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The electronic characteristics of pure -Ga2O3 nanoparticles with the same 
number of atoms but of different shapes (spherical or prism-like forms) 
and with the addition of CO, NH3, O3 molecules near the Ga atom or the O 
atom are investigated by means of the methods of the theories of electron 
density functional and pseudopotential from the first principles with ap-
plication of the own program code. As found, the nanoparticles of both 
forms can serve as effective resistive detectors of CO and NH3 molecules. 
A brighter reaction to the CO molecule is recorded in a spherical particle, 
and a brighter reaction to the NH3 molecule is recorded in a prism-like 
particle. In this case, the sensitive place of the nanoparticles is located 
near the Ga atoms, whereas only the spherical nanoparticles effectively 
respond to O3 molecules by increasing their conducting properties. In this 
case, the sensitive place of the nanoparticles is located near the O atoms. 

З використанням методів теорій функціоналу електронної густини та 
псевдопотенціялу із перших принципів в рамках власного програмного 
коду досліджено електронні характеристики наночастинок -Ga2O3, що 
містили однакову кількість атомів, але були різних форм (сферичної та 
призмоподібної), в оточенні газових молекул CO, NH3, O3, що локалізу-
валися поблизу атомів Ga або О, чи то без молекул. Було встановлено, 
що наночастинки обох форм можуть служити ефективними резистив-
ними детекторами молекул CO й NH3. Більш яскраву реакцію на моле-
кули СО було зафіксовано у сферичної частинки, а щодо молекул NH3 
— у призмоподібної частинки. Воднораз активна ділянка наночастинок 
як детекторів локалізувалася біля атомів Ga. На молекули О3 ефектив-
но реаґували тільки сферичні наночастинки, збільшуючи свою провід-
ність. У цьому випадку активна ділянка наночастинок локалізувалася 
біля атомів О. 

Key words: -Ga2O3 nanoparticles of spherical or prism-like forms, mole-
cules of gases, resistive detectors, electronic characteristics, ab initio cal-
culations. 

Наносистеми, наноматеріали, нанотехнології  
Nanosistemi, Nanomateriali, Nanotehnologii 
2022, т. 20, № 3, сс. 617–629 

 

 2022 ІÌÔ (Іíñòèòóò ìåòàëîôіçèêè  

іì. Ã. Â. Êóðäþìîâà ÍÀÍ Óêðàїíи) 
Надруковано в Україні. 



618 R. BALABAI and M. NAUMENKO 

Ключові слова: наночастинки -Ga2O3 сферичної та призмоподібної 
форм, молекули газів, резистивні детектори, електронні характеристи-
ки, розрахунки із перших принципів. 

(Received 11 January, 2022; in revised form, 13 January, 2022) 
  

