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Carrier properties of Bi(111) grown on mica and Si(111)
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A comparison is presented between properties of Bi(111) films grown by Stranski-Krastanov epitaxy on
Si(111) 7 × 7 and by van der Waals epitaxy on mica substrates. Thin film morphologies and electronic
transport properties of Bi(111) films of variable thickness are investigated for each growth method. Atomic
force micrographs for Bi(111) films on mica reveal clearly defined triangular regions consisting of layered
steps with height 0.4 nm, corresponding to the Bi(111) bilayer height. Variable-temperature electronic transport
measurements show the existence of a quantum confinement-induced energy gap in the film interiors, resulting in
a semimetal-to-semiconductor transition. Magnetotransport analysis in a three-carrier model including metallic
electrons in surface states and electrons and holes in the films’ interiors provides a detailed study of densities,
mobilities, and mean-free paths of the three carrier types. Improved electronic transport properties are found in
Bi(111) films of higher thickness on mica compared to on Si(111), a likely result of the largely strain-free van
der Waals epitaxial growth.
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Bi and particularly Bi surfaces exhibit electronic properties
that render them compelling platforms for quantum physics
and spintronics studies. Bulk Bi in pure crystalline form is
a semimetal, with low and equal electron and hole densities
both ∼3 × 1023 m−3 for T � 30 K while higher but still
equal electron and hole densities are observed at higher T ,
namely both up to ∼2.5 × 1024 m−3 at T = 300 K [1–3].
Pronounced Rashba-type spin-orbit interaction (SOI) exists
in the surface electron states at Bi(111) surfaces [4–13]. The
electronic properties of films and surfaces are sensitive to
growth conditions, and to harness the notable quantum prop-
erties of Bi surfaces, efforts to grow high quality Bi thin
films are a necessity. Such growth is challenging, the aim
being to obtain Bi films with electronic properties, namely
carrier density and mobility values, comparable to bulk in the
film’s interior and preserving the electronic properties of the
surface states. Bi growth on various substrates such as Si(111)
[8,14,15], SiO2 [16,17] and others [4,7,18–21], have resulted
in films with different morphologies, crystalline orientations,
and properties. To date, reports indicate high quality Bi film
growth on Si(111) [8,10,14,15,22–24]. In this paper, we com-
pare the physical and electronic properties of Bi films grown
on Si(111) and mica.

I. Bi FILM GROWTH AND MORPHOLOGICAL
PROPERTIES

Bi films of various thicknesses d were deposited on
mica via van der Waals epitaxy (vdWE) [13] and on
Si(111) substrates via Stranski-Krastanov epitaxy. Broadly,
in Stranski-Krastanov epitaxial growth, the interaction be-
tween the substrate and epilayer is often covalent or ionic,
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and film growth and characteristics are influenced by surface
dangling bonds, surface states, surface preparation, and lattice
mismatch [25,26]. Lattice mismatch results in pseudomorphic
strained layers initially affecting overall film properties. In
contrast, in vdWE the interaction is nonbonding and hence
weak, allowing for largely strain-free film growth on sub-
strates even in the presence of lattice mismatch [13,26–28].
vdWE is a choice when the substrate and/or the epilayer pos-
sess a van der Waals surface without dangling bonds, realized
in 2D materials with naturally completely terminated surfaces,
such as graphene and mica [29,30]. Epilayers of Sb, Ge, and
Ge/Sb on mica have shown high crystalline quality [31,32],
guiding the choice of mica for high quality Bi film growth.
Even with considerable lattice-mismatch between the epitax-
ial Bi layer and the mica substrate (monoclinic, surface lattice
constants amica = 519 pm, bmica = 904 pm) [33], the weak
interaction between the two allow for unstrained growth with
a lattice constant of aBi(111) = 454 pm, the bulk lattice constant
of Bi in a plane normal to the trigonal (c axis) axis. Indeed
when deposited on a freshly cleaved mica ab surface, the
trigonal axis of Bi appears perpendicular to the mica surface,
yielding a Bi(111) surface [using the rhombohedral Bi(111)
notation vs the Bi(001) simplified hexagonal notation] [13].
On the other hand, the lattice mismatch between Bi(111) and
Si(111) surface (aSi(111) = 384 pm) is compensated by the
occurrence of magic mismatch between the Bi(111) phase
and the Si(111) 7 × 7 surface, with a relation of 6|aBi(111)| =
7|aSi(111)|. The growth of the Bi(111) phase on the Si(111) 7
× 7 surface shows excellent azimuthal alignment after it is
transformed from the lattice-mismatched Bi{012} phase [14].

