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The effect of H,, NH3, CO and O, on the electrically conductive properties of In,Oj3 films grown by halide vapor
phase epitaxy has been studied. In the temperature range of 200—550°C, In,O3 films demonstrate gas sensitivity
to all considered gases, a relatively high operation speed and repeatability of cycles. The greatest response to NH;

was obtained, which exceeded 33 arb.units at a temperature of 400°C and a gas concentration of 1000 ppm
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A qualitative mechanism of gas sensitivity of In,Os films is proposed. The obtained gas-sensitive characteristics are
compared with known In,O3 sensors based on various materials. It is shown that the method of halide vapor phase
epitaxy makes it possible to obtain indium oxide films with high gas sensitivity.
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1. Introduction

Indium oxide — n-type metal oxide semiconductor, which
due to optical transparency in the visible area of the
spectrum (band gap Eq = 3.5-3.7¢V [1-5]), low effective
mass of electrons (m, = 0.16—0.25m [3,6,7]), high catalytic
activity and conductivity, caused by the presence of doubly
ionized oxygen vacancies, is widely used and can be used
in gas sensors, solar cells, touch and liquid crystal displays,
thin film transistors, optoelectronic and photovoltaic devices,
contacts and Schottky diodes [1-5,8-18]. Such extensive
and diverse fields of application are more often attributed to
In,05:Sn [1,3,5,8], while the properties of undoped In,O3
are most actively studied for gas sensors [1,2,11-18]. In,O3
has polymorphism and three main polymorphous modi-
fications are distinguished: body-centered cubic c-In,Os;
rhombohedral r h-In,O3 and orthorhombic 0-In, 3. ¢-In, O3
is the only thermostable polymorph that attracts the most
research interest [1,3,5,8,9,11-16,19-21].

Table 1 lists the gas sensitive properties of structures
based on In,Os3, which demonstrate a high response (S)
to various gases at relatively low temperatures (T) and gas
concentrations (Ng). It follows from the presented data that
In,O3 is attractive as gas sensors for NO,, O3, ethanol,
NH;3 and acetone. Structures based on In,O3; demonstrate
high sensitivity to NO, and O3 at ng < 1 ppm~! [10,12,14].
Exposure to ethanol and acetone does not always lead to
high values S but studies of sensitivity to these gases are
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more often found in the literature [2,13,15,16]. The sen-
sors NH3 based on hierarchical structures In, O3 should be
specially mentioned, since the gas sensitive characteristics of
rh-In,O3 are superior to WOj3, which is the most common
material for detecting NH3 [11].

A detailed study of the gas sensitive properties of InyO3
is limited due to the lack of high-quality crystals of this
material. There is information in the literature [3,4,17-19]
on the following methods for growing In, O3 films: atomic
layer deposition (ALD), pulsed laser deposition (PLD),
molecular beam epitaxy (MBE), metal-organic chemical
vapor deposition (MOCVD), RF magnetron sputtering
(RFMS), electron beam evaporation (EBE), mist-chemical
vapor deposition (mist-CVD), low pressure chemical vapor
deposition (LPCVD). The method of hydride vapor phase
epitaxy (HVPE) is quite new to obtain In,O;. By now,
there is no much information [17-21] on the growth of
In, O3 films by the HVPE method, and there is no detailed
information on the properties of the obtained crystals. It is
known that HVPE is an inexpensive method that allows to
achieve very high growth rates, and in some cases it allows
to obtain a developed surface, which is especially important
in the case of gas sensors [22]. In addition, there are a large
number of papers on the production of films of metal oxide
semiconductors (MOS) [3,19-28] of high structural quality
by the HVPE method.

