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Abstract: Using a two-carriers model and the Hikami-Larkin-Nagaoka (HLN) theory, we investigate
the influence of large area patterning on magnetotransport properties in bismuth thin films with a
thickness of 50 nm. The patterned systems have been produced by means of nanospheres lithography
complemented by RF-plasma etching leading to highly ordered antidot arrays with the hexagonal
symmetry and a variable antidot size. Simultaneous measurements of transverse and longitudinal
magnetoresistance in a broad temperature range provided comprehensive data on transport properties
and enabled us to extract the values of charge carrier densities and mobilities. Weak antilocalization
signatures observed at low temperatures provided information on spin-orbit scattering length ranging
from 20 to 30 nm, elastic scattering length of approx. 60 nm, and strong dependence on temperature
phase coherence length. We show that in the absence of antidots the charge carrier transport follow
2-dimensional behavior and the dimensionality for phase-coherent processes changes from two
to three dimensions at temperature higher than 10 K. For the antidot arrays, however, a decrease
of the power law dephasing exponent is observed which is a sign of the 1D-2D crossover caused
by the geometry of the system. This results in changes of scattering events probability and phase
coherence lengths depending on the antidot diameters, which opens up opportunity to tailor the
magnetotransport characteristics.
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1. Introduction

Bismuth is a semimetal which has attracted substantial attention due to its distinctive electronic
properties. These include low carrier density (few orders of magnitude smaller than those of most
metals), small carrier effective mass of ~0.001 me, high carrier mobility reaching ~103 m2/Vs in pure
crystals, and long carrier mean free path exceeding 1 µm in single crystals [1–4]. It is also an exceptional
material for studying quantum mechanics in the solid state; many important physics phenomena, such
as de Haas-van Alphen effect and quantum linear magnetoresistance, were first observed in Bi [5–7].
Due to a long quantum phase coherence length, and strong spin-orbit interaction Bi films serve as a
model material in the area of condensed matter physics showing various interesting magnetotransport
properties, such as weak antilocalization (WAL) [5,8–11] and large magnetoresistance (MR) up to
380,000% at 5 K and 5 T [12].

These physical properties are used for applications in electronics and give rise to a number
of studies devoted to the fabrication of low dimensional Bi structures and their magnetotransport
properties [11,13]. In particular, one-dimensional nanowires attracted a lot of attention [2,4,14–18],
demonstrating the broad potential for fundamental investigations as well as a variety of applications
such as next-generation quantum computing devices [19,20]. Another interesting system in this context
are the arrays of Bi antidots, in which the correlation between the dimensionality and electronic
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properties was observed [3]. However, the studies of such systems are sparse and almost exclusively
related to Bi films deposited on anodic aluminum oxide (AAO) matrices, which are known for their
developed topography and small ordered domains with sizes of only a few micrometers [3,21,22].
Alternatively, the hole arrays made by optical lithography have been investigated, but this approach
does not allow to obtain antidots with diameter smaller than 1 µm [23]. The difficulties in fabrication of
the high quality large area arrays of Bi antidots with submicron periods make such studies demanding
and are one of the obstacles to the use of such systems in electronics and optoelectonics. In the latter
case developing of optically transparent magnetic sensors is an important challenge. One of the
considered solutions is to create a regular nano-perforation network (antidots) in thin films of materials,
such as bismuth. This approach offers the combination of good magnetic properties with flexibility
and tunable light transmittance, which is desirable for integrated hybrid opto-magnetic sensors with
various functionalities [24,25].

In this study, we focused on the Bi antidot arrays fabricated by nanosphere lithography (NSL).
This approach provides hexagonally-ordered arrays with areas larger than a few cm2, and offers high
scalability at low cost. The diameter of antidots was altered with support of the RF-plasma etching,
which allowed us to adjust the dimensionality of the system and its transport parameters. The use
of a double cross mask during the deposition of the films enabled simultaneous measurement of
both the transverse and the longitudinal magnetoresistance, which provided comprehensive data
on the transport properties. Additionally, the inclusion of mesoscopic defects serving as scattering
centers enabled the observation of WAL effect tuned by the size of antidots. The electrical properties of
the arrays were then compared to those of the continuous films in order to determine the impact of
patterning on magnetotransport properties.

2. Materials and Methods

Hexagonally ordered arrays of Bi antidots were fabricated using a NSL technique. The detailed
description of the process can be found in the previous publications [26,27]. Briefly, polystyrene (PS)
nanospheres with a diameter of 175 nm were applied to the surface of water, where a close-packed
monolayer was formed by self-assembly. Then, the monolayer was transferred onto the Si/SiO2 (100 nm)
substrate and dried in air. In order to decrease the diameter of the PS spheres, RF-plasma etching
(MiniFlecto, Plasma Technology GmbH, Herrenberg, Germany) was used. The plasma process was
performed in oxygen and argon atmosphere at the pressure of 0.15 mbar. Three different durations of
etching of 3, 4, and 5 min were applied resulting in a mean particle size of 110, 65 and 45 nm, respectively.