Bi films with d = 10, 20, 40, or 60 nm were deposited on
mica by vdWE and on Si(111) 7 × 7 by Stranski-Krastanov
epitaxy. To understand the evolution of electronic transport
properties with d , additionally a Bi film with d = 1000 nm
was deposited on mica by vdWE. For the vdWE, freshly
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FIG. 1. Representative SEM micrograph of a 40 nm Bi(111) film
(a) on mica and (b) on Si(111). In (a) red outlines delineate triangular
and hexagonal growth patterns, which are not observed in (b). The
patterns are consistent with the rhombohedral crystal structure of
Bi(111) thin films.

cleaved mica substrates were preheated at 250 ◦C for at least
24 hr under ultrahigh vacuum in the growth chamber. High-
purity (99.999%) Bi was deposited by thermal evaporation
at a base pressure of 10−8 Torr on the mica held at 295 K.
This substrate temperature was found to be within a range of
temperatures yielding films optimized for large grain size and
lower roughness. Deposition occurred through an aluminum
shadowmask with apertures of diameters ∼500 μm placed on
the mica ab surface. Bi films of varying d were deposited at a
rate of 0.35 BL111/min (0.14 nm/min), with one Bi bilayer =
1.0 BL111 = 0.39 nm [14,34]. The deposition rate and d were
measured with less than 5% error by a quartz microbalance.
To increase the grain size and decrease surface roughness,
post growth the films were annealed at 95 ± 5 ◦C for 1 hr at
10−8 Torr. For the Stranski-Krastanov epitaxy of Bi on Si(111)
surfaces, thoroughly cleaned 4 × 4 mm pieces of Si(111)
wafer were loaded into the growth chamber. The Si(111) 7 × 7
surface reconstruction was achieved by the following anneal-
ing treatment at 1 × 10−8 Torr. The substrate was outgassed
at 600 ◦C for 5 hr to remove any oxide layer, followed by a
2-min flash heating where substrate temperature was raised to
1200 ◦C within a 3-min time duration. The sample was cooled
slowly to room temperature to avoid

√
3 × √

3 reconstruction
[14,34,35]. Lastly, Bi was deposited onto the Si(111) 7 × 7 re-
constructed surface, with the Si(111) substrate held at 295 K.
As for the vdWE, this substrate temperature was found to lie
within a range of temperatures yielding optimized films. The
Bi deposition process, the growth rate and the post-growth
annealing process were identical to the vdWE processes.

Bi(111) film morphologies were probed by scanning elec-
tron microscopy (SEM) and atomic force microscopy (AFM).
In Fig. 1, we compare SEM micrographs of Bi films with
d = 40 nm, on mica [Fig. 1(a)] and Si(111) [Fig. 1(b)]. Bi
films on mica [Fig. 1(a)] appear more uniform and with larger
grain size, up to ∼1 μm, than on Si(111). Moreover, Bi films
on mica show characteristic triangular or hexagonal growth
patterns [highlighted in red contours in Fig. 1(a)], confirm-
ing the rhombohedral crystal structure of Bi(111) thin films
having their trigonal axis perpendicular to the mica surface.
Bi films on Si(111) [Fig. 1(b)] present rougher surfaces and
do not show the triangular or hexagonal growth patterns. In
Fig. 2, we compare AFM micrographs of Bi films with d =
10 nm on mica [Fig. 2(a)], d = 40 nm on mica [Fig. 2(c)],
d = 10 nm on Si(111) [Fig. 2(e)], and d = 40 nm on Si(111)
[Fig. 2(g)]. Figure 2(a) (d = 10 nm on mica), Fig. 2(c) (d =
40 nm on mica), and Fig. 2(e) [d = 10 nm on Si(111)] exhibit
a layered step surface with triangular terraces. Corresponding

FIG. 2. (a) AFM micrograph of a 1 μm × 1 μm area of a 10-nm
Bi(111) film on mica, showing layered growth and triangular growth
patterns. (b) Height profile (Z) vs horizontal distance (X ) in the
length direction of the red box in (a). (c) AFM micrograph of a
1 μm × 1 μm area of a 40-nm Bi(111) film on mica, showing
layered growth and triangular growth patterns. (d) Height profile
(Z) vs horizontal distance (X ) in the length direction of the red box
in (c). (e) AFM micrograph of a 1 μm × 1 μm area of a 10-nm
Bi(111) film on Si(111), showing layered growth and triangular
growth patterns. (f) Height profile (Z) vs horizontal distance (X ) in
the length direction of the red box in (e). (g) AFM micrograph of a
1 μm × 1 μm area of a 40-nm Bi(111) film on Si(111) where no
triangular growth patterns or terraces are observed. (h) Schematic of
the Bi(111) bilayer structure, with surface atoms in red, and with the
BL111 spacing, the unit cell, and the trigonal c axis indicated.