This paper is devoted to the study of the gas sensitive
properties of c-In,O3 films obtained by the HVPE method.
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Table 1. Gas sensitive properties of structures based on In,O3
Material Acquiring method T, °C Gas/ng S, arb. units Source
Films ¢-In;O; Sol-gel 300 NO,/100 ppm ™! 313 1]
370 H,/3000 ppm ! 25
Thin films ¢-In, O3 Spray pyrolysis [10]
270 03/1 ppm ™! 2000
Nanowires c-In,O3 Chemical vapor deposition 300 Ethanol/80 ppm ™! 1.46 2]
Hierarchical structures c-In,O3 Powder annealing InOOH 300 NH;/5ppm ™! 17 [11]
350 CO/1000 ppm ™! 1.14
Films c-In,03 Sol-gel [12]
250 NO,/900 ppb~! 1.7
Nanostructures ¢c-In, O3 Hydrothermal 90 03/100 ppb~! 7.5 [14]
Films c-In,03 Sol-gel 400 Ethanol/5 ppm ™" 4 [15]
Microcolours ¢-In,O3 Hydrothermal 220 Acetone/50 ppm ! 4.1 [16]
Hierarchical structures r h-In,O; Powder annealing InOOH 300 NH;/5 ppm ™! 19 [11]
350 CO/1000 ppm ~! 1.17
Films r h-In,O3 Sol-gel [12]
250 NO,/900 ppb ™" 15
Nanocolours r h-In, O3 Powder Annealing InOOH 280 Ethanol/50 ppm ! 22 [13]
Nanostructures r h-In,O3 12
Hydrothermal 90 03/100 ppb~* [14]
Nanostructures € + rh-In, O3 5.5
Nanowires € + r h-In,O3 Sol-gel 300 Ethanol/5 ppm ™! 40 [15]
Microcolours € + r h-In,O; Hydrothermal 250 Acetone/50 ppm ™! 12 [16]

2. Experiment procedure

Films In,O3 0.5um thick were grown by the HVPE
method using gaseous indium chloride and oxygen as
precursors. Growth took place on sapphire substrates with
basic orientation (0001) 430 um thick at T = 600°C. Special
doping of the films was not carried out. Plane-parallel
contacts were formed on the surface of the films through
a mask by magnetron sputtering of a Pt target with an
interelectrode distance of 150 um.

The phase composition of the samples was studied by
X-ray diffraction analysis (XRD), using a diffractometer
with an CuK,-radiation source (2 = 1.5406 A) in the 6—20
scanning mode.  The microrelief of the film surface
was studied by field effect scanning electron microscopy
(FESEM) using an Apreo 2 setup at an accelerating voltage
of 2kV.

Before measuring the gas sensitive characteristics of
the films, they were preheated to T = 550°C in a clean
dry air flow to stabilize the properties of the contacts
and regenerate the surface. The gas sensitivity studies
were carried out using a Nextron microprobe setup and
a Keithley 2636A source-meter. The measurement process
was automated using programs developed in the Lab View
environment. The measurements were carried out in dark
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conditions, in a flow of clean dry air or in a gas mixture of
clean dry air+target gas. Hy, NH3, CO and O, were chosen
as target gases. To exclude the influence of sample history
on the results of the experiment, each sample was exposed
to only one gas. The flow rate of gas mixtures through the
measuring chamber was maintained at a constant level and
amounted to 1000 cm?/min. In the study of the sensitivity
of films to oxygen, an N; + O, mixture was used, and the
gas mixture flow rate was 500 cm3/min. The flow of the
target gas in the mixture with air was set with an accuracy
of £0.5% using a gas mixture generator Microgas F-06. Gas
sensitive characteristics were measured in a wide range T
from 30 to 550°C at a constant bias U = 2'V.

3. Results and discussion

3.1. Structural properties of films In,0;

Analysis of the XRD spectrum of the films In;O3
(Fig. 1,a) on a logarithmic scale showed the presence of
peaks at 20 = 30.6 and 35.5°, corresponding to reflections
from the (222) and (004) planes c-In,Os. In addition, the
X-ray diffraction pattern contains high-intensity reflections
from the sapphire substrate, corresponding to the (0001)
plane family. The FESEM image (Fig. 1,b) shows that
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Figure 1. XRD spectrum (a) and FESEM (b) of In,0s3 films on
a sapphire substrate.

the In,O3 films have a granular structure with a faceting
close to a square shape and a characteristic grain size
Dy = 100—200 nm.

