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Abstract

TiO, films with a thickness of 20 nm were obtained by anodizing a titanium film with
an aluminum sublayer on a glass substrate. The I-V characteristics were studied in a
temperature range of 100-300 K. Three linear sections can be distinguished on the I-V
curves in logarithmic coordinates with a bias voltage of up to 2.5 V. The first section is
an ohmic section with a bias voltage sweep from 0 V. The second section is associated
with the space-charge-limited currents. The third section is characterized by the flow of
Poole-Frenkel currents. In the third section, the slope of the approximating line is greater
than in the second one due to the flow of higher currents. This is explained by the transition
of electrons from donor centers to trap levels, which leads to a decrease in the number of
free traps available for capturing electrons injected from the contacts into the conduction
band. The obtained values of the Fermi energy of 0.032 and 0.028 eV for temperatures from
100 to 300 K, respectively, indicate that the electron traps in the forbidden zone of TiO,
are shallow. The value of the donor level energy E = 0.082 eV is close to the values of the
activation energy of thermal conductivity. This indicates the formation of donor centers in
anodic TiO, by the mechanism of donor vacancies. In anodic TiO, films, the concentration
of electron traps is 10'> cm 3, which is approximately three orders of magnitude less than
their concentration in anodic TiO, films obtained by vacuum deposition.

Keywords: anodic titanium oxide; current-voltage characteristic; space-charge-limited
currents; Poole-Frenkel currents; electron traps; donor centers

1. Introduction

Currently, titanium oxide is considered as one of the key materials for applications in
various electronic devices, such as MOS transistors, memristors, energy storage devices,
photovoltaic cells, transparent electrodes, and UV sensors [1-6]. In this regard, studies of
the electrical conductivity of TiO, films are of particular interest. The electrical conductivity
of TiO, films has been studied by a number of authors [7-13], the results of which confirmed
the electron type of their conductivity. The electrophysical properties of titanium oxide
films with a thickness of 70.0 nm, obtained by high-frequency magnetron sputtering were
investigated in [13]. The results showed that the conductivity of the thin films is determined
by space-charge-limited current (SCLC) in a dielectric with traps exponentially distributed
in energy. Research results for amorphous titanium oxide films with a thickness of 60 nm,
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obtained by atomic layer deposition, are presented in [14]. They indicate a conductivity
mechanism determined by SCLC. It is shown that the density of traps in such films is
>1.5 x 10" em 3.

An analysis of the literature on thin TiO, films and their conductivity characteristics
indicates that the type of the current-voltage characteristic, depending on the bias voltage
and temperature, is complex. This can be explained by the fact that in films with a nanoscale
thickness, even at low voltages (1-10 V), the electric field strength can reach high values,
of the order of 10*~10° V/cm. Accordingly, various conductivity mechanisms can act in
films in strong electric fields. In addition to intrinsic charge carriers, extrinsic carriers
can also participate in conductivity. The appearance of additional charge carriers in the
conductivity band of the dielectric can be caused by both the injection of charge carriers
from the electrode—dielectric contact and the ionization of donors [15,16]. Electron traps
can have a significant effect on the electrical conductivity in thin oxide films. Defects are
the cause of the formation of such traps. Their concentration in oxide films can reach about
10'7 cm 3 [13]. Therefore, when studying the electrical conductivity of thin oxide films, it
is important to take into account the presence of impurity and trap centers that can form
during the growth of thin films. At the same time, there are few results in the literature on
the study of the conductivity of TiO, films of nanoscale thickness.

According to [17], anodic TiO; films of nanoscale thickness show a positive slope of
the Mott-Schottky curves during electrochemical measurements, which is typical for a semi-
conductor with n-type conductivity. The authors suggested that impurity conductivity in
TiO, occurs due to oxygen vacancies (donor centers). The charge carrier density calculated
from the Mott-Schottky curves was Nd = 0.8-5.0 x 10?1 cm—3. Moreover, with an increase
in the thickness of anodic film with an increase in the anodizing voltage from 2.24 to 10.24 V,
the concentration of oxide vacancies decreased from 5.0 x 10% to 3.9 x10!* cm~3. These
results indicate that the nanoscale thickness of oxide films and structural defects, such as
oxygen vacancies, can play an important role in the conductivity of oxide films.

