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Abstract: Semiconductor metal oxide films on the surface of gallium arsenide are obtained by
chemostimulated oxidation under the influence of a Sb2O3 + Y2O3 composition. The chemical
composition of the obtained films and the surface morphology are determined by EPXMA, IR
spectroscopy, and AFM. The main components of the films are gallium and arsenic, which are
in the oxidized state. The content of the chemical stimulator (Sb2O3) does not exceed 2%. Films
obtained under the influence of composites 60% Sb2O3 + 40% Y2O3 and 80% Sb2O3 + 20% Y2O3 are
characterized by the maximum surface roughness. The samples obtained in this work demonstrate
n-type semiconductor properties in the temperature range of 20–400 ◦C. It is established that the
obtained samples have a gas-sensitive response to NH3 and CO. The maximum value of the sensory
signal appears for the samples obtained under the influence of compositions 80% Sb2O3 + 20% Y2O3,
which are characterized by the most developed surfaces. The resulting films are selective to the
studied gases—the difference in temperature for the maximum signal is 60 ◦C (200 ◦C for CO and
260 ◦C for NH3).

Keywords: thin films; chemostimulation; gallium arsenide; gas sensitivity

1. Introduction

Every year, more than 10 million metal oxide sensors and gas-analytical devices
based on them are produced all over the world. The areas of their application are quite
extensive [1]. The advantages of such adsorption semiconductor sensors are their ease of
operation and low cost. The disadvantages of such sensors include low selectivity and
the need to use high temperatures. The traditional way to increase the selectivity of the
material is the search for the optimal microstructure of the material, dopants, and analysis
temperature for each gas [2]. Numerous studies on improving the sensory parameters
of materials are aimed at optimizing the electronic properties or adsorption capacity of
the material [3]. The main oxides for gas sensors are SnO2 and In2O3 [4–6], V2O5 [7]
and Ga2O3, and perovskite structures with various impurities [8] are also often used.
Surface modification is carried out in different ways: the preparation of thin films of the
In2O3 nanocolumn structure [9], a porous microstructure in multilayer sensor structures
SnO2-CuO [10] and its doping, etc.

In [11,12], it was shown that Ga2O3 oxide also can be used in high-temperature sensors.
Such Ga2O3 thin films are sensitive to CO, NO2 and methanol vapors [13].

One of the easiest methods for the production of thin films on the surfaces of semicon-
ductors is through their oxidation. However, the production of functional oxide films on
the surface of gallium arsenide and an increase in their gas sensitivity for the detection of
trace concentrations is accompanied by certain difficulties. These complications are caused
by side processes adversely affecting both the properties of the functional layer itself and
the semiconductor/oxide interface. One way to solve this problem is chemically stimulated
oxidation [14], allowing the kinetic blockage of adverse stages due to the targeted change
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in the routes of heterogeneous processes when certain chemostimulant compounds are
introduced into the system. In [15,16], it was shown that layers grown under the influence
of oxide chemostimulants are characterized by the reproducible temperature dependence of
the resistance, thermally stable and are of practical interest for use as the sensitive elements
of semiconductor gas sensors.

The method presented in this work for the synthesis of thin films on a GaAs surface
simultaneously solves two urgent problems of modern materials science: the synthesis of
thin films on the surface of III–V semiconductors by an economical and rapid method and
the synthesis of new materials capable of acting as solid-state elements of semiconductor
gas sensors.

Therefore, the goal of this study was the synthesis of thin films on the GaAs surface by
chemically stimulated thermal oxidation under the action of the chemostimulator Sb2O3
+ the inert component Y2O3 and the identification of selective gas-sensitive properties of
such films.

2. Materials and Methods

The objects of study were GaAs wafers of AGTSCh-1 grade, (111) orientation; the con-
centration of carriers was 1.5 × 1018–2.5 × 1018 cm−3; resistivity was 0.010–0.018 Ohm·cm.
Thin films were synthesized in a horizontal quartz reactor placed in an MTP-2M-50-500
resistive heating furnace. The operating temperature of 515 ◦C allowed the synthesis of
layers of sufficient thickness and therefore the thermal destruction of GaAs did not occur.
Temperature adjustment (±1 ◦C) was carried out using the TPM-10 m/controller.

The composition for chemical stimulation consisted of yttrium and antimony oxides
(Y2O3 + Sb2O3), inert with respect to each other. In this combination, antimony oxide is
a proper chemostimulator, providing accelerated film growth on the GaAs surface and
targeted modification of film properties. Yttrium oxide does not contribute to film growth
on the surface of GaAs, i.e., it is an inert component. The use of yttrium oxide allows
not only the additive dependence of the film thickness on the composition to be obtained,
but also the controlled content of the chemostimulator in the film, allowing control of its
properties. The composition was changed from one pure oxide to another with increments
of 20 mol.%.

