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Abstract

We have prepared thin indium oxide films by the autowave oxidation reaction. Measurements of
temperature dependence of resistivity, Hall carrier concentration and Hall mobility have been
conducted in the temperature range 5-272 K. Before ultraviolet (UV) irradiation, the indium
oxide film had a semiconductor-like temperature dependence of resistivity p and the ratio of p
(5 K)/p(272 K) was very limited (~1.2). It was found that after UV irradiation of the In,O; film,
the metal-semiconductor transition (MST) was observed at ~100 K. To show that this MST is
reversible and repeatable, two full cycles of ‘absence of MST—presence of MST’ have been done
using UV irradiation (photoreduction) as the induced mechanism and exposure to an oxygen
environment as the reversible mechanism, respectively. MST in transparent conducting oxide
(TCO) is possibly associated with the undoped structure of metal oxide, which has some disorder
of oxygen vacancies. It was suggested that reversible UV induced metal-semiconductor
transition would occur in other TCOs.

Keywords: indium oxide thin films, autowave oxidation, metal-semiconductor transition, UV
irradiation, photoreduction

(Some figures may appear in colour only in the online journal)

Transparent conducting oxide (TCO) layers are character-
istically described as thin films that exhibit high visible
wavelength transparency and electrical conductivity, simul-
taneously [1]. Two important widely used TCO materials are
In;O3, and Sn doped In,O3 (commonly referred to as ITO)
[2—4]. In,O5 thin films have been used in gas sensors, trans-
parent thin-film transistors, flat panel displays, electrochromic
devices and solar cells [3, 5-10]. The physical-chemical
properties of indium oxide thin films strongly depend on the
preparation method [3, 11-17]. Currently, inexpensive

0268-1242/14/082001+06$33.00

methods that allow synthesizing the In,Oj3 films at low tem-
peratures are being developed [8, 11, 13, 18, 19]. Among
these methods, a process of metal oxide film deposition using
a combustion mode has been proposed for temperatures
below 200°C [11]. Recently, we investigated In,Oj thin
films, which were produced by autowave oxidation with a
low initiation temperature (180 °C) [20]. Autowave oxidation
is a promising method for obtaining the indium oxide thin
film because it is inexpensive, simple and has a relatively low
temperature of synthesis. The autowave oxidation nature in

© 2014 I0P Publishing Ltd  Printed in the UK
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the thin films was similar to the self-propagating high-tem-
perature synthesis (SHS) method for powders, which is now
widely used for the production of new materials [21]. SHS
products are high-quality compounds and are believed to
contain fewer impurities than the original mixtures [21]. SHS
can be performed in a wide range of materials including fine
powders, liquids, gases and thin TCO films [11, 22, 23].

It has recently become known that some TCO thin films
can have interesting physical phenomena such as metal-se-
miconductors (MSTs) or sometimes noted as metal-insulator
transitions (MITs) in publications [24-33]. MSTs or MITs in
metal oxide and other semiconductors are objects of scientific
interest [28, 34]. These transitions occur at a wide temperature
range [28] and are observed in doped TCO thin films [24-33].
However, recent reports have been presented that show such
transitions can occur in undoped TCO, such as In O3 [35] and
ZnO [36-38] at low temperatures. It should be noted that
undoped TCO films, which have MST, were prepared at
certain substrate temperatures. At other substrate tempera-
tures, MST has not been observed [35, 37] at low tempera-
tures. Furthermore, MST can be induced in ZnO by the
introduction of H, in a vacuum chamber at sputtering thin
films [39]. MST can be explained using a model proposed for
conduction in disordered matter [40]. In fact, thin epitaxial
In,O3 films, which had a part of a disordered phase, have
shown MST [35]. Moreover, oxygen vacancies do play a
major role on the electrical properties in TCO. Thus, under-
standing the oxygen vacancies influences in MST or MIT is
the actual problem.

