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Gallium oxide (8-Ga;Os3) nanowires were synthesized by heat treatment of single crystal -GaS plates in air.
Crystal structure and composition of synthesized materials were studied by X-ray diffraction, energy dispersive
X-ray spectroscopy and Raman spectroscopy. Thermal treatment of 3-GaS plates at 1023 K leads to the formation
of a Ga,0O3 (native oxide) layer on $-GaS (0001) surface of plates. Layer thickness and size of Ga,O3; wires
contained were found to depend on temperature and duration of applied heat treatment. For 1023 K and 6 h, the
length of Ga,05 wires laid in the range from units to tens of nanometers, while for 1123 K and 30 min, between

1. Introduction

Nowadays, particular attention is paid to the improvement of pre-
paration methods of oxide-semiconductor nanostructures due to their
unique optical, photoelectric and photocatalytic properties [1-3].
Among other gallium oxide polymorphs, f-Ga,03 has been extensively
studied in recent years; displaying a monoclinic crystal structure with
lattice parameters a = 12.23 A, b=3.04 Z\, ¢ =5.80 i\, a=y=90°
and f3 = 103.7° [4], it is a n-type semiconductor with an energy band
gap of 4.2-4.9 eV at room temperature [5-7]. This oxide semiconductor
shows promise for diverse applications, including beam emitters at
room temperature [8], optically transparent electrodes in solar cells
and high temperature gas sensors [9].

Gallium oxide nanostructures with different surface morphologies
and crystalline forms and sizes were obtained by various techniques,
such as chemical vapor deposition (CVD) [10], thermal vacuum eva-
poration [11], as well as air quenching of GaN powder [12], and GaSe
[4,13-15] and GaS [16,17] single crystals. Different structures with
morphologies depending on the vapor temperature have been obtained
by oxidation of Ga vapors in an Ar—O, atmosphere. In the vapor
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temperature range between 1150K and 1273 K, nanostructures dis-
playing morphologies from dispersed crystallites to microplates have
been obtained [18]. In works [19-21] single crystalline a-Ga,O3 layers
on Al,O3 substrates were obtained by CVD technique. From the polar-
ized Raman scattering spectra the wavenumbers and symmetry of
normal vibration modes characteristic of a-Ga,O3 single crystals were
determined.

Gallium sulfide (GaS) displays a typical layered structure, each layer
being composed of elementary Chalcogen-Metal-Metal-Chalcogen (S-
Ga-Ga-S) stratified packings. Besides, own to the atomic arrangement
within the crystal lattice, valence bonds of chalcogen atoms at (0001)
surfaces are almost completely compensated. Due to its specific struc-
tural features, GaS is a promising material for semiconductor hetero-
junctions with various crystal structures [22-25].

In this work, micrometer-sized (20-50 pum) Ga,O3 films, composed
of nanowires, are studied. These were obtained by thermal oxidation of
GaS plates with the same thickness, in normal atmosphere.

The morphology, type of nano-formations and photoluminescence
(PL) spectra of nanowires have been investigated using Scanning
Electron Microscopy (SEM) analysis, Raman scattering spectroscopy
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and powder X-ray diffraction (XRD) technique. For comparison pur-
poses, similar studies of single crystal f-GaS plates prepared by
Bridgman technique from elemental components were presented.

