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Abstract

Currently, titanium dioxide films are widely used as the electron transport layer material in
perovskite solar cells. An alternative to titanium dioxide for this role could be niobium pen-
toxide (Nb,Os), an n-type conducting semiconductor oxide. However, the application of
Nb,Os in perovskite solar cells is hindered by a lack of data on its electron transport proper-
ties, electrophysical parameters, and current-voltage characteristics. Amorphous niobium
pentoxide films were obtained by magnetron sputtering. To study their electrical and capac-
itive properties, a structure of heavily doped n*-silicon (n*)/niobium oxide/aluminum was
used. Based on the analysis of the I-V curves, it was concluded that for a sample at 25 °C,
the electron mean free path is greater than the width of the Schottky barrier layer, allowing
electrons to pass through this layer without collisions. At temperatures of 35 °C and higher,
electrons experience numerous collisions within the Schottky barrier layer. The height
of the Schottky barrier for the contact between niobium pentoxide and aluminum was
determined. The obtained capacitance frequency plots were explained using the concepts
of dipole-relaxation polarization in a dielectric, where electric dipoles can reorient in an
external electric field. It has been shown that the use of magnetron sputtering to produce
amorphous niobium pentoxide films leads to a reduction in the effective Schottky barrier
height. This allows for high electron injection density at low voltages when using such
an oxide semiconductor as an electron transport layer, thereby potentially increasing the
efficiency of solar cells.
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1. Introduction

One of the rapidly developing photovoltaic technologies in the world is perovskite
solar cell technology, characterized by high conversion efficiency, low cost, the use of
solution-based methods, and the ability to manufacture thin and flexible devices [1-4].
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However, a bottleneck of this technology is the long-term stability of solar cells [5]. This is
due to the presence of organic components in perovskite solar cells, which can facilitate
the migration of ionic defects [6]. Therefore, interfacial boundaries play a crucial role in
ensuring device stability. For instance, inefficient interfacial electron extraction due to
problems with the electron transport layer can lead to the degradation of the perovskite
material through the reaction of photogenerated electrons with molecular oxygen [7].
Hence, it is important to correctly select the material for the electron transport layer to
ensure good electron injection and prevent charge accumulation at the interfaces.

Currently, titanium dioxide (TiO,) films (bandgap of 3.2 eV) are widely used as the
electron transport layer material in perovskite solar cells [8]. Titanium dioxide films
are produced by magnetron sputtering, anodic oxidation of titanium, and atomic layer
deposition [9]. An alternative to titanium dioxide for the electron transport layer can be
niobium pentoxide (Nb,Os). Niobium pentoxide is an n-type semiconductor oxide. The
bandgap of Nb,Os is 3.4 eV, confirming its semiconductor properties [10]. Currently, Nb,Os
is widely used in photocatalysts, gas sensors, and perovskite solar cells [11]. However, the
application of Nb,Os in perovskite solar cells is limited by insufficient data on electron
transport, its electrophysical parameters, and current-voltage characteristics. To obtain
Nb,Oj5 films, atomic layer deposition, electron-beam deposition, and magnetron sputtering
are used [12].

In recent years, magnetron sputtering for thin film deposition has gained widespread
popularity due to the high precision of the process and greater uniformity over large
areas [13]. During magnetron sputtering of Nb in the presence of sufficient oxygen, con-
tinuous formation of Nb,Os occurs, with limited formation of other oxide forms [14,15].
Using magnetron sputtering without substrate heating allows the production of amorphous
Nb,Os films [14,16-19]. However, there is currently a scarcity of research on the semi-
conductor properties, electron transport features, and the formation of Schottky barriers
for amorphous Nb,Os films, which is an important prerequisite for their application in
electronic devices [15,16,19].

The aim of this work was to investigate the influence of temperature on electronic pro-
cesses in MIM nanostructures with amorphous niobium oxide. The semiconductor proper-
ties of amorphous niobium pentoxide films and the Schottky barrier at the oxide—aluminum
interface were studied using current-voltage characteristics (I-V) of the nanostructures.
The study also examined the capacitance of MIM nanostructures and its frequency and
temperature dependencies.