height profiles Z vs lateral distance X obtained are depicted
in Figs. 2(b), 2(d), and 2(f). From the profiles the step heights
between adjacent terraces are measured to be 0.39 ± 0.02 nm
corresponding to 1.0 BL111 [13,14,34], again confirming that
we obtained Bi(111) surfaces. Figure 2(h) shows a schematic
of the Bi(111) bilayer structure, with surface atoms indicated
in red, along with the BL111 spacing, the unit cell, and the
trigonal c axis. We note that layered triangular terraces are ob-
served for both d = 10 nm and 40 nm on mica, while Fig. 2(g)
for d = 40 nm on Si(111) shows irregular grains and lacks
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a layered surface. Layered triangular terraces are observed
only for the thinner 10 nm Bi films on Si(111). Measuring
the root-mean-square roughness (Rq) obtained via AFM, we
find that for d = 10 nm on mica we have Rq = 2.3 nm; for
d = 40 nm on mica we have Rq = 1.5 nm; for d = 10 nm on
Si(111) we have Rq = 1.6 nm; and for d = 40 nm on Si(111)
we have Rq = 9.3 nm. From the lack of stepped terraces and
the increased Rq we deduce that the Bi film with d = 40 nm
on Si(111) has a lesser crystalline and surface quality and that
higher quality Bi(111) films on Si(111) may have to be re-
stricted to lower d � 10 nm. A comparison between Figs. 2(a)
and 2(c) (10 nm and 40 nm on mica) and Fig. 2(e) [10 nm
on Si(111)] further shows that growth on mica leads to larger
grain sizes than on Si(111).

The respective morphologies obtained on mica and Si(111)
depend on several factors, possibly necessitating differing
optimization strategies only a subset of which were explored
here for Bi(111). While the weakly interacting substrate in
vdWE can lead to strain-free film growth, it can also result
in 3D growth, yielding islands of varying heights rather than
smoother 2D growth. The growth on Si(111) on the other
hand can initiate with a wetting layer that mitigates the strain
between film and substrate. In this paper focusing on elec-
tronic transport properties, the competing advantages result in
comparable yet different electronic transport properties for the
different substrates as function of d , as discussed below.

II. ELECTRONIC AND MAGNETOTRANSPORT
PROPERTIES

A. Transport parameters of interior electron
and holes and surface electrons

Magnetotransport measurements were performed in mag-
netic field B applied normal to the Bi(111) surface, as function
of d and of measurement temperature T over the range
4.1 K–296 K, on samples in the van der Pauw configu-
ration. Electronic conduction through Bi(111) films occurs
both through the interior of the film and through surface
states, leading to a 3-carrier model as explained below. The
interior of the films host two carrier types, electrons and
holes, with electron (hole) mobilities we denote μ (ν) and
3-dimensional electron (hole) densities we denote n (p). The
interior of the films hence contributes an interior or bulk
3-dimensional conductivity σb = neμ + peν, with e the elec-
tron charge. At the Bi(111) surface metallic surface states
of high conductivity exist [4–13,19]. We assume that trans-
port properties of the Bi(111) surface states are dominated
by higher-conductivity surface electrons, with mobility μs

and areal density Ns. The surface states then contribute a
2-dimensional conductivity σs� = Nseμs (σs� in units of �−1

is the inverse sheet resistance of the surface states). We ne-
glect the contributions from lower-conductivity surface holes
[4,6,10,13], which also reduces the proliferation of param-
eters in the multicarrier model. We hence use a 3-carrier
model [19]. The overall 3-dimensional conductivity σ of the
films is then found as the sum of interior and surface terms,
σ = σb + σs�

d . The measurements at B = 0 in fact deliver an
overall film sheet resistance (overall 2-dimensional resistivity
in units of �/�) R� = ρ/d , from which we obtain ρ as the

TABLE I. Bi film sheet resistance R� and resistivity ρ at T =
4.1 K and 296 K on mica for d = 10, 20, 40, 60, 1000 nm and on
Si(111) for d = 10, 20, 40, 60 nm (B = 0).

mica 10 nm 20 nm 40 nm 60 nm 1000 nm

R� (4.1 K, �/�) 127 159 94.3 28.5 0.967
ρ (4.1 K, μ� m) 1.27 3.17 3.77 1.71 0.967
R� (296 K, �/�) 127 78.0 35.3 9.00 0.545
ρ (296 K, μ� m) 1.27 1.56 1.41 0.540 0.545

Si(111) 10 nm 20 nm 40 nm 60 nm

R� (4.1 K, �/�) 342 297 132 107
ρ (4.1 K, μ� m) 3.42 5.94 5.29 6.41
R� (296 K, �/�) 352 140 35.3 13.6
ρ (296 K, μ� m) 3.52 2.79 1.41 0.814

overall 3-dimensional resistivity with ρ = ρ(B = 0) = 1/σ .
Table I lists the values of R� and ρ at T = 4.1 K and 296 K
at B = 0 for Bi on mica and on Si(111). The measurements
at B �= 0 yield longitudinal magnetoresistivity ρ(B) and Hall
(transverse) resistance RH (B) from which the mobilities and
densities of the multiple carriers are deduced via multicarrier
magnetotransport analysis.