2. Sample preparation

Gallium sulfide (3-GaS) single crystals were grown by Bridgman-
Stockbarger technique using the synthesized compound as the primary
material. The GaS with a mass of 20 g was synthesized from Ga (5N)
and S (5N) elements taken in stoichiometric proportions. The re-
spective amounts of Ga and S were introduced into quartz ampoules
with an internal diameter of ~14 mm and graphite-coated inner walls
of ~20 cm length. After pumping down the ampoules to the residual gas
pressure of 6.67 x 10~ > Pa, they were sealed and placed in a two-zone
(zone I and zone II) furnace, tilted at 30 degrees towards the horizontal.
Initially, the elements were placed in the second section of the oven, so
that ~1/3 of the length of the ampoule remained outside the furnace.
The temperature in the second sector was slowly increased to 1323 k for
6 h. During this time, the ampoule rotated at ~2 rpm. The amount of
condensed sulfur in the cold portion of the ampoule decreased gradu-
ally, eventually leading to the formation of GaS. The overall synthesis
process took 10-12 h. Thereafter the ampoule was gradually introduced
into the furnace, so that the temperature of 1323 K was set over the
entire length of the ampoule, after which the furnace was moved ver-
tically. In zone I of the furnace the temperature was set to ~1173 K.
Further, the molten substance was proceeded through a temperature
gradient (zone II) with a speed of ~ 1 mm/h. After that, the tempera-
ture in sectors I and II was decreased to room temperature at a rate of
150 K/h. In this way, single crystal ingots were obtained that easily split
along the cleavage planes. By splitting bulk single crystalline ingots
perpendicularly to the Cg axis, plan-parallel plates, atomically smooth
and optically homogeneous were obtained, with thickness in the range
of 20-200 um. These were further subjected to a heat treatment in air,
at temperatures of 1023-1223 K, with the durations from 30 min to 6 h.

As a result of heat treating, the surface of GaS plate is covered with a
white thick layer, the thickness of which increases with heat treatment
duration. After thermal treatment in normal atmosphere, at 1150 K, the
GaS plates with thickness of 20-50 pum turned into oxide over their
entire thickness. These were further selected as samples in actual in-
vestigations.

The oxide layer displays a granular (rough) shape, which is likely to
produce diffuse reflection of incident light. Surface morphology of
samples was studied using SEM micrographs, recorded with a Zeiss
Ultra Plus electron microscope (7 kV, 10 pA), equipped with an EDX
(energy dispersive X-ray spectroscopy) analysis system [a Si/Li detector
(Noran, Vantage System)]. The crystal structure of GaS-Ga;O3; compo-
site was studied by XRD technique in the angular range between 20°
and 90° with a Rigaku Ultima IV diffractometer (CuK, radiation,
A = 1.5406 10\, 40kV and 40mA, D/teX Ultra detector), in Bragg-
Brentano (6-260) geometry. Raman scattering spectra at room tem-
perature were recorded in a backward configuration (180°) with a
Raman spectrometer of WITec alpha300 R type, using exciting radiation
of an Ar" ion laser (wavelength A = 514.5nm, power of ~2mW).
Photoluminescence of GaS-Ga,O3; composite was excited with the
253 nm wavelength radiation provided by a DRS-250 Hg vapor lamp.
Respective wavelength was selected using a quartz prism mono-
chromator. The emission spectrum was recorded using a photometric
equipment including a MDR-2 monochromator with diffraction gratings
(600 and 1200 mm ~1). The emitted radiation was recorded by means of
a photomultiplier with Na,KSb(Cs) photocatode with quartz window.

3. Results and discussion
3.1. XRD structural analysis

Crystal structure determination and phase identification in the case
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Fig. 1. Powder XRD patterns of GaS samples prior to (curve 1) and after heat
treatment in air, for 6 h, at 1023 K (curve 2) and at 1123 K (curve 3) (@ B-GaS,
PDF 01-071-0009; * Ga,Ss, PDF 01-071-2672; O Ga203, PDF00-041-1103).

of B-GaS plates, heat treated in air, was performed using XRD diagrams.
Curve 1 (Fig. 1) shows the XRD pattern of GaS plate prior to heat
treatment. The provided pattern emphasizes presence of intense dif-
fraction lines at 26 angles of 22.98°, 11.46° and 34.74°, corresponding
to (004), (002) and (006) atomic planes of hexagonal $-GaS (PDF 01-
071-0009 file), respectively, with lattice constants a = 3.587 A and
¢ =15.498 A.