2. Materials and Methods

Niobium pentoxide films were deposited by reactive magnetron sputtering onto
substrates of highly doped monocrystalline silicon Si (100) using an 80 mm diameter, 2 mm
thick niobium target. The temperature of the silicon substrates during deposition was room
temperature, ensuring the formation of amorphous Nb,Os films. The process involved
evacuating the vacuum chamber to a residual pressure of 103 Pa. After preliminary ion
cleaning of the substrates, the niobium pentoxide layers were deposited. The Nb target was
sputtered in an Ar/O, gas mixture. The argon flow rate was kept constant at 50 mL/min.
The oxygen flow rate was 10 mL/min, resulting in an oxygen ratio of approximately 16%.
The discharge voltage was 300 V, and the magnetron discharge current was 1.0 A. The
deposition time was 300 s. Under these conditions, the thickness of the deposited NbyOs
film was approximately 50 nm. These parameters were optimized based on preliminary
tests and the literature data [14,15,17-19].

The study of the electrophysical properties of Nb,Os films was conducted using
MIM (Al-Nb,Os—n*-Si) structures, where highly doped silicon served as the bottom

https://doi.org/10.3390/applnano7010008


https://doi.org/10.3390/applnano7010008

Appl. Nano 2026, 7, 8

3of 14

0.0

0.2

04

0.6

0.8

0.0 pm

0.2

0.4

metallic contact for the Nb,Os film. Circular aluminum electrodes (diameter 0.5 mm,
thickness 100 nm) were formed on the surface of the Nb,Os film using a mask, deposited
by ion-beam evaporation. The Al target was sputtered in an Ar atmosphere. The argon
flow rate was maintained constant at 60 mL/min. The residual pressure was 103 Pa. The
discharge voltage was 310 V, the discharge current was 3.5 A, and the deposition time
was 100 s.

Surface morphology characterization was performed by atomic force microscopy
(AFM) in tapping mode employing an NTEGRA PRIMA microscope (NT-MDT BV, Apel-
doorn, The Netherlands) with an NSGO1 probe. The electrical characterization involved
measurements of current-voltage (I-V) and capacitance-voltage (C-V) characteristics.
These measurements were carried out on a SEMISHARE M6 probe station (SEMISHARE
Technology, Changzhou, China) using a Progress-3000 parameter analyzer (NPK Progress,
Moscow, Russia) for I-V curves and a TH512 analyzer (Tonghui Electronic, Changzhou,
China) for C-V profiling.

3. Results

Figure 1 shows the topography (2D) and relief (3D) image of a niobium pentoxide film
surface, obtained by atomic force microscopy. The figure shows that the oxide film does
not have a granular structure. The height of the peaks and the depth of the valleys do not
exceed 0.9 nm. This indicates the amorphous structure of the niobium pentoxide film, in
accordance with previous studies [17,19].
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Figure 1. Image of the topography (2D) (a) and relief (3D) (b) of the niobium pentoxide film surface
obtained by atomic force microscopy.

Figure 2 shows the I-V characteristics of the heavily doped n*-silicon (n*)/niobium
oxide/aluminum structure measured in the temperature range of 25-115 °C. As can be
seen from the figure, all I-V curves exhibit non-linear behavior, which is characteristic of
current flow with a Schottky rectifying contact. Under forward bias at a voltage of about
700 mV, a current appears, which begins to change exponentially with increasing voltage.

In turn, if the voltage is less than 700 mV, only a negligible residual current flows in
the MIM nanostructure. Moreover, even with significant changes in voltage, the residual
current remains unchanged (inset in Figure 2).
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Figure 2. I-V characteristics of the MIM structure with a 50 nm thick niobium pentoxide film. Sample
temperatures: 25, 35, 45, 55, 65, 75, 85, 95, 105, and 115 °C. Inset-enlarged view of the reverse branch
of the I-V characteristic.

Let us consider the formation of potential barriers in the boundary regions of the oxide
for the contacts of niobium pentoxide with a highly doped semiconductor (n*) and with
aluminum (Figure 3).

Al

Schottky contact
¢~ _NbOs

~N

Ohmic contact

n--type Si (])
Figure 3. Schematic representation of an MIM structure with nanoscale-thickness niobium oxide.

When aluminum contacts niobium oxide, since the Fermi level in the oxide is higher
than in aluminum, electrons begin to transfer from niobium pentoxide to aluminum. As
a result, aluminum becomes negatively charged, while a positive charge appears on the
niobium pentoxide due to uncompensated donors caused by the departure of conduction
electrons into aluminum (Figure 4). On the niobium pentoxide side, a Schottky potential
barrier will form.

In turn, when niobium pentoxide contacts a highly doped semiconductor (1), since
the Fermi level in niobium pentoxide is lower than in the highly doped semiconductor
(n*), electrons will transfer from the semiconductor to niobium oxide. In the contact region
of niobium oxide, an enriched layer with a negative charge will form, where the electron
concentration is higher than in the bulk (Figure 4).

