critical thickness of 12 nm the electronic
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transport of thin Bi films is always characterized by an activated
channel, visible at higher temperature [9] and an additional
robust metallic channel at low temperature [9,16,17]. The
strong spin-orbit coupling gives rise to a large Rashba splitting
for the metallic states [5]. However, this splitting in turn
depends on the film thickness, thus demonstrating the close
entanglement of all states and questioning the strict separation
into bulk and surface states for thin films [18,19].

In this study we performed surface sensitive transport
measurements on Bi(111) films grown epitaxially on Si(111).
The systematic variation of film thickness and substrate quality
allowed us to clearly separate activated from metallic contri-
butions and their relative size. Both transport channels vary
as a function of the film thickness, supporting a model with
vanishing activation energy in the limit of an infinitely thick
film and a remaining metallic state. In other words, this limit
corresponds to a semimetallic bulk and a metallic surface state.
However, due to quantum-mechanical interaction across the
whole film, these states hybridize particularly close to Fermi
level and the surface state is rather a partially occupied quantum
well state (QWS) defined by the entire film.

II. EXPERIMENTAL SETUP

The transport measurements were performed on Bi films
grown on low-doped Si(111) samples (>1000 � cm) of 15 ×
15 × 0.5 mm3 size, hosting four slits and eight TiSi2 contacts
under ultrahigh vacuum conditions. Details about the fabri-
cation of contacts as well as the in situ cleaning procedures
are described elsewhere [20]. Epitaxial Bi films were grown
via molecular beam epitaxy at 200 K followed by annealing
to 450 K for several minutes. The morphologies of the Si
substrates and Bi(111) films were checked by low-energy
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FIG. 1. (a),(b) Conductance as a function of temperature for
variously thick Bi(111) films. While for (b) the films were prepared
on fresh Si(111) substrates, in (a) the Si(111) templates were used
for multiple deposition experiments and high-temperature annealing
cycles. (c) G(T ) curves for 40- and 75-BL-thick films together with
fits according to Eq. (1). (d) LEED pattern of a 55-BL-thick Bi film.

electron diffraction (LEED). A representative LEED image
for an epitaxial Bi(111) film is shown in Fig. 1. We used
the rhombohedral notation for indexing the Bi planes, i.e., the
surface normal coincides with the 〈111〉 direction [3]. The layer
thickness of the Bi films is given in bilayers (BL = 1.14 ×
1015 atoms/cm2). The Bi coverage was calibrated by recording
bilayer oscillations in conductance during the homoepitaxial
growth of Bi on Bi(111) films at 10 K. In the course of the
project we found that aging of the Si(111) samples is a severe
problem. Therefore, the Si samples were flash-annealed in total
only a few times. Usually after the fifth deposition experiment
we exchanged the Si samples.

III. RESULTS AND DISCUSSION

High quality Bi(111) films were grown by the procedures
described above, as obvious from the LEED pattern shown in
Fig. 1(d), which is characterized by low background and no
indication for rotational disorder. The change of dc conduc-
tance as a function of temperature is shown in Figs. 1(a)–1(c)
for various film thickness between 20 and 75 BLs. Starting
from low temperatures, the conductance first drops for all film
thicknesses, which is a hallmark for metallic band transport.
A second nonlinear positive contribution to conductance can
be identified, which increases with the layer thickness and as
a function of temperature. It dominates conductance for film
thicknesses above 40 BLs at temperatures above 100 K.