1. INTRODUCTION 

The sensitivity of the -Ga2O3 semiconductor to a variety of gases 
arises because of surface reactions with molecules of gases, which 
lead to a chemoresistive change in its conductivity. Recent studies 
have shown that morphology of nanomaterials has a significant ef-
fect on the gas sensitivity of nanostructures [1]. Therefore, sensors 
that are based on flat films have numerous disadvantages, including 
a limited surface, where there is an interaction between gas mole-
cules and the material, which leads to limited characteristics of the 
sensors. 1D-semiconductor materials have a high surface-to-volume 
ratio, which could provide significant sensor feedback. Regarding 
the synthesis of the 1D Ga2O3 nanostructures, they can be obtained 
by various methods, including physical evaporation, arc discharge, 
laser ablation, chemical vapour deposition, grinding, and thermal 
decomposition of GaN powders. 
 Information on the use of semiconductor gas sensors of various 
gas controls on the environment shows that the most important to-
day is the definition of toxic gases (СО, NH3, О3). Adeel Afzal [2] 
noted that over the past 30 years, the development of miniaturized 
electronic gas sensors that can detect very low concentrations 
(100/ppm to 0.1/ppb level) of the toxic gases as well as oxygen 
in the indoor/outdoor environment and automotive/industrial pro-
cesses have remained the focus of research [3–17]. Semiconductor 
metal oxides exhibit rapid changes in their electrical properties in 
response to small changes in the surrounding gas atmosphere. 
 One of the most developed sensory devices for monitoring harm-
ful greenhouse gases (GHGs) is carbon monoxide (CO). Very im-
portant is monitored, which require the development of specific 
sensor devices, which must meet the following criteria: reliable, re-
sponsive, highly sensitive, miniaturized, low cost, and capable to 
operate on a large range of temperature, from ambient temperature 
(smart objects) to high temperatures (up to 600C for industrial 
combustion processes) [1]. 
 Ozone (O3) is toxic to living organisms, when it is in very low 
concentrations, causing irritation of respiratory system, headache 
and burning eyes. Continuing exposure to O3 increases the risk of 
respiratory diseases, and at high concentrations of O3, has lethal 
effects. OSHA places the PEL at 0.1 ppm, and the NIOSH’s REL is 
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0.1 ppm [18]. Ammonia (NH3) is an irritant gas and its influence 
increases with its concentration, also is one of the most common 
chemicals manufactured and supplied to diverse areas around globe 
with usage for nitrogen-based fertilizers, pharmaceuticals, cleaning 
products, refrigeration and explosives. 
 According to Occupational Safety and Health Administration, ex-
posure beyond 25 ppm for 8 h and 35 ppm for 10 min can harm the 
skin, eyes and lungs due to highly toxic and corrosive properties of 
NH3 [19]. 
 Monoclinic gallium oxide (Ga2O3) is a perspective wide band gap 
(Eg4.9 eV) semiconductor material. Pure or doped Ga2O3 has wide 
applications in transparent conducting electrodes [20], phosphors 
[21], gas sensors [22–25], etc. Ga2O3 thin film-based gas sensors are 
very promising to detect oxygen at high temperature of 600–1000C 
[26, 27]. It can also be used to detect reducing gases such as H2, 
CO, CH4, etc. [28, 29] at high temperature. 
 One-dimensional (1D) nanomaterials are considered as ideal can-
didates for gas sensing applications due to their large surface area-
to-volume ratio and the size effect [30]. The 1D nanostructures of 
well-established gas sensing materials such as SnO2 [30, 31], ZnO 
[32], WO3 [33, 34], and In2O3 [35] have shown higher sensitivity, 
faster response, and/or enhanced capability to detect low concentra-
tion gases compared with the corresponding thin film materials. 
Furthermore, gas sensors made from 1D nanomaterials showed low-
er optimal operating temperature, which is favourable for power 
saving and device integration. The 1D Ga2O3 nanomaterials have 
been studied widely in recent years [36–38]. However, few works 
focus on their gas sensing properties. In work of Zhifu Liu et al. 
[39], in order to make gas sensors, the nanowires were collected and 
dispersed in methanol with the assistance of ultrasonic. Gas sensors 
were fabricated by dispensing the Ga2O3 nanowire suspension onto 
oxidized Si substrates with interdigitated Pt electrodes as described 
in Ref. [40]. 
 In the article [41], authors reported on a simple method to pre-
pare submicrometer-size spherical -Ga2O3 particles with uniform 
diameters. The spherical Ga2O3 particles exhibit a broad blue-green 
light emission and a peculiar red light emission due to the oxygen 
vacancies and nitrogen doping formed during the high-temperature 
growth process in ambient air. The luminescence of the particles 
can be further tuned by post-annealing of the as grown particles in 
ammonia atmosphere. Tingting Zhang et al. [41] believe that the 
single-crystalline spherical Ga2O3 particles with excellent lumines-
cence properties are suitable for applications in white-LED phos-
phors and novel optoelectronic devices. 
 This work is devoted to the theoretical study, using the methods 
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of electron density functional, ab initio pseudopotential and the au-
thor’s software [42], the sensitivity of -Ga2O3 nanoparticles of 
spherical or prism-like forms to the adsorption of CO, NH3, and O3 
molecules. 