3.2. Gas-sensing properties of films In,0;

The impact of the target gases led to a reversible change
in the resistance (R), for the reducing gases H,, NH;
and CO the values R decreased, and for O, — increased.
In this case, the following ratios were chosen to determine
the response values S

Sr.g. = Rair/Rg, (1>

Sog. = Ro/Rn, (2)

where S, — response to reducing gases; So — response
to O2; Rair, Rrg, Ro and Ry — quasi-stationary values of
sample resistances in clean dry air, on exposure to reducing
gases, on exposure to O, and in the atmosphere Ny,
respectively. To evaluate the performance of In,O; films,

an analysis of the time dependences of R was carried out
and the values of the time constant (ts) and recovery time
(trec) were determined. As t.s on exposure to Hp, NHj
and CO, we took the time interval between the beginning
of the action of the corresponding gas mixture on the
film and the moment when its resistance is set at the
1.1R;g level, and on exposure to O — the time interval
between the start of the action of the N, + O, mixture
on the film and the establishment of its resistance at the
level 0.9Rp. As tre, on exposure toH,, NHs; and CO,
the time interval between the start of blowing through the
chamber with clean air samples and the establishment of
their resistance at the level of 0.9R,, was chosen, and on
exposure to O, — the time interval between blowing Nj
through the chamber and setting the resistance of the films
In, O3 at level 1.1Ry.

The temperature dependences of the response (Fig. 2, a)
show that the In,Os; films begin to feel CO only at
T >200°C, for other gases this temperature is higher
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Figure 2. Temperature (a) and concentration (b) dependences
of the film response In,O3 on exposure to target gases and NHs,
respectively.
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Table 2. Values obtained from the analysis of the concentration
dependences of the response of In,Os films exposed to CO, H,
and O,

Gas CcO Hz 02
Tonax, °C 300 450 550
Ng, ppm~" 600 | 10* | 580 | 10* | 4-10* | 10°
S, arb. units 1.7 33 4.1 9.5 13 42

by 50°C. The S(T) curves clearly show the values of
the maximum response temperature (Tmay), before which
the Svalues increase, and after — they decrease. Since
the presence of NHj3; in the gas mixture led to the
greatest response, the effect of NH; on InyOs; films will be
considered in more detail. The concentration dependences
of the response of In,O3 films were measured at the already
known values Tp.x. These dependences turned out to be
linear on exposure to NH3 (Fig. 2,b), and for other gases
(see Table 2), the values of Sgrow up with an increase
in Ny according to a exponential law. The gas sensitivity of
the films In, O3 to NHj3 increases with measurements, under
the same conditions the value S at first did not exceed 14
(Fig. 2,a), and at the end of the measurements was 33.3
(Fig. 2,b). The resistance values in the absence of target
gases in the air atmosphere at T,.x were in the interval
R=0.1-2.5GOm.

Figure 3 shows the temperature dependences of tres
and t.. of In,Osz films on exposure to CO, H,, NHj3
and O,. The obtained values of t.s and t.. can only
serve to evaluate the performance of In,Oz films under
the indicated experimental conditions and include the time
required to establish a steady state of the atmosphere in the
measuring chamber. The sum of t,s and t.. on exposure to
target gases in the entire T range increases in the following
order: O, — NH; — CO — H;, the smaller ts + trec, the
higher the performance. With an increase in T, there was a
characteristic decrease in the values of t,es and t.. according
to an exponential law. The exception is Hp, when it is
exposed to the areaT = 250—350°C, there is an increase in
the values of ts and te.. At Thax, the sum of ts and t.
of the films In,O3 on exposure to CO,H,, NH3 and O, was
69.5, 68.1, 129.1, and 182s, respectively.

Figure 4,a shows the time dependences of the film
resistance In,O3 under cyclic exposure to target gases. The
sections of the resistance decrease on exposure to NHj,
H,, CO and the increase in the resistance of the films
In,O3 after exposure to these gases are approximated by
the following formulas, respectively:

R(t) = Rg + Aexp(—t/7), (3)
R(t) = Ryir — Brexp(—t/m) — By exp(—t/13)
— Bsyexp(—t/m), (4)

where t — time, A, By, B, and By — constants; 71, 7, 73
and 7, — time constant. The time constant constant 7;
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is related to the relaxation time of the adsorption of
the corresponding gas molecules on the surface of the
semiconductor, and 7, 73 and 74 — to the relaxation times
of the desorption of these gas molecules on the surface
of the semiconductor. For the samples under study on
exposure to NH3, CO and H; the following conditions are
fulfilled: 73 = 4 K m» and ©» = 13 <K 14, respectively. The
sections of the resistance increase on exposure to O, and
the resistance decrease of films In,O; after its exposure are
approximated by the following formulas, respectively:

