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Abstract—Electrical and photoelectrical properties of nanocrystalline zinc oxide and indium oxide films are
studied. For these oxides the temperature dependences of conductance are observed to be consisting of two
parts with different activation energy. Also photoconductivity relaxation of the oxides can be described by a
sum of two exponential functions. The spectral dependencies of nanocrystalline zinc oxide and indium oxide
photoconductivity are presented. The photoconductivity arises as samples are illuminated with energy less
than band gap. The data are discussed on the basis of model by which the localized states in the band gap play

major role.
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INTRODUCTION

At present, metal oxides are considered to be prom-
ising materials having a wide application in various
technical fields. Some of the most used are nanocrystal-
line zinc oxide (ZnO) and indium oxide (In,0;). For
instance, indium oxide is applied in the fabrication of
displays in mobile devices, solar cells, and gas sensors
[1—4]. Zinc oxide is widely used in optoelectronics,
photo sensor devices, microelectronics [5—8]. The
usage of mixtures of these oxides for manufacturing
gas sensors is considered to be promising [9].

The properties of oxides strongly depend on the
structure and synthesis methods. Nanocrystalline
indium and zinc oxides have an appreciable specific
surface area, contain a large number of defect states,
and are uncontrollably doped semiconductors of the
n-type conductivity (see [2] and references therein
and also [10, 11]). The character of the temperature
dependences of the conductivity of these materials is
largely determined by conditions under which the
samples were synthesized and also the temperature
range in which the measurements were performed. In
particular, depending on the synthesis method, struc-
ture, and temperature range, the temperature depen-

dences of the conductivity of indium and zinc oxides
can be activated with one activation energy [12, 13] or
have two regions with different activation energies
[14—16], or the conductivity can even decrease with
increasing temperature in some temperature range
[14, 17, 18]. An unambiguous interpretation of the
observed temperature dependences of the ZnO and
In,0O; conductivities is absent in the literature. Thus,
in some publications it is assumed that a change in the
activation energy is related to the adsorption and
desorption of gas molecules, in particular, oxygen
from the sample surfaces [18, 19]. In other publica-
tions it is considered that this temperature dependence
is characteristic of unordered semiconductors and is
explained by the randomly changing potential along
the semiconductor [14, 20].

Researchers also make many efforts to investigate
the photoconductivity of nanostructured semicon-
ductors of metal oxides. In order to explain the phe-
nomena of long-term relaxation of the photoconduc-
tivity and the residual photoconductivity, which are
characteristic of these semiconductors, various mod-
els are being developed [12, 18, 21—-23]. As for nano-
crystalline metal oxides, these phenomena have been
mostly studied in zinc oxide. However, the unambigu-
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ous explanation of the observed dependences of relax-
ation of the photoconductivity in nanocrystalline
metal oxides has been absent so far. This is very likely
to be due to the absence of a combined study of the
conductivity and relaxation of the photoconductivity
in samples of various nanocrystalline metal oxides.

In this work, the temperature dependences of the
dark conductivity, the spectral dependences of the
photoconductivity, and the photoconductivity decay
of nanocrystalline indium and zinc oxides with
approximately the same structural parameters were
studied in detail to establish some general regularities
inherent in nanocrystalline metal oxides.

EXPERIMENTAL

Oxide films were synthesized from In,0; and ZnO
powders. The average size of oxide nanocrystals in the
source powder, which was determined by electron
microscopy and powder X-ray diffraction, was 50—80 nm
[9]. In order to form the films, the oxide powders were
mixed with some amount of water, after which they were
ground in a mortar until a homogeneous paste was
obtained. Then the paste was deposited on a thick glass
slide and annealed for 3 h in the air atmosphere, the tem-
perature being gradually increased from 120 to 550°C.

For the measurement of the electrical and photo-
electrical characteristics 3 mm long gold contacts were
deposited on the upper surface of the films. The dis-
tance between the contact areas was 0.5 mm. All mea-
surements were carried out in the air.

The temperature dependences of the dark conduc-
tivity of the samples were measured in the temperature
range of 270—470 K. For the measurement of the pho-
toelectrical characteristics of the samples under study
an ultraviolet light diode with a wavelength of 385 nm
and an intensity of 5 mW/cm? was used as a radiation
source. The photoconductivity value (o,,) was found
as a difference of sample conductivities on light irradi-
ation (oy;) and the dark conductivity (G,)

Oph = Oj — Og-

The spectral dependences of the photoconductivity
were measured by light irradiation with monochro-
matic light in the range 380—610 nm using a powerful
DKSL-1000 xenon lamp and an MDR-12 monochro-
mator. The intensity of monochromatic light incident

on the sample was approximately 2 mW/cm? in the
whole spectral range.