As a result of heat treating of GaS single crystals at 1023 K for 6 h,
the sample surface becomes white-red. The XRD pattern of respective
samples (Fig. 1, curve 2) contains characteristic GaS lines, together with
an intense diffraction line at 20 = 29.60°, identified as (112) reflection
(card PDF 01-071-2672) of hexagonal Ga,Ss, as well as, a few low
intensity lines in the 260 range between 20° and 90°. The intensity of
these lines does not exceeds 0.2% of that of (004) line (highest peak
intensity) of hexagonal GaS. According to PDF 01-071-2672 and 00-
041-1103 cards, these lines can be identified as diffraction lines of
hexagonal Ga,S; and traces of monoclinic 3-Ga,0O3 phase. Thus, at
1023 K, GaS — Ga,S; phase transition occurs and structural transfor-
mation GaS — Ga,0; is initiated. The phase transition is an inter-
mediate one in the GaS — Ga,S; — Ga,03 chain. As mentioned in [26],
an analogous transformation is possible upon thermal oxidation of GaSe
films with formation of Ga,03. Temperature increase from 1023 K to
1123K results in attenuation of > 100 times the intensity of char-
acteristic XRD lines of hexagonal GaS and at the same time, formation
of new diffraction lines (Fig. 1, curve 3). The XRD pattern of the sample
obtained by heat treatment at 1173 K for 0.5 h is similar to that shown
in Fig. 1, curve 3.

The XRD pattern of GaS samples subjected to heat treatment at
1123 K for 6 h (Fig. 1, curve 3) contains traces of hexagonal -GaS and a
series of intense XRD lines, that, according to PDF 00-041-1103 card,
can be ascribed to monoclinic 3-Ga,0O3; phase with lattice parameters
a=12.23A, b=3.044A, c=550A and = 103.7° [27]. As can be
inferred from Fig. 1, curve 1, the highest intensity diffraction lines are
due to lattice planes predominantly oriented parallel to the C4 axis of
GaS single crystals. The composite obtained by heat treatment at
1123 K contains monoclinic -Ga,O3 single crystals, with lattice con-
stants @ = 1.22nm, b = 0.31 nm, ¢ = 0.58 nm and 8 = 103.7°.

Along with the XRD lines of 3-Ga,O3 nano-formations, a series of
low-intensity lines and widened contours is also emphasized. These
lines indicate the presence of nanocrystalline Ga,S; in the composite
(PDF 01-071-2672 card). The occurrence of this phase confirms the
assumption [27] that at high temperatures, in the presence of oxygen,
hexagonal Ga,S; phase is initially formed, which eventually yields
nanosized $-Ga,03 as a result of the sulfur substitution by oxygen.
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Fig. 2. Raman spectra of composites obtained by thermal treatment of GaS
plates in air, at 1023 K for 6 h (curve 1), 1123 K, for 6 h (curve 2-blue color) and
1173 K, for 30 min (curve 3-red color). (For interpretation of the references to
color in this figure legend, the reader is referred to the web version of this
article.)

3.2. Raman structural analysis

The structure of the as obtained material was also investigated using
Raman scattering spectroscopy (Fig. 2). Gallium sulfide (8-GaS) is a
hexagonal layered single crystal and belongs to the space group De;>.
For this group, the irreducible representations of the vibration modes in
the center of the Brillouin zone (€ =0) are
2(A1g + A2u + By, + BZg + E1g + Ejy + EZg + EZu)‘ Among these, Alg
and E,, are Raman active modes in respective spectra. The well-known
Raman scattering spectrum of f3-GaS crystals, lying between 50 and
400 cm ™", comprises typical vibration modes at 74.2cm™' (E;g'),
188.0cm™! (A", 291.4cm™! (Ep®), 295.2em™' (B ') and
359.9cm ™" (A% [28].

In turn, B-Ga,03, with monoclinic crystal structure, belongs to the
Co/m space group [29]. There are 15 vibration modes in the Raman
spectrum of this compound. In Fig. 2, curve 1, the Raman spectrum of
the sample obtained by heat treatment of GaS plate in air, at 1023 K for
6h is presented. As can be observed, it also contains, along with the
vibration modes of hexagonal p-GaS lattice, four bands with maxima
located at 115.7 cm ™!, 152.2cm ™Y, 233.9cm ™" and 386.1 cm ™. The
increase in the heat treatment temperature from 1023 K to 1123 K
substantially alters the shape of the Raman spectrum (Fig. 2, curve 2).
So, the background level of the Raman lines corresponding to the vi-
bration modes of 3-GaS (hexagonal lattice) are seen to attenuate. In this
spectrum, the line at 359.4 cm ™! is the only emphasized. As can be seen
from Fig. 2, the Raman spectrum of the composite obtained by heat
treatment of GaS plate at 1173 K for 30 min (curve 3) is identical to that
obtained for 6 h heat treatment at 1123 K (curve 2).