2. METHODS AND OBJECTS OF RESEARCH 

The basic states of the electron–nucleus systems of -Ga2O3 nano-
particles with CO, NH3, O3 molecules were detected by means of the 
self-consistent solution of the Kohn–Sham equations. Electronic 
variables only were determined with the atomic cores fixed. Follow-
ing Kohn–Sham [43, 44], electronic density was written down in 
terms of occupied orthonormal one-particle wave functions. In the 
solution of these equations, the pseudopotential formalism was 
used, according to which a solid is considered as a set of valence 
electrons and the ion cores. We use Bachelet, Hamann and Schlüter 
ab initio pseudopotential. The total crystalline potential is con-
structed as the sum of ion pseudopotentials, which are not overlap-
ping and associated with ions (nucleuscore electrons), located at 
the positions, which are periodically repeated for crystals. For non-
periodic systems, such as a thin film or a cluster the problem of 
lack of periodicity is circumvented by use of the supercell method. 
Namely, the cluster is periodically repeated but the distance be-
tween each cluster and its periodic images is so large that their in-
teraction is negligible. The ubiquitous periodicity of the crystal (or 
artificial) lattice produces a periodic potential and thus imposes the 
same periodicity on the density (implying Bloch’s theorem). The 
Kohn–Sham potential of a periodic system exhibits the same perio-
dicity as the direct lattice and the Kohn–Sham orbitals can be writ-
ten in Bloch’s form. This heavily suggests using plane waves as the 
generic basis set in order to expand the periodic part of the orbit-
als. Since plane waves form a complete and orthonormal set of func-
tions, they can be used to expand orbitals [45, 46]. 
 The artificial superlattice method was used in present calcula-
tions. Therefore, in the studied atomic systems, the artificial trans-
lational symmetry was introduced by constructing of a super-lattice 
with a primitive tetragonal cell and the atomic basis, which con-
tains the complete information about the studied system [47]. The 
cell was translated in three orthogonal directions. 
 The conditions for performing present calculations were as fol-
lows: integration on the Brillouin zone was replaced by a calculation 
at one point of the Brillouin zone, namely, at the -point. The iter-
ations stop self-consistent provided matches the current iteration of 
the calculation results and previous with pre-selected accuracy, 
their number varied depending on the calculated object, but present 
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results coincided after 3–5 iteration, usually. The number of plane 
waves in the schedule of the wave function was truncated by trial 
calculations and evaluation of the physicality of the obtained re-
sults (spatial distribution of electron density, the magnitude of the 
gap in the electronic energy spectrum between the last occupied 
state and the first unoccupied), from general ideas about simulated 
nanostructure or in comparison with the results obtained by other 
authors. Often, the number of plane waves is chosen to be about 
20–25 waves per base atom. 
 This calculation algorithm for electronic properties is easier to 
perform in Cartesian space (X, Y, Z), while the performance of 
crystallographic symmetry operations are performed with fractional 
crystallographic co-ordinates (x, y, z). In orthonormal crystallo-
graphic systems (cubic, tetragonal and orthorhombic), the trans-
formation of coordinates is reduced to a simple division of coordi-
nate values into corresponding cell constants. For example, xX/a, 
and Xax. In the case of a general oblique crystallographic system, 
the transformation is described by matrix operations [48]. 
 The monoclinic -Ga2O3 with space group C2/m has two non-
equivalent Ga sites: Ga1 is the six-fold-co-ordinated site, while Ga2 
is the fourfold. In addition, there are three non-equivalent O sites, 
which are threefold-coordinated O1 and O3 sites, while O2 is the 
four-fold. The lattice parameters at room temperature are measured 
to be a12.23 Å, b  3.04 Å, c5.80 Å, and the unique axis 
103.7 (angle between a and c axes) unit cell. The unit cell con-
tains four formula units, eight Ga atoms and twelve O atoms are 
evenly distributed into two Ga and three O non-equivalent sites at 
positions 4i, (0 0 0), (1/2 1/2 0), (x 0 z) [49–51] (Table). 
 Fractional crystallographic coordinates of atoms are given in Ta-
ble. We were transformed into Cartesian co-ordinates using the al-
gorithm described in the work [48]. Discussed there transformation 

TABLE. Non-equivalent atomic fractional positions of -Ga2O3 [48]. 

