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The study is devoted to the electronic properties and structure of bismuth films obtained by electro-
deposition from high-speed perchlorate electrolyte. Polycrystalline samples were synthesized in acidic
perchlorate electrolyte under the (0.18-70.0) mA/cm? cathode current density and annealed at 265 °C in the
He gas atmosphere. The structure, microstructure and electron properties of Bi films were characterized
using X-Ray diffraction analysis, scanning electron microscopy, and electron backscattered diffraction.
Electrical resistance, magnetoresistance, and Hall coefficient were studied at the 5-300 K temperature
range under magnetic field up to 8 T. A specific and unexpected behavior has been found concerning the
average size and shape of Bi grains with increasing of the current density: the increase in deposition current
density up to 70.0 mA/cm? contributes to Bi films formation with more isotropic and reduced average grains
size. Samples synthesized under 0.18 mA/cm? current density after annealing showed electronic properties,
including magnetoresistance, similar to those of flawless single-crystals. The differences in the electronic
characteristics of Bi films electrodeposited under different currents and electrolyte composition were ex-
plained by changes in electronic mobility due to scattering on grain boundaries.

© 2021 Elsevier B.V. All rights reserved.
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1. Introduction

Bismuth attracts the researcher’s attention due to high mobility
of electrons [1,2], numerous applications in sensorics [3-6], and
environmental friendliness due to one of the lowest toxicity among
heavy elements [7]. Also, Bi could be used as a photo catalyst for
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environmental pollutants removal, e.g., outstanding visible-light
photocatalytic abilities for the reduction of Cr(VI) to less toxic Cr(III),
high catalytic activity to organic dyes, good photocatalytic de-
gradation of RhB under visible light, admirable and stable photo-
catalytic activity towards the removal of NO under 280 nm light
irradiation [8-11]. However, the physical properties of Bi films can
vary significantly due to their different microstructure [12,13]. Thus,
it becomes important to study the effect of synthesis conditions on
the electronic properties of polycrystalline Bi films.

Bismuth is a semimetal with a high mobility of charge carriers
(102 m?/(V-s) or higher at 4 K), which results in high electrical
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conductivity, Seebeck coefficient, and relative magnetoresistance.
These properties make Bi-based materials attractive for the devel-
opment of magnetic field sensors [2,5,6], electrochromic devices
[14], thermoelectric coolers [15,16], etc. Numerous researchers re-
port that Bi electrodes can replace both toxic Hg electrodes in the
potentiometric analysis [10] and Pb shields for the protection of
integrated microcircuits from ionizing radiation [17-19].

Bismuth films can be synthesized by various methods, the most
used of which are electrochemical deposition [2,13,16,20], pulsed
laser deposition [12,21], vacuum thermal evaporation [22,23], melt
spinning [13,24], etc. Pulsed laser deposition allows obtaining high-
quality thin films due to a high density of grains nucleation. How-
ever, due to inhomogeneous energy distribution in the laser beam
profile, the inhomogeneity of the film in the center of the beam spot
is usually high [25]. Therefore, it may not be useful for the fabrica-
tion of large-scale uniform coatings. Samples synthesized by a va-
cuum thermal evaporation are of very high purity [22] but have a
non-uniform thickness on complex surfaces and can be highly ex-
pensive. Melt spinning technique allows fast and the cheapest fab-
rication [24], but the thickness of samples is inhomogeneous by area,
and its properties may change with time [26]. Electrochemical de-
position combines low costs with the ability to fast cover large
complex surfaces [27,28,62].

The efficiency of electrochemical deposition significantly de-
pends on the chemical composition of the electrolyte. A large
number of studies have been devoted to the electrodeposition of Bi
films from silicate, pyrophosphate, nitrate, citric, stearic, sulfate,
lactate, and other electrolytes [29-33]. Besides, for a specific elec-
trolyte composition, organic additives provide additional control
over the film structure [34,35].