These Bi film specific fingerprints of conductance are
highly sensitive to the exact conditions of film preparation
and to interface properties. While nonannealed films, though

crystalline, show no metallic contribution, frequent removal
of the Bi layers by thermal desorption alter film quality of
newly prepared films and strongly modify and increase the
activated contribution to conductance. The small peak around
180 K, seen in Fig. 1(a), is independent of layer thickness, but
increases by repeated thermal desorption of Bi. Since traces of
it can also be seen in conductance of bare Si(111) after repeated
removal of Bi layers, it is most likely due to an activation of
a small concentration of Bi-induced defects within the space
charge layer of Si close to the interface [21]. It is not seen for
layers grown on a new sample [Fig. 1(b)]. Therefore, it has
been neglected in the analysis described below. These defects
also deteriorate the growth conditions of the Bi film and yield
space charge and impurity-driven transport channels through
the Si. In this contexts also impurities from the residual gas
may play a role. It was already shown in former studies that
high-temperature annealing (>1300 K) leads to the formation
of SiC interstitial defects, which severely alters the band
bending close to the surface and subsequently increasing the
space charge layer contribution [22–24]. Therefore, we flash
annealed the Si templates for the Bi films only a few times in
order to reduce Si-based interface currents to a minimum.

In order to obtain more quantitative results, we parametrized
and fitted the conductance G of the Bi films of thickness d as
a function of temperature T , following Ref. [14]:

G(T ) = [
G−1

0 + aT
]−1 + G1exp

(
− Eg

2kBT

)
; (1)

kB denotes the Boltzmann factor, and a is a constant. The
first term describes the metallic transport (G0 refers to the
conductance at 0 K) including electron-phonon scattering,
while the second term accounts for thermally excited carriers.
Thereby, G1 comprises details of the density of states available
for activated transport and depends on the carrier concentration
and their electronic mobility. The associated quantum size
effect induced band gap Eg rather mimics an effective gap de-
fined by the energy difference between occupied and (partially)
unoccupied states [18]. In former studies, the metallic and
activated contributions were synonymously used for surface
state and bulk state triggered transport, respectively. We will
show below that this assignment is rather suitable in the limit
of a semi-infinite Bi(111) film, but is misleading in the case
of thin films. The quality of the fit, based on this simple
metallic surface and activated bulk transport model, is shown
exemplarily for 40- and 75-BL-thick Bi films in Fig. 1(c).

We first discuss the activated transport channel. The energy
gaps Eg for the different film thicknesses d, deduced from fit-
ting the data, are plotted in Fig. 2(a) for a wide thickness range.
We plotted in total three different series of data and the data
follow nicely a 1/d behavior. The 1/d thickness dependence
is confirmed by independent angle-resolved photoemission
spectroscopy (ARPES) measurements in the thickness range
from 5 to 25 BLs [18]. The extrapolation of ARPES data
together with DFT calculations on free-standing Bi films to
the film thicknesses here show even quantitative agreement
[25].

A 1/d-thickness behavior is expected for a parabolic
confinement potential of the electrons propagating along the
〈111〉 direction. This deviation from the generally assumed
square well potential [14] is not unexpected in systems with
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FIG. 2. Energy gap Eg (a), film conductance G1 (b), and surface
conductance G0 (c) as a function of film thickness. The symbols
denote measurements done on different Si(111) surfaces. The color
coding in (a) and (b) illustrates sets of measurements performed with
different Bi films prepared on the same Si substrate.

low charge densities and is quite common for epitaxial films.
E.g., for SiO2 and InSb films exponents of 1.56 and 1.4 were
reported [26,27]. Most importantly, Eg is not vanishing even
for extremely thin films in accordance with low-temperature
transport measurements [9]. However, this finding contrasts
with conclusions made from recent APRES experiments,
where it was shown that the valence bands at the � point
intersects the Fermi level for films below 30 BLs, thus the film
should reveal a higher conductance below the critical thickness
[8], which is not seen in our transport experiments.

As obvious from Fig. 2(b), the conductance G1 increases
almost quadratically as a function of the film thickness. Note
that G1 should be constant in the case of a film thickness
independent bulk band dispersion. Therefore, the pronounced
thickness dependence is a direct consequence of the quan-
tum well state formation within the Bi film. A thickness
dependence with an exponent close to 2 can be rationalized:
the two-dimensional density of states for quantum well split
states scales with the size of energy splitting. Moreover, the
confinement along the growth direction changes the curvature
of the bands, in accordance with high-resolution ARPES
measurements [16]. This also widens the k space available
for an efficient excitational transfer, roughly with the same
exponent.

