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A B S T R A C T   

In this work, the synthesis, morphology, optical and luminescence properties of Mn-doped β-Ga2O3 (Ga2O3:Mn) 
nanowires/nanosheets on Mn-doped GaS (GaS:Mn) substrate are studied. The aim was to obtain structures of 
semiconductors with layers of nanoformations (nanowires, nanosheets) from a wide energy band semiconductor 
such as β-Ga2O3 and to determine their characteristic properties. For the base material, Mn-doped GaS lamellae 
were chosen, which are optically transparent in the spectral region where the optical properties of Mn2+ and 
Mn3+ ions are manifested. Through thermal annealing, single-crystalline β-GaS plates doped with 1.3 atomic 
percent (at.%) of manganese (Mn) are exposed to an atmosphere enriched with H2O vapor at a temperature of 
800 ◦C for 6 h. As a result, the surface of these plates is covered with a composite layer consisting of crystallites of 
α-Ga2S3:Mn and β-GaS:Mn planar junctions. This composite exhibits a direct band gap of 2.88 eV and an indirect 
band gap of 2.55 eV corresponding to the β-GaS:Mn crystallites. Upon further increasing the temperature during 
thermal annealing to 850 ◦C and 920 ◦C, the surface of the β-GaS:Mn samples transform into a layer of β-Ga2O3: 
Mn nanowires/nanosheets with a band gap of 4.5 eV. Its intense green-orange photoluminescence is caused by 
electronic transitions within the Mn2+ ion.   

1. Introduction 

In recent years, wide bandgap semiconductors have received 
considerable research attention due to their unique physical properties 
and potential applications in various electronic devices [1]. Among 
these semiconductors, compounds such as GaN, AlxGa1-xN, and oxide 
semiconductors like TiO2, ZnO, MgZn1-xO, and Ga2O3 (especially 
monoclinic β-Ga2O3) have attracted particular interest due to their 
application in ultraviolet radiation photo-detectors (UVB and UVC), 
power electronic devices, and of UV radiation sources [2–5]. The range 
of applications of these materials is expanding with the transition from 
massive bulk single crystals to micro- and nano-crystallites [6,7]. Gal
lium oxide (β-Ga2O3) is a n-type semiconductor with a direct bandgap of 
about 4.4–4.9 eV and a monoclinic crystal lattice. The high-temperature 
stability of β-Ga2O3 can be achieved by doping with chemical elements 

such as Zn and Sn [8,9]. As a result, it is considered a promising material 
for use in UV optoelectronics, acting as a photocatalyst for the decom
position of organic pollutants and water, and functioning as a sensor for 
toxic gases at high temperatures [10–12]. 

One of the basic parameters that determine the applicability of this 
material in electronic devices is the critical (breakdown) electric field. 
For undoped β-Ga2O3, the critical electric field is about 8 MV/cm, while 
for β-Ga2O3 doped with Zn, this parameter reaches the value of 13.2 
MV/cm. In addition, β-Ga2O3:Zn in nanosheets exhibits intense photo
luminescence in the green region [13] and shows high sensitivity as a 
photo-detector in the UVC region, with response reaching up to 210 
A/W at a wavelength of 232 nm [14]. 

Nanostructured undoped and doped β-Ga2O3 grown on substrates 
such as Si, GaN, GaAs, Al2O3, and other oxide semiconductors such as 
TiO2 and ZnO play an important role in the development of electronic 
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devices, UV radiation receivers and sources, gas sensors, and photo
catalysts [14–17]. It has been shown that the manganese (Mn) dopant 
induces impurity bands near the band edge, resulting in the decrease of 
the band gap of the Ga2O3 [18]. 

Considering that GaS:Mn is an optically transparent material in the 
region where the luminescent transitions of Mn2+ and Mn3+ ions are 
manifested, thus also obtaining intense luminescence in the green- 
orange region. A thorough knowledge of the basic structural, optical 
and vibrational properties of Mn-doped β-Ga2O3/GaS:Mn