Next, a 50-nm-thick Bi film was deposited by thermal evaporation onto the size-reduced PS
nanospheres serving as a shadow mask. The value of evaporation rate of 5 Å/s was adopted, while the
working pressure was at the level of magnitude of 10−6 mbar. The film thickness was controlled in
situ by a quartz microbalance and ex situ by x-ray reflectometry. In addition to the patterned samples,
50 nm Bi film was also deposited onto a flat Si/SiO2 (100 nm) substrate for reference. The parameters
of the deposition were the same as described above. In all cases, the deposition was carried out
through a double-cross mask placed directly on the substrate, and was followed by removal of the
nanospheres using ultrasonic assisted lift-off. This led to the formation of the large area well-ordered
Bi antidot arrays with six contacts ready for magnetotransport measurements, as shown in Figure 1a.
The scanning electron microscopy (SEM) (Vega3 SB, Tescan, Brno Czech Republic) images presented in
Figure 1b–d indicate high order of the obtained arrays of antidots with various diameters from 45 nm
to 110 nm. To reduce the oxidation, the samples were stored in a desiccator and magnetotransport
measurements were carried out within two days of the deposition. This approach provides the
oxide layer thickness of less than 1 nm, which was confirmed by the X-ray reflectivity measurements
(not shown).

Four-point magnetoresistance and Hall measurements were conducted with a commercial SQUID
magnetometer equipped with a manual insertion utility probe provided by Quantum Design (MPMS
XL, San Diego, CA, USA). In all cases the external magnetic field was applied perpendicular to the
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sample surface and varied in the range of ±70 kOe, while the temperature range was 2 K < T < 300 K.
The use of a double cross enabled simultaneous measurement of longitudinal magnetoresistance and
of the Hall effect. The measurements were performed with the current of 0.1 mA applied between
contacts 1 and 4 (see Figure 1a). The voltages between contacts 2–3 and 6–5 were used to determine
longitudinal magnetoresistivity ρxx(B), while the voltages between contacts 3–5 and 2–6 were used to
obtain values of transverse magnetoresistivity ρxy(B) and the magnitude of Hall effect.
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Figure 1. (a) Photograph of a sample showing dimensions and geometry of the double cross Hall
bar. Below, scanning electron microscopy (SEM) image of a Bi antidot array with a period of 175 nm.
The measured mean hole diameter is (b) 110 nm, (c) 65 nm, and (d) 45 nm.

3. Results and Discussion

3.1. Non-Patterned Film

The resistance of the flat reference layer measured at 300 K at zero magnetic field was 337 Ω, which
gives the resistivity of 8.4 × 10−6 Ωm, more than for a single crystal bulk Bi (1.1–1.3 × 10−6 Ωm) [28–30].
One can expect it for the polycrystalline thin films (see Figure S1 in Supplementary Materials), since
the resistivity value is influenced by grain-boundary scattering and depends on the grain sizes. Similar
values of resistivity for Bi layers grown by thermal evaporation on the Si/SiO2 substrates were observed
by Marcano et al. [31].

The magnetoresistance (MR) and transverse (Hall) component of the resistivity measured in
the range of −7 T < B < 7 T for various temperatures are depicted in Figure 2a–c. Figure 2a
shows the magnetoresistance results for temperatures 50 K and higher, while Figure 2b depicts the
magnetoresistance at a low temperature range from 2 to 50 K. MR is defined as MR(%) = 100 × [ρxx(B,T)
− ρxx(B = 0,T)]/ρxx(B = 0,T) and shows quadratic behavior without saturation for temperatures above
10 K, which is a typical attribute seen in the classical MR phenomena. Deviations from the classical
behavior are only observed for the low magnetic field below 2 T at temperatures below 20 K. The largest
MR of up to 15% appears at 200 K, which is three times higher than that at 2 K and is comparable to
values reported in other works [9,10,21,22].

The Hall curves in entire temperature range are symmetrical with respect to the origin under
negative and positive magnetic field, so only one half of the characteristics is presented (see Figure 2c).



Materials 2020, 13, 3246 4 of 13

The evolution of the Hall curves with temperature and change of the sign of Hall coefficient clearly
show a transition from p-type to n-type conduction with the increasing temperature. Such behavior
can be described in the framework of the two-carrier model, where the longitudinal and transverse
components of the resistivity are given as [32–34]:

ρxx =
1
e

(pν+ nµ) +
(
nµν2 + pνµ2

)
B2

(pν+ nµ)2 + µ2ν2B2(p− n)2 (1)

ρxy =
1
e

(
pν2
− nµ2

)
+ µ2ν2B2(p− n)

(pν+ nµ)2 + µ2ν2B2(p− n)2 B (2)

where n (p) and µ (ν) are the density and mobility of electrons (holes), respectively.
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Figure 2. (a,b) Longitudinal magnetoresistance (MR) vs field curves and (c) Hall transverse resistivity
dependences for the non-patterned Bi film with thickness of 50 nm. Solid and dashed lines represent
theoretical curves fitted to experimental data using the two-carriers model. For clarity, the results
of Hall measurements for temperature range 4 K–20 K were omitted since they are similar to those
obtained at 2 K and 50 K. (d,e) Densities and mobilities of electrons and holes derived from the fitting.
The right scale of graph (d) is related to the n/p ratio.