Oxidation of the GaAs plate was performed in a horizontal quartz reactor as a cover
at a distance of 10 mm from the composition (0.3000 g), placed within a furnace. The
synthesis was carried at an oxygen flow rate of 30 L/h. Thermal oxidation of the samples
was carried out for 40 min by postoxidation with a period of 10 min. The thickness of the
resultant oxide films was determined using an LEF-754 laser ellipsometer with an absolute
uncertainty of±2 nm. The elemental and chemical composition of the films was determined
by X-ray microanalysis (JEOL JSM-6510LV equipped with a Bruker energy-dispersive X-
ray microanalysis system) and infrared (IR) spectroscopy (Vertex 70 spectrophotometer),
respectively. The morphology of the films was investigated by atomic force microscopy
(AFM) using a Solver p47-pro in contact mode. The resistivity of the oxide films was
measured by the four-probe van der Pauw method using a TsIUS-4 system. Copper
contacts were used in the work. The distance between the probes in the four-probe head
was (1 ± 0.02) mm. The power of the heating element ranged from 0.6 to 70 W. The heating
current of the stove was from 0.2 to 2.2 A, which was necessary to warm it up from 20 to
450 ◦C. Heating was carried out at a rate of 1 ◦C/мин. During the experiment, temperature
control was carried out continuously. For this, a chromel-copel thermocouple was used.
The voltage drop value was recorded using a digital DC voltmeter V7-21 with measurement
limits from 10 mV to 10 V. When determining the specific surface resistance of thin films,
the required amount of the test gas was supplied to the measuring zone of the equipment
to provide the required concentration. Further measurements were carried out in stationary
mode. The error in measuring the resistance was ±2%. The measurements were carried
out in three modes: in air, in the presence of CO in the atmosphere (concentration of
80 ppm), and in NH3 (concentration of 80 ppm). The temperature range in all cases was
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20–400 ◦C. We used anhydrous NH3, which was additionally dried by passing through a
tube with CaCl2.

3. Results

The thickness of the films grown on the GaAs surface ranged from 170 nm to 480 nm
and increased with increasing chemostimulator content (Sb2O3) in the original composition.
The inertness of Y2O3 has been proven in previous works [17]. The comparison of the
thickness of the obtained films with intrinsic oxidation [18], under the same oxidation
conditions, revealed an acceleration in film growth by 3–6 times.

3.1. Film Composition and Surface Morphology

For the determination of the elemental composition of oxide films on the GaAs surface,
the samples were studied by electron probe X-ray microanalysis (EPXMA). The analysis
data are presented in Table 1.

Table 1. The elemental composition of films on GaAs obtained under the influence of Y2O3 +
Sb2O3 compositions.

Composition
The Elemental Composition of the Films

Ga, at% As, at% Sb, at% O, at%

(Y2O3)0.2(Sb2O3)0.8 36.22 8.12 2.72 52.94

(Y2O3)0.4(Sb2O3)0.6 37.54 8.34 1.84 52.28

(Y2O3)0.6(Sb2O3)0.4 37.82 8.55 1.16 52.47

(Y2O3)0.8(Sb2O3)0.2 38.16 8.32 0.74 52.78

It was found that gallium, arsenic, and antimony were present in the films. Since
thermal oxidation was carried out in an oxygen stream, oxygen was the deficient component
of the film. The content of oxygen cannot be directly determined by this method and
therefore it was calculated by assuming that oxygen made the remainder up to 100%.
Moreover, based on its large content, it can be assumed that all other elements were in an
oxidized state.

The chemical composition of the films was studied by IR spectroscopy. Two samples
with the minimum (20%) and maximum (80%) content of the chemostimulator Sb2O3 in
the composition were examined; the angle of incidence of radiation was 13◦. IR absorption
spectra were obtained (Figure 1).

The data decoding based on a previous study [19] revealed chemical bonds with the
oxygen of both the components of the substrate and the used chemostimulator in the thin
films on the GaAs surface. The obtained data confirmed the inertness of yttrium oxide with
respect to the GaAs thermal oxidation process. The results of IR spectroscopy correlated
well with the results of elemental analysis (EPXMA).

Adsorption processes play a crucial role in the manifestation of gas-sensitive properties
by films. The maximum height hmax, average surface roughness Sa, and average grain
diameter Dav were determined for samples synthesized at a temperature of ◦C by the AFM
method. The results are shown in Table 2 and Figure 2.

