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Gas—sensing properties of In,0;—Ga,0; alloy films
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The effect of the gaseous medium composition on the electrically conductive properties of In;O3;—GaO3
films obtained by halide vapor phase epitaxy has been studied. In the temperature range of 100—550°C, the
In,03—Ga,0; films exhibit high sensitivity to H,, NH3 and possess hyphen performance and low base resistance.
A qualitative mechanism for the sensitivity of In,O3—Ga, O3 films to gases is proposed.
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Films of semiconductor metal oxides are widely used in
gas sensors [1,2]. Conventionally, both n-type oxides (SnO,,
ZnO, TiO,, a-Fe,03, WO3) and p-type oxides (CuO, NiO,
Cry03, C0304) are used. Earlier we have reported on gas
sensors based on Ga,Oj; [3,4]. Indium oxide In,Oj; is also
a promising material for gas sensors highly sensitive to low
concentrations of CO, O3, NOy [5,6].

One of the ways of improving the sensitivity and se-
lectivity of semiconductor gas sensors is to use mixtures
and alloys of various oxides. The possibility of varying
electrophysical properties of a semiconductor by varying
its composition offers opportunities for developing new
functional materials for sensory systems [7]. Alloys of
In,O3—Ga,03 are of interest in view of their application in
gas sensors because it is possible to control their band gap
width, as well as chemical and electrophysical properties, by
varying their component composition.

Paper [8] has shown that, other things being equal,
In;O3—Gay0;3 nanowires exhibit higher responses to
C,H50H and NO, than pure InO3; nanowires. Work [9]
was devoted to studying hyphen properties of oxide com-
posites In;O3—GayO3 with the gallium oxide content of
1—8 wt.%. Sensors based on In,O3—Gay03 (1 wt.% Ga,03)
exhibited a higher response than sensors based on pure
In;Os.  Authors of [10] have studied hyphen properties
of thin Gay,03—In,0O3 films obtained by magnetron sput-
tering of a target made of eutectic Ga—In alloy (76%
Ga—24% In). As compared with the Ga,Oj3-based films,
the In,O3—Gay;0O3 ones exhibited similar characteristics
under the action of C;HsOH, C3HgO and NHj, but their
operating temperature T was lower. It was also reported
that sensors based on the 50% In,O3;—50% Ga,0O;3 films
are highly selective to NH; [11]. Gas sensors based
on In;O3—Gay0; films (96:4wt.%) on hyphen substrates
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demonstrated a high sensitivity to C3Hg—C4H;9 and C4Hjg
at T =250°C [12].

This paper is devoted to investigation of sensitivity of the
In,03—Ga,0; films electrical resistance to various gases in
temperature range T = 30—550°C.

The In,O3—Gay0s3 films 0.5um thick were obtained
by halide epitaxy (HVPE) on sapphire substrates [13,14].
Substances InCls;, GaCl and O, were used as precursors.
The film growth temperature was 625°C. Nominal Ga
concentration under the given growth conditions was about
10at.%. The film surface morphology was studied by
scanning electron microscopy (SEM); chemical and phase
compositions were analyzed by hyphen halide spectroscopy
(EDS) and X—ray diffraction (XRD), respectively.

Analysis of XRD patterns of the In,O3—Ga,0; films did
not reveal peaks associable with (InyGa;_x),03. However,
reflexes from (222), (444), (004), (008) and (322) planes
corresponding to cubic C-InpO3 were observed. The
same feature of InyO3—GayO3; was noticed in [15] where
composites with large contents of Ga,O3 were studied.

SEM images have shown that the obtained In,O3—Ga;03
films have a grain structure with developed surface. Grain
diameter Dy is comparable with the film thickness. Indi-
vidial crystallites with triangular and square faceting are well
distinguishable on the film surface; their lateral size is up
to 1 um, while height is comparable with the film thickness.
EDS analysis revealed the presence of In, Ga and O in
concentrations close to the nominal ones. In addition, EDS
spectra demonstrated the presence of Al which is, evidently,
originating from the sapphire substrate.

The experimental results, including the XRD diffraction
pattern and SEM image of the surface, are described in
detail in our earlier paper [13]; this paper also presents the
data analysis.
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On the film surfaces, Pt contacts were formed at 150 um Gas concentration, %
distance from each other. After that, the wafers were

cut into chips of 1.2 x 1.3mm in size. Volt—ampere
(I-V) characteristics and time dependences of the sample
resistance were measured under dark conditions in pure air
or in a gas mixture of a target gas with pure air. The films
sensetivity to Hp, NH3, CO, NO, and CH4 were studied.
The equipment used to study the gas influence. Electrical
conductive properties of the films was described in [3].