There are several options when choosing an electrolyte. The most
common bismuth salts are easily hydrolyzed to form insoluble basic
salts; therefore, alkaline bismuth electrolytes are not as common as
acid electrolytes. Bi electrodeposition from nitric and hydrochloric
acids takes place under conditions of much lower irreversibility of
the electrode process as compared with perchloric acid electrolytes.
The bismuth films obtained in such conditions are large-grained and
porous [30,36,37], and prolonged electrodeposition cannot con-
tribute to obtaining smooth and uniform Bi films. It has been shown
[38] that perchlorate electrolyte allows receiving of high-quality and
dense samples. Perchlorate electrolyte can be easily prepared by
bismuth hydroxide or oxide dissolving in perchloric acid. It is im-
portant that, unlike other Bi salts, even a strong dilution of bismuth
perchlorate solutions does not lead to the precipitation of insoluble
deposits of basic salts, which makes perchlorate electrolytes con-
venient to use and one of the most popular for the study of processes
of Bi electrodeposition.

The Bi electrodeposition process depends on the electrolyte
composition. A well-known nitrate electrolyte can allow the elec-
trodeposition of uniform coatings in specific conditions, but the
deposition is limited in speed down to 12 pm/h [30,39]. In this work,
we used a recently developed [36,40] perchlorate electrolyte, which
is more suitable for practical applications due to a higher growth
speed (up to 200 pm/h) and comparable quality of deposits [34].

Flexibility in choice of electrolyte composition, current density,
and other conditions opens additional possibilities to engineer the
microstructure of samples. Therefore, electrochemical deposition is
one of the most promising methods for the synthesis of Bi films in
light of their further applications. However, the influence of cathode
current density during deposition on Bi films structure and espe-
cially crystalline texture is not fully understood yet.

The goal of this work was to investigate the influence of elec-
trochemical deposition conditions of Bi films on their structure,
microstructure, and electronic properties to explore the possibility
of synthesizing high-quality polycrystalline samples with char-
acteristics comparable to single-crystalline ones.
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2. Materials and methods
2.1. Samples preparation

The electrodeposition of Bi films was performed using the fol-
lowing electrolyte composition (in moles/liter): Bi(ClO4); - 0.51,
HClO4 - 3. Bismuth anodes used for electrodeposition, were pre-
pared from Bi (97.5%) and Pb (2.5%). Electrodeposition was carried
out in galvanostatic mode (constant current). The temperature
during experiments lied in the 18-20 °C range. The electrolyte had
been continuously mixed at 750 rounds/min with magnetic stirrer
IKA C-MAG HS. During experiments, three cathodic current densities
(j) were used: 0.18, 2.30, and 70.0 mA/cm?. The thickness of the Bi
films was approximately 60 pm.

2.2. Methods of investigation

The thickness of films was controlled by the gravimetrical
method using Ohaus AR 2140 balance (precision up to 1.10 g) and
verified by scanning electron microscopy (SEM) cross-section
images. The annealing of Bi films was performed in He gas atmo-
sphere at (267 % 1) °C for 5 h using the OWEN PM-10 oven.

The structure and morphology of samples were studied using
X-ray diffraction analysis (XRD) and SEM. X-ray diffractograms
were measured using monochromatic Cu-Ka radiation with the
PanAnalytical Empyrean diffractometer. SEM images were obtained
in secondary electrons regime using LEO 1455VP Oxford Instruments
SEM with 20 kV accelerating voltage.