Atom x y z Co-ordination 

Ga1 0.09050 (2) 0 0.79460 (5) four-fold 

Ga2 0.15866 (2) 1/2 0.31402 (5) six-fold 

O1 0.1645 (2) 0 0.1098 (3) three-fold 

O2 0.1733 (2) 0 0.5632 (4) four-fold 

O3 0.0041 (2) 1/2 0.2566 (3) three-fold 
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of the coordinates of atoms from a crystallographic monoclinic sys-
tem to Cartesian geometry is not distorted crystal particles of two 
forms: spherical and prism-like. Therefore, the resulting set of 
atomic Cartesian co-ordinates can be used to calculate the character-
istics of the crystal electron subsystem using the present author’s 
computer program. 
 Since the laboratory coordinate system operating within the au-
thor’s software package is rectangular, and the calculation algo-
rithm provides translational symmetry, an artificial orthorhombic 
superlattice was first developed. The object of study is to determine 
the parameters of this superlattice and atomic basis. Present objects 
of study were nanoparticles of -Ga2O3 of spherical or prism-like 
forms with adsorption of CO, NH3, O3 molecules. Therefore, the size 
of the primitive cell was elected so that translated particles do not 
affect one another due to the built-in vacuum cell gap. In Figure 1, 
primitive cells of artificial superlattices of orthorhombic type are 
shown, which reproduced the crystallographic space of finite -
Ga2O3 particles of monoclinic system with the space group C2/m of 
different shapes but with the same number of atoms (contains 30 
atoms). It was believed that the -Ga2O3 nanoparticles retain a mon-
oclinic character in their structure regardless of their size and 
form. 
 For calculations such objects were developed: 

 

Fig. 1. Primitive cells of an artificial superlattice of the orthorhombic 
type, which reproduced the crystallographic space of the -Ga2O3 nanopar-
ticle of monoclinic system with pushed CO, NH3, O3 molecules (spherical 
form—top row (a), prism-like form—bottom row (b)). 
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— object 1: pure particles of the spherical or prism-like forms with 
the same number of atoms (30 atoms); the primitive cell of the su-
perlattice with parameters abc24 Å and a32 Å, bc20 Å, 
respectively; 
— object 2, 5: sphere and prism of Ga2O3 with the addition of car-
bon monoxide (CO) molecules near gallium and near oxygen, the 
base consisted of 34 atoms, among them (Ga—12, O—20, C—2); the 
primitive cell of the superlattice with parameters ac24 Å, b28 
Å and a32 Å, b21 Å, c23 Å, respectively; 
— object 3, 6: sphere and prism of Ga2O3 with the addition of am-
monia (NH3) molecules near gallium and near oxygen, the base con-
sisted of 38 atoms, among them (Ga—12, O—18, N—2, H—6); 
— object 4, 7: sphere and prism of Ga2O3 with the addition of ozone 
(O3) molecule near gallium and near oxygen, the base consisted of 
36 atoms, among them (Ga—12, O—24). 
 The distances between the nearest atoms of molecules and parti-
cles were equal to the sums of the radii of the corresponding atoms. 

3. RESULTS AND DISCUSSION 

The electron density of the studied atomic systems was self-
consistent for several periods of iterations, and the atomic base was 
not optimized. Calculated spatial distributions of valence electron 
densities and their cross sections within a primitive cell are shown 

 

Fig. 2. Spatial density distributions of valence electrons (for the 0.7–0.8 
part of the maximum value, top (a); for the 0.1–0.2 part of the maximum, 
down (b)) of pure spherical or prism-like forms. 
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in Figs. 2–7. 
 Comparing the spatial distributions of the density of valence 
electrons in pure nanoparticles for the smallest values relative to 
the maximum value (this electron density is considered to be the 
one that limits the atomic object), we see that the electron density 
in spherical particles is more drawn inward than in prismatic parti-
cles (Fig. 2). 
 The presence of molecules near nanoparticles causes additional 

 

Fig. 3. Spatial distributions of valence electron density within the interval 
1.0–0.9 of the maximum value; molecules are located in the vicinity of the 
gallium atom (a) and oxygen atom (b) as spherical shape objects 2–4. 