The studied structures exhibited purely resistive behav-
ior; I—V characteristics measured in air remained linear
in the voltage range U = 0—5V and temperature range
T =30-550°C. The gas impacts led to variations in I-V
characteristic slopes free of any peculiarities. In pure dry air,
the In,O3—Ga,0; films are characterized by low resistance
Rair. Specific resistance of one of the samples in pure dry
air decreases from 2.80-107° to 1.02-107°Q -cm with
T increasing from 30 to 300°C; after that, it increases up
to 1.31-107° Q- cm with further increase in T to 550°C.
Exposure to reducing gases (Hy, NH;, CO and CHy)
resulted in reversible decrease in resistance R of the
In,03—Ga, 03 films. Vice versa, the action of oxidizing gas
(NO;) caused reversible increase in resistance R. As the
measure of response, we used the (AR/Ry)-100% ratio,
where AR = |Rair — Rg|, Ry is the film resistance in the
mixture of the target gas with pure air. Values of Ryj; and
Ry were derived from hyphen sections of time dependences
of film resistances in pure dry air and gas the mixture of the
target gas with pure air. Responses of the structures were
measured at U =2V.

When T increases, the response first increases up to its
maximum at Ty, and then decreases (Fig. 1). The Tpax
values under the influence of Hy, NH3; and CO were 400°C;
those upon exposure to CH4 and NO, were 450 and 250°C,
respectively. The highest responses were observed for Hy,
NH; and CO; therefore, further investigation of hyphen
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Figure 1. Temperature dependences of the InO3;—Ga,03 film
responses to different concentrations of H,, NH3;, CO, NO, and
CHas.
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Figure 2. Dependences of the In,O3—Ga,Os film responses at
T = 400°C on the H,, NH3 and CO concentrations.

properties of the InyO3—Ga,03 films was performed under
the action of just those gases. The gas concentration
dependences of the responses are describable by power
functions and become linear when plotted in log-log scales
(Fig. 2). Exponents for Hy, NH; and CO at T =400°C
are 0.72 £ 0.03, 0.38 £+ 0.02 and 0.21 4 0.01, respectively.
Fig. 3 presents time dependences of the In,O3—Ga, O3 film
resistance at T =400°C for the case of cyclic six-time
exposure to Hy, NH3 and CO. The Rqjr and Ry deviations
from mean values did not exceed 1.5, 0.2 and 6% under
the action of Hy, NH3; and CO, respectively. In hyphen
testing at the same T and gas concentrations, when the
samples were stored in airtight packing and measurements
were performed during two weeks with intervals of 1-2
days, there was observed an increase in responses by 1.7,
1.5 and 1.35 times upon exposure to H,, NH; and CO,
respectively; the main reason for this was a decrease in
Ry. The most significant increase in Ry and response took
place during the first five days of testing. The response
time t;os Was measured as a time interval between the onset
of the respective gas mixture impact upon the film and the
moment of resistance drop to 1.1Ry. Recovery time t;ec was
measured as a time interval between the moment of starting
purging the test chamber with pure air and moment of the
resistance growth up to 0.9R,;;. The table presents the t;es
and trec values at T = 400°C and fixed gas concentrations.
Being exposed to NH3 and CO, the films are characterized
by short response times t;es and long recovery times tyec.
The highest performance speed was observed with exposure
to Hy. It is worth noting that t;es and t;ec include the time
necessary to achieve the stationary state of the test chamber
atmosphere.

The drop and rise sections of the time dependences of
resistance (Fig. 3) may be approximated by two power
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Figure 3. Time dependences of the In,O3;—Ga,0O3 film resis-
tances under six-time exposure of H,, NH; and CO. T = 400°C.