The aim of this work was to study the electrical conductivity and charge transfer
processes in nanosized films of anodic TiO; in the temperature range from 100 to 300 K.
Based on the analysis of the current-voltage characteristics, the mechanism of charge carrier
conductivity in anodic TiO, was determined and localized states for donor centers and trap
levels were calculated.

2. Materials and Methods

Aluminum layers with a thickness of ~100 nm and titanium layers with a thickness of
~50 nm were deposited onto glass substrates using magnetron sputtering. Before the layers
were deposited, the substrates underwent thorough cleaning in isopropyl alcohol followed
by distilled water.

Aluminum films were deposited using the following parameters: source power, 1.5 kW;
discharge voltage, 380 V; discharge current, 3.7 A; argon pressure, 6 X 10~2 Pa; base
pressure, 10~2 Pa; and deposition rate, 2.8 nm s~ 1. The titanium films were deposited using
the following parameters: source power, 1.0 kW; discharge voltage, 310 V; discharge current,
3.0 A; argon pressure, 2 X 10~2 Pa; base pressure, 1073 Pa; deposition rate, 0.1 nm s 1;
substrate temperature, room temperature; and target-to-substrate distance, 11 cm.

Electrochemical oxidation of the upper Ti layer was carried out in an electrolyte of
a mixture of 2% aqueous oxalic acid and 1% aqueous sulfamic acid in a two-electrode
cell, where the anode was the sample with the Ti layer, and the cathode was graphite. A
P-5287M potentiostat was used for electrochemical oxidation. The thickness of the titanium
oxide layer was determined using an LEF-3M-1 ellipsometer. Titanium oxide films with a
thickness of ~20 nm were obtained by electrochemical oxidation in an electrolyte at 20 V
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until the anodization current reached zero (holding time: 1 min). After anodization, the
samples were washed with distilled water and isopropyl alcohol, then heated to 80 °C
and then to 120 °C to desorb the remaining electrolyte. The surface morphology was
characterized using tapping-mode atomic force microscopy (NT-MDT NTEGRA AFM
microscope) with an NSGO1 probe. To measure the I-V characteristics, carbon-paste
contacts (with a diameter of d ~ 2 mm) were applied to the surface of the TiO, films,
and the Ti/ Al layer served as the second contact. The I-V characteristics were measured
using a Keithley 6487 picoammeter. To measure the current—voltage characteristics at low
temperatures, an optCRYO198 nitrogen cryostat with a temperature stabilization function
was used.

3. Results and Discussion

Figure 1 shows a typical two-dimensional AFM surface morphology of anodic TiO,
film. As can be seen, the TiO, film is continuous and exhibits a uniform surface structure.
The height of the surface features of anodic TiO, film is approximately 60 nm, and this is
related to the fine-grained surface of the underlying 100 nm thick aluminum film, which
was deposited by magnetron sputtering.
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Figure 1. Two-dimensional AFM surface morphology of anodic TiO, film obtained at 20 V.

Figure 2 shows the current-voltage characteristics of anodic TiO, films (20 nm thick)
obtained for temperatures of 100-300 K in the forward and reverse bias voltage directions
in the range from —2.5 to +2.5 V. As seen in Figure 2a, the forward and reverse I-V curves
exhibit a slight asymmetry, attributable to the rectifying properties of anodic TiO;. The
character of the I-V curves is strongly influenced by temperature in the range from 260
to 300 K. This is a distinctive feature of space-charge-limited currents. In contrast, for
temperatures from 100 to 140 K, the behavior of the current-voltage curves depends weakly
on temperature, which is a sign of the flow of Poole-Frenkel currents.