In order to extract the carrier parameters n, p, µ, and ν, the measured magnetoresistance data
and Hall resistance curves were simultaneously fitted to Equations (1) and (2). The solid and dashed
lines in Figure 2a–c represent theoretical curves of ρxy(B), and ρxx(B) converted to MR, fitted in
the range of −7 T < B < 7 T, while the extracted carrier densities and mobilities are displayed in
Figure 2d,e. The theoretical curves successfully reproduce both the B-quadratic increase of MR(B)
and ρxy(B) dependencies for values of n and p of the order of 1024 m−3. They correspond to numbers
of electrons and holes in bismuth single crystals and in the pure Bi films, which is known to be in
the range of n ≈ p ∼ 1023–1024 m−3 [35,36]. At 300 K the majority carrier are electrons but holes have
bigger mobility, which corroborates earlier findings [34,36–38]. Similar electron and hole mobilities
as estimated by us, were also found for Bi samples prepared in other conditions and by different
deposition methods [34,36,37].
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The electron to holes density ratio n/p depends on temperature and changes from the value of
approximately 0.5 at T < 20 K in the hole dominant regime to the value of 3 at room temperature in
the electron dominant regime. The temperature of transition from p-type of conductivity to n-type
of conductivity was between 50 K and 100 K and similar behavior was observed for 300-nm-thick
polycrystalline bismuth films [31]. As shown in Figure 2e the transition is accompanied by the changes
in the electron and hole mobilities, corresponding to those reported by Dillner et al. [35]. The obtained
mobility values for temperatures below 10 K correlate well also with the results obtained in [32] for
the ultrathin bismuth layers. However, it should be noted that our results are only an estimation,
since a full description of the bismuth thin film conductivity can be obtained only by the use of a
three-band model with electron and hole bulk bands accompanied by a surface electron band [37].
Such surface carriers, however, are expected to dominate the electronic transport only in ultrathin
Bi films with thickness of 10 nm and lower [32,37]. For this reason, in the case which we discuss
here the two-carrier analysis can be successfully used for describing the field-dependent resistivity.
As shown by Marcano et al. [37] for the thicker layers these two models do not differ much, and the
two-carrier model should reproduce well the magnetotransport of bismuth layers with thickness of
50 nm and around.

The theoretical framework based on the two-carriers model, expressed in Equations (1) and (2),
however, does not include quantum interference effects such as the weak antilocalization (WAL), which
appears as additional features in ρxx(B) curves around B = 0 at low temperatures. In order to extract
these effects, the fit obtained by Equation (1) was subtracted from the experimental curves and the
results are shown in Figure 3a as open circles. The obtained dip structures at low magnetic fields can
be satisfactorily simulated within the framework of the WAL model constructed by Hikami et al. [39].
Figure 3b displays the zero field WAL strength as a function of T. The WAL correction to the classical T
dependence of ρxx for a diffusive, 2-dimensional system follows the relation [40]:

∆ρxx(B = 0, T) =
e2p̃ρ2

4π2}t
ln

(
T
T0

)
, (3)

where T0 is the characteristic temperature for the onset of decoherence, t is the film thickness, ρ is the
resistivity, e is the elementary charge, and p̃ is the exponent in the quantum dephasing power law for
the phase coherence length lφ ~ T−p̃/2. Fitting Equation (3) to the data yields the red line in Figure 3b.
From this fit we obtained the power law dephasing exponent p̃ ≈ 1.05 ± 0.07, which is expected for a
2-dimensional electron system [3], while the obtained characteristic temperature is T0 ≈ 30 K ± 4 K.
Following the Hikami, Larkin, Nagaoka (HLN) theory [39], the correction to the resistivity ∆ρxx(B),
due to the weak antilocalization in the 2-dimensional case, can be described as [13,22,41]:

∆ρxx(B) =
e2ρ2

2π2}t

[
Ψ
(B0 + Bso

B

)
−

3
2

Ψ
(Bφ

B
+

4Bso

3B

)
+

1
2

Ψ
(Bφ

B

)]
(4)

where Ψ(x) is the digamma function, and

B0,so,φ =
}

4el20,so,φ

(5)

In the above formulas, lso is the spin-orbit scattering length, lφ is the phase coherence length,
closely related to the inelastic scattering length, while l0 is the elastic scattering length. Contribution
from spin-spin scattering was neglected. During fitting, we constrained a scattering length l0 to the
range of 15–100 nm according to other studies on Bi thin films [22].

The theoretical curves fitted to experimental points are shown in Figure 3a as solid lines, while
the values derived from the fits are given in Table 1. As shown in Figure 3c the phase coherence length
lφ increases from 30 nm to 90 nm as T is reduced from 20 K to 2 K. Similar values of lφ were obtained
in [14] for arrays of Bi nanowires. Phase coherence length lφ indicated by the solid line in Figure 3c is
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proportional to T−1/2, which is expected for a 2-dimensional charge carrier system [42,43]. It should be
noted that the system follows 2-dimensional behavior only if lφ > t. Indeed, for temperatures below 8 K
lφ shown in Figure 3c is larger than the film thickness. For measurements carried out at temperature
of 10 K and 20 K lφ ≤ t and the dimensionality of the sample for phase-coherent processes changes
from two to three dimensions. This determines the limit of applicability of Equation (4), which for
temperatures of 10 K and above can provide only approximate values of the scattering parameters.
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Table 1. Summary of the parameters extracted from fits to WAL peaks with Equation (4) for flat
reference Bi film and antidot arrays.