RESULTS AND DISCUSSION

The temperature dependences of the conductivity
of the studied In,0; and ZnO samples are shown in
Fig. 1. As seen from the figure, in the whole tempera-
ture range studied the dark conductivity of In,0; is
much higher than the conductivity of ZnO. It should
be noted that in the temperature dependences of the

RUSSIAN JOURNAL OF PHYSICAL CHEMISTRY B  Vol. 10

conductivity of each sample two activation regions can
be distinguished in each of them. They are described
by the expression

E
o(T)=0,exp| ——2|,
@ Op(ij

where k is the Boltzman constant and G is the coeffi-
cient independent (or weakly dependent) on the tem-
perature.

The first activation region is observed at high tem-
peratures (7> 380—390 K). The activation energy in this

region is £.” = 0.09 eV for In,0; and E” = 0.48 eV for
zinc oxide. At temperatures below 370 K the second
activation region is observed. Here the activation

energy £ =0.03 eV for In,0; and E” = 0.36 eV for
ZnO. It is worth noting that for both oxides the activation
energy of the second region is lower than that of the first
one. Similar data for In,O; were obtained in [24].

The semiconductor conductivity can be presented
in the form [25]

C = eun, (D

where e is the electron charge, [ and » are the electron
mobility and concentration respectively. Note that
formula (1) is written in the assumption that the con-
ductivity is determined by electrons, which is valid for
nanocrystalline In,O; and ZnO. For a non-degenerate
semiconductor the electron concentration is expressed

as [25]
n=N, e:xp(—Ec _F).
kT

Here N, is the effective density of states in the conduc-
tion band, E, and F are the energies of the bottom of
the conduction band and the Fermi level respectively.
If the electron mobility is assumed to be independent
of the temperature (or only a weak dependence deter-
mined by the scattering mechanism is observed), then
the activation energy of the conductivity, which is
present in formula (1), is determined by the Fermi
level relative to the bottom of the conduction band, i.e.
E,=FE —F.

A temperature dependent change in the activation
energy can be explained by a shift of the Fermi level.
Two characteristic activation regions in the tempera-
ture dependences of the conductivity (see, e.g., [26])
are often described in the assumption of the presence
of one simple (i.e., occurring only in two charge states:
neutral and positively charged) donor level in the
semiconductor. In the low temperature range the
donor level is ionized (this mode is described by the
activation dependence of the conductivity with the
activation energy equal to a half of the energy distance
between the donor level and the bottom of the con-
duction band), and with an increase in the tempera-
ture the electron concentration, and hence, the con-
ductivity increase due to the electron excitation from
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Fig. 1. Temperature dependences of the conductivity of nanocrystalline indium oxide (a) and zinc oxide (b) films. Lines show the
approximations of the temperature dependences by the activation law.

the valence band to the conduction band. Here the
second activation region with a much higher activation
energy is observed.

In our case, however, this explanation is unlikely
because in the studied temperature range, the proba-
bility of the transition to the second mode (the transi-
tion of electrons from the valence band to the conduc-
tion band) is extremely low because for this mode
much higher temperatures are usually required. More-
over, in this model a region must be where the con-
ductivity practically does not depend on the tempera-
ture. This region must be observed on passing from the
first mode to the second when all donors become ion-
ized and an increase in the electron concentration,
and consequently, the conductivity due to the inflow
of electrons from the valence band practically does not
occur. A plateau in the temperature dependence of the
conductivity in Fig. 1 is not observed either. In [24] the
assumption was made that there was an energy disper-
sion of traps; furthermore, an alteration of the transfer
mechanism is possible. At low temperatures the tunnel
mechanism mainly works and at elevated temperatures
the mechanism is activation transitions.

For the interpretation of our experimental data it is
reasonable to assume that there are two simple donor
levels. The origin of these levels can be different. It can
be both defect states inside nanocrystals and surface
states at the nanocrystal boundaries. It can also be the
states of oxygen vacancies. Although oxygen vacancies
in metal oxides are not simple centers and not
described by the Fermi—Dirac distribution used below
for simple centers, the situation must also be qualita-
tively close to that described below.