Resistivity, magnetoresistance, and Hall coefficient were mea-
sured in the 5-300 K temperature range under magnetic fields up to
8 T. All measurements were performed on Cryogen Free
Measurement System from Cryogenic Ltd, London. Before electrical
measurements, the Bi films were separated from Cu substrate and
cut to uniform rectangles with sizes of 8 x 3 mm?. Geometrical
parameters were measured with optical microscope MPB-2 using a
collimator ruler, which gives a 0.01 mm error. The film thicknesses
were estimated on chips using SEM measurements. All samples were
cleaned in a Sonorex ultrasonic bath just before soldering the con-
tacts. The sample was connected to the contact pad using indium
electric probes deposited with an ultrasonic soldering device. Six
electric contacts were prepared on each sample: 2 current and 2
potential for 4-point probe resistivity measurements and 2 potential
for the Hall voltage measurements. All measurements were made on
direct current (10% A) with a Keithley Sub-Femtoamp
RemoteSourceMeter SMU Instrument 6430 with an error of 0.05% or
less. Voltages on potential probes were measured with 0.01% error or
less using Keithley 2182A Nanovoltmeter.

The contact pad was located in a hermitized cell with He atmo-
sphere with temperature and magnetic field sensors. The cell was
inserted into a superconducting solenoid. The temperature was
regulated by the flow of He and special electrical heaters inside the
cell. The magnetic field was always perpendicular to the current
direction. During Hall measurements, it is necessary to consider the
influence of arising galvanomagnetic and thermomagnetic effects
that otherwise can introduce significant errors. Besides, Hall con-
tacts may not be equipotential before measurement starts.
Therefore, the voltage Uy measured on Hall contacts is given by the
relation

Unc = Uy + Uy + U + Ut + Ug, (1)

where Uy is a true voltage due to the Hall effect,

Uy - appears due to Nernst effect,

Ug and Ug, are related to Ettingshausen and Righi-Leduc effects,

Upr is the actual potential difference between Hall contacts in the
absence of a magnetic field due to the non-equipotentiality of Hall
contacts.
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The sign of each contribution is defined by signs of the current
and magnetic field. There are four possible combinations of signals
due to changes in the current I and magnetic field B directions:

B+,l+: ﬁEZUH+UN+UE+URL+Um
B+,I—:UﬁEZ—UH+UN—UE+URL—UIR
B—,I+IUF,g:—UH—UN—UE—URL+U’R
B— .+ :Usjc =Uy— Uy + Ug — Ug — Ug. (2)

From the equations above, it can be found that:
Uy + Ue = (Ui + Ufic + U + Upc)/4. 3)

Taking into account that Uy is usually much larger than Ug, it can
be rewritten as

Uy = (Uid + Ufic + Upd + Ugc)/4 (4)

The error in resistivity (and other specific values) was mainly
defined by the sizes of indium electric contacts and was equal to or
less than 5-7%. According to our estimates, the reproducibility of
directly measured (and non-specific) characteristics like potential
differences or relative magnetoresistance was very good, and the
error was less than 0.1%.

3. Results and discussion
3.1. Electrodeposition kinetics

Cathodic polarization curves (PC) Ig I(E) for the Bi films electro-
deposition under various synthesis conditions are shown in Fig. 1. It
can be seen that stirring of the electrolyte has practically no effect on
the cathodic polarization curve dynamics down to -0.11V. The
electrodeposition of dense and flexible polycrystalline Bi films pro-
ceeds in a kinetically limited mode up to 0.01V (Fig. 1, curves 1 and
2, highlighted sections I, II). Then, in the potential range from 0.01 to
-0.14V, Bi electrodeposition occurs in a mixed diffusion-kinetic
mode (Fig. 1, curves 1 and 2, section III).