In Table 1 the wavenumbers of the Raman active vibration modes
(Fig. 2) of the samples are listed. The respective Raman lines were in-
terpreted using comparisons with the Raman spectra (vibration modes)
of B-GaS, 3-Ga,S3 and B-Ga,0s. As it can be seen from this table, heat
treatment in air at 1023 K for 6 h leads to phase transformation of initial
B-GasS in 3-Ga,Ss. The presence of the “a” threshold at 152 cm ™ 1 (Fig. 2)
indicates that the formation of f-GayOj single crystal occurs at this
temperature. The Raman spectrum of the sample synthesized at 1123 K
does not contain Raman lines characteristic of the vibration modes of
hexagonal -GaS. Therefore, at this temperature crystallites composed
of f-Ga,S3 and f3-Ga,0O3 are formed, as confirmed by the XRD diagrams.
The wide contour of the XRD lines attests the nanometric sizes of Ga,S3
and Ga,0s3 single crystals in the studied composite.

The similarity of the Raman spectra of samples synthesized at
1123K for 6 h and 1173 K for 30 min indicates the rapidity of the GaS
oxidation at temperatures near the melting point of the compound. The
relative low intensity of Raman lines at 114cm™!, 146cm ™! and
324cm™! can serve as an indicator that at 1123K and above an
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Table 1
Interpretation of the Raman spectra of composites obtained by heat treatment
of GaS plates in air.

No. GaS heat treated in air B-GaS B-Ga,S; B-Ga,O; Identification
[29] [30] [18,31]
1023K 1123K 1173K
6h 6h 0.5h

1 74.4 74 72 B-Gas

2 96.0 98 B-GasSs

3 115.7 114 114 114 117.60  B-GaySs

4 - 146 146 146 147.53  B-GayS;

5 152.2

6 173.4 174 172.92  B-Gay03

7 188.6 188 B-GaS

8 201.0 201.2 202.60 B-Gay03

9 233.9 233 B-GasSs

10 2924 292 280 B-GaS

11 322 318 321 322.13 B-GanSs
B-Gay03

12 326.8 329 B-GasSs

13 349.1 349.1 343 348.98  B-GayOs

14 359.4 361 368 B-GaS

15  386.1 386 B-GaS

16 416 416 404 418.27  B-GayO3

17 474 477.5 477.36 B-Gay03

18 630 630 630.78  B-GayO3

19 655.9 656 654.31 B-Gay03

20 767.2 767.3 768.41 B-GayO3

oxidation reaction predominates, as proposed in [27]:

4Gas+302—)2G3203+282

3.3. SEM morphological analysis

The surface morphology of the composite synthesized by heat
treatment of $-GaS plates in air, at 1023K, 1123K and 1173 K was
studied using SEM micrographs (Fig. 3). As can be seen from Fig. 3a, as
a result of heat treatment at 1023 K, the GaS (0001) surface of the plate
is coated with a homogeneous composite layer. The X-ray diffracto-
grams (Fig. 1) shows that this composite consists of GaS and Ga,Ss3
single crystals, as well as small amounts of 3-Ga,03 native oxide. So, it
is confirmed that at 1023 K, in the presence of oxygen, phase trans-
formation of GaS in Ga,S; takes place. When increasing the heat
treatment temperature from 1023 K to 1123 K, as shown in Fig. 3b, the
(0001) surface of -GaS plate is covered with a layer composed of
needle-shaped micro-formations and chaotically oriented ribbons. The
average length of these formations is ~3 pm, while the width of the
ribbons does not exceed 0.5 um.

When increasing the heat treatment temperature to 1173 K and
decreasing ~10 times its duration, it can be observed that the ribbon
length increases on average about 1.5-2.0 times. At the same time, their
width also increases proportionally. Under these synthesis conditions,
formation of 15-20 um length wires takes place. Their amount, de-
termined by statistical analysis of SEM images, is about 10%. Along
with multitude of needles and chaotically oriented ribbons on the sur-
face of samples synthesized at 1123 K, some truncated cone shapes can
be also observed on the surface at 1173 K (Fig. 3c), which play the role
of growth centers for Ga,0O3 nanoneedles.