RUSSIAN JOURNAL OF PHYSICAL CHEMISTRY B

For the simulation we assume that there are two
simple donor levels with the energies |, E, and con-
centrations N,, N, respectively. For the clearness we
consider the E| level to be closer to the bottom of the
conduction band than the FE, level. A change in the
position of the Fermi level with increasing tempera-
ture can be determined from the equation of electro-

neutrality
N, exp(F — EC)
kT
= af 2
1+ (gll/glo)eXP[(F - El)/kT]
N,

+ b
1+(821/820) expl(F — E))/kT]

where g, and g; are the degeneration factors of the
unoccupied and occupied i-th level (i = 1, 2). Owing
to that in equation (2) we deal with n-type semicon-
ductors and neglect the positive charge of holes and
the negative charge of acceptor leveles whose existence
cannot be excluded. Let us introduce the following
designations:

F-E g E - E,
x=exp——=, a=%°Lexp——-=~,
kT 8o kT
b:ﬁexp—EC_E‘, n :&, n, =N
820 kT Nc Nc

Then equation of electroneutrality (2) can be
rewritten as follows:
Vol. 10
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x=— 4 "M 3)

l+ax 1+ bx
At the lowest temperatures the donor levels are not
yet ionized and the Fermi level lies higher than both
donor levels [25]. Since the upper level is first ionized,
in the assumption of low temperatures in equation (3)

the occurrence of the second level (exp Fk_TEz > 1,
N, =0) canbe neglected, i.e. it is possible to consider
that the second level is completely filled with electrons
and is electroneutral. Then equation (3) can be written
in the form

n

X = .
1+ ax

C))

Under the condition (4an, )1/ ’> 1, which is satis-
fied at sufficiently low temperatures, it is easy to obtain
-1/2 E.-F ,j

n=Nx~a '  =exp| ———|. ®))

‘ p( 2kT

According to formulas (1) and (5), the conductivity

has the activation character with the activation energy

E-E 6)
2

‘When the Fermi level becomes lower than the E| level

(this occurs with an increase in the temperature), the £,

level starts to take part in the electron generation. Let us
consider the case when the Fermi level is lower in energy

EY =

F=E\ < | Then the first

summand of equation (3) can be expanded in series,
being limited to the first two terms

than the E| level so that exp

n,

(1+ bx)

x =n(—-ax)+

When 4(n, + ny)b > (nb —1)°, and an, <1 (the
second level starts to be ionized at relatively high tem-
peratures), we obtain

n=Nx~ b = exp(—ﬁj.
2kT

This means that in this region the conductivity has
the activation character with an activation energy

E _E2
3 (7

Thus, the E|, E, energies of the levels and their con-
centrations N, N, can be such that with an increase in
the temperature in the temperature dependence of the
conductivity the activation energy changes. At low
temperatures it is determined by formula (6), and at
high temperatures by formula (7). Just this behavior is
observed for the studied nanocrystalline indium and
zinc oxides.

EY =
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It should be noted that depending on the position
of donor levels, their concentrations in the considered
temperature range, other characteristic regions can be
observed in the temperature dependence of the con-
ductivity. Thus, for instance, if the £, and E, levels are
located sufficiently far from each other, then there is a
temperature range in which the E| level is completely
ionized and the electron throw from the F, level to the
conduction band is not started yet. In solution (4) this
mode corresponds to the condition 4an, <1, here

x = n;. This means that the electron concentration
does not change with increasing temperature. If we
assume that due to the scattering the mobility
decreases with increasing temperature, then according
to formula (1), in this temperature range the conduc-
tivity also decreases with increasing temperature. As
already noted, in some publications this temperature
dependence of the conductivity in metal oxides is
mentioned [14, 18].

Now we turn to the consideration of the photoelec-
trical properties. Figure 2 depicts the spectral depen-
dences of the photoconductivity of the studied sam-
ples. According to the literature data [27], the band
gap of zinc oxide is near 3.4 eV, and for indium oxide
the band gap is not clearly determined so far, however,
it is known that it exceeds 2.8 eV [28—30]. However, for
both In,0; and ZnO, as follows from Fig. 2, the photo-
conductivity appears at quantum energies smaller than
the band gap. This can give evidence of the presence of
localized states in the band gap, which contribute to the
photoconductivity of the studied oxides.