Flat Film
Antidot Arrays

45 nm 65 nm 110 nm

ρxx (T = 300 K, B = 0) (10−6 Ωm) 8.4 9.6 10.7 17
∆ρxx (T = 2 K, B = 0) (10−7 Ωm) −1.63 −1.96 −1.99 −2.62

l0 (nm) 60–90 50–70 50–70 50–70
lso (nm) 25–40 20–30 25–30 25–30

lφ (T = 2 K) (nm) 86 71 64 51
p̃ 1.05 ± 0.07 1.12 ± 0.14 1.16 ± 0.14 0.86 ± 0.08
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Values of lso derived from analyzed data are approximately temperature independent and are in
the range of 25–40 nm, showing a slight increase as temperature increases. The values of spin-orbit
scattering length lso correspond to those obtained by others for polycrystalline Bi films. For example,
Rabin et al. [22] derived lso in the range of 20–30 nm for films with thickness of 35 nm, while
Hackens et al. [13] reported lso ≈ 100 nm for thicker Bi films of 80 nm. Our results fit between these
reports, and for the analyzed temperature range are always smaller than film thickness. This confirms
large spin–orbit interaction in thermally evaporated polycrystalline Bi thin films.

3.2. Antidot Arrays

In order to study the influence of mesoscopic defects on the magnetotransport properties of
Bi thin films, the measurements described for non-patterned layer have been performed for three
hexagonally ordered arrays of Bi antidots with various diameters. The field dependence of longitudinal
magnetoresistance MR(B) and transverse magnetoresistivity ρxy(B) is shown in Figure 4. For the sake
of brevity, we only present the results for antidots with diameter of 65 nm. The MR(B) and ρxy(B)
curves for two others arrays with antidot size of 45 nm and 110 nm are qualitatively similar and we
present them in Figures S2 and S3 in the Supplementary Material.
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In comparison with the flat films, the introduction of holes increases the longitudinal resistivity
ρxx (see Table 1) up to 100% for antidots with diameter of 110 nm at 300 K. This effect is directly
related to the change of geometry and the reduction of the effective cross-section of the film along
current flow. Additionally, the introduction of antidots increases the density of the scattering centers,
and reduces the mean free path of the charge carriers, which results in a resistivity rise. Similarly to the
flat layers, the MR(B) curves show B-quadratic behavior without saturation at temperature above or
equal to 20 K, which indicates the classical MR. As shown in Figure 5a, the largest MR values occurs in
the temperature range of 200–250 K, however the maximum values for the arrays are smaller than
those for the reference sample, and are 11.5%, 10.5% and 4% for antidots with diameter of 45 nm,
65 nm, and 110 nm, respectively. The degradation of MR for the larger antidots suggests that the edge
effects at the nanostructure boundaries play important role in scattering of charge carriers, and thus
modify the magnetotransport characteristics. It is well known that impurities, disorder and additional
phases emerging at antidot edges can significantly change magnetic and electronic properties of the
percolated thin films [44–48], and similar mechanism is expected in the studied Bi antidot arrays.
On the other hand, Bergman, Tornow et al. [23,49,50] showed that magnetoresistance changes can be
also understood by considering current distortions which appear around inclusions or voids in the host
material. Such distortions become larger for stronger magnetic field and eventually may interact with
each other or with neighbouring antidots. In special cases the interference between current distortions
is destructive, which results in a decrease in magnetoresistance.
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The evolution of the transverse resistivity with temperature, see Figure 5b, and change of the
sign of the Hall coefficient clearly show a transition from p-type to n-type conduction with increasing
temperature similarly as for reference the flat film. This suggests the patterning does not affect the
character of bismuth conductivity. However, in the case of antidot arrays the procedure of fitting
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within the framework of the two-carrier model cannot be applied since the changes in resistivity
of these systems have their source in geometrical factors and are not the result of the changes in
the material transport parameters. This is not taken into account by Equations (1) and (2) therefore,
fitting procedure applied to the data for antidot arrays would give unphysical results. However,
considering the same preparation conditions and the same character of MR(B) and ρxy(B) curves,
especially the same temperature for which ρxy(T) ≈ 0, we can assume that the carriers concentrations
and mobilities are similar for all the samples.