Response and recovery times the In,O3;—Ga,O; films upon
exposure to H,, NH3 and CO (T = 400°C)

Gas
Time
H, (0.4%) NH; (0.2%) CO (0.2%)
tres, S 21 15.5 17
trec, S 58.8 90.0 90

functions with different time constants. The biexponen-
tial character of the time dependences of film resistance
evidences for the existence of two processes occurring
during the gas molecule adsorption on the Iny,O3—Ga,03
surface. The first (fast) process is induced by chemisorption
of gas molecules on the semiconductor surface, while
the second one is, as per [7], caused by interaction
between gas molecules and crystal lattice oxygen (Of,;)
in the semiconductor near—surface near-surface region.
When electron concentration in the In,O3;—Ga,O;3 films is
~ 108 c¢m~2 [16], the Debye length is significantly lower
than Dy, which is characteristic of the hyphen conductivity
mechanism. On the semiconductor grain boundaries there
is a potential barrier eps for electrons, where e is the
electron charge, @s is the surface potential. In air, oxygen
gets chemisorbed on the surface of n-type semiconductors
(to which InyO3—Ga03 belongs) with capturing electrons
from the conduction band and forming near-surface region
an hyphen region near the surface. Emergence of nega-

tively charged oxygen ions on the In,O3;—Ga,03 surface
causes upward band bending with eps oc N? [17,18]. At
T > 150°C, the atomic form of chemisorbed oxygen O(c)
prevails on the In,O; surface [19]. It is reasonable to
assume that this is valid also for the In,O3;—GayO3 films.
The film resistance is R = Ry exp[eps/(KT)] [17,18], where
Ro is the parameter defined by geometrical sizes of the
semiconductor film and grains, as well as by the film
electrophysical properties slightly depending on the surface
electrical state; K is the Boltzmann constant. The oxygen
chemisorption leads to an increase in eps and R. The
presence of the potential barrier on the grain boundaries
should manifest istelf as a nonlinearity of [-V characteristic
which is indeed observed at U > 5V. It is noticed [20,21]
that at U = 0—5 V I-V characteristics of low—resistance
ITO (indium tin oxide) films and hyphen SnO; films are
nonlinear and symmetric in case of the hyphen conductivity
mechanism. We assume that the following reactions occur
on the In,O3—Ga,03 surface under the action of reducing
gases [17,18]:

H2 + O<7c) — H20+ e,

2NH; + 30(;) — N + 3H,0 + 3e,
CO + O<_c) — CO; +e.

As a result of these reactions, N;, eps and R increase,
electrons enter the In,O;—Ga;03; film conduction band,
and reaction products desorb from the surface as HO, N,
and add space. For example, let us consider an interaction
between Hj and OF;:

H, < 2H,

H+S,— H" +5,
H" + Oy — OH + V{,

where S, is the free adsorption center whose role may
be played by hyphen metal atoms, S; is the adsorption
center with an electron localized in it, V is the oxygen
vacancy. Reaction with O, results in formation of a neutral
OH-group that desorbs from the film surface, and in an
increase in concentration of Vj which, while diffusing into
the semiconductor bulk, act as electron donors and cause a
decrease in R. It is worth noting that processes associated
with interaction between gas molecules and Oy}, followed
by diffusion of V may cause significant variations in the
film R and response in hyphen testing [22].

Earlier we have studied the gas sensitivity of 0.5 um thick
£(x)-Gay03 films obtained by the HVPE method [3]. As
compared with those films, In,O3—Ga,O; is characterized
by higher responses to Hy, NH3 and CO which are detected
in a wider temperature range (beginning from 100°C).
In addition, in contrast to other resistive sensors based
on hyphen semiconductors, In,O3—Ga,03 films possess
low base resistance Rgjr, which is attractive in view of
developing hyphen and reliable systems for acquiring and
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processing data from sensors fabricated based on this mate-
rial. The high base resistance of the hyphen sensors is often
associated with their high gas sensitivity. This prohibits
integration of hyphen sensors with microcontrollers and
other hyphen components fabricated using conventional
microelectronic CMOS and MEMS techniques, mainly
because of difficulties in measuring low currents and/or
ensuring accuracy of these measurements [23-25].

The study has established high sensitivity of electrical
resistance of HVPE In,03—Ga,0; films to Hp, NH; and
CO gasses in a wide temperature range of 100 to 550°C.
The maximal response to these gases is observed at 400°C.
Among all the gases tested in this study, the films show
the highest performance speeds when exposed to Hj;
Resistances of the In,O3—GayO5 films in air and under
the action of gases are characterized by a low drift in
case of multiple exposure to gases. A mechanism for the
film gas sensitivity has been suggested. The H,, NHj3
and CO molecules are assumed to interact not only with
hyphen oxygen but also with the hyphen oxygen on the
semiconductor surface.
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