The formation of regions with different charge signs within niobium pentoxide is
accompanied by the emergence of an internal electric field directed from the contact with
aluminum (positive charge) to the contact with the highly doped semiconductor (n*)
(negative charge). As can be seen from Figure 2, at a voltage of about 700 mV with the plus
on aluminum, the external electric field completely compensates for the internal electric
field in niobium oxide. This leads to a drop in the voltage across the Schottky barrier,
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resulting in the appearance of current upon further voltage increase. This voltage (V)),
corresponding to the onset of current for each I-V curve, was used to plot the I-V curves in
the new coordinates (V-V), which were necessary for the analysis.
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Figure 4. Energy band diagrams for the silicon (n*)/niobium pentoxide contact and the alu-
minum/niobium pentoxide contact under different bias voltages: (a) n*-silicon (n*)/niobium
pentoxide contact, aluminum /niobium pentoxide contact under (b) U = 700 mV, (c) U > 700 mV,
(d) U <700 mV.

Thus, the non-linearity of the I-V characteristics is caused by the formation of a
depletion layer in the contact region of niobium oxide. Therefore, when analyzing the
I-V curves, we can focus solely on the aluminum/niobium pentoxide contact region, where
the Schottky potential barrier arises.

As seen in Figure 2, for temperatures of 25, 35, 45, and 55 °C, there is a strong
temperature dependence of the I-V characteristics. This is typical for space-charge-limited
currents (SCLC), as the degree of trap filling depends on temperature [20]. For temperatures
above 55 °C, the nature of the I-V curves changes, and their behavior no longer shows such
a strong temperature dependence. This indicates a change in the conduction mechanism
within the niobium pentoxide film for temperatures above 55 °C.

Therefore, in our work, the I-V curves depending on temperature were divided
into two groups: Group 1—the temperature range from 25 °C to 55 °C (Figure 5), and
Group 2—the temperature range from 65 °C to 115 °C (Figure 6).

When analyzing the I-V characteristics, it is important to consider that the current
flow process through a rectifying contact depends strongly on how electrons traverse the
Schottky barrier layer. If the electron mean free path, J, is greater than the width of the
barrier layer, Ly, (I > Lp), then electrons pass through the Schottky barrier layer almost
without collisions. In this case, the currents can be described by the thermionic emission
model. This scenario corresponds to the I-V curve at 25 °C (Figure 5), where a small
increase in forward voltage leads to a sharp rise in current.

If electrons experience numerous collisions within the Schottky barrier layer (I < L),
then the current through the contact will be determined by the diffusion and drift motion of
electrons. In the I-V characteristics, this occurs at elevated temperatures; in our experiment,
such behavior emerges at temperatures of 35 °C and higher.
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Figure 5. I-V characteristics of an MIM structure with a 50 nm thick niobium pentoxide film. Sample
temperatures: 25, 35, 45, and 55 °C.
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Figure 6. I-V characteristics of an MIM structure with a 50 nm thick niobium pentoxide film. Sample
temperatures: 65, 75, 85, 95, 105, and 115 °C.

At low electric fields, the current density flowing through the thin oxide film is small
and is typically described by Ohm’s law.

J =0 =enopy, M

where | is the current density, o is the electrical conductivity, E is the electric field strength,
e is the elementary charge, 1y is the equilibrium concentration of free charge carriers, y is
the electron mobility, U is the applied voltage, and d is the film thickness.

According to Equation (1), for the Ohmic region of the I-V characteristics at the same
applied voltage, the ratio of currents for different temperatures will correspond to the ratio
of their mobilities.

Given that for T = 25 °C, U = 33.334 mV and I,5 = 0.006667 mA, and for T = 35 °C,
U =33.334 mV and I35 = 0.00318 mA, we obtain the following relation for the ratio of
electron mobilities:

s _Dbs _ 54 )
pas I35

Thus, the electron mobility in the oxide film at 35 °C is approximately 2.1 times lower
than that at 25 °C.

