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Abstract: The electrical and magnetotransport properties of nanocrystalline tin dioxide films were
studied in the temperature range of 4-300 K and in magnetic fields up to 8 T. SnO,_; films were
fabricated by reactive direct current (DC) magnetron sputtering of a tin target with following 2 stage
temperature annealing of synthesized samples. The nanocrystalline rutile structure of films was
confirmed by X-ray diffraction analysis. The temperature dependences of the resistance R(T) and
the negative magnetoresistance (MR) were explained within the frame of a model, taking into
account quantum corrections to the classical Drude conductivity. Extracted from the R(T) and R(B)
dependences electron dephasing length values indicate the 3D character of the weak localization
(WL) in our samples.
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1. Introduction

Tin dioxide belongs to the family of transparent conducting oxides such as ZnO, In, O3, ITO (indium
tin oxide), etc. and attracts tremendous attention among scientists and manufacturers of optoelectronic
devices due to the unique coexistence of high conductivity and optical transparency in the visible range
of electromagnetic spectrum [1-3]. Combination of the excellent electrical and optical properties of tin
dioxide are exploited for such applications as transparent electrodes in solar cells, flat-panel displays,
touch-sensitive control panels, coatings for energy-conserving windows in ovens and antifogging
windows in airplanes, light-emitting diodes, UV sensors, highly active photocatalysts [3-10]. The high
sensitivity of tin dioxide electrical conductivity due to the interaction processes of its surface with
the gas molecules is utilized for the fabrication of gas, chemical and humidity sensors [11,12]. Due
to the large variety of applications of conductive tin dioxide films, understanding the influence of
different types of dopants on their electrical properties is of great importance. The effects of N, P, As,
Sb, F and other dopants providing n-type of SnO; conductivity were studied both experimentally
and theoretically from first-principles calculations [13-16]. Besides impurities, the high value of
conductivity of tin dioxide can be induced by unintentional doping of native point defects (for example,
Sn interstitials and O vacancies) during the synthesis process [14,17,18]. Due to the unintentional high
concentration of intrinsic n-type point defects, it is difficult to provide p-type of conductivity of the tin
dioxide films. For example, doping of SnO; by Cu, Al and In induces a decrease of intrinsic n-type
conductivity as a result of the compensation effect [19]. Depending on the crystalline structure and the
dopants concentration, different charge transport mechanisms can dominate in SnO, films: hopping
conductivity [20-22], thermal activation [23], tunneling through the grain boundaries [24,25]. Quantum
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corrections to the conductivity due to weak localization (WL) and electron—electron interaction effects
(EEI) can be observed in highly doped tin dioxide films at low temperatures [15,26-29]. WL and EEI
effects are usually observed in disordered metals under the condition of a high probability of elastic
scattering at impurity centers when the probability of backscattering of charge carriers increases [30].

It should be noted that the controlled variation of oxygen vacancies concentration for providing
the necessary value of conductivity of the non-stoichiometric tin dioxide films SnO,_s during synthesis
is a quite difficult technological task. We recently developed the method of fabrication of tin oxide
films with different phase and stoichiometric compositions, which allows the synthesis of the samples
with varied in wide range conductivity magnitude [31]. As a result, different models can be exploited
to explain the features of the electrical properties of our samples. In this study, we focused our efforts
on the investigation of the electrical and magnetotransport properties of the most conductive SnO;_s
films in which quantum corrections to the classical Drude conductivity due to weak localization and
electron-electron interaction effects were observed.

2. Materials and Methods

Nonstoichiometric SnO,_s films were fabricated by reactive DC magnetron sputtering in
argon—oxygen plasma of tin (purity is 99.999%) onto glass substrates with subsequent thermal
oxidation of the formed layers in air [31]. The total pressure during the deposition process was in the
range of 5-10 Pa. The oxygen content in the argon—-oxygen plasma was about 1 vol %. The 2 stage
heat treatment process with the isothermal annealing at 200 °C (near the melting temperature of Sn)
followed by high-temperature annealing at the temperatures within the range of 300450 °C was used
in order to fabricate conductive and transparent tin oxide films [31]. All films were deposited during
the same time (30 min) and with the same target-substrate distance (3 cm).