The MR data collected for all the arrays indicate the presence of WAL at low T and low B, in the
form of a dip in the resistivity near B = 0. The longitudinal resistivity curves ρxx(B) after subtracting the
B-quadratic background are shown in Figure 6a–c as point series. As T or B are increased, the classical
MR of bismuth dominates the data, similarly to observations from Rabin et al. for Bi films deposited
on patterned silicon and AAO [22]. In all cases similar WAL-related MR of about 0.5% was recorded,
but the largest absolute value of WAL strength of −2.62 × 10−7 Ωm was observed for antidots with a
size of 110 nm. The T dependence of WAL correction to the ρxx is presented in Figure 6d together with
fits according to Equation (3). The increase of the absolute values of WAL-related MR signal for the
arrays originates directly from an increase in the resistance of the films caused by higher defect density
emerging from edge of the antidots—the larger the hole, the bigger its circumference and the higher
defect density.
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Figure 6. (a–c) Longitudinal magnetoresistivity for Bi antidot arrays after subtracting the B-quadratic
background. Dashed lines represent theoretical curves fitted to experimental data using Equation (4) and
Hikami-Larkin-Nagaoka (HLN) theory. The mean hole diameter is (a) 45 nm, (b) 65 nm, and (c) 110 nm.
(d) Resistivity deviation from the classical magnetoresistance at low T and B = 0 T due to weak
antilocalization. The solid lines represent fit with Equation (3). (e) Temperature dependence of phase
coherence length lφ plotted on a logartithmic scale. The solid lines show the curves obtained by fitting
the data to a power-law function of temperature lφ ~ T−x.
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Following the HLN model, the WAL corrections were analyzed by fitting Equation (4) to
experimental data as depicted in Figure 6a–c by dashed lines. The obtained curves reproduce the
experimental points well, validating that Equation (4), originally introduced to formulate the WAL
effect in 2D electron systems, can be also used for patterned systems [3]. Values derived from the fits are
given in Table 1. Spin-orbit coupling lengths lso are approximately temperature independent, always
smaller than film thickness, and comparable to those for flat film, which signifies strong spin-orbit
coupling in Bi antidot arrays. The similar lso values were reported in [21,22] for Bi antidots fabricated
on AAO.

Obtained lφ values plotted as a function of T are presented in Figure 6e showing exponential
decline with temperature. It can be seen that the bigger the antidot size, the smaller lφ values at low
T, which is associated with the higher probability of scattering events. The power law dephasing
exponent p̃ values were extracted using lφ(T) data. For antidots with diameters of 45 nm and 65 nm,
they agree within the measurement uncertainty with the value for the reference film. The exceptions
are the biggest antidots, where p̃ is significantly lower than 1. This may indicate that carrier transport
in this array has an intermediate dimensionality between 1D and 2D, since one should expect p̃ = 2/3,
1, and 3/2 for 1D, 2D, and 3D electron systems, respectively [3]. The 1D–2D crossover are observed
usually in nanowires when lφ approaches cross section dimensions of the wire. Here, for antidots with
diameter of 110 nm and period of 175 nm, the neck width between two neighboring holes reaches
65 nm and is close to lφ (T = 2K) = 51 nm. Therefore, the geometrical effect is plausible and could
explain observed decrease of p̃. However, the effect was observed only for one size of antidots and in
order to exclude the possibility of statistical variation of p̃ and to confirm the supposition concerning
1D-2D crossover, measurements for antidots bigger than 110 nm are necessary.

Despite the high order of antidots, no oscillations in MR(B) curves resulting from commensurability
resonance were observed. Such resonances in the longitudinal magnetoresistance have been reported
for semiconductor antidots, and usually are interpreted in terms of classical cyclotron orbits that are
commensurate with the antidot period and symmetry [44,51,52]. The occurrence of such oscillations
requires, however, the elastic mean free-path exceeding the array period, which is not the case of
studied Bi arrays. As shown in Table 1, elastic scattering lengths l0 are always smaller than 100 nm and
stay in the range of 30–40% of the period.

4. Conclusions

In summary, we investigated the influence of large area patterning, developed topography,
and mesoscopic defects on the magnetotransport properties of Bi antidot arrays fabricated by nanosphere
lithography and compared them to the flat reference layers. The simultaneous measurement of the
transverse and the longitudinal magnetoresistance provided comprehensive information on transport
properties and allowed us to obtain charge carriers density values and their mobilities as a function
of temperature. The low-temperature MR showed a WAL effect from which lso spin-orbit scattering
lengths, l0 elastic scattering lengths, and lφ phase coherence lengths were derived by assuming the HLN
model. We showed that, in the absence of antidots, the charge carrier transport follows 2-dimensional
behavior and the dimensionality for phase-coherent processes changes from two to three dimensions
at temperatures higher than 10 K. For the biggest size of antidots, however, a decrease of the power law
dephasing exponent p̃ was observed, which could indicate 1D–2D crossover caused by the geometry of
the system. Such a 1D–2D crossover has not yet been reported for Bi antidots, which raises questions
concerning its origin and potential use in sensorics. Our studies showed that the transport properties
of Bi can be tailored by NSL complemented by the RF-plasma etching, leading to large area arrays with
variable transport properties.



Materials 2020, 13, 3246 11 of 13

Supplementary Materials: The following are available online at http://www.mdpi.com/1996-1944/13/15/3246/s1,
Figure S1: presents XRD pattern for 50 nm bismuth layer, Figures S2 and S3: present the field dependence of
longitudinal magnetoresistance and transverse magnetoresistivity for antidots with diameter of 45 nm and 110 nm.

Author Contributions: Conceptualization, M.K. and Y.Z.; data curation, M.K.; formal analysis, M.K.; funding
acquisition, A.Z. and Y.Z.; investigation, M.K. and A.Z.; methodology, M.K. and A.Z.; validation, Y.Z. and M.M.;
writing—original draft, M.K.; writing—review and editing, M.K. and M.M. All authors have read and agreed to
the published version of the manuscript.