In the potential range from -0.14 to -0.35V without stirring of
the electrolyte, a diffusion plateau is observed, and the electro-
deposition process proceeds in a diffusion-controlled mode (Fig. 1,
curve 1, section IV). A further shift of the polarization curve to the
region of negative potentials (Fig. 1, curves 1, section V) leads to the
formation on the electrode surface of a loose powdery deposit of
dark gray color, which can be easily removed from the surface me-
chanically. The microstructure of Bi films varies from dense and
compact to loose dendritic. Apparently, the formation of loose
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Fig. 1. Bi electrodeposition polarization curves without (1) and with (2) stirring of
electrolyte.
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powdery Bi deposits can be associated with changes in the electro-
crystallization mechanism and the limiting stage of the discharge-
ionization. Thus, the kinetically limited region of the Bi ions dis-
charge from which it is possible to obtain Bi films with satisfactory
quality is of greatest interest. There are three different ranges of
current densities, which can be referred to as I, II, and III sections
(Fig. 1). At low values of cathode polarization, the Tafel slope of the
curve is 7.8 mV/decade (section I). However, then the discharge of Bi
ions occurs with a much higher Tafel slope in section II (55.1 mV/
decade). An enhancement of the dependence of the current density
on the potential and the difficulty of the discharge of Bi ions are
observed in this case. This may be due to an increase in the ad-
sorption of impurities in the electrolyte to nearby electrodes. Section
Il corresponds to a mixed diffusion-kinetic mode which is char-
acterized by deposition of loose dendritic films. It can be assumed
that, depending on the applied potential, the discharge process of Bi
ions can proceed through various mechanisms and lead to the Bi
films deposition with different structures and properties. To confirm
this assumption, we chose different values of current density (0.18,
2.3, and 70.0 mA/cm?), which corresponded to polarization curves
with different Tafel slopes and allowed us to obtain the samples with
satisfactory quality (I, II, III sections).

3.2. Crystal structure

X-ray diffraction patterns have shown that all the studied Bi films
had crystalline rhombohedral lattice (Fig. 2), as was expected [41,42].
The peaks in Fig. 2 are narrow, which indicates the large size of the
coherence-scattering area and, therefore, the high structural quality
of samples [43]. It has been shown that the films synthesized under
a current density of 0.18 and 2.30 mA/cm? have an evident texture
with the (012) preferred orientation of the crystallographic plane
parallel to the substrate (Fig. 2, a,b). The crystalline texture is purest
in samples synthesized under j=0.18 mA/cm?, which almost shown
no reflexes from the other crystallographic planes (Fig. 2, a).

Texture coefficients Ty [44] were calculated to quantify the
contribution of different preferred grain orientations:

Tnkty/To(hkry

Loy=v=—""—" "=
- (E Tl Tochin) (5)

where hkl are indices of the corresponding plane, Iy is the mea-
sured intensity of peak, Ipnw) is relative intensity given in standard
powder diffraction data, N - is the number of clear peaks.

As can be seen from Table 1, the texture coefficients of all planes
change monotonically with an increase in the cathodic current
density during synthesis. The increase of cathode current density up
to 2.30 mA/cm? leads to the growth of intensity of the reflexes that
are attributed to the other grain orientations (Fig. 2b). The further
increase of cathode current density to j=70.0mA/cm? leads to a
change of the preferred orientation from (012) to (110), as shown in
Fig. 2, c. Samples are more isotropic as intensities of the reflexes
from different planes become comparable.

The weakening of Bi films' growth texture with the increase of
the cathode current density may be related to cathode polarization
that leads to non-equilibrium crystallization. The change in dom-
inating texture of Bi film synthesized under j=70.0 mA/cm? prob-
ably is attributed to different adsorption of atomic hydrogen and
beginning of electrochemical reaction of hydrogen ions reduction:
such a high cathode current density causes the reduction of Bi>* in
the diffusion-limited mode [34].

3.3. Surface morphology

The results of the SEM investigation showed that samples syn-
thesized under a current density of 0.18 and 2.30 mA/cm? have a
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Fig. 2. X-Ray diffractograms for Bi films synthesized under various cathode currents: (a) j=0.18 mA/cm?, (b) j = 2.30 mA/cm?, (c) j=70.0 mA/cm?>.

Table 1
Texture coefficients.

Cathodic current used for sample Texture coefficient

deposition, mA/cm?