The behavior of the I-V characteristics in forward and reverse bias can be explained as
follows. In the absence of an external voltage, the energy within the niobium pentoxide
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is lower relative to that of the heavily doped semiconductor. At equilibrium, the electron
current flowing from the niobium pentoxide into the semiconductor equals the electron
current flowing from the semiconductor into the niobium oxide, resulting in a net zero
current. When a negative bias is applied to the niobium oxide, the potential barrier within
the oxide decreases by ell. When the applied voltage reaches approximately 700 mV, the
potential barrier decreases to such an extent that the current from the semiconductor
side begins to increase. Meanwhile, the current from the oxide side remains unchanged
due to the barrier on the semiconductor side. Consequently, a current flows from the
semiconductor to the oxide, which increases rapidly with increasing voltage.

If the voltage is less than 700 mV, the Schottky potential barrier in the oxide increases,
and the current from the oxide decreases. In this case, electrons from the oxide can hardly
overcome the potential barrier, so the reverse current becomes independent of the external
voltage (inset, Figure 2).

According to the thermionic emission theory, the current density for an applied voltage
U is given by [21]

J = Js(exp (eU/kT) — 1), 3)

Here, J; is the saturation current, U is the applied voltage, e is the elementary charge,
kg is the Boltzmann constant, and T is the absolute temperature, where:

Js = AT?(exp (—@y/kT), (4)

Here, A is the Richardson constant, ¢, is the Schottky barrier height.
For moderately large forward bias voltages such that V > 3 kT/e, the second term in
the expression for | is negligible, and it may be written as follows

J = AT?exp (el /kT) -exp(—¢, /kT), 5)

If the multiplier exp (elU/kT) = B is kept constant by selecting the appropriate voltage
when the temperature changes, then Richardson’s straight-line method [22] can be used to
determine the Schottky barrier height. Taking the logarithm of expression (4), the following
expression can be obtained:

ln% —in(A-B) - 2, 6)

The plot of In % =f (%) allows the effective Schottky barrier height to be determined
from the slope of the resulting straight line (the Richardson plot). It is important to note
that the pre-exponential factor in expression (4) does not affect the determination of ¢,.

For the calculations, three close temperatures were chosen: 35, 45, and 55 °C. On the
I-V characteristics, the currents were determined at voltages of 0.181 V (35 °C), 0.188 V
(45 °C), and 0.195 V (55 °C), which were selected to maintain a constant value of eU/kT
(Figure 5).

Figure 7 shows the Richardson graph in coordinates of In(I/T?) and (1/kT) plotted from
the obtained data. As can be seen from Figure 6, the value of the effective Schottky barrier
height for the NbyOs—-aluminum contact was ¢, = 0.45 eV.

Such a low value of the Schottky barrier may be associated with a high concentration
of oxygen vacancies in Nb,Os obtained by magnetron sputtering, and the proximity
of the Fermi level to the conduction band minimum. This is crucial for enhancing the
charge transport efficiency (or: current collection efficiency) of the transport layer, which is
corroborated by the reported data for Nb,Os and TiO, in solar cell applications [16,18,23,24].

For comparison, the Schottky barrier heights of the semiconductor oxides TiO, and
Nb;Os reported in the literature are presented in Table 1.
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Figure 7. Richardson plot in the coordinates of In(I/T?) versus 1/kT for the MIM structure with a
50 nm thick niobium pentoxide film for sample temperatures of 35, 45, and 55 °C.

Table 1. Experimental Schottky barrier height data for TiO, and Nb,O5 semiconductor oxides.

Schottky Barrier Synthesis

Electrode Semiconductor Height (V) Method Source
Ag 0.85
1.05 O~
Pt 1.14-1.23 Soéléggrsliggrsled [25]
- TiO, il
Si 0.73
DC Reactive
Au 08 Sputtering. [26]
Pt 0.91-1.05 Sol-gel process [27]
Nb,O
Al 25 0.45 Magnetron This work
Sputtering

The Ohmic region of the I-V curves can be used to construct an Arrhenius plot of
conductivity, since weak donor ionization occurs in the Ohmic region. Figure 8 shows the
conductivity curve for the niobium pentoxide film in Arrhenius coordinates for tempera-
tures starting from 35 °C. Resistance values for temperatures below 35 °C were not used
for the Arrhenius plot because the electron mobility in the oxide films was higher at these
temperatures. The resulting curve of the logarithm of conductivity versus temperature
exhibits a typical shape characteristic of a donor semiconductor.

In oxide semiconductors such as TiO; and Nb,Os, oxygen vacancies act as donors,
increasing electrical conductivity. Therefore, the measured conductivity activation energy
(Eq) corresponds to the activation energy of the oxygen vacancy.

The activation energy, determined from the slope of the conductivity curve as a
function of inverse temperature, was E; = 0.076 eV.