Table 2. Research data of thin films on a GaAs surface obtained by AFM method.

Sample hmax, nm Sa, nm Dav, µm

(Y2O3)0.8(Sb2O3)0.2 22.6 2.1 3

(Y2O3)0.6(Sb2O3)0.4 19.6 1.94 4.83

(Y2O3)0.4(Sb2O3)0.6 322.5 11.2 5.42

(Y2O3)0.2(Sb2O3)0.8 497.3 35.3 3.49
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According to the data obtained by the AFM method, thin films on the GaAs surface
synthesized at a higher content of the Sb2O3 chemostimulator (60% and 80%) were charac-
terized by a rougher surface with a wide variation in height. The maximum height did not
exceed 25 nm for thin films synthesized with a lower content of the Sb2O3 chemostimulator
(20% and 40%).
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Figure 2. AFM images of thin films on a GaAs surface obtained at 515 ◦C under the in-
fluence of composites (a) (Y2O3)0.8(Sb2O3)0.2; (b) (Y2O3)0.6(Sb2O3)0.4; (c) (Y2O3)0.4(Sb2O3)0.6;
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3.2. Gas-Sensitive Properties

In Figures 3 and 4, we show the results of measuring the specific surface resistance of
the synthesized films.
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Films obtained by oxidation of the GaAs surface had unsatisfactory semiconductor
properties up to ohmic conductivity [20]. To eliminate this problem and create thin films
with reproducible semiconductor properties, we used the method of chemically stimulated
thermal oxidation of the semiconductor.

4. Discussion

As can be seen from the presented data, with an increase in the Sb2O3 content in the
composition, the surface resistance of the thin films on the GaAs surface increased.

The semiconductor properties of the films are indicated by a decrease in their resistance
upon heating (Figure 3), and the n-type conductivity is indicated by an additional decrease
in resistance in an atmosphere of gases that are electron donors (CO and NH3).

Based on these data, a gas-sensitive response was calculated according to the formula

Sg = Ra/Rg (1)

where Sg—gas sensitivity Ra—specific surface resistance of the films in air, Rg—specific
surface resistance of films in the presence of a reducing gas.

Based on the obtained results, graphs of the dependence of the gas-sensitive response
on temperature were plotted. These graphs had a pronounced extreme character (Figure 5).



Coatings 2022, 12, 1819 7 of 9

The value of the sensor signal increased from 1.1 to 1.4 conventional units, and then
decreased with increasing temperature. With an increase in the antimony oxide content in
the composition, under the action of which the film was formed, the value of the sensor
signal naturally increased.
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gases in the atmosphere: (a) CO, (b) NH3.

The reason for the extreme temperature dependence of the sensor signal was the
increased desorption of gases from the surface of the film with increasing temperature and
the occurrence of oxidation processes of detected gases according to the scheme

2CO + O2→2CO2 and 4NH3 + 5O2→4NO + 6H2O (2)

In the literature [21–24], there are data on the oxidation of carbon monoxide and
ammonia in the presence of solid catalysts, which most often are metals and their oxides.
The formation of CO2 under normal conditions does not occur below 800 ◦C, and the
formation of NO starts at around 900 ◦C. Due to the interaction of gas molecules with the
substrate, the oxidation temperature should decrease, and then it can be assumed that
the decrease in the sensor signal at increased temperatures is a consequence of the partial
occurrence of the reactions described above.
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Based on the obtained data, the selectivity of thin films obtained on the GaAs surface
can also be estimated. The corresponding dependence is shown in Figure 6. The maximum
in the dependence curve for ammonia and carbon monoxide occurred at different tempera-
tures (200 and 260 ◦C, respectively), indicating the presence of selective properties of the
obtained films to the determined gases.
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5. Conclusions

The studies presented in this work were carried out on the basis of one of the basic
concepts of modern solid-state chemistry—the establishment of patterns in the series
“method of synthesis–composition–structure–property”. Chemically stimulated thermal
oxidation was chosen as a method for the synthesis of thin films on the GaAs surface,
which ensures the formation of thin films with semiconductor properties. In the work, the
chemical composition of the grown films was established by the methods of EPXMA and IR
spectroscopy. The study of the surface morphology of the obtained samples (AFM method)
was carried out, since this characteristic has a significant effect on their gas sensitivity. The
gas sensitivity, which reflects the dependence of the specific surface resistance of thin films
on the composition of the surrounding atmosphere, acts as a “property” in the work.
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