B. Quantum confinement effects, phonon scattering,
and model for ρ(T )

Bulk Bi is a semimetal and displays metallic behavior in
ρ(T ) wherein ρ(T ) decreases monotonically as T decreases
[1–3]. But more complex behavior in ρ(T ) is typically ob-
served due to quantum confinement effects in the interior of Bi
thin films when d is comparable to the Fermi wavelength λF ,
which in Bi is long due to low carrier densities (λF ≈ 30 nm).
The quantum confinement phenomena affect σb(T ). Due to
the dependence on T of σb(T ), when d is small ρ(T ) can
exhibit a semimetal-to-semiconductor transition (SMSCT) at
a transition temperature TC , with metallic behavior for T <

TC and semiconducting behavior for T > TC wherein ρ(T )
increases as T decreases [6–9,19,36,37]. Quantum confine-
ment is predicted to open an energy gap �E ≈ 15 meV to
100 meV, depending on d , T , and λF , in the interior of a Bi
film [7–9,19,36–39]. In the interior of the film carrier density
is then governed by thermal activation across �E , yielding
the semiconducting behavior observed for T > TC . The upper
limit of d for which the SMSCT in Bi films can be observed
depends on precise film properties and has been variously
estimated at 23 nm... 90 nm [7,37–39]. The experimental
search for the SMSCT has been complicated by the existence
of the metallic surface states [4–13,19]. Reference [7] derives
σ (T ) at B = 0 from expressions for interior σb, surface σs�,
and their sum,

σb(T ) = αe−�E/(2kBT )

σs�(T ) = 1

(Rrs� + sT )

⇒ σ (T ) = αe−�E/(2kBT ) + 1

d (Rrs� + sT )
. (1)
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FIG. 3. Normalized ρ(T )/ρ(296 K) at B = 0, vs T for 4.1 K �
T � 296 K for Bi(111) films (a) on mica with d = 10, 20, 40, 60,
and 1000 nm, and (b) on Si(111) with d = 10, 20, 40, and 60 nm.
A SMSCT is observed at T = TC , with TC largely independent of
substrate.

The first expression describes the semiconducting behavior
of the interior σb(T ) due to energy gap �E , where α is a
prefactor with units of 3-dimensional conductivity and kB is
the Boltzmann constant. The second expression, for the sur-
face σs�(T ), is appropriate for a 2D metal [7]. It describes that
the metallic behavior of σs�(T ) originates in a T -independent
residual sheet resistance Rrs� due to Coulombic impurity
scattering, and T -dependent sheet resistance due to electron-
phonon scattering, written as sT with s a phonon scattering
parameter having units �/K.

Reference [7] quantifies �E ∝ 1/d2, expressing the quan-
tum confinement effect, whereas we will allow a more general
�E ∝ 1/d p behavior (p > 0). As d and T increase, σb in-
creases while σs� decreases, leading to complicated behavior
of ρ(T, d ) = 1/σ (T, d ). For lower d (larger �E ), Eq. (1) can
lead to ρ(T ) showing the SMSCT with ρ(T ) increasing with
decreasing T for T > TC and ρ(T ) decreasing with decreasing
T for T < TC , showing a maximum in ρ(T ) vs T . Yet for
higher d (smaller �E ), Eq. (1) can lead to ρ(T ) showing an
inverse SMSCT with ρ(T ) decreasing with decreasing T for
T > TC and ρ(T ) increasing with decreasing T for T < TC ,
showing a minimum in ρ(T ) vs T . As shown in Fig. 3, we
have experimentally observed both maxima and minima in
ρ(T ) vs T in Bi(111) on mica and/or Si(111) depending on
d , in accordance with Eq. (1).

C. Results at B = 0: ρ(T ), TC , s, �E

Figure 3 depicts the normalized ρ(T )/ρ(296 K) (B = 0)
for various d on mica and Si(111). As predicted by Eq. (1), a
SMSCT with maximum at TC is observed for lower d . The
maximum in ρ(T ) is visible in Fig. 3 for d = 10, 20, and
40 nm on mica, and for d = 10 and 20 nm on Si(111). For
d = 60 nm on mica and d = 40 and 60 nm on Si(111) we
have TC < 4.1 K, which falls below the measurement temper-
atures. A SMSCT with minimum is observed for the higher
d = 1000 nm (deposited on mica only). The dependence of
TC on d is shown in Fig. 4 (filled symbols, left axis) for both
mica and Si(111) substrates, showing that thinner films yield
higher TC . For TC < 4.1 K [d = 60 nm on mica and d = 40

FIG. 4. Left axis, filled symbols: Dependence of TC on film thick-
ness d for Bi(111) on mica and on Si(111). Green datapoints denote
TC < 4.1 K (cfr text). Right axis, open symbols: Dependence of �E
on film thickness d for Bi(111) on mica and on Si(111).

and 60 nm on Si(111)] Fig. 4 uses green symbols at TC → 0
to complete the graph. The increase in TC with decreasing d is
also observed in the literature [7,9], and is in accordance with
Eq. (1).