Funding: This research was funded by the National Centre for Research and Development within LIDER V
program, Poland (project No. LIDER/008/177/L5/13/NCBR/2014). The magnetotransport measurements were
supported by the Polish National Science Centre with Grant Sonata No. 2015/19/D/ST3/01843.

Conflicts of Interest: The authors declare no conflict of interest. The funders had no role in the design of the
study; in the collection, analyses, or interpretation of data; in the writing of the manuscript, or in the decision to
publish the results.

References

1. Kim, G.-S.; Lee, M.-R.; Lee, S.-Y.; Hyung, J.-H.; Park, N.-W.; Lee, E.S.; Lee, S.-K. Reduction in thermal
conductivity of Bi thin films with high-density ordered nanoscopic pores. Nanoscale Res. Lett. 2013, 8, 371.
[CrossRef]

2. Heremans, J.; Thrush, C.M.; Lin, Y.-M.; Cronin, S.; Zhang, Z.; Dresselhaus, M.S.; Mansfield, J.F. Bismuth
nanowire arrays: Synthesis and galvanomagnetic properties. Phys. Rev. B 2000, 61, 2921. [CrossRef]

3. Park, Y.; Hirose, Y.; Nakao, S.; Fukumura, T.; Xu, J.; Hasegawa, T. Quantum confinement effect in Bi anti-dot
thin films with tailored pore wall widths and thicknesses. Appl. Phys. Lett. 2014, 104, 023106. [CrossRef]

4. Shim, W.; Ham, J.; Kim, J.; Lee, W. Shubnikov–de Haas oscillations in an individual single-crystalline bismuth
nanowire grown by on-film formation of nanowires. Appl. Phys. Lett. 2009, 95, 232107. [CrossRef]

5. Zhu, K.; Wu, L.; Gong, X.; Xiao, S.; Jin, X. Quantum transport in the surface states of epitaxial Bi(111) thin
films. Phys. Rev. B 2016, 94, 121401. [CrossRef]

6. De Haas, W.J.; van Alphen, P.M. The dependence of the susceptibility of diamagnetic metals upon the field.
Proc. Neth. R. Acad. Sci. 1930, 33, 1106.

7. Abrikosov, A.A. Quantum linear magnetoresistance. Europhys. Lett. 2000, 49, 789. [CrossRef]
8. Zhu, K.; Tian, D.; Wu, L.; Xu, J.; Jin, X. Impurity effect on surface states of Bi (111) ultrathin films. Chin. Phys. B

2016, 25, 087303. [CrossRef]
9. White, H.; McLachlan, D.S. Morphology dependence of weak-anti-localisation parameters in bismuth films.

J. Phys. Condens. Matter 1989, 1, 6665. [CrossRef]
10. Sangiao, S.; Marcano, N.; Fan, J.; Morellon, L.; Ibarra, M.R.; De Teresa, J.M. Quantitative analysis of the weak

anti-localization effect in ultrathin bismuth films. Europhys. Lett. 2011, 95, 37002. [CrossRef]
11. Rudolph, M.; Heremans, J.J. Electronic and quantum phase coherence properties of bismuth thin films.

Appl. Phys. Lett. 2012, 100, 241601. [CrossRef]
12. Yang, F.Y.; Liu, K.; Hong, K.; Reich, D.H.; Searson, P.C.; Chien, C.L. Large magnetoresistance of

electrodeposited single-crystal bismuth thin films. Science 1999, 284, 1335. [CrossRef] [PubMed]
13. Hackens, B.; Minet, J.P.; Faniel, S.; Farhi, G.; Gustin, C.; Issi, J.P.; Heremans, J.P.; Bayot, V. Quantum transport,

anomalous dephasing, and spin-orbit coupling in an open ballistic bismuth nanocavity. Phys. Rev B 2003, 67,
121403(R). [CrossRef]

14. Heremans, J.; Thrush, C.M.; Zhang, Z.; Sun, X.; Dresselhaus, M.S.; Ying, J.Y.; Morelli, D.T. Magnetoresistance
of bismuth nanowire arrays: A possible transition from one-dimensional to three-dimensional localization.
Phys. Rev. B 1998, 58, R10091. [CrossRef]

15. Lin, Y.-M.; Cronin, S.B.; Ying, J.Y.; Dresselhaus, M.S.; Heremans, J.P. Transport properties of Bi nanowire
arrays. Appl. Phys. Lett. 2000, 76, 3944. [CrossRef]

16. Rudolph, M.; Heremans, J.J. Spin-orbit interaction and phase coherence in lithographically defined bismuth
wires. Phys. Rev. B 2011, 83, 205410. [CrossRef]