Several technologies have been developed for the fabrication of f-
Ga,03 layers containing nano-formations. A brief characterization of
the most widespread methods can be found in [32]. In work [7], §-
Ga,03 nano-formations were obtained from Ga vapor phase, in a Ar—O
(50:5) atmosphere. It has been established that the type of formations
depends on the synthesis temperature of gallium oxide. Thus, at 1150 K,
B-Ga,03 micrograins are formed on sapphire substrate, while micro-
plates and nanowires are formed at temperatures of 1250 K and 1270 K,
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Fig. 3. SEM images of the composite surface of GaS plates heat treated in air, at
1023 K for 6h (a), 1123 K for 6 h (b) and 1173 K for 30 min (c).

respectively. Submicrometer length 3-Ga,O3; nonocones were obtained
by heat treatment of GaS lamellas in H,O vapors [17]. Besides, 3-Ga;03
nanowires with average lengths of 4-10 um were obtained by heat
treatment of GaSe lamellas in a Ar-air atmosphere, at temperature of
1200K [4].

3.4. EDX compositional analysis

As can be seen from the analysis of the XRD diagrams and Raman
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Fig. 4. The elemental analysis of the composite obtained after heat treatment of
GasS plates in air, at 1023 K for 6 h (a), 1123 K for 6 h (b) and 1173 K for 30 min
(c).

scattering spectra, heat treatment of the GaS plate at 1023K for 6 h
leads to the formation of a material composed of GaS (base material), f3-
Ga,S3 phase and a small amount of Ga,0O3. The elemental composition
of the formations present on the sample surface was analyzed by the
EDX technique (Fig. 4). From Fig. 4a, it can be seen clearly that on an
arbitrarily selected area the element concentration are 58 at. % oxygen,
39 at. % gallium and 3 at. % sulfur. The variation of these amounts from
one surface area to another is ~10%.

The EDX diagram of the composite formed at 1123 K is shown in
Fig. 4b. From this figure it can be seen that by increasing the heat
treatment temperature by 100 K (from 1023 K to 1123 K), sulfur is only
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found as traces on the sample surface. The concentration of Ga atoms
increased from 39 at. % (at 1023 K) to 43 at. % in the composite ob-
tained at 1123 K. These samples show a decrease in oxygen con-
centration of ~1-2 at. %.

The EDX diagram of a selected arbitrary element of the synthesized
sample at 1173 K, shown in Fig. 4c, attests the presence of Ga and O
atoms with a concentration of 56 at. % and 44 at. %, respectively. Thus,
heat treatment of ~100 pm thick GaS plates in the air, at 1173 K for
30 min, leads to the formation of -Ga,O3 with a small excess of oxygen.
We mention that as a result of the thermal treatment of gallium nitride
(GaN), at 1073 K, in normal atmosphere, on both lateral surface and
interior of the sample, submicrometer-sized -Ga,Os particles were
formed, with a composition close to the stoichiometric one (2:3) [33]. It
is known that -Ga,Os, in the form of nanowires, nanorods and nano-
particles, is an effective gas absorber/adsorber [9]. So, the emphasized
surplus amount of oxygen could be due to oxygen adsorbed from the
atmosphere over the time interval from material synthesis until mea-
surements are carried out.

As can be seen from Fig. 1 curve 3, the material obtained by an-
nealing of GaS plates, at 1173 K, for 0.5 h, also contains GaS and Ga,S3
crystallites. The low concentration of sulfur (< 0.1 at. %) in the samples
obtained under these conditions attests the low concentration of re-
spective (GaS and Ga,Ss3) crystallites in studied samples.

3.5. Photoluminescent properties

The fundamental absorption edge of nanosized Ga,O3 contains two
regions of decreased absorption: one with a rapid decrease in the region
of 250-270 nm and the other with a slow absorption decrease over the
wavelength range of 270-355 nm [27]. The photoluminescence spectra
of the composite obtained by heat treatment of GaS plate in air, at
1123K for 6 h (Fig. 5a), were recorded at room temperature, with an
exciting radiation wavelength of 253 nm (4.90 eV) corresponding to the
first intense absorption range, and 337.4nm (3.67 eV-a He—N, laser
used in pulse mode), for the weaker absorption range.