We have performed numerical fits of ρ(T ) to Eq. (1) for
d = 10, 20, 40, and 60 nm on mica and Si(111) to extract
the values of s and �E , and found that Eq. (1) reflects
the data quite well. We find small values for s, maximally
0.5 �/K and averaging ∼0.1 �/K. This indicates that not
only electron-phonon scattering but also Coulombic impurity
scattering, which determines the residual Rrs�, is important in
the Bi(111) surface states, as expected for a surface electron
system exposed to atmosphere.

The values of �E are plotted vs d in Fig. 4 (open symbols,
right axis) for both mica and Si(111). The values 26 meV
� �E � 106 meV fall within the expected range [7–9,19,36–
39] and as predicted, lower d yields higher �E . However
while quantum confinement in the simplest approximation
would yield �E ∝ 1/d2 [7], we find �E ∝ 1/d p with p ≈
0.56 ± 0.09. The reason for the milder dependence on d than
predicted for quantum confinement is presently undetermined,
and p ≈ 0.56 ± 0.09 is presented as an experimental finding.
While we observe no influence of the substrate on the pres-
ence of the SMSCT, Fig. 4 (open symbols, right axis) shows
that �E is at all d larger for Bi(111) on Si(111) than on mica.

D. Effects of film roughness

Since d denotes the average thickness, the film roughness
described by Rq will affect the averaging over sample area
of quantities nonlinear in d , here specifically �E ∝ 1/d p.
Calculations were performed for the area-averaged �E that
would result assuming a simplified sinusoidal roughness land-
scape, dr (
r) = d + √

2Rqsin(2π |
r|/s), where s stands for the
average lateral size of the grains and as above d is the average
thickness as reported by the quartz microbalance. It is found
that roughness will lead to an effectively higher �E , as if
corresponding to an effective thickness < d , independent of
s if averaged over large areas. The effect ranges from 17%
higher �E for the 40-nm film on Si(111) (with high Rq/d)
to 0.1% higher for the 40-nm film on mica (with low Rq/d).
The values �E are determined by numerical fits of ρ(T ) to
Eq. (1) however, and hence the sole effect of roughness on �E
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FIG. 5. Magnetoresistivity vs B over −1.4 T < B < 1.4 T for
Bi(111) films, plotted as (ρ(B) − ρ(B = 0))/ρ(B = 0), with d = 10,
20, 40, 60, and 1000 nm on mica and d = 10, 20, 40, and 60 nm
on Si(111), (a) at T = 4.1 K on mica, (b) at T = 4.1 K on Si(111),
(c) at T = 296 K on mica, and (d) at T = 296 K on Si(111). For
d = 1000 nm in (a) the magnetoresistivity scale is scaled by a factor
0.001. Fits to the 3-carrier model are plotted as dashed lines (same
color for all d).

is a rescaling of the d axis in Fig. 4 to an effective thickness
< d . Since the effect is not large, Fig. 4 was not modified
to reflect this effective thickness. Further, unrealistically high
values of relative roughness Rq/d are necessary to increase the
low exponent p ≈ 0.56 to a value ≈2. While roughness can
contribute to a slight lowering of the experimentally deduced
p, the effectively observed value of p ≈ 0.56 cannot fully
be explained from roughness. The effect of roughness can
however contribute to the observation in Fig. 4 of higher �E
for films on Si(111) than on mica, given the overall higher
Rq/d on Si(111).

E. Magnetotransport results: Magnetoresistivity ρ(B)
and Hall resistance RH (B)

In Figs. 5(a)–5(d), we compare (ρ(B) − ρ(B = 0))/ρ(B =
0) vs B for various d on mica and Si(111), at T = 4.1 K and
296 K. The normalized ρ(B) facilitates comparison across
d since the ρ(B = 0) differ by over an order of magnitude
across d . Figures 6(a)–6(d) compare RH (B) vs B for various
d on mica and Si(111), at T = 4.1 K and 296 K, plotted
such that a positive slope of RH (B) vs B denotes prevalence
of hole transport in the Hall effect (dependent on n, p, Ns