In Figure 2b, the I-V curves in semi-logarithmic coordinates demonstrate that at low
voltages near zero, there is a linear increase in current with voltage, which is typical for
conductivity in accordance with the Ohm law [18]. However, upon reaching a certain
voltage, the current begins to decrease sharply. This behavior is caused by the space
charge effect.
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Figure 2. I-V characteristics of anodic TiO, film (20 nm) under forward and reverse bias voltage

in (a) normal and (b) semilogarithmic coordinates. Sample temperature: 300, 260, 140 and 100 K;
maximum voltage 2.5 V.

It is well known that a Schottky barrier forms at the TiO,/Ti interface. A space
charge region with a rectifying contact, or Schottky barrier, develops in the TiO, (n-type
semiconductor) at the interface. As such, any applied external voltage will be dropped
across this space charge region.

To study the flow of SCLC in nanoscale anodic TiO; films in more detail, it is worth-
while to present the forward I-V characteristics in logarithmic coordinates (Figure 3). As
can be seen from Figure 3, regardless of the temperature of the samples, three sections can
be distinguished on the direct I-V characteristics, each of which is described by a linear
dependence of the current on the voltage IcoU™. The first section is observed at voltages up
to 0.2 V with a value of m = 1. In the second section, the slope angle is m = 1.2 (260, 300 K)
and m = 1.55 (100, 140 K), and then it increases to m = 1.53 (260, 300 K) and to m ~ 2.4 (100,
140 K). The values of the exponent m in the first, second, and third sections of the direct I-V
characteristics for TiO, anodic films at different temperatures are given in Table 1.
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Figure 3. I-V characteristics of anodic TiO, film (20 nm) in logarithmic coordinates. Sample tempera-
ture: 300, 260, 140 and 100 K, maximum voltage 2.5 V.

The first section is observed at voltages up to 0.2 V with a value of m = 1. In the second
section, the slope angle is m = 1.2 (260, 300 K) and m = 1.55 (100, 140 K), and then it increases
tom ~ 1.53 (260, 300 K) and to m = 2.4 (100, 140 K). The values of the exponent m in the
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first, second, and third sections of the direct [-V characteristics for anodic TiO, films at
different temperatures are given in Table 1.

Table 1. Values of m for the first, second and third sections of the direct current-voltage characteristics
and the voltage of the transition from Ohm’s law to SCLC (Uq_,7).

Temperature, my on tl}e My on the‘ m3 on th.e Un o7, V
K First Section Second Section Third Section
300 1 1.176 1.5 0.22
260 1 1.18 1.527 0.22
140 1.1 1.48 2.3 0.22
100 1.1 1.54 2.41 0.22

The use of logarithmic coordinates for the I-V characteristics allows us to identify
SCLC. However, this does not explain the reason for the appearance of new electrons in the
conduction band and, accordingly, the increase in the slope of the linear I-V characteristics
with increasing bias voltage. It is evident that the picture of localized energy levels within
the bandgap of anodic TiO; is quite complex. In addition to traps, there are also donor
centers present, which can be ionized with subsequent electron release. In the presence of
an electric field, donor centers shift toward the bottom of the conduction band.

To obtain information about the trap depth in anodic TiO;, it is necessary to analyze
the SCLC regime. When considering the I-V characteristics, it is necessary to take into
account the presence of both shallow traps and donor centers [17]. Anodic TiO, is an
amorphous dielectric, and therefore the traps have an exponential energy distribution.
With this distribution, a tail of traps extends downwards from the bottom of the conduction
zone (Figure 4).

We=0

Figure 4. Energy diagram for an amorphous dielectric with an exponential distribution of traps filled
electrons below the Fermi level (F).