Tc (102) Tc (104 Te (110) Tc 202 Tc (204 Tc 212) T¢ (300 Tc (220) Te 312) Tc (306)
0.18 5.0 0.014 0.0033 110 3.0 0.010 0.058 0.024 0.024 0.95
2.30 4.7 0.044 0.87 0.08 2.9 0.071 0.055 0.093 0.092 0.93
70.0 0.30 0.27 33 0.55 0.19 0.82 0.95 15 0.66 110

dense pyramidal structure with an average grain size of 12-20 um
(Fig. 3, a) and 10-12pm (Fig. 3, b), respectively. Bi films electro-
deposited under 70.0 mA/cm? are porous with elongated lamellar
grains of (1 - 2) pm width and of (10 - 12) um length (Fig. 3, ¢). It
should be noted that the increase of electrodeposition current
density resulted in both the decrease in the grain size and changing
of their shape. Such behavior of Bi grain sizes is odd enough since
the opposite tendency is observed in most studies [45-47]. Ob-
viously, this is because the fact that the discharge process of Bi ions
is multistage and includes the sequential addition of three electrons.
Accordingly, depending on the applied current density, the discharge
mechanism can also change. The ions present in the electrolyte can
influence the electrodeposition process. The current efficiency for Bi
in this perchlorate electrolyte is 100% in most cases, so hydrogen
cannot have this effect on Bi (especially at the used current densities
values). It can also be associated with the impurities adsorption on
the Bi grain faces. The more impurities in the electrolyte lead to the
larger the grain size. Note that the impurity concentration decreases
with current density rising.

Another version of the explanation for the mechanism of grain
size changing can be a decrease in the concentration of Bi** ions in
the cathode layer, which leads to over speed of the nucleation rate of
crystallization centers over the faces growth rate.

3.4. Electronic properties

Bi films synthesized under 0.18 and 2.30 mA/cm? current density
were successfully connected to setup probes using indium for elec-
tric contacts with excellent reproducibility of measurement results.
However, samples fabricated under 70.0 mA/cm? turned to be fragile
and easily cracked and crumbled by the ultrasonic soldering device,
so we decided not to rely on their data.

The electrical resistivity p of Bi samples synthesized under
0.18 mA/cm? decreases with temperature T (curve 1 in Fig. 4), while

the resistivity of samples synthesized under 2.30 mA/cm? increases
(curve 2 in Fig. 4). The resistivity lowers after the annealing at 261 K
and demonstrates linear growth with the temperature (curves 1a
and 2a in Fig. 4).

Relative magnetoresistance is defined as Ap(B)/p(0), where
Ap(B) = p(B) - p(0) and p(B) is resistivity in magnetic field B.
Temperature dependences of magnetoresistance in B =8 T are given
in Fig. 5 and show that Ap(B) monotonously decreases with the
temperature. The effect of annealing is most noticeable at low
temperatures (1a and 2a in Fig. 5), where annealing increases the
magnetoresistance by an order of magnitude compared to
as-deposited samples.

The relative magnetoresistance of Bi films monotonously in-
creases with the magnetic field (Fig. 6) and decreases with tem-
perature, which is typical for Lorentz magnetoresistance mechanism
when the Ap(B)/p(0) is proportional to B? in the small field limit (B —
0) [48,49].

In the case of the Lorentz mechanism, the magnetoresistance
effect is known to be stronger for high-mobility carriers [50,51].
Lorentz magnetoresistance in Bi can be expressed through the
characteristics of charge carriers [52-54]:

2
2p(B) _ 9z [ Br+3/2)1 Py +med (2 +3/2)1 Py — gy
p(0) ~ 16| ((r+ 312007 pu, + iy (372017 pry + 1y

(6)

where Ry is the Hall coefficient, r is the scattering factor [48], ry is
the Hall factor, n, p and pp, pp are concentrations and mobilities of
electrons and holes, respectively.