as well as μ, ν, and μs). We attribute the near-quadratic
ρ(B) in Fig. 5 and the nonlinear RH (B) in Fig. 6 to the
presence of multiple carriers [13,19,37], leading to the use
of the 3-carrier model. While quantitative results for n, p,
Ns, μ, ν, and μs from the 3-carrier model are discussed
below, inspection of Figs. 5(a)–5(d) and Figs. 6(a)–6(d) al-
ready reveals trends. Figures 5(a)–5(d) show that higher
(ρ(B) − ρ(B = 0))/ρ(B = 0) are obtained at larger d . At
T = 4.1 K, (ρ(B) − ρ(B = 0))/ρ(B = 0) is noticeably larger
for d = 60 nm and 1000 nm on mica [Fig. 5(a)] and for
d = 60 nm on Si(111) [Fig. 5(b)] than in the thinner films.
At B = 1.4 T, (ρ(B) − ρ(B = 0))/ρ(B = 0) reaches up to

FIG. 6. Hall resistance RH (B) vs B over −1.4 T < B < 1.4 T for
Bi(111) films, with d = 10, 20, 40, 60, and 1000 nm on mica and d =
10, 20, 40, and 60 nm on Si(111), (a) at T = 4.1 K on mica, (b) at
T = 4.1 K on Si(111), (c) at T = 296 K on mica, and (d) at T =
296 K on Si(111). Fits to the 3-carrier model are plotted as dashed
lines (same color for all d).

2350% for d = 1000 nm on mica (large magnetoresistivities
in thicker Bi films were observed previously [40]). For a given
d , Bi(111) on mica exhibits larger magnetoresistivities than
on Si(111), particularly for larger d . Concomitantly Figs. 6(a)
and 6(b) reveal stronger nonlinearity in RH (B) at T = 4.1 K
for d = 60 nm and 1000 nm on mica and for d = 60 nm on
Si(111) than in the thinner films, pointing to the common
multicarrier origin of both the near-quadratic ρ(B) and the
nonlinear RH (B). Inspection of the slope of RH (B) vs B in
Figs. 6(a)–6(d) indicates a prevalent electron transport in the
Hall effect in films with d = 10, 20, and 40 nm on mica at
both T = 4.1 K and 296 K and on Si(111) at T = 4.1 K, while
pointing to prevalent hole transport on Si(111) at T = 296 K
(this latter effect is attributable to ν > μ in these samples, as
discussed below). The prevalent electron transport in the Hall
effect reflects the dominance of the Bi(111) electron surface
states over the interior of the film for smaller d . Comparing
Figs. 5(c) and 5(d) with Figs. 5(a) and 5(b), we find that for
films on both mica and Si(111) at the higher T = 296 K (>TC

for all films), (ρ(B) − ρ(B = 0))/ρ(B = 0) is comparatively
reduced, particularly for larger d .

F. Carrier densities n, p, Ns, mobilities μ, ν, μs, mean-free paths,
and effects of quantum confinement, bandstructure,

and unintentional doping

Fitting approach. While the conventional 3-carrier model
does not consider possible anisotropy of μ, ν, and μs in
Bi(111), the finite crystal grain size in the films will miti-
gate the effects of anisotropy. Accordingly, the model with
3 isotropic carrier bands provides a good description of the
data and leads to credible values for n, p, Ns, μ, ν, and μs,
consistent with the literature, as discussed below. Preliminary
fits to the 3-carrier model showed that for the Bi(111) surface
states Ns does not vary significantly with d and T , and that μs

does not vary significantly with d . However, μs decreases with
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FIG. 7. Carrier densities n = p and mobilities μ and ν vs d ,
extracted from 3-carrier model fits to the magnetoresistivity and Hall
resistance, for Bi(111) films with d = 10, 20, 40, and 60 nm on mica
and Si(111). (a) n = p at T = 4.1 K, (b) n = p at T = 296 K, (c) μ

and ν at T = 4.1 K, and (d) μ and ν at T = 296 K.

increasing T , attributed to increased phonon scattering at
higher T . To reduce the fitting uncertainty due to the large
number of fitting parameters, we fixed the values for the
Bi(111) surface states in the fitting procedure, at Ns = 3.25 ×
1015 m−2 for T = 4.1 K and T = 296 K for all d , and at μ =
1.0 m2/Vs for T = 4.1 K and μ = 0.87 m2/Vs for T = 296 K
for all d . Those values are comparable to values from previous
studies [13]. Preliminary fitting also showed that for the inte-
rior of the Bi films n ≈ p holds at T = 4.1 K and T = 296 K
for d = 10, 20, 40, and 60 nm on mica and Si(111), but not
for d = 1000 nm on mica. For d = 10, 20, 40, and 60 nm at
T = 4.1 K and T = 296 K, we hence used n = p. For these
d the values of n = p are graphed vs d in Figs. 7(a) and 7(b),
and μ and ν are graphed vs d in Figs. 7(c) and 7(d).