The phase composition of SnO,_s films was determined by X-ray diffraction (XRD) using an
Ultima IV diffractometer (RIGAKU, Tokyo, Japan) in a parallel beam configuration with monochromatic
CuK« copper radiation (0.154178 nm) and a D/teX high-speed X-ray detector.

The optical transmission and reflection spectra of films deposited on glass substrates were
registered in the spectral range of 200-3000 nm using a PHOTON RT UV-vis-MWIR spectrophotometer
(EssentOptics Ltd., Minsk, Belarus). The spectral resolution of the device is 1.2 nm. PHOTON RT
UV-vis-MWIR spectrophotometer was also used to estimate the thickness of the samples by the
ellipsometric method. All samples have a thickness of about 100 nm.

Scanning electron microscope (SEM) images of the samples were recorded using LEO-1455 VP
SEM (Carl Zeiss, Oberkochen, Germany).

The temperature and magnetic field dependences of the resistance were measured using
closed-cycle helium refrigerator CFHF Cryogenics Ltd. (London, UK) in the temperature range
of 4-300 K and in magnetic field up to 8 T. Electrical measurements were carried out using the standard
4 probe method. Samples were rectangular shaped with the size of about 10 x 5 mm. The current
and the voltage were measured by 6430 SourceMeter (Keythley Instruments, Cleveland, OH, USA).
The charge carrier’s concentration in the films was determined by means of Hall effect measurements.
The Hall voltage was measured using 2182 Nanovoltmeter (Keythley Instruments, Cleveland, OH,
USA). Contacts were made by Ag paint.

3. Results and Discussion

SEM images of the polycrystalline SnO,_s films are shown in Figure 1. The SEM image shows
cracks in the film, which, however, does not break its continuity. The actual resolution of the SEM
microscope was about 3040 nanometers, and crystallites were not resolved in the SEM images.
Therefore, the data of XRD analysis were used for the estimation of the grain sizes.
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Figure 1. SEM image of the SnO,_;s film deposited on glass substrates by reactive magnetron sputtering
of tin in the argon—oxygen atmosphere (with oxygen content of about 1 vol %) with the following
annealing in air at 450 °C.

The XRD spectra of the polycrystalline SnO,_s films are shown in Figure 2. Unlike the films
fabricated by magnetron sputtering in Ar plasma with the following high-temperature annealing in air
and consisted both of SnO and SnO, phases, samples synthesized by DC reactive magnetron sputtering
in argon—oxygen plasma (with a low oxygen content of about 1 vol %) consisted of mainly tin dioxide
phase [31]. Annealing of the film at 300 °C (we refer to this film as sample A) led to the formation of
the amorphous SnO; structure. Only wide bands are visible in the XRD spectra of this sample, as one
can see in Figure 2. The diffraction peaks clearly observed around 26.6°, 33.9°, 38°, and 52° for the
films annealed on the 2nd stage of the heat treatment procedure at the temperatures 375 °C and 450 °C
(we refer to these films as samples B and C, respectively) can be assigned to the (110), (101), (200) and
(211) planes of the SnO, tetragonal rutile structure.

Broad peaks indicate the formation of polycrystalline films with grain sizes in the nanoscale range.
Estimation of the crystallites sizes oriented along with the (110), (101) and (211) planes was done from
the full-width at half-maximum (FWHM) intensity of the observed peaks using the Debye-Scherrer
equation in the form [32]:

D = KA/BcosO, 1)

where K is the shape factor which is usually equal to 0.89, A is the radiation wavelength of CuKo equal
to 0.154178 nm, O is the Bragg diffraction angle, and f is the full-width at half maximum (FWHM) of
diffraction peak. Calculations give values of about 5-7 nm for average grain size. The instrument
broadening was not included in the estimation due to its negligible value (0.08 degree) in comparison
with the width of the XRD peaks for our polycrystalline samples.
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Figure 2. XRD patterns of the SnO,_; films deposited on glass substrates by reactive magnetron
sputtering of tin in the argon—-oxygen atmosphere (with oxygen content of about 1 vol %) with the
following annealing in air.