R(t) = Ro — Cexp(—t/rs), (5)

R(t) =Ry+D exp(—t/r6), (6)

where C and D — constants; 75 and 7z — time constant.
The time dependences of the resistance of the In,O3 films
can be used to determine the response drift AS. Quantitative
assessment of AS values was carried out using the following
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Figure 3. Temperature dependences of the response (a) and
recovery (b) times of In,Os films on exposure to target gases.
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expression:

AS=[(S/Sw — 1) - 100], (7)

where S| — response values at i-th exposure to gas; S,y —
average response value. There were relatively high values
of AS on exposure to CO, NH; and O,, which did not
exceed 12%. The greatest drift was during the first exposure
to target gases, which is typical for such measurements,
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Figure 4. Time dependences of resistance under fivefold exposure
to target gases (a) and dependence of Ry, Rnu, and Son i (b)
for films In,O3 at T = 400°C.

= T T T T T T T T T T
o : 23‘7 N, +40% O ]
+
0.11F P e .
0.06 - .
0.00 .
L | L | L | L | L |
0.02 | ™ Clean air 4
| O Clean air +1000 ppm NHj; _
0.01F .
0.01 .
<3_ 0 _: L 1 L 1 L 1 L 1 L | __
~ 0.22 | = Clean air .
+ O Clean air +2000 ppm Hj, .
0.15 .
0.08 .
0 .
L 1 . 1 . 1 . 1 . L]
0.08 - m Clean air .
r O Clean air +1000 ppm CO 1
0.05 4
0.03 .
0g 4
! | ! | ! | ! | ! |
0 2 4 6 8 10
U, v

Figure 5. CVC on exposure to target gases on films InyO3 at Tnax.

and an increase in the serial number i corresponds to a
non-linear decrease in values AS. The highest repeatability
under the conditions of one experiment is demonstrated
by In,O; films on exposure to Hj, the average value of AS
was 0.7%. The dynamics of changes in the response of films
InpO3 under cyclic exposure to NHs is shown in Fig. 4, b,
where Rnp, — quasi-stationary values of sample resistances
in a mixture of clean dry air + 1000 ppm~! NHj.

I-V characteristics of the studied samples at Ty, in air,
N, and on exposure to CO, Hy, NH; and O, (Fig. 5) are
linear and symmetrical. The exposure of gases resulted in
a change in the CVC slope. The voltage response is almost
non-existent up to U = 10 V. A slight decay of the response
was observed only on exposure to NHz to U = 2V, which
is most likely due to the low current in an atmosphere of
clean air.

3.3. Mechanism of gas sensitivity of films In,0;

With a known value of the electron mobility
(u = 60cm?/(V -s) [3,57,17,29-31]), the temperature de-
pendence of the electron concentration (n) and the Debye
screening length (Lp) was obtained (Fig. 6). The following

Semiconductors, 2023, Vol. 57, No. 3



High sensitivity of halide vapor phase epitaxy grown indium oxide films to ammonia 151
Table 3. Comparison of gas sensitive characteristics of In,O3 with other materials when exposed to NH3
Structure Growth method ng, ppm ™" Tinax, °C Shax, arb. units Ref
) 1000 333 .
Films In,03 HVPE 520 400 173 This work
Hierarchical structures In,Os3 Powder annealing InOOH 5 300 1.9 [11]
Nanowires In,O; CVD 200 25 12 [41]
Thin films In, O3 . 150 1.07
Thin films InO3 + CuO Spray pyrolysis 7 200 175 [42
Ga, 03 films Co-deposition 100 500 1.9 [38]
SnO; films PEALD 1000 400 28 [39]
Thick films ZnO Screen printing 1000 350 7.1 [40]
Films MoOs RFMS 1000 250 10 [43]
Thick films WO3 Sol-gel 4000 450 15 [44]
— T T T T T T T expression [32]:
6 —13.75
| ] R = Ry exp[eps/ (KT)], 9)
o 1300 where Ry — a parameter determined by the properties of
I ’ the semiconductor, which is weakly dependent on changes
(?E 4r . in the composition of the atmosphere.
S0 § At T > 150°C the atomic form of chemisorbed oxy-
= 3} 1225 A gen O~ dominates on the surface of In,O3, which is formed
';n i | = as follows [34]:
2 - 02 + S& - 02_’
—41.50
r O, +e—20", (10)
Ir . 1 where S; — adsorption site. When O, is exposed to the
I 4 0.75 surface of the films In,Os, N; increases and, according to
oe—— v vy