 

Fig. 4. Spatial distributions of valence electron density within the interval 
0.2–0.1 of the maximum value; molecules are located in the vicinity of the 
gallium atom (a) and oxygen atom (b) as objects 2–4. 
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structuring of the spatial distribution of electron density in the 
middle of the spherical particles (Fig. 3). 
 On the other hand, the presence of molecules near prismatic na-
noparticles leads the spatial distribution of the electron density to a 
more diffuse (uniform) form with the effect of drawing the electron 
density into the interior of the particles (Fig. 5). 
 It should be noted that, only for the composition ‘ozone 
nanoparticle (of any shape)’, a combined form of the spatial dis-
tribution of valence electrons is formed (Fig. 4, 6). 
 The energy distances between the last main occupied valence elec-
tron state and the first unoccupied excited state (band gap) of ob-
jects of spherical and prism-like forms with molecules are shown in 
Fig. 8. 
 It was found that nanoparticles of both forms could serve as ef-
fective resistive detectors of CO and NH3 molecules. At the same 

 

Fig. 5. Spatial distributions of valence electron density within the interval 
1.0–0.9 of the maximum value; molecules are located in the vicinity of the 
gallium atom (a) and oxygen atom (b) as prism-like forms’ objects 5–7. 

 

Fig. 6. Spatial distributions of valence electron density within the interval 
0.2–0.1 of the maximum value; molecules are located in the vicinity of the 

gallium atom (a) and oxygen atom (b) as prism-like shape objects 5–7. 
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time, we considered that the composition ‘moleculeparticle’ was 
not physically realizable if we recorded very large values of the for-
bidden energy bands. A decrease in the size of the region of forbid-
den energies below the value inherent in a crystal (Eg4.9 eV) was 
considered a constructive reaction. 
 A brighter reaction to the CO molecule was recorded in a spheri-
cal particle, and to the NH3 molecule was recorded in a prism-like 

 

Fig. 7. Cross-sections of spatial distributions of the density of valence elec-
trons within a Ga2O3: (a), (c)—plane (110) cross-section for objects 1–7, 
(b), (d)—plane (100) cross-section for objects 1–7. 

 

Fig. 8. Energy distance between the last ground valence electron occupied 
state and the first unoccupied excited state (band gap) of objects of spheri-
cal and prism-like forms with molecules. Inserts contain spatial distribu-
tion of valence electron density within the interval of 0.9–0.8 of the max-
imum value. 
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particle. In this case, the sensitive place of the nanoparticles is lo-
cated near the Ga atoms, whereas only spherical nanoparticles re-
spond effectively to O3 molecules by increasing their conducting 
properties. In this case, the sensitive place of the nanoparticles is 
located near the O atoms. 

4. CONCLUSION 

The electronic characteristics of pure -Ga2O3 nanoparticles of 
spherical or prism-like forms with the same number of atoms and 
with the addition of CO, NH3, O3 molecules near the Ga atom or the 
O atom were investigated by methods of the theory of electron den-
sity functional and pseudopotential from the first principles on the 
original program code. 
 The -Ga2O3 nanoparticles of both forms can serve as effective 
resistive detectors of CO and NH3 molecules. A brighter reaction to 
the CO molecule was recorded in a spherical particle, and to the 
NH3 molecule was recorded in a prism-like particle. In this case, the 
sensitive place of the nanoparticles is located near the Ga atoms, 
whereas only spherical nanoparticles effectively respond to O3 mole-
cules by increasing their conducting properties. In this case, the 
sensitive place of the nanoparticles is located near the O atoms. 
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