The metallic conductance at low temperatures (11 K),
shown in Fig. 2(c), reflects basically G0, which is associated
with the metallic surface transport channel. Obviously the
surface contribution increases linearly with d by around 20%
between 20 and 100 BLs [Fig. 2(c)]. We will show below
that this effect is governed by the increase of the carrier
concentrations and mobilities within the metallic states, as

FIG. 3. Magnetotransport results: (a) G(B) and (b) Hall mea-
surements at 11 K. (c) Electron (μn) and hole mobilities (μp). (d)
Electron (n) and hole (p) carrier concentrations as a function of the
film thickness.

already seen before by transport [17]. The measurements of the
total conductance measured at 300 K show a similar behavior as
G1, which supports our assignment from above. Qualitatively,
the increase of G1 reflects the change of the density of states
of the bulk valence band as a consequence of the formation of
quantum well states within the Bi(111) films.

The G(T ) measurements discussed so far were utilized in
order to demonstrate the presence of a metallic and activated
transport channel. At low temperatures, the contributions from
the activated part can be almost neglected and the conductance
is governed mainly by the metallic channel. In order to reveal
the band mobilities and carrier concentrations we performed
magnetotransport measurements at low temperatures. The
spin-orbit interaction results in the formation of hole- and
electronlike states, that are partially filled [16]. Therefore,
at least a two-band model must be used to describe the
Bi(111) surface states, which averages over concentrations and
mobilities of electrons and holes in the respective bands. The
conductance G as a function of the magnetic field B follows

G(B) = G(0)
1 + (1 − c)2 μ2

nμ
2
p

(μn+cμp)2 B
2

1 + μnμp
μp+cμn

μn+cμp
B2

, (2)

where c ≡ p/n denotes the ratio of the hole and electron
concentration and μn,p the corresponding charge-carrier mo-
bilities [28]. The quadratic behavior is nicely seen in Fig. 3(a),
particularly for larger magnetic fields. For small fields the
magnetic length lH = √

h̄/eB is large compared to the film
thickness, i.e., in this regime localization effects are important.
We will not consider this quantum transport regime further, but
want to mention that this contribution was carefully subtracted
(see, e.g., [6]).
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The Hall resistivity is given by [28]

ρH (B) = − B

ne

μ2
n − cμ2

p + (1 − c)μ2
nμ

2
pB2

(μn + cμp)2 + (1 − c)2μ2
nμ

2
pB2

. (3)

Characteristic curves for 20-, 40-, and 60-BL-thick films
are shown in Fig. 3(b). To achieve a self-consistent fit, both
G(B) and ρH (B) were analyzed by using the same set of
parameters for a given film thickness. In addition, the dc
conductance G (cf. Fig. 2) and the Hall conductance GH =
π/ln(2)e(nμn + pμp) are connected via GH = rHG, where
rH is the Hall factor. Under the constraint of rH = 1 a reliable
determination of all transport parameters for variously thick
films is possible. The results for the mobilities and carrier
concentrations are shown in Figs. 3(c) and 3(d), respectively.

Most strikingly, the surface conductivity and carrier concen-
tration increases with increasing film thickness, in agreement
with the dc conductance discussed in the context of Fig. 2(c).
This finding is a hallmark that the surface channel is hybridiz-
ing with the bulk. Ideally, for a surface state of a quasi-semi-
infinite Bi(111) crystal, i.e., where the thickness d is large
compared to the Fermi wavelength, the carrier concentrations
remain constant with c ≡ 1. For thinner films this ratio deviates
and is a measure for the entanglement between the surface and
bulk properties [8,17] in this quantum confined state.