Eq. (6) indicates that magnetoresistance strongly depends on
mobility of carriers. In samples deposited under j=2.30 mA/cm?
grains are smaller (Fig. 3b), which leads to more intensive scattering
of electrons on grain boundaries. This explains smaller mobilities
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Fig. 3. Scanning electron microscopy images obtained in secondary electrons mode for Bi films synthesized under various cathode currents: (a)j=0.18 mA/cm?, (b) j=2.30mA/

m?, (c) j=70.0 mA/cm>.
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Fig. 4. Temperature dependence of electrical resistivity for as-deposited and an-
nealed Bi films synthesized under various cathode currents (annealed samples de-
pendencies marked with “a”): 1 - j=0.18 mA/cm?, 2 - j=2.30 mA/cm?.
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Fig. 5. Temperature dependence of relative magnetoresistance at 8 T for as-deposited
and annealed Bi films synthesized under various cathode currents (annealed samples
dependencies marked with “a”): 1 - j=0.18 mA/cm?, 2 - j=2.30 mA/cm?.

and lower magnetoresistance in the sample with smaller grains
(Fig. 6¢ and Table 2).

Field dependencies of Hall coefficient for Bi films synthesized
under cathode current j=0.18 mA/cm? and for j=2.30 mA/cm? are
given in Fig. 7.

Hall coefficient in all samples is negative, which indicates that
the majority carriers are electrons. The absolute value of the Hall
coefficient increases with the temperature in all samples that in-
dicates the increase of carriers’ concentration.

In recent years a new family of methods was developed called
Quantitative Mobility Spectrum Analysis (QMSA) [55-57]. It uses
data in all available ranges of magnetic fields and requires minimum
external input parameters for the computational procedure. For this,
it is necessary to calculate the components of the magneto-
conductivity tensor:

_ p(B)

B = 6p KB 7)
_ Ru(B)B

O = S r R (8)

where o,, is magnetoconductivity and oy, is Hall conductivity. The
underlying physics is based on the McClure’s solution of Boltzmann
equation for electrons in magnetic field [58], which connects mag-
netoconductivity, charge carriers concentration n and mean mobi-

lity (u):

_ g
o) = 1 e )
n{(u)’B
o (B) = 1q+ <(l;>>232' (10)

In the QMSA approach, n is considered as a function of p1, which
reflects the actual distribution of carrier’s over energy. Such an ap-
proach allows the precise evaluation of mobilities and concentra-
tions in materials with several types of carriers. Instead of the
average value (p), QMSA considers grid of mobility ;. This leads to a
discretized form of (11)-(12):

M
eni; €Dik;
g (B) = [ + ).
; 1+u?B> 1+ u?B? (11)
M ( enju?’B ep;u2B
ny(B Z U _ i 12 >
=1 1+,LtlB 1+ B (12)

where n; and ,; are the concentration of electrons and holes that
have mobility ;, respectively.

The numerical procedure [59] is a simultaneous fitting Eqs.
(11)-(12) to get the smallest deviation between the experimental
data and ox(B), ox(B) reconstructed from (11) and (12).

The experimental data and model based on the QMSA model are
given in Fig. 8. As can be seen from Fig. 8, they are in agreement.

From numerical values of mobility and concentration obtained
from fitting, it is possible to compute averaged charge carrier con-
centrations. Temperature dependences of concentrations and mo-
bilities are given in Fig. 9.

In all samples, the concentration monotonically increases with
temperature (Fig. 9a). The concentrations of electrons and holes are
similar as expected from intrinsic material (Eq. (11)). Averaged
temperature dependence of carriers’ concentration with two stan-
dard deviation error bar is given in Fig. 9a inset. Concentration
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Fig. 6. Relative magnetoresistance dependence on magnetic field for Bi films synthesized under cathode current j=0.18 mA/cm? (a,b) and j=2.30 mA/cm? (c,d) before (a,c) and
after (b,d) annealing for different temperatures: (1) - 5K, (2) - 50K, (3) - 100K, (4) - 150K, (5) - 200K, (6) - 300K.

Table 2
Magnetoresistance of Bi films at B=8 T measured at T=5K and T=300K.