The obtained results are in good agreement with the activation energy reported for
another oxide semiconductor, TiO; (E; = 0.07-0.1 eV. This data supports the conclusion that
the conduction mechanism is vacancy-mediated [9,28].

The dominant conduction mechanism can be determined by plotting I-V charac-
teristics in coordinates that reveal linear segments corresponding to specific conduction
mechanisms. Figure 9 shows the I-V curves of the heavily doped silicon (n*)-niobium
pentoxide structure measured in the temperature range of 25-115 °C in logarithmic coor-
dinates. As seen in Figure 9, regardless of sample temperature, two distinct regions can
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be identified on the forward I-V curves, each described by a power-law dependence of
current on voltage IecU™.
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Figure 8. Conductivity logarithm versus temperature curve for an MIM structure with a 50 nm thick
niobium pentoxide film.
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Figure 9. I-V characteristics of MIM structures with a 50 nm thick niobium pentoxide film in double
logarithmic coordinates. Sample temperatures: 25 °C (a), 35 °C (b), 55 °C (c), and 105 °C (d).

The first region has a slope m = 1. The second region has a slope of approximately
m = 1.57. The first region with m = 1 corresponds to the low-field regime, where conductivity
is independent of the electric field and follows Ohm’s law. The second region with m = 1.57
corresponds to the intermediate-field regime, where conduction is governed by injection
SCLC. The SCLC mechanism is associated with the presence of trap levels within the
bandgap of the oxide.
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A slope of m = 1.57 in the second region, which is less than 2, indicates the presence of
SCLC with traps exponentially distributed in energy within the bandgap.

At the trap-filled limit voltage (V1r1), a current jump is observed (Figure 9). Subse-
quently, the I-V characteristic follows a section corresponding to a trap-free space-charge-
limited current (TFscyc) with the same slope as the section for SCLC with unfilled traps.
At voltages above Vrj, the injected electrons remain in the conduction band; consequently,
the I-V curve is positioned higher.

The position of the Fermi level is determined by the degree of trap filling. All traps
lying below the Fermi level will be filled with electrons, while those above it will be empty.
Under electron injection, electrons in the oxide are captured by traps. Consequently, the
Fermi level shifts toward the conduction band minimum, leading to a decrease in the
activation energy for SCLC. Increasing temperature causes thermal activation of charge
carriers from upper trap levels, resulting in a rise in current.

Starting from 55 °C, the I-V characteristics show weak temperature dependence,
indicating a change in the conduction mechanism and a weakening of its connection with
electron traps. This can be explained by electrons already possessing sufficient energy to
transition from the upper trap level to the conduction band. Therefore, for temperatures
above 55 °C, the I-V curves exhibit minimal temperature dependence.

The thermal energy, equal to kT at a given temperature, can excite electrons residing
at the uppermost level of electron traps. From the obtained results, it is evident that at a
temperature of 55 °C, electrons acquire thermal energy kT = 0.0291 eV, which is sufficient
to promote them into the conduction band. Therefore, it can be assumed that the energy of
the uppermost electron trap level in niobium pentoxide is approximately 0.029 & 0.001 eV
(this estimate takes into account the data obtained with a temperature step of 10 degrees).
For temperatures of 25 °C, 35 °C, and 45 °C, the thermal energy kT equals 0.0257 eV,
0.0265 eV, and 0.0274 eV, respectively, which is insufficient to promote electrons into the
conduction band.

Figure 10 shows plots of capacitance versus frequency obtained for samples at different
temperatures. As can be seen, for samples at temperatures of 80, 90, 100, and 110 °C in the
frequency range from 150.0 kHz to 1.1 MHz, the capacitance of the MIM structure remains
practically unchanged. For temperatures below 80 °C, a common feature for all samples is
a decrease in capacitance with increasing frequency in the range from 50.0 kHz to 1.1 MHz.
The most significant drop in capacitance is observed for samples at 25, 30, and 45 °C.

35x107104 |25 °C; 70 °C;
—30°C;- 80 °C;
1 ——45°C;——90 °C;
3.0x1010 4 |— 50 °C; —— 100 °C;
60 °C;—— 110 °C.