Wide peaks due to X-ray diffraction on (310) and (112) planes of the SnO, tetragonal rutile structure
were also detected for samples B and C. It should be noted that increasing oxygen content during
the reactive magnetron sputtering process up to a value of about 2 vol % induces the formation of
amorphous tin oxide films after following the heat treatment procedure regardless of the annealing
temperature [31,33].

The UV-visible transmission spectra of the polycrystalline SnO,_s films fabricated using reactive
magnetron sputtering with 1% oxygen content in argon-oxygen plasma are shown in Figure 3.
All samples are characterized by the optical transparency of about 60-80% in the visible range of
the electromagnetic spectrum. The optical energy band gaps E; for the films annealed at different
temperatures were determined using conventional Tauc expression for direct-bandgap materials [34]:

ahv = A(hv — Eg)'2, )

where «a is the optical adsorption coefficient, v is the incident photon energy, A is a constant, and Eg is
a optical energy band gap.

The Swanepoel’s envelope method was employed for estimation of the absorption coefficient «
and the film thickness d from the transmittance spectra [35]. The calculation procedure is described in
detail in [31].

The plots (ahv)? against iiv are shown in the inset of Figure 3. The optical energy band gaps E,
determined from the plots are 2.7, 3.0 and 3.2 eV for samples A, B and C, respectively. The main reason
for the reduced E¢ values in our polycrystalline films as compared with monocrystalline tin dioxide
(with E¢ ~3.6 eV) is the density of state tails in the forbidden gap due to structural inhomogeneity of
the samples.

The temperature dependences of the resistivity of the films annealed at different temperatures
are shown in Figure 4. As one can see, all films exhibit a negative temperature coefficient of the
resistance over the whole temperature range of 4-300 K, indicating thus a typical for semiconductors
behavior. Samples A and C are characterized by high resistivity at room temperature (9.2 x 1072 and
2.2 x 107! Q-cm, respectively) and ratio p(4 K)/p(300 K) (~65 and ~295, respectively) in comparison
with the film fabricated at 375 °C on the second stage of the annealing procedure. The detailed analysis
of the charge transport mechanisms in these more high-ohmic samples, together with their SEM image
analysis, will be reported elsewhere.
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Figure 3. Optical transmission spectra of the SnO,_s films. Inset shows the dependence of the
parameter (ahv)? on photon energy hv, where a is the adsorption coefficient.
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Figure 4. Temperature dependences of the resistivity of polycrystalline SnO,_; films deposited by
reactive magnetron sputtering of tin on glass with the following annealing in air at different temperatures.

Taking into account the low value of p(300 K) and ratio p(4 K)/p(300 K) (8.3 x 1073 Q-cm and 1.9,
respectively) for the most conductive sample B, we can conclude that the reactive magnetron sputtering
with 1% oxygen content with the further annealing at 375 °C provides close to the optimal conditions for
the synthesis of films with the maximum concentration of oxygen vacancies. Estimated from the Hall
measurements, the concentration and the mobility of electrons for this film were 2.4 x 10?° cm~ and
3.15cm?/V's, respectively. In tin dioxides films with high charge carriers concentration, the temperature
dependences of the resistivity p(T) in the low-temperature range can be interpreted within the
framework of quantum corrections to the classical Drude conductivity mechanism [15,26-29]. It should
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be noted that usually, WL and EEI effects inherent to the materials characterized by a low value of
the temperature resistance coefficient (ratio p(4 K)/p(300 K) is usually within the range of about 1-2).
Crossover from the typical for the metals positive temperature coefficient of the resistance (dR/dT > 0)
to the negative one (dR/dT < 0) at the temperature decreasing can also be observed for highly doped
semiconductors [36].