Upon PL excitation at 253 nm, the emission spectrum covers the
wavelength range from 350nm to ~550nm. As can be seen from
Fig. 5a (curve 1), the PL contour can be properly decomposed into three
Gaussian curves with maxima at 390 nm (a), 418 nm (b) and 440 nm (c)
wavelengths. The structure of this PL spectrum can be explained if one
admits that in the forbidden energy gap of f-Ga,0O3; nano-formations
three energy levels are formed, one donor and two acceptors (with
energies Ep and E4” and E,”, respectively-Fig. 5b).

In works [34,35] it was shown that the oxygen (V,) and gallium
vacancies (Vg,) engender a donor level with energy of 1.72 eV (relative
to the bottom of conduction band) and an acceptor level, respectively,
at ~ 0.30eV above the top of the valence band [34,35]. Since the
forbidden bandwidth of -Ga,O3 nano-formations is equal to 4.9 eV
[36], the PL band (a), located at 390 nm, with the energy position of
3.18 eV, can be interpreted as the recombination of electrons on the
donor level with energy of 1.72 eV with holes from the valence band.

The PL bands (b) and (c), with maxima at 2.97 eV (418 nm) and
2.82 eV (440 nm), can be considered as recombination of electrons on
the same donor level (with energy of 1.72 eV) with holes from the ac-
ceptor levels with energies of 0.21 eV and 0.36 eV, respectively. The
energy level diagram of $-Ga,0s, obtained from the PL spectrum ex-
cited at a photon energy of 4.90 eV (Fig. 5a) is shown in Fig. 5b.

In Fig. 5a (curve 2), the PL spectrum of 8-Ga,O3; nano-formations, at
excitation photon energy of 3.67 eV is shown. The excitation flux
density at this wavelength was ~ 1000 times higher than in the case of
4.90 eV photon energy (curve 1). As can be seen from the comparison of
curves 1 and 2, upon decreasing excitation energy by ~ 1.3 eV, the PL
particularities located at 390 nm and 418 nm (curve 1) turn into an
increasing intensity continuum and a maximum located at 455nm
(2.72 eV) is emphasized. This band can be interpreted as electron-hole
recombination in donor-acceptor pairs. Photoluminescence in this
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Fig. 5. (a) The PL spectra of the composite obtained by heat treatment of GaS
plate in air, at 1123K for 6h, recorded at room temperature, at 253 nm
(4.90 eV) (curve 1-blue color) and 337.4nm (3.67 eV) (curve 2-red color) ex-
citing wavelengths. Dashed curves: deconvolution of curve 1; (b) energy level
diagram of 3-Ga,0j3. (For interpretation of the references to color in this figure
legend, the reader is referred to the web version of this article.)

spectral region was also reported for f-Ga,O3 nanowires synthesized by
CVD at 1273 K [37]. The visible PL spectrum of respective nanowire
structures is interpreted as radiative annihilation of charge-transfer
excitons.

4. Conclusions

Gallium oxide ($-Ga,05) nanowires and nanoribbons were obtained
by thermal treatment of GaS plates in air at 1173 K. At 1123K a crys-
talline composite composed of B-Ga,O3 and f-Ga,S; is formed. By
thermal treatment of GaS plates at 1023 K, a composite of GaS and
Ga,S; single crystals was obtained. The composition and crystal struc-
ture of the synthesized material at temperatures of 750-1173 K was
determined by means of XRD, EDX analysis and Raman scattering
spectra. The surface morphology of the synthesized composites was
studied using SEM micrographs, from which it was determined that
nano-formations synthesized at 1123 K are made of nanowires which
converts into ribbons when the heat treatment temperature is increased
to 1173 K. The composite of needles and chaotically oriented 3-Ga,03
ribbons on the sample surface is a broadband photoluminescent mate-
rial in the visible range. The contour of the PL bands depends on the
excitation energy. Reducing the excitation energy from 4.90eV to
3.67 eV results in a PL peak redshift of ~40 nm.
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