It is worth noting that not only donor levels deter-
mining the temperature dependence of the conductiv-
ity can be these localized states. The point is that there
can be localized states that do not contribute to equa-
tion of electroneutrality (2) in the considered tem-
perature range (in which the dark conductivity was
studied), and hence, do not affect the temperature
course of the Fermi level. For instance, this can be the
donor level lying much farther from the bottom of the
conduction band than the F, level and is neutral or the
level (including the acceptor one) whose concentra-
tion of states is negligible in comparison with the con-
centrations of states of levels contributing to the con-
ductivity. However, these levels can contribute to the
photoconductivity, and consequently, determine the
spectral dependence of the photoconductivity at
quantum energies smaller than the band gap.

The taking into account of the localized states
makes it possible to elucidate the question about the
mechanisms determining relaxation of the photocon-
ductivity of the studied samples. Figure 3 shows the
photoconductivity decay curves for the indium oxide
and zinc oxide samples after their irradiation with
ultraviolet light. Before the experiment the samples
were light irradiated for 1 h until the attainment of the
stationary state of the photoconductivity. Dashed lines
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Fig. 2. Normalized spectral dependences of the photocon-
ductivity of nanocrystalline indium oxide (/) and zinc
oxide (2) films.

in Fig. 3 correspond to the dark conductivity of the
samples.

Relaxation of the photoconductivity of both sam-
ples can be approximated by the following formula:

o(t) = A, exp (—Lj + A, exp (—L),

T T

)

where 4, and A4, are the pre-exponential factors, T, and
T, are the effective relaxation times of the photocon-
ductivity. The T, and T, relaxation times (17400 and
900 s for In,O5 and 1900 and 150 s for ZnO respec-
tively) characterizing the slow and fast processes, are

—1
Gpha Q

%

50
-5 -0
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larger for indium oxide than for a zinc oxide by an
almost order of magnitude.

The observed slow relaxation of the photoconduc-
tivity can be explained if we assume that the charge
carrier recombination proceeds through two localized
levels in the band gap. If the electron exchange
between the levels is neglected, then one exponent in
formula (8) describes the recombination through a
more shallow level and another through a deeper level.
It is difficult to say what levels work as the recombina-
tion centers in studied In,O; and ZnO. However, it is
possible to suppose that these levels are sufficiently
shallow because the shallow levels work more as traps
rather than the recombination centers.

If the photoconductivity decay times T, and T, are
considered to be independent of the concentration of
non-equilibrium charge carriers, then these times
coincide with the stationary lifetimes in the recombi-
nation through the corresponding level. In this case,
the T, and T, values are determined by the Shockley—
Read—Hall formula [31]. According to this formula,
the recombination proceeds faster through the level
lying closer to the middle of the band gap. It is possible
to assume that in ZnO the levels through which the
recombination proceeds lie closer to the middle of the
band gap than those in In,0;, therefore in ZnO the
photoconductivity decay is faster.

CONCLUSIONS

In the work the electrical and photoelectrical prop-
erties of nanocrystalline zinc and indium oxides with
nanocrystal sizes of 50—80 nm were studied. It is
found that the temperature dependences of nanocrys-
talline In,0; and ZnO in the temperature range from
270 to 470 K consist of two activation regions with dif-
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Fig. 3. Relaxation of the photoconductivity of nanocrystalline In,O3 (a) and ZnO (b) films. The line shows the approximations
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of decays by a sum of exponents. The dashed line shows the dark conductivity of the samples.
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ferent activation energies. The obtained temperature
dependences of the conductivity can be explained by
the presence of two effective donor levels. In the tem-
perature range below 370 K the activation energy is
lower than that at higher temperatures. The lower acti-
vation energy describes the ionization of the shallow
donor level whereas the higher activation energy is
related to a deeper level ionization. It is shown that
temperature dependence may include non-activation
regions in dependence on the energy positions of elec-
tronic levels and their concentration. The consider-
ation has a general character therefore the proposed
model can also be used to explain other temperature
dependences of the conductivity of nanocrystalline
metal oxides, which are available in the literature.

From the analysis of the spectral dependences of
the photoconductivity of nanocrystalline In,O; and
ZnQ it is possible to conclude that apart from two local-
ized levels determining the temperature dependence of
the conductivity, other localized states are also present
in the band gap. The latter provide the photoconductiv-
ity of nanocrystalline In,O; and ZnO in the quantum
energy range smaller than the band gap.

Relaxation of the photoconductivity in the studied
samples can be described by a sum of two exponents.
The approximation makes it possible to distinguish the
slow and fast parts of the decay. It is possible to assume
that the charge carrier recombination proceeds
through two localized levels in the band gap. The slow
part of the decay can be determined by the recombina-
tion through a shallow localized level and the fast part
of the decay is associated with the recombination
through a deep localized level.
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