R(T) dependence with a negative temperature coefficient of the resistance (dR/dT < 0) can also
be observed for semiconductors in which the hopping conductivity through the sites in the impurity
band (formed due to a high concentration of defects) is responsible for the charge carriers transport.
Therefore, we verified this assumption by means of the parameter W(T) calculation, according to the
method proposed by Zabrodskii and Zinovieva [37]:

W(T) = d [In o(T)}/d [In T]. 3)

A negative slope of In[W(T)] vs. In T indicates that the sample is insulating, whereas a positive
slope corresponds to the metallic behavior of the sample. Figure 5 shows the plot In[W(T)] vs. In T
for the most conductive tin dioxide film. The more detailed analysis allows to identify a sample as
a real metal (in the case when W(T) decreases towards zero at the temperature decreasing) or as a
weakly insulating (in the case of the temperature-independent behavior W(T)). In accordance with
the criterion [37], the observed positive slope of the InN[W(T)] vs. In T plot with a value of about
0.65 excludes the possibility to interpret the p(T) dependence as an electron hopping over localized
states through the energy levels of the oxygen vacancies.
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Figure 5. Plot InW versus InT for polycrystalline SnO,_; film deposited by reactive magnetron
sputtering of tin on glass with the following annealing in air at 375 °C (sample B).

Thus, we can assume that our sample is a degenerate semiconductor. We used the Mott
criterion [38] in order to verify this assumption. According to this criterion, a semiconductor becomes
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degenerate when the electron concentration n exceeds the critical electron concentration . that can be
determined by the relation:
nt/%ag = 0.26, @)

where ag is the effective Bohr radius: ag = 4meegh?/m*e?.

Estimation of the critical electron concentration for similar polycrystalline tin dioxide films gives
the value ., = 2.24 x 10*® cm =3 in assumption that the static dielectric constant for SnO, ¢ = 11.65 and
the electron effective mass m* = m,* = 0.31m [26]. This n. value is much lower than the concentration
in our sample B (2.4 x 10?2 cm~3) and confirms that our most conductive sample is a degenerate
semiconductor. This fact can explain the weak temperature dependence of the conductivity and the
charge carriers concentration in our sample.

Using the free-electron model, the Formula for the Fermi energy Ef:

Er = W*kg?/(2 m*), 5)

where m* is the electron effective mass, 71 is the reduced Planck’s constant, kr = (37%1)'/3 is the Fermi
wave vector, we get Er = 330 meV. The position of the Fermi level deep in the conduction band
means that the grain boundaries can be considered as the effective scattering regions due to the
high concentration of defects in them. At the same time, the condition Er >> kpT explains the weak
temperature dependence of the electron mobility since only carriers near the Fermi level determine the
charge transport properties of the sample.

It should be noted that the reliability of the results of Hall measurements for polycrystalline samples
with low mobility of charge carriers is still debated [39] with the exception of the boundary cases:
(1) at high charge carrier concentration, the role of barriers becomes insignificant, and conductivity is
determined by scattering within crystallites; (2) at low charge carrier concentration, when the electrical
conductivity is determined by the potential barriers between grains [39].

Taking into account that our sample B is a degenerate disordered semiconductor, we analyzed its
electrical properties within the frame of the quantum corrections to conductivity model similar to the
tin dioxide films investigated in [15,26-29].

There is a possibility to determine the dimensionality of disordered systems with respect to the WL
and EEI effects by means of their temperature dependences of the conductivity o(T) analysis [30,40]. Itis
known that the induced by WL correction term to the Drude conductivity for 2D disordered systems
Aoyp-wir(T)~InT, for 3D disordered systems Aosp.wi(T)~TP2, where p is defined by the dominant
inelastic scattering mechanism (p is equal to 3/2, 2, and 3 in the case the of electron-electron scattering
in dirty limit, clean limit or electron-phonon scattering, respectively) [30,40,41]. EEI effects have the
following type of temperature dependences of the quantum corrections to the conductivity: for 2D
disordered systems Aoyp.gri(T)~InT, for 3D disordered systems Acspw(T)~TY2 [30,40,41].

If the characteristic length parameters, describing WL and EEI (inelastic scattering length
Ly = (DT(p)l/ 2 and thermal length Lt = (Dh/kgT)V2, respectively, where D is the diffusion constant, 7, is
the inelastic scattering time), exceeds the thickness of the system, the temperature dependence
of the resistance follows a behavior inherent for 2D disordered systems [30,40]. Otherwise,
the temperature dependence of the conductivity o(T) should be described as typical for 3D disordered
systems dependences.

The second possibility to determine the dimensionality of WL and EEI effects in a disordered
system is the analysis of the magnetoresistance (MR) curves. One of the main features of charge
transport in the WL regime is a negative MR. The influence of EEI on the MR of the disordered systems
is more complicated. For example, the sign of MR can be changed from negative to positive one at low
temperatures and in high magnetic fields when the energy difference between the Zeeman split levels
strongly exceeds the thermal energy (gupB >> kpT) [42].