2.5x10710 4 IXY

Capacity, F

2.0x10710 4

1.5%x1071° -

1.0x10™ drrrr R P e —
0 500,000 1,000,000 1,500,000 2,000,000

Frequency, Hz

Figure 10. Capacitance versus frequency plots obtained for an MIM structure with a 50 nm thick
niobium pentoxide film at different temperatures.
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The obtained capacitance—frequency plots can be explained in terms of dipole-
relaxation polarization in dielectrics, where electric dipoles are capable of reorienting
in an external electric field [8]. At a frequency of 50 kHz, the capacitance of the MIM
structure and the dielectric permittivity reach their maximum values and remain nearly
constant for different sample temperatures.

This is because the permittivity of the dielectric in this case approaches its static di-
electric constant. As the frequency of the electric field increases, the electric dipoles begin
to lag behind the field. The frequency of the electric field exceeds the rate of thermal
molecular oscillations, and the dipoles cannot reorient quickly enough during voltage
polarity changes. Their rotation angle continuously decreases with increasing field fre-
quency, leading to a drop in the permittivity value. At high frequencies (around 1.0 MHz),
the rate of dipole orientation becomes so slow that the contribution of dipole-relaxation
polarization approaches zero, and the dielectric polarization reduces to values associated
with electronic polarization and elastic dipole displacement.

With increasing temperature, the lag of polarization behind the field frequency occurs
at higher frequencies. Therefore, the region of decreasing permittivity shifts toward higher
frequencies. At the same time, in dielectrics with relaxation polarization, the dielectric loss
tangent exhibits a maximum at the relaxation frequency. The appearance of a maximum in
the capacitance versus frequency plots at 1.45 MHz is caused by the peak in the dielectric
loss tangent at the relaxation frequency. The observed curve shape is characteristic of a
dielectric with a single relaxation time.

The relaxation time of dipole polarization is related to the frequency by the

following expression:
1

T:%,

Thus, the relaxation time of dipole polarization for niobium pentoxide films is
0.11 x 107 s.

(7)

4. Conclusions

The results of the topography and surface relief studies of niobium pentoxide films
obtained by atomic force microscopy indicate that the films lack a granular structure.
This confirms the amorphous nature of the Nb,Os films. It has been demonstrated that
the non-linearity of the I-V characteristics in the heavily doped silicon (1n*)/niobium
oxide/aluminum structure is caused by the formation of a depletion region in the contact
area of niobium pentoxide. Therefore, the analysis of the I-V curves focused solely on the
aluminum /niobium pentoxide contact region, where the Schottky potential barrier forms.

Based on the analysis of the I-V curves, it was concluded that for the sample at
25 °C, the electron mean free path exceeds the width of the Schottky barrier layer, allowing
electrons to traverse this layer without collisions. At temperatures of 35 °C and higher,
electrons undergo numerous collisions within the Schottky barrier layer, and the current
through the contact is determined by the diffusion and drift motion of electrons. It was
found that the electron mobility in the oxide film at 35 °C is 2.1 times lower than that
at 25 °C.

Analysis of the I-V curves for temperatures of 35 and 45 °C allowed the determi-
nation of the Schottky barrier height at the niobium pentoxide/aluminum contact to be
@p = 0.45 eV. Such a low Schottky barrier value may be attributed to a high concentration of
oxygen vacancies in the magnetron-sputtered Nb,Os and the proximity of the Fermi level
to the conduction band minimum. Using the Ohmic region of the I-V curves for different
temperatures, an Arrhenius plot of conductivity versus temperature was constructed. The
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shape of the obtained plot is characteristic of a donor semiconductor. The activation energy,
derived from the Arrhenius plot of conductivity, was 0.076 eV.

It was shown that, regardless of sample temperature, two distinct regions can be iden-
tified on the I-V curves plotted in logarithmic coordinates, each described by a power-law
dependence of current on voltage, Io<U™. The first region, with a slope m = 1, corresponds
to the Ohmic regime. The second region has a slope of approximately m = 1.57, indicating
the SCLC mechanism for injection currents.

Analysis of the I-V curve behavior revealed that the energy of the uppermost electron
trap level in niobium pentoxide is approximately 0.029 + 0.001 eV. The obtained capacitance
versus frequency plots were explained using the concept of dipole-relaxation polarization
in a dielectric, where electric dipoles can reorient in an external electric field. Based on this
analysis, it was determined that the dipole polarization relaxation time for the niobium
pentoxide films is 0.11 x 107 s.

Thus, the use of magnetron sputtering to produce amorphous niobium pentoxide
films has led to a reduction in the effective Schottky barrier height to 0.45 eV. This enables
high electron injection density at low voltages when using such an oxide semiconductor as
an electron transport layer, thereby potentially increasing the efficiency of solar cells.
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