In anodic oxide, electrons appear in the conduction band due to the injection of charge
carriers (ohmic contact with m = 1). At the same time, traps capture electrons, which
leads to a decrease in the current of injected electrons in the conduction band (Figure 2b).
However, in anodic TiO,, electrons can appear in the conduction band in another way—due
to the transition of electrons from donor centers to them. A feature of donor centers is a
decrease in their ionization energy when an electric field is applied (Figure 5). An external
electric field helps the electron leave the donor center due to a decrease in the potential
barrier in the direction of the field [18].
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Figure 5. Slope of the bottom of the conduction band in an electric field with a decrease in the barrier
of the donor center for the ejection of electrons from the donor (Poole—Frenkel effect).

A decrease in the height of the potential barrier compared to the case of the absence of
an electric field is determined by the expression:

AW = BE!/? 1

Therefore, it can be assumed that in an electric field the bottom of the conduction band
becomes inclined (Figure 6). As a consequence, in an electric field the donor level shifts
upward by the value AW. The position of the Fermi level (F) is related to the characteristic
energy Eg by a directly proportional dependence in accordance with the expression:

N¢L?
egpU

F = Eoln )

where ¢ is the relative permittivity of TiO, film, ¢ is the electric constant, L is the thickness
of TiO, film, U is the applied voltage, N; is the number of traps per unit volume of the
dielectric, and E is the characteristic energy of the decay of the trap density.

Wc=0

AW

ol 1AW

Figure 6. Shift in the donor level up to the conduction band in the presence of an electric field.

In an electric field, the bottom of the conduction band becomes inclined, and the donor
level shifts upward.

At a certain shift in the donor level by AW; (beginning of Section 3, Figure 3), the
levels of donors and traps begin to coincide. In this case, electrons from the uppermost
donors will move to the lower traps, so that below the Fermi level all traps and donors are

https://doi.org/10.3390 /nanomanufacturing6010006
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filled. When the Fermi level is shifted downwards along with the bottom of the conduction
band by AW, we can write

Fi — AW, = E;)ln£ (3)

N¢L2
eegU

mine the Fermi level in anodic TiO; for different temperatures based on the data in Table 1

Assuming in expressions 2 and 3 that the term In is close, it is possible to deter-

and calculations for AW;. Table 2 shows the results obtained.

Table 2. Values of the voltage at the beginning of the 3rd section of the I-V characteristic, the field
strength at this point, AW; and the Fermi level in anodic TiO, for different temperatures.

Voltage of the Beginning  Electric Field Strength on

Temp;(rature, of the 3rd Section of the the 3rd Section of the I-V Don(i‘rvbevsi]Shlft Ferm;\l; evel,
I-V Characteristic, V Characteristic, Vm—1 R
300 0.918 450 x 107 0.056 0.0282
260 0.854 427 x 107 0.055 0.029
140 0.796 3.98 x 107 0.053 0.0307
100 0.734 3.67 x 107 0.051 0.0318

The level of donor centers in the forbidden zone can be determined as
Wy =F + AW, (4)

Then, for example, for the data at a temperature of 260 K in Section 2 of the straight
I-V characteristic, the depth of the donor center level is W; = 0.084 eV. Such a value for
the donor depth correlates well with the charge carrier activation energy via thermal
excitation, which is on the order of 0.09 eV. This is demonstrated in [19] based on the
analysis of temperature-dependent resistance data in Arrhenius coordinates. The calculated
concentration of electron traps using Equation (2) and the data in Table 2 for T = 260 K was
Ni =72 % 10" em ™3,

Thus, the electron trap concentration in anodic TiO; films is 10 em—3, which is
approximately three orders of magnitude lower than that in TiO; films obtained by vacuum
deposition [14], and four orders of magnitude lower than that in TiO; films obtained by the
sol-gel method [20].

Figure 7 shows a graph of the change in the Fermi level with temperature relative to
the conduction band bottom.

As can be seen, the Fermi level shifts linearly towards the conduction band with
increasing temperature, which is in good agreement with [20-22]. Poole-Frenkel currents
flow in anodic TiO, film over the entire temperature range, which confirms the presence of
both traps and donor centers. Figure 8 shows the current-voltage characteristic of anodic
TiO, in Poole-Frenkel coordinates.