Cathode current Temperature of Relative

density during electronic magnetoresistance, %
:i::lzfnltzlon, measurements, K As- Annealed
deposited
0.18 5 16.10* 11-10°
300 4.0-10° 5.510°
2.30 5 2.8-10% 41.10*
300 3.1-10° 3.9-10%

values are in good agreement with the literature [48,49], which in-
dicates the high quality of bismuth samples and shows no traces of
unplanned doping.

Mobility of charge carriers lowers with temperature (Fig. 9b). The
values of carriers’ mobility correlate with grain size and magne-
toresistance: samples with larger grains show higher mobility. So,
electrons in the sample deposited under cathode current j = 0.18 mA/
cm? mobility is half an order higher than samples deposited under
j=2.30mA/cm? (see 1 and 3 in Fig. 9b). Annealing also increases the
mobility of carriers. The mobility of charge carriers in the studied
samples is slightly lower than that known from the literature for
high-quality epitaxial films [60,61].

The difference in mobilities in samples can be attributed to the
different role of scattering on grain boundaries. This can be ex-
plained from Matthiessen rule for effective mobility pegs of car-
riers [48]:

= ( 1,1 )‘1

T\ ) (13)
where p, and p, are two contributions to the mobility related to
different scattering mechanisms.

In the case of undoped polycrystalline bismuth, 11, is the mobility
limited by the scattering on phonons, and 11, is the mobility limited
by the scattering on structural defects, i.e., grain boundaries.
Scattering by phonons occurs in approximately the same way in all
samples since we do not expect a change of the phonon spectrum for
the obtained grain size. Therefore, the main difference is related to
1y Temperature dependence of grain-scattering contribution to
electron mobility 1, and hole mobility iy, are given by

G p— (1+
)= g o

eAn

J25,(Mm; (15)

where m,*, m,* - effective masses of electron and hole, ¢, ¢, - Fermi
level counted from the conduction or valence band extrema, E; -
bandgap, An, A, — mean free path of carriers due to grain scattering.

The mean free path due to grain scattering is the same as the
grain diameter and doesn’t depend on temperature, so 1, con-
tribution to resulting mobility (see Eq. (13)) will be similar in all
temperature range. In opposite, the mean free path due to scattering

(14)

l"bp (T) =
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Fig. 7. Hall coefficient dependence on magnetic field for Bi films synthesized under cathode current j=0.18 mA/cm? (a,b) and j=2.30 mA/cm? (c,d) before (a,c) and after (b,d)
annealing for different temperatures: (1) - 5K, (2) - 50K, (3) - 100K, (4) - 150K, (5) - 200K, (6) - 300K.

on phonons rapidly decreases with temperature due to an increase
of phonons concentration. It follows from Eq. (13) that when p, is of
the same magnitude or lower than py, the latter will not significantly
influence the resulting mobility peg

At high temperatures mean free path is presumably limited by
phonon scattering; therefore, we observe close values for mobilities
of carriers in all samples (Fig. 9b). However, at low temperatures
scattering on grain boundary dominates, which explains higher
mobility in samples with larger grains. Annealing usually leads to
the enlargement of grains and, as a rule, reduces electron scattering
on grain boundaries and point defects. Therefore, the low-tem-
perature mobility of electrons increases, as we can observe in Fig. 9
and Table 2.

This allows us to explain different temperature dependences of
resistivity given in Fig. 4. In annealed samples resistivity grows lin-
early with temperature (Fig. 4), while as-deposited samples show
non-monotonous dependence with a minimum. Resistivity p is de-
fined as

p=0'=(eny, + epu,)", (16)

where o is conductivity.

According to Eq. (16), the temperature dependence of resistivity
is defined by the temperature dependence of concentrations n, p and
mobilities p,, pp. Concentration temperature dependence is similar
for all the samples (Fig. 9a). The temperature dependence of mobility

is different due to more enhanced scattering in as-deposited sam-
ples. As is seen from Fig. 9b, mobility in large-grained annealed
samples decreases by an order of magnitude in the temperature
range from 10 to 300 K. Mobility in small-grained samples (curves 3
and 4 in Fig. 9b) only decreases two times in the same temperature
range. Therefore, annealed samples show a linear, metal-like tem-
perature dependence of resistivity due to strong temperature de-
pendence of mobility. In contradiction, as-deposited samples are
characterized by a temperature-independent scattering and weaker
temperature dependence of mobility at low temperatures. Their
more complicated temperature dependence of resistivity is a com-
bination of comparable contributions of mobility and concentration
dependences [63,64].