Oxygen vacancy concentration in TCO can be increased
or reduced by ultraviolet (UV) irradiation (called photo-
reduction) or exposure to an oxygen environment, respec-
tively [41, 42]. These two manipulation mechanisms in TCO
are opposites of each other. Photoreduction is a very useful
mechanism for gas sensing because the sensor operating
temperature can be decreased. Ultraviolet irradiation has been
shown to affect the resistivity of indium oxide films
[41, 43-46]. As a result of UV irradiation, the indium oxide
films showed a sharp decrease in resistivity. After UV irra-
diation, the resistivity was slowly restored. The quantitative
change in the resistivity of the In,Oj3 films irradiated with UV
light was strongly dependent on the film’s structure and
morphology [43, 45, 46]. This effect could be used to
improve the sensitivity of gas sensors based on indium oxide
thin films [42, 44, 46, 47]. However, we have not found
investigations related to the study of the UV influences on
MST or MST in TCO. Only one mention was found in [48].
In [48] it was shown that after UV irradiation, thin SnO, films
had metal and semiconductor-like type of temperature
dependence of resistivity. But, there are no detailed transport
properties or an accented explanation of the effect.

Here we present a new observed phenomenon, which is
the reversible UV induced metal-semiconductor transition
that occurs at low temperatures in In,Oz thin films. This
phenomenon is implemented using photoreduction as the
induced mechanism and exposure to an oxygen environment
as the reversible mechanism, respectively. The measurements

of temperature dependence of resistivity, Hall carrier con-
centration and Hall mobility are presented.

Indium oxide films were prepared by the autowave oxi-
dation reaction [20]. The initial In + In,O5 films were obtained
by thermal evaporation of pure indium (99.999%) at a pres-
sure of 1.5 Torr. The films were deposited on cover glass and
quartz substrates at room temperature. Prior to deposition, the
substrates were cleaned in an ultrasonic bath with acetone and
then methanol. Autowave oxidation reactions were carried out
by heating the initial In+In,O5; films with a speed of
>1 Ks™', to a temperature of 200 °C at a pressure of 0.5 Torr.
After reaching the initiation temperature, To= 180 °C, the
nucleation of the In,O3 phase began, spreading over the
surface in a self-sustaining manner [20]. It has been shown
that after the autowave oxidation, thin In,O; films had a
homogenous surface with crystallite size of 2040 nm. The
ratio of In/O was also homogenous on the film thickness and
was ~1.12. X-ray diffraction has revealed that the thin film
had only bixbyite crustal structure of In,O3 [20].

The film thickness was measured using a Hitachi S5500
scanning electron microscope in cross-section and was
approximately 300 nm. A Hg discharge lamp was used as the
UV source and a 3.1-5.0eV bandpass filter was applied to
obtain the UV wavelengths from the lamp’s emission spec-
trum. The lamp emission power was about 0.1 W on the film
surface. To estimate the optical band gap of the films a Shi-
madzu UV-3600 spectrophotometer was used.

The transport properties were investigated from 5 to
272 K using a standard four-probe method. Pt contacts on top
of thin In,O; film were used and sputtered using an Emitech
k575x sputter coater. The thickness of the Pt contacts was
approximately 80nm. The temperature dependence mea-
surements of the resistivity, Hall carrier concentration and
Hall mobility of the In,O3 sample were performed using an
original facility based on a helium cryostat, an electromagnet,
and a precise Keithley-2400 current/voltage source meter
[49]. There is a quartz window in this helium cryostat. To
input UV irradiation into this helium cryostat we placed the
Hg discharge lamp in front of the quartz window. The
transport properties were measured in a dc mode at a fixed
value of the current and at a magnetic field of 6kOe. The
electronic properties of thin In,O;3 film was studied for four
cases processing which are quoted in table 1 and named
Stepl, Step2, Step3 and Step4. These four steps correspond to
two full cycles of the ‘absence of MST—presence of MST’
scheme to demonstrate reversibility and repeatability of this
phenomenon.