17. Marcano, N.; Sangiao, S.; Plaza, M.; Perez, L.; Fernandez Pacheco, A.; Cordoba, R.; Sanchez, M.C.; Morellon, L.;
Ibarra, M.R.; De Teresa, J.M. Weak-antilocalization signatures in the magnetotransport properties of individual
electrodeposited Bi nanowires. Appl. Phys. Lett. 2010, 96, 082110. [CrossRef]

http://www.mdpi.com/1996-1944/13/15/3246/s1
http://dx.doi.org/10.1186/1556-276X-8-371
http://dx.doi.org/10.1103/PhysRevB.61.2921
http://dx.doi.org/10.1063/1.4861775
http://dx.doi.org/10.1063/1.3267143
http://dx.doi.org/10.1103/PhysRevB.94.121401
http://dx.doi.org/10.1209/epl/i2000-00220-2
http://dx.doi.org/10.1088/1674-1056/25/8/087303
http://dx.doi.org/10.1088/0953-8984/1/37/013
http://dx.doi.org/10.1209/0295-5075/95/37002
http://dx.doi.org/10.1063/1.4729035
http://dx.doi.org/10.1126/science.284.5418.1335
http://www.ncbi.nlm.nih.gov/pubmed/10334983
http://dx.doi.org/10.1103/PhysRevB.67.121403
http://dx.doi.org/10.1103/PhysRevB.58.R10091
http://dx.doi.org/10.1063/1.126829
http://dx.doi.org/10.1103/PhysRevB.83.205410
http://dx.doi.org/10.1063/1.3328101


Materials 2020, 13, 3246 12 of 13

18. Murata, M.; Hasegawa, Y.; Komine, T.; Kobayashi, T. Preparation of bismuth nanowire encased in quartz
template for Hall measurements using focused ion beam processing. Nanoscale Res. Lett. 2012, 7, 505.
[CrossRef]

19. Hsieh, D.; Qian, D.; Wray, L.; Xia, Y.; Hor, Y.S.; Cava, R.J.; Hasan, M.Z.A. Topological Dirac insulator in a
quantum spin Hall phase. Nature 2008, 452, 970. [CrossRef]

20. Tian, M.; Wang, J.; Zhang, Q.; Kumar, N.; Mallouk, T.E.; Chan, M.H.W. Superconductivity and quantum
oscillations in crystalline Bi nanowire. Nano Lett. 2009, 9, 3196–3202. [CrossRef]

21. Rabin, O.; Dresselhaus, M.S. Anomalous magnetoresistance behavior of bismuth antidot arrays. MRS Online
Proc. Libr. Arch. 2004, 788, L12.1. [CrossRef]

22. Rabin, O.; Nielsch, K.; Dresselhaus, M.S. Enhancement of weak anti-localization signatures in the
magneto-resistance of bismuth anti-dot thin films. Appl. Phys. A 2006, 82, 471–474. [CrossRef]

23. Strijkers, G.J.; Yang, F.Y.; Reich, D.H.; Chien, C.L.; Searson, P.C.; Strelniker, Y.M.; Bergman, D.J.
Magnetoresistance anisotropy of a Bi antidot array. IEEE Trans. Magn. 2001, 37, 2067–2069. [CrossRef]

24. Gao, J.; Kempa, K.; Giersig, M.; Akinoglu, E.M.; Han, B.; Li, R. Physics of transparent conductors. Adv. Phys.
2016, 65, 553–617. [CrossRef]

25. Kobayashi, N.; Masumoto, H.; Takahashi, S.; Maekawa, S. Optically transparent ferromagnetic nanogranular
films with tunable transmittance. Sci. Rep. 2016, 6, 34227. [CrossRef] [PubMed]

26. Krupinski, M.; Mitin, D.; Zarzycki, A.; Szkudlarek, A.; Giersig, M.; Albrecht, M.; Marszałek, M. Magnetic
transition from dot to antidot regime in large area Co/Pd nanopatterned arrays with perpendicular
magnetization. Nanotechnology 2017, 28, 085302. [CrossRef]

27. Krupinski, M.; Bali, R.; Mitin, D.; Sobieszczyk, P.; Gregor-Pawlowski, J.; Zarzycki, A.; Böttger, R.; Albrecht, M.;
Potzger, K.; Marszałek, M. Ion induced ferromagnetism combined with self-assembly for large area magnetic
modulation of thin films. Nanoscale 2019, 11, 8930–8939. [CrossRef]

28. White, G.K.; Woods, S.B. The Thermal and electrical resistivity of bismuth and antimony at low temperatures.
Philos. Mag. 1958, 3, 342–359. [CrossRef]

29. Gallo, C.F.; Chandrasekhar, B.S.; Sutter, P.H. Transport properties of bismuth single crystals. J. Appl. Phys.
1963, 34, 144. [CrossRef]

30. Cornelius, T.W.; Toimil-Molares, M.E.; Neumann, R.; Karim, S. Finite-size effects in the electrical transport
properties of single bismuth nanowires. J. Appl. Phys. 2006, 100, 114307. [CrossRef]

31. Marcano, N.; Sangiao, S.; De Teresa, J.M.; Morellon, L.; Ibarra, M.R.; Plaza, M.; Perez, L. Structural and
magnetotransport properties of Bi thin films grown by thermal evaporation. J. Magn. Magn. Mater. 2010, 322,
1460–1463. [CrossRef]

32. Lukermann, D.; Sologub, S.; Pfnur, H.; Tegenkamp, C. Sensing surface states of Bi films by magnetotransport.
Phys. Rev. B 2011, 83, 245425. [CrossRef]

33. Li, C.-Z.; Li, J.-G.; Wang, L.-X.; Zhang, L.; Zhang, J.-M.; Yu, D.; Liao, Z.-M. Two-carrier transport induced
Hall anomaly and large tunable magnetoresistance in Dirac semimetal Cd3As2 nanoplates. ACS Nano 2016,
10, 6020–6028. [CrossRef] [PubMed]