Also the carrier mobilities increase with film thickness.
From the systematic analysis of the full width at half maximum
of the (00)-order spot as a function of the electron energy, i.e.,
scattering phase, we deduced an average grain size of 50 nm,
which was not depending on the film thickness. Thus, also
the increase of the carrier mobilities is rather an effect of a
modification of the band structure and/or may be due to reduc-
tion of quantum coupling between the interfaces as a function
of thickness, which reduces the scattering probabilities of the
charge carriers.

All these results indicate strong entanglement of states that
are usually termed “surface” and “bulk” states. The strong
coupling of electronic states located preferentially closer to the
interface with those located more in the interior of the film is
evidenced by first-principle calculations done for free-standing
Bi(111) films. Here the changes of the partially occupied
part of the band structure depends sensitively on the number
of layers [29], which are thus coupled to the appearance of
different quantum well states in these thin films for different
film thicknesses. The alleged surface state in a thin Bi(111)
film is given by the highest occupied QWS, which strongly
hybridizes with the bulk states. Compared to the occupied
QWS the partially occupied state shows a pronounced Rashba
splitting, which already points towards a location of the QWS
close to the interface where the inversion symmetry is clearly
broken, in agreement with quantitative calculations [16,29].

The gradual change of the Fermi surface as a function of
the film thickness, as seen recently by ARPES [8], points in
the same direction, but it turns out to be difficult to clearly
resolve the states at Fermi, as the error bars are relatively
large. This is most likely the reason why the conclusions drawn

from these measurements are partly at variance with former
surface transport measurements [17,30] and the conclusions
of this work. Based on transport data, the alleged re-entry of
metallicity for a 30-BL-thick film [8] is clearly not seen.

While some properties of the metallic conduction chan-
nel were characterized more precisely in this work, there
is general agreement [9,14,17,30] that this channel is due
to the partially occupied QWS located preferentially at the
interfaces. These states, however, are coherently coupled.
Changes of coupling as a function of layer thickness leads
to an increase of mobilities. For the activated channel, on the
other hand, our considerations and results clearly show that
this channel cannot be described as bulk conductance. States
described as being located mostly in the interior of the film
are all fully occupied. The lowest excitations possible involve
the partially occupied bands just discussed in context with
metallic conduction. Therefore, since the activated channel
involves always excitations from fully occupied to partially
occupied bands, it can preferentially only enhance conductance
in the already existing metallic channel(s). Thus in the usual
terms it might be described as bulk-to-surface conductance.
Unoccupied bulk bands will only contribute when the gap is
sufficiently small, i.e., close to or above 100 BLs.

In conclusion, we presented temperature- and magnetic-
field-dependent transport measurements on epitaxial Bi(111)
films of different thickness below 100 bilayers. In these quan-
tum confined films only partially occupied bands appear for
all thicknesses that are responsible for metallic conductance,
which slightly increases with film thickness due to band
relaxations and changes of coherent coupling. These highest
occupied quantum well states are strongly hybridized in thin
films and turn into the surface state for infinite thickness.
This interpretation can conclusively explain the different ex-
perimental findings for Bi films and Bi nanostructures and
identifies the activated conduction channel as bulk-to-surface
conduction. Moreover, the topological character found in thin
Bi(111) films for the metallic states might be a result of this
trivial entanglement between the occupied and metallic QWS.
The ideal surface state concept is a result of the broken lattice
invariance, which per se is not well defined in a film of finite
thickness. Therefore, the near-surface transport channel has
different properties than the surface state of bulk material, is
rather delocalized with respect to the geometric surface of
the film, and couples the edges. This interpretation of the
films as quantum-mechanical objects can also explain why
the interface at the Si(111) surface also revealed a conducting
channel and why the film as a whole undergoes a so-called
allotropic phase transition [2]. Recently, we performed angle-
resolved magnetotransport measurements, which support this
conclusion [31].
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