As can be seen from the data in Table 3, at elevated temperatures (260 and 300 K), the
normal Poole-Frenkel effect with r ~ 1 and kT = F is observed. This means that the thermal
excitation energy is sufficient for electrons to move from the trap levels to the conduction
band. In turn, when electrons move from donors to traps (when an electric field is applied),
they can freely move from the trap levels further into the conduction band due to thermal
excitation. As a result of such a two-stage process, electrons from the donor level have
the opportunity to move into the conduction band, which is confirmed by the obtained
characteristic for the normal Poole-Frenkel effect with the coefficient r ~ 1 (absence of
trap levels above the donor level). Thus, at kT = F, electrons that have moved from donor
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centers are not retained in traps and immediately move into the conduction band. In this
case, the influence of traps located above the donor levels can be ignored, since they cannot
capture electrons.

100 150 200 250 200
T, K

Figure 7. Change in the Fermi level of anodic TiO, with temperature.

r=0.657
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b
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0.2 04 0.6 0.8 1.0 1.2 14 1.6

U1/2, v

Figure 8. I-V characteristics of anodic TiO, film (20 nm) in Poole-Frenkel coordinates. Sample
temperature: 300, 260, 140 and 100 K, maximum voltage 2.5 V.

Table 3. Values of kT, Fermi level F and tangent of angle r of curves in Poole-Frenkel coordinates for
anodic TiO, film in the temperature range from 100 to 300 K.

Temperature, K kT,eV  Fermi Level, F, eV Poole-Frenkel Coordinates,

Tangent of Angle, r
100 0.0086 0.0318 2.9
140 0.012 0.0307 2.527
260 0.024 0.029 0.867
300 0.026 0.0282 0.657

When the energy kT < F (temperatures 100 and 140 K), then the abnormal Poole—
Frenkel effect with r ~ 2 is observed (the trap levels are located above the donor level). In
this case, the thermal excitation energy is no longer sufficient for electrons from the trap
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levels to move to the conduction band. Therefore, when electrons move from donor centers
to traps, there is only a stage of electron capture by traps.

4. Conclusions

An analysis of the I-V curves in logarithmic and Poole-Frenkel coordinates was
conducted for anodic TiO, films with a thickness of 20 nm within the bias voltage range
from —2.5 to +2.5 V. The presence of both space-charge-limited currents and Poole-Frenkel
currents, associated with donor centers, was revealed at an electric field strength exceeding
4.5107 V/m. It is shown that the I-V curves in logarithmic coordinates with a bias voltage
of up to 2.5 V can be divided into 3 different linear sections. The 1st section is an ohmic
section with a bias voltage sweep starting from 0 V. Then the 2nd section is associated with
the SCLCs and the 3rd section is characterized by the flow of Poole-Frenkel currents. The
increased slope in region three, compared to region two, is attributed to higher current
densities. This behavior is consistent with trap filling from donor states, which reduces the
effective trap density available for capturing charge carriers injected from the electrodes
into the conduction band.

The obtained results for anodic TiO, with the Fermi energy of 0.032 and 0.028 eV for
temperatures of 100 and 300 K, respectively, indicate that the electron traps in the TiO,
band gap are shallow. An increase in temperature leads to a linear shift in the Fermi level
to the bottom of the conduction band. The donor level energy of E = 0.082 eV is close to the
thermal activation energy, suggesting the formation of donor centers in anodic TiO; via a
donor vacancy mechanism.

In anodic TiO, films, the concentration of electron traps is 10'°> cm~3, which is approx-
imately 3 orders of magnitude lower than their concentrations in TiO, films obtained by
vacuum deposition. This indicates a smaller number of point defects and, therefore, a higher
quality of anodic TiO; films compared to oxide films obtained by vacuum deposition.
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