As far as (T) dependence for the most conductive tin dioxide film (sample B) at low temperatures
(T < 25K) can be approximated by logarithmic dependence (o(T)~InT), we made an attempt to use valid
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for 2D disordered systems Hikami formula (neglecting the spin-orbit interaction and the scattering
by magnetic impurities) for the approximation of the conductivity on magnetic field dependences

BTk ¢ 1 By 1 B
o®) =a0+ 33+ %) ¥+ 5] ©

where Y is the digamma function, By and B; are parameters characterizing the processes of elastic and
inelastic scattering, respectively defined by the following formula:

By = hjdeDry, ()

where index x = 1 or 2, D = vg?14/2 is the diffusion constant, 71 = l/v is the elastic scattering time, [ is
the elastic scattering length, 7, = 1; is the inelastic scattering time, e is the electron charge, vr is the
Fermi velocity.

The measured at temperatures 4, 8, 10 and 20 K dependences o(B) for the most conductive sample
B and their approximation by Formula (6) are shown in Figure 6.

1
—\l
(6]

~
o

conductivity (Q-cm)

65

Magnetic field (T)

Figure 6. Magnetoconductivity at various temperatures of polycrystalline SnO,_; film (sample B).
Solid lines are fits by Formula (6).

As one can see, experimental results are in good agreement with the theoretical fits. In order
to prove the assumption about the possibility to use valid for 2D disordered system Formula (6) for
the approximation of the magnetoresistance data, we calculated the temperature dependences of the
parameters By and B,. These results are shown in Figure 7. The decrease in the value of the parameter
B, observed in the temperature range 4-10 K with the temperature contradicts the theory since it would
mean an increase in the time of inelastic scattering and, as a result, an increase of the negative MR
(positive magnetoconductance) with the temperature due to WL effect. A significant increase in the
temperature range 4-10 K in the value of the parameter B; also does not agree with the theory since it
would mean a significant decrease by orders of magnitude in the elastic scattering time and would also
enhance the WL effect.
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Figure 7. Temperature dependences of the parameters B; and B, calculated from the fitting curves
using Formula (6) for polycrystalline SnO,_s (sample B).

Hence, we can conclude that the approximation of MR results within the frame of the model valid
for 2D disordered systems gives the wrong temperature dependences of the parameters By and Bj;.
Therefore, we use the following formula for 3D disordered systems for analyzing MR data [44]:

Ap(B) ¢ [eB (B
pé - _27'(2Fl ?f?) E y (8)

where B; = Ii/4eDr; refers to the inelastic scattering fields, D is the diffusion constant, 7; is the inelastic
scattering time. The function f3(x) can be defined as:

fa(x) = 2(\/@— \/g]_ [(2+ %)—1/2 ) (% ) %)_1/2] . %(z.ogju %)—3/2 o

The measured at temperatures 4, 8, 10 and 20 K dependences Ap(B) for the most conductive
sample B and their approximations by Formula (8) are shown in Figure 8.

We should emphasize a good correspondence between experimental results and theoretical fits
by Formula (8). The values of the parameters B; calculated from the fitting curves were used for the
estimation of electron dephasing length L, by means of the following formula:

Ly ~ \Dv; = \ii/4eB;. (10)

The temperature dependences of the parameters B; and the electron wave function dephasing
length L, are shown in Figure 9. As one can see from the figure, even at a minimum temperature of
4K, Ly does not exceed 55 nm for the sample under study, which is significantly less than the sample
thickness of d~100 nm. This fact, together with the theoretical prediction that the phase coherence
length decreases with the temperature, allows us to conclude about the 3D dimensionality of our
system with respect to the WL effect. The dominant scattering mechanism of charge carriers responsible
for the electron phase loss in the WL regime can be determined from the temperature dependence
of the phase coherence length L,~T /2. It is known that parameters p = 3 and p = 1.5 are attributed



Materials 2020, 13, 5415 10 of 14

to the electron—phonon scattering and to the electron-electron scattering with small energy transfer,
respectively [30,40]. However, the small number of experimental points in Figure 9 does not allow to
reliably define the value of p.