200 250 300 350 400 450 500 550
T,°C

Figure 6. Temperature dependences of electron concentration
and Debye screening length for films In,Os.

expression [32] was used to calculate the Lp values:
Lo = [eoer KT/ (e%n)]*7, (8)

where ¢y — electrical constant; & — static permittivity
which is 10.7 for c-In,O3 [6,7,33]; k — Boltzmann constant;
e — electron charge. According to our estimates, Lp < Dg,
which indicates an over-barrier mechanism of conduction,
according to which there are potential barriers for electrons
at the grain interface with a height of ees, where es — is the
surface potential. In the air atmosphere, molecular oxygen
is chemisorbed on the surface of films In,Os, capturing
electrons from the conduction band, which leads to the
formation of an electron-poor surface layer and an increase
in the upward bending of the energy bands, eps oc N2,
where N; is the surface density of chemisorbed ions oxygen.
The resistance in this case is described by the following
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expression (9), R increases. The presence of reducing gases
in the gas mixture leads to a decrease in N; as a result
of their interaction with O~ on the surface of In,Oj3 films.
The interaction of reducing gases with O~ on the surface
of In,O; films can be described by the following chemical
equations [21,35-37]:

H, + O™ — H,O + e,

2NH3 + 30~ — N; + H,O + 3e,
CO+0 —COy+e

(11)

As a result of these reactions, the surface density of
chemisorbed oxygen ions N;, the value of eps and the
width of the space charge area decrease, electrons enter
the conduction band of the InyOs films, and the reaction
products are desorbed from the surface in the form of
molecules H,O, N, and CO,.

3.4. Comparison of gas sensitivity to NH;
structures based on In,0; with other MOS

Films In,O3, obtained by the HVPE method show a very
high sensitivity to NH3. The values of Tpax and the corre-
sponding values of the maximum response (Smax) at fixed ng
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are presented and compared with other papers [11,38-44]
in Table 3. The most interesting results were shown by
NHjssensors based on InyO; [11,41,42]. Despite the not
so high sensitivity, the S values turned out to be relatively
high at significantly lower ng and Ty, which is probably
due to structural features that lead to high sensitivity, but
significantly limit the performance [35,45,46]. Films based
on other MOS are characterized by a significantly lower
sensitivity than In,Os; under fairly similar measurement
conditions. The response values obtained at the minimum
studied gas concentration are still quite high, which is of
interest for further studies at lower ng. The results presented
in Table 3 indicate the prospect of using In,O3 for detecting
NH; and the opportunity of using the HVPE method to
create structures with high gas sensitivity based on this
material.

4. Conclusion

The gas-sensitive characteristics of In,O3 films 0.5 um
thick, obtained by the HVPE method, are studied on expo-
sure to Hp, NH3, O; and CO in a wide temperature range.
Sensitivity to gases begins to be shown at temperatures
of > 200°C. The highest performance and response are
characteristic on exposure to Hy, CO and NH3, respectively.
Films In,O3; were highly stable under repeated exposure
to gases, and there was the smallest drift for Hy. There
was the highest gas sensitivity on exposure to NHz. The
maximum response was obtained at a temperature of 400°C
and amounted to 33.3 on exposure to 1000 ppm~! NHs,
and the response and recovery times did not exceed 34
and 96s. The results obtained were compared with other
works, the comparison showed the possibility of using this
material as gas sensors NHj3. A qualitative mechanism of
gas sensitivity is proposed. It is shown that the interaction
of gases with chemisorbed oxygen on the surface of In,O3
films leads to a change in the height of the potential barrier
at the grain boundary.
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