From the transmittance data, the absorption coefficient
squared (a) was calculated as a function of the photon energy
hv (plotted in figure 1) for the allowed transitions by using the
Tauc model and parabolic bands [50]: (ahy)2=A(hu—Eg),
where A is a proportionality constant and E, is the optical
band gap. The value of the optical band gap was obtained by
extrapolating the tangential line of the data to the abscissa
axis, where (oehu)2 was plotted as a function of hv, shown in
figure 1. The optical band gap for the as-deposited In,O5 thin
film was estimated to be 3.5 eV. This value agrees well with
other experimental values for indium oxide films
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Figure 1. Square of absorption coefficient (ahv)* as a function of
photon energy for an In,O; thin film on a quartz substrate.

Table 1. Sequential processing of thin In,O5 film.

Name processing Processing Processing time (hours)

Stepl As-deposited —
Step2 UV irradiation 3
Step3 Exposing in air 24
Step4 UV irradiation 3

[27, 35, 51, 52]. For the photoreduction effect it is necessary
that energy irradiation must be larger than the optical band
gap [42]. Thus, in our case photoreduction will take place. On
the other hand, we have not observed the change of the value
of the optical band gap after UV irradiation.

Figure 2 shows the dependence of the indium oxide film
resistivity (p) versus temperature in the range 3-272K,
measured in the dark for four processing. The ratio of p(5 K)/
p(272 K) for as-deposited thin In,Os film is very limited (1.2)
as shows in figure 2(a). Indeed, for classical semiconductors
(thermally activated conduction) this value is always higher
than 20. However, similar behavior of thin indium oxide film
resistivity has been observed and reported recently in [35]. In
addition, similar behaviors of resistivity were observed for
other metal oxides [28, 38]. After UV irradiation as shown in
figure 2(b), MST is observed. The ratios of p(5 K)sepi/p
5 Ksiepz and  p(272 K)giep1/p(272 K)giep2  are 2.725 and
2.015, respectively. To test reversibility and reproducibility of
this phenomenon we conducted appropriate processing Step3
and Step4 (figures 2(c)—(d)). It is clearly seen from figure 2
that observed MST in thin In,O5 films can be induced and
suppressed by UV irradiation and exposing in air, respec-
tively. In addition, the ratios of p(5 K)seps/p(5 K)sieps and p
(272 K)sep3/p(272 K)sieps are 2.849 and 2.112 which are
close to the values for Stepl and Step2. The transition tem-
peratures Tyst (figures 2(b) and (d)) are 105K and 97 K.
These values of Tyst are close to the transition temperature
for thin undoped indium oxide films (Tys7=118 K [35]).
Moreover, Tyyst of Sn doped In,O3 were 94K [31], 87K
[26], approximately 100 K and 80K [25]. For Nb doped
In,O5 Tyst was ~100 K [53]. From these data, we suggest
that a feature of the undoped structure of indium oxide should
be mainly responsible for MST. This feature of the structure
should consist in the location and concentration of oxygen

vacancies in indium oxide. To date, there are publications for
TCO based on ZnO, where MST has been observed. To
extend our hypothesis we have collected data on Tyst from
these publications. Tyst for undoped ZnO were ~160 K [37],
~150K [36] and ~195 K [36]. TisT for H doped ZnO were
165 K and 210 K [39]. In addition, TMS has been reported in
Ga doped ZnO at 160 K [33], 170K [54], 141 K [24]. Al and
Er doped ZnO had TMS at 150K [55] and 190K [56],
respectively. The degree of disorder leads to a shift of the
transition temperature in undoped thin ZnO films [36]. Thus,
MST in TCO should be linked mainly with the undoped
structure of metal oxide, which has a specific structural dis-
order of oxygen vacancies.