0
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Figure 8. Magnetoresistivity at various temperatures of polycrystalline SnO,_s (sample B). Solid lines
are fits by Formula (8).
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Figure 9. Temperature dependences of the parameters B; and L, calculated from the fitting curves
using Formulas (8) and (10) for polycrystalline SnO,_; film (sample B).

More accurate analysis of the dominant charge carriers scattering mechanism can be done by
means of the analysis of the temperature dependence of the conductivity o(T) in the low-temperature
range in which quantum corrections to the conductivity due to WL and EEI are usually observed.

As soon as we found, on the basis of the MR data analysis, that our film behaves like a 3D system
with respect to the WL effect, we used for the analysis of the o(T) formula inherent for the 3D character
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of quantum corrections to the conductivity. In the general case taking into account corrections both
due to WL and EEI effects, the temperature dependence of the conductivity can be written as follows:

o(T) = 0o + A TP? + BT, (11)

where o is the residual conductivity, the second and the third terms are the corrections from the WL
and EEI effects, respectively. As mentioned above, p = 3 or p = 3/2, in dependence on the dominant
scattering mechanism. The better fitting results were obtained for the parameter p = 3, indicating that
the WL effect due to electron—-phonon scattering dominates in our sample. The dependence o(T) in the
low-temperature range and fitting curve are shown in Figure 10.

L X I : | ¥ ]
79 | — " Experimental points i
i Fit ]
‘= |~ EEl contribution A ]
Q
] WL contribution
~ 69
£
=
51
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3
=
3
66

Temperature K

Figure 10. Temperature dependence of the conductivity of polycrystalline SnO,_; film (sample B).
The solid lines are the fits by Formula (11).

Figure 10 also shows the last two terms of the Formula (11) separately shifted for clarity by oy.
As one can see from Figure 10, the decrease in conductivity of tin dioxide film in the temperature range
of 4-25 K occurs mainly due to the contribution of the WL effect, and the contribution from EEI to the
quantum corrections to the conductivity is unessential. This fact confirms the eligibility of using for
the fitting of the MR data Formula (8), which takes into account 3D WL effects. We assume that EEI
effects should be taken into account at lower temperatures and in higher magnetic fields. Investigation
of the influence of the tin dioxide film thickness on their temperature dependence of conductivity and
magnetoresistance can provide information about peculiarities of the transition from the 3D to 2D
nature of the weak localization effect with the decrease in the film thickness.

It should be noted that the electron wave function dephasing length L, at low temperatures
significantly exceeds the size of the crystallites. Hence, we can assume that the elastic scattering is
enhanced at the crystallite boundaries due to nonuniform defect density distribution. Some errors in
the determination of the film parameters (dephasing length, mobility) can be induced by nonuniform
defect distribution. The decrease in the L, value as compared with the data of [26] can be associated
with a high density of defects at the grain boundaries and, as a result, with an additional contribution
of elastic scattering on the film surface. For example, Hall measurements give a very low mobility
value: at T = 300 K mobility pu~3.15, ~8-12 and ~4.43-5.89 cm?/Vs for our film and for the similar
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polycrystalline tin dioxide films studied in [26] and in [27], respectively. Therefore, the condition for
the observation of WL in disordered systems (kp! >> 1) is hardly realized.

We can assume that in disordered metal-oxide materials (even under degeneracy conditions),
the elastic scattering at the boundaries of crystallites plays a significant role. As a result, the calculated
from the Hall measurements mobility value can be much lower than the mobility inside crystallites.
This means higher values of the mean free path of electrons and the product kgl.

4. Conclusions

We demonstrated the possibility to synthesize polycrystalline tin dioxide films with the electrical
conductivity varied in a wide range of magnitude using the reactive magnetron sputtering with
low oxygen content (about 1 vol %) in argon-oxygen plasma with the following treatment at high
temperatures in the range of 300450 °C. The electrical properties and the magnetoresistance of the most
conductive sample were studied in detail. It was found that in the low-temperature range (~4-25 K)
conductivity of this film is determined by the 3D WL effect with the dominating electron-phonon
scattering mechanism.
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