Carriers in the d = 1000 nm film. For d = 1000 nm
on mica we find at T = 4.1 K that n = 2.82 × 1023 m−3,
p = 4.87 × 1023 m−3, μ = 22.1 m2/Vs and ν = 10.7 m2/Vs,
and at T = 296 K that n = 3.75 × 1024 m−3, p = 4.38 ×
1024 m−3, μ = 0.89 m2/Vs, and ν = 0.60 m2/Vs. The values
we obtain for d = 1000 nm on mica at T = 296 K are similar
to values obtained on bulk polycrystalline samples in Ref. [41]
where at T = 300 K it was found that n = p ≈ 3.69 ×
1024 m−3, μ = 0.89 m2/Vs, and ν = 0.60 m2/Vs. Compared
to our values for d = 1000 nm on mica, high-purity bulk
single-crystals [1–3] yield comparable n = p (∼3 × 1023 m−3

for T � 30 K, ∼2.5 × 1024 m−3 for T ≈ 300 K), and compa-
rable μ and ν at T ≈ 300 K (∼0.60 m2/Vs), but substantially
higher μ and ν at T ≈ 4 K (∼500 − 2500 m2/Vs). The sim-
ilarity between mobilities at T ≈ 300 K obtained on our film
with d = 1000 nm on mica and on polycrystalline bulk mate-
rial and on single-crystal bulk crystals can be understood from
the dominance at higher T of phonon scattering and possibly
intervalley scattering [2] (both diminishing the importance of
scattering by defects). Also, for the film with d = 1000 nm
a similarity to bulk properties can be expected because the
contribution to the conductivity from the electron and holes in

the film interior dominates over the contribution of the surface
electrons. We can estimate the mean-free path λn for electrons
and λp for holes in the interior of the film with d = 1000 nm,
assuming an approximately parabolic dispersion, and using 3
ellipsoidal Fermi surface pockets for electrons and a single
Fermi surface pocket for holes. At T = 4.1 K the estimate
yields λn ≈ λp ≈ 1.8 μm. Noting that at T = 4.1 K (where
phonon and intervalley scattering are low) both λn and λp

are similar to the film grain size, we surmise that at low
T both μ and ν are in our thicker 1000-nm film limited
by the finite grain size. On the other hand the values μ =
0.89 m2/Vs and ν = 0.60 m2/Vs at T = 296 K are limited by
phonon scattering and possibly intervalley scattering. In the
1000 nm film at T = 296 K both λn and λp are estimated at
0.2 μm.

Effects on n and p of quantum confinement, bandstruc-
ture and unintentional doping. Figures 7(a) and 7(b) contain
n = p graphed vs d for d = 10, 20, 40, and 60 nm on mica
and Si(111), and show that at both T = 4.1 K and 296 K
n = p increases as d decreases. Figures 7(a) and 7(b) also
show that n = p increases with increasing T , between 4.1 K
and 296 K. The increase of n = p with T in Bi films can
be understood from two contributions. A first contribution
originates from the existence of the quantum confinement
energy gap �E (Fig. 4) in the interior of the film [7–9,19,36–
39]. However, the increase of n = p with T is also observed
in high-purity bulk single-crystals where �E → 0 [1]. The
increase of n = p with T is in the literature [42,43] attributed
to the small energy overlap E0 (38 meV at 4 K) between the
L-point electron band and the T-point hole band and the small
bandgap Eg (13.6 meV at 4 K) separating the L-point electron
band from lower bands. E0 and Eg show strong dependencies
on T and the small Eg allows thermal carrier excitation. The
effects of E0 and Eg bring the second contribution to our
observed increase of n = p with T in Bi films. Further, the
increase in n = p as d decreases indicates for both Bi films
on mica and Si(111) an effective unintentional doping of the
parts of the film closest to the substrate, possibly due to dislo-
cations, offsetting the effect of quantum confinement (which
will decrease n = p with decreasing d due to larger �E ). A
substrate-dependent unintentional doping is also supported by
the observation from Figs. 7(a) and 7(b) that n = p on mica
is higher than on Si(111). From Figs. 7(a) and 7(b) it is seen
that n = p increases by a factor ≈3 from T = 4.1 K to 296 K.
On the other hand, the literature indicates that in high-purity
bulk single crystals n = p increases by a larger factor ≈8 from
T = 4 K to 300 K [1], and over that same range of T , n
and p increase by again a larger factor ≈11 in the thick film
with d = 1000 nm on mica. It is thus apparent that in thin
Bi films the dependence of n = p on T is lessened compared
to bulk crystals or thick films, possibly because the substrate-
dependent unintentional doping mitigates both the quantum
confinement effect (�E ) and the bandstructural effects of E0