34. Emoto, H.; Ando, Y.; Eguchi, G.; Ohshima, R.; Shikoh, E.; Fuseya, Y.; Shinjo, T.; Shiraishi, M. Transport and
spin conversion of multicarriers in semimetal bismuth. Phys. Rev. B 2016, 93, 174428. [CrossRef]

35. Dillner, U.; Schnelle, W. Electrical and galvanomagnetic properties of undoped and doped polycrystalline
bismuth films III. Analysis in an anisotropic two-carrier model. Phys. Status Solidi 1989, 116, 715–723.
[CrossRef]

36. Vu, D.M.; Shon, W.; Rhyee, J.-S.; Sasaki, M.; Ohnishi, A.; Kim, K.-S.; Kim, H.-J. Weak antilocalization and
two-carrier electrical transport in Bi1−xSbx single crystals (0% < x < 17.0%). Phys. Rev. B 2019, 100, 125162.

37. Marcano, N.; Sangiao, S.; Magén, C.; Morellón, L.; Ibarra, M.R.; Plaza, M.; Pérez, L.; De Teresa, J.M. Role
of the surface states in the magnetotransport properties of ultrathin bismuth films. Phys. Rev. B 2010, 82,
125326. [CrossRef]

38. Rosenbaum, R.; Galibert, J. Unusual electronic transport properties of a thin polycrystalline bismuth film.
J. Phys. Condens. Matter 2004, 16, 5849. [CrossRef]

39. Hikami, S.; Larkin, A.; Nagaoka, Y. Spin-orbit interaction and magnetoresistance in the two dimensional
random system. Prog. Theor. Phys. 1980, 63, 707–710. [CrossRef]

40. Chiu, S.-P.; Lin, J.-J. Weak antilocalization in topological insulator Bi2Te3 microflakes. Phys. Rev. B 2013, 87,
035122. [CrossRef]

http://dx.doi.org/10.1186/1556-276X-7-505
http://dx.doi.org/10.1038/nature06843
http://dx.doi.org/10.1021/nl901431t
http://dx.doi.org/10.1557/PROC-788-L12.1
http://dx.doi.org/10.1007/s00339-005-3383-1
http://dx.doi.org/10.1109/20.951055
http://dx.doi.org/10.1080/00018732.2016.1226804
http://dx.doi.org/10.1038/srep34227
http://www.ncbi.nlm.nih.gov/pubmed/27677710
http://dx.doi.org/10.1088/1361-6528/aa5656
http://dx.doi.org/10.1039/C8NR10011J
http://dx.doi.org/10.1080/14786435808236822
http://dx.doi.org/10.1063/1.1729056
http://dx.doi.org/10.1063/1.2388857
http://dx.doi.org/10.1016/j.jmmm.2009.03.052
http://dx.doi.org/10.1103/PhysRevB.83.245425
http://dx.doi.org/10.1021/acsnano.6b01568
http://www.ncbi.nlm.nih.gov/pubmed/27166504
http://dx.doi.org/10.1103/PhysRevB.93.174428
http://dx.doi.org/10.1002/pssa.2211160231
http://dx.doi.org/10.1103/PhysRevB.82.125326
http://dx.doi.org/10.1088/0953-8984/16/32/019
http://dx.doi.org/10.1143/PTP.63.707
http://dx.doi.org/10.1103/PhysRevB.87.035122


Materials 2020, 13, 3246 13 of 13

41. Beutler, D.E.; Giordano, N. Localization and electron-electron interaction effects in thin Bi wires and films.
Phys. Rev. B 1988, 38, 8. [CrossRef] [PubMed]

42. Takagaki, Y.; Giussani, A.; Perumal, K.; Calarco, R.; Friedland, K.-J. Robust topological surface states in
Sb2Te3 layers as seen from the weak antilocalization effect. Phys. Rev. B 2012, 86, 125137. [CrossRef]

43. Hamdou, B.; Gooth, J.; Dorn, A.; Pippel, E.; Nielsch, K. Aharonov-Bohm oscillations and weak antilocalization
in topological insulator Sb2Te3 nanowires. Appl. Phys. Lett. 2013, 102, 223110. [CrossRef]

44. Dorn, A.; Sigrist, M.; Fuhrer, A.; Ihn, T.; Heinzel, T.; Ensslin, K.; Wegscheider, W.; Bichler, M. Electronic
properties of antidot lattices fabricated by atomic force lithography. Appl. Phys. Lett. 2002, 80, 252. [CrossRef]

45. Castano, F.J.; Nielsch, K.; Ross, C.A.; Robinson, J.W.A.; Krishnan, R. Anisotropy and magnetotransport in
ordered magnetic antidot arrays. Appl. Phys. Lett. 2004, 85, 2872. [CrossRef]

46. Park, N.-W.; Lee, W.-Y.; Park, T.-H.; Kim, D.-J.; Cho, S.-H.; Lee, S.-Y.; Lee, S.-K. Temperature-dependent
thermal conductivity of nanoporous Bi thin films by controlling pore size and porosity. J. Alloys Compd. 2015,
639, 289–295. [CrossRef]
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