It is important to note from the practical point of view that the
magnetoresistance in annealed Bi films deposited under j = 0.18 mA/
cm? is the highest among the studied samples (Table 2) and is
comparable to the magnetoresistance of single-crystalline samples
or thick epitaxial films. The reported magnetoresistance in Bi single-
crystals is about 4-10° at 5K under B=9T [2] whereas, for the an-
nealed samples electrodeposited at j=0.18 mA/cm? the magne-
toresistance under B=8T value is about 1,1.10° at the same
temperature (Fig. 6). For thick epitaxial films, the relative magne-
toresistance reaches 10® (about 10°%) at 20K under 8T field [61],
while in the annealed samples electrodeposited at j=0.18 mA/cm?
the magnetoresistance also reaches 10°% under similar condi-
tions (Fig. 6).
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Fig. 8. Hall conductivity c,, dependence on magnetic field B for Bi films synthesized under cathode current density j=0.18 mA/cm? (a,b) and j = 2.30 mA/cm? (c,d) before (a,c) and
after (b,d) annealing for different temperatures: 1 - 300 K, 2 - 200 K, 3 - 100 K, 4 - 50 K, 5 - 25 K. Scatter: experimental data, solid lines: model.
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Fig. 9. Temperature dependences of (a) carriers concentrations (inset: averaged concentration of electrons and holes) and (b) electron mobility (inset: hole mobility) for different
samples: 1 - deposited under j=0.18 mA/cm?, 2 - deposited under j=0.18 mA/cm? and annealed, 3 - deposited under j=2.30 mA/cm?, 4 - deposited under j=2.30 mA/cm? and
annealed, 5 and 6 - literature data for epitaxial films from [60] and [61] correspondingly.

4. Conclusion

In summary, we have revealed the correlation between the main
morphological, structural, and electronic properties of Bi films de-
posited under different conditions using newly-developed per-
chlorate electrolyte. Deposition occurred under constant cathode
current with higher speed 200 um/h (while traditional nitrate elec-
trolytes are limited by 12 um/h) resulted in dense coatings with a
thickness of about 60 pm. It was shown that the increase of cathode

current from j=0.18 mA/cm? to 70.0 mA/cm? leads to the formation
of more isotropic samples with less expressed texture and smaller
grains.

In the samples deposited under j=0.18 mA/cm?, relative mag-
netoresistance under magnetic field B=8T at temperature T=5K
increases up to 1,1-10° with the growth of grain sizes due to an-
nealing being equal to magnetoresistance of single-crystals. The
observed difference in magnetoresistance of samples deposited
under currents j=0.18 mA/cm? and j=2.30mA/cm? was explained
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by the significant role of scattering on grain boundaries and struc-
tural defects, which was confirmed by the temperature dependence
of mobility.

From the practical point of view, the samples synthesized under
j=0.18 mA/cm? can be used as a cheaper alternative to single crystals
for such applications as functional electrodeposited layers in mul-
tilayered films structures based on magnetic/diamagnetic materials.
These multilayered film structures can be applied: i. for highly effi-
cient DC and AC magnetic field shielding; ii. for magnetic field
sensors and iii. spintronic devices. Samples synthesized under
higher current densities are less similar to monocrystals but are
more isotropic according to XRD analysis. Isotropic properties of the
electrodeposited Bi films with comparable values to the single
crystals open broad prospects for replacement of the Bi single
crystals in functional devices by the films. This means that such
material can be used in devices that will be technologically con-
venient and has a large advantage.
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