and Eg. The dependence of n = p on d and T in Bi(111) thin
films hence hinges on a competition between the unintentional
doping, quantum confinement, and bandstructural effects. We
surmise that this competition contributes to the deviation we
observe from the behavior �E ∝ 1/d2 expected from pure
quantum confinement [7], to the effectively observed behavior
�E ∝ 1/d0.56.
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Discussion of μ and ν for d = 10, 20, 40, and 60 nm.
Figures 7(c) and 7(d) contain μ and ν graphed vs d for
d = 10, 20, 40, and 60 nm on mica and Si(111), and show
that μ and ν decrease as d decreases, at both T = 4.1 K and
296 K, and show that μ and ν decrease with increasing T . The
decrease in μ and ν with decreasing d can be attributed to the
unintentional doping of the substrate introducing increased
charged-impurity scattering in the parts of the film closest to
the substrate, which have increased relative importance for
thinner films. The decrease in μ and ν with increasing T is
attributed to increased and dominant phonon and intervalley
scattering at higher T [1–3]. At T = 296 K the values for
μ and ν for the films with d = 60 nm on both mica and
Si(111), ranging 0.84 − 0.98 m2/Vs, closely resemble values
obtained on the film with d = 1000 nm on mica (cfr above,
μ = 0.89 m2/Vs and ν = 0.60 m2/Vs). Hence the dopant
scattering induced by the substrate is already secondary to
phonon and intervalley scattering at T = 296 K for d as low
as 60 nm. At T = 296 K, Fig. 7(d) shows that for films on
Si(111) we have ν > μ, which explains the observed prevalent
hole transport in Fig. 6(d) as mentioned above. For d = 60 nm
we also observe that at T = 4.1 K (where phonon and inter-
valley scattering are mitigated), μ and ν on mica substantially
exceed μ and ν on Si(111) [1.43 m2/Vs on mica compared to
≈0.83 m2/Vs on Si(111)]. On the other hand for thinner films
(d < 60 nm), at T = 4.1 K, Fig. 7(c) shows similar values for
μ and ν for films on mica and Si(111).

Correlation with film morphology. The discussion of Fig. 2
similarly concluded that Bi(111) films on Si(111) of mor-
phological quality comparable to Bi(111) on mica will only
occur for lower d . The superior surface quality and elec-
tronic transport properties of the thicker (d ∼ 40–60 nm) films
on mica possibly result from the largely strain-free van der
Waals epitaxial growth on mica bearing its fullest advantage
at higher film thicknesses. The thinnest 10-nm Bi(111) films
on Si(111) in fact show comparable surface characteristics
from AFM analysis and comparable transport properties to
10-nm Bi(111) films on mica. An estimate of the mean-free
path for the surface states (with Ns and μs quoted above)
indicates 94 nm at T = 4.1 K and 82 nm at T = 296 K. For
the carriers in the film interior, for d = 60 nm we estimate
λn, λp ≈ 250 nm, and for d = 10, 20, and 40 nm we estimate
λn, λp � 80 nm, for both T = 4.1 K and 296 K. Hence grain

sizes do not limit μ, ν or μs for Bi(111) films with d = 10, 20,
40, or 60 nm. We finally note that in Figs. 7(a)–7(d) our values
for n and p at T = 4.1 K are comparable to values measured at
5 K for similar d deposited on Si/SiO2 in Ref. [19], whereas
our values for μ and ν are substantially higher than values
measured in Ref. [19].

III. CONCLUSIONS

In conclusion, we present a comparison of the electronic
transport properties of Bi(111) films grown on mica and
on Si(111). Included is an analysis of the electronic trans-
port properties at 4.1 K and 296 K, in a 3-carrier model
accounting for electrons in surface states and both elec-
trons and holes in the film interiors. Bi films of thicknesses
10 nm, 20 nm, 40 nm, 60 nm, and 1000 nm were stud-
ied. AFM and SEM micrographs indicate that for Bi(111)
film thickness above 10 nm, Bi(111) on mica has higher
surface quality, with clearer triangular structured islands
and lower roughness, than Bi(111) on Si(111). For Bi(111)
films on mica, AFM reveals layered steps corresponding to
the Bi(111) bilayer height. Temperature-dependent electronic
transport measurements show the existence of a quantum
confinement-induced energy gap in the film interiors of mag-
nitude 26 meV to 106 meV depending on film thickness,
leading to a semimetal-to-semiconductor transition in the film
interior while the surface states remain metallic. Using mag-
netotransport measurements and a 3-carrier conduction model
a detailed analysis is performed of the densities, mobilities
and mean-free paths of the surface electrons and interior elec-
trons and holes, and the values are compared with Bi film
and single-crystal literature. Bi(111) films of higher thickness
on mica show electronic transport properties superior to films
on Si(111). The studies provide a method for obtaining high
quality Bi(111) films on mica by van der Waals epitaxy, with
potential for new Bi quantum and spintronics devices.
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