The temperature dependent resistivity of TCO is often
explained by Mott’s variable-range hopping [35, 39]. The
critical carrier concentration for the onset of metallic resis-
tivity as given by the Mott criterion is estimated to be
7.2% 10" cm™ for In,O5 [57]. From figure 3(a) it can be seen
that the carrier concentrations (n) are above the Mott con-
centration. A model proposed for conduction in disordered
matter [40] can be used when the required condition Fermi

wavelength 4, = (#) is comparable to the electronic
37°n

mean free path A :( "21 ) For Step2 and Step4, we
pnedp

obtained Ag (8.65 nm, 6.615 nm)>A (0.943 nm, 0.582 nm) at
transition temperatures of 105 K and 97 K, hence, quantum
corrections (QCs) could be taken into account to interpret the
transport mechanisms as given by the following equation
[40]:

1

= + sz, 1
P o, + aT™ + mT'"? 1

where oy is related to residual conductivity. These QCs cor-
responding to weak localization (2nd term in denominator)
and Coulomb interaction (the 3rd term in denominator) have
been applied in the present work to analyze the resistivity of
In,O5 film. The corrections are valid provided that their
contributions are much smaller than the Boltzmann con-
ductivity. In the present case, this condition is satisfied. The
corresponding values of the fitting parameters are given in
table 2.

The best fit (solid lines) was obtained for p=3 which
means that electron-phonon scattering plays a dominating role
in the carrier transport mechanism. The values of a were
much smaller compared to m, which established that the
contribution of QC to conductivity comes largely from the
Coulomb electron interaction [40].

The dependence of the Hall carrier concentration and the
Hall mobility (1) of indium oxide film versus temperature are
presented in figure 3. As-deposited, indium oxide film had
p=0.0561 Qcm, n=5.7-10"cm™ and p=1.94cm? Vs~ at
room temperature.

The carrier concentration measured for Stepl increas-
ingly depends on temperature as compared with Step2.
Nevertheless, the absolute value of the concentration for
Stepl is higher than for Step2. On the other hand, the
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Figure 2. Resistivity as a function of temperature for an In,O5 film, measured in the dark for four processing: (a) Stepl, (b) Step2, (c) Step3
and (d) Step4. The open squares are experimental data and the red solid line in (a)—(b) is a fit using equation (1).
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Figure 3. Hall carrier concentration (a) and Hall mobility (b) as a
function of temperature for an In,O5 film, measured in the dark for
four processing. The closed rhombs, triangles, circles and squares
are experimental data (the solid lines are an eye guideline).

corresponding carrier mobility for Stepl relatively weakly
depends on the temperature as compared with Step2. More-
over, the Step2 mobility value is greater than the mobility
value of Stepl. A similar situation occurs for Step3 and
Step4. The carrier concentration and mobility of Step2 and
Step4 could not clearly show MST at ~100 K’.

We assume that MST in TCO is possibly associated with
the undoped structure of metal oxide, which has some dis-
order of oxygen vacancies. However, experimental con-
firmations are necessary for our hypothesis. It is possible that
UV irradiation changes the degree of disorder through a
photoreduction effect that leads to MST at low temperatures.
However, exposure in air leads to the return to the initial the
degree of disorder in In,O; films. We also believe that a
reversible UV induced metal-semiconductor transition would
occur in other TCO which have semiconductor-like type of
resistivity and the limited ratio of p(~5)/p(~272 K) (~1). The
existences of MSTs in unirradiated In,O; films at high tem-
peratures and UV influence on optical properties are the
subject of future study.

In conclusion, we have prepared thin indium oxide films
by the autowave oxidation reaction. The measurements of
temperature dependence of resistivity, Hall carrier con-
centration and Hall mobility have been conducted in the
temperature range 5—272 K. It was found that after UV irra-
diation of the In,O5 film, MST was observed at ~100 K. We
have shown that this phenomenon is reversible by exposure in
air and is repeatable. MST in TCO is possibly associated with
the undoped structure of metal oxide, which has some
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Table 2. Values of the fitting parameters of equation (1) for thin In,O3 film at Steps1-4.

Name of Step 6o (@ 'em™) m@'cm'KV?) a@'cm™ K™ b@cmK?)
Stepl 14.43 0.3465 —0.001545 -2.572% 1077
Step2 39.45 0.6352 —0.005856 -1.88x1077

Step3 14.72 0.3657 -0.001323 -1.657x107"
Step4 42.8 0.4778 —0.004805 -1.255%x 1077

disorder of oxygen vacancies. It was suggested that a rever-

sible UV

induced metal-semiconductor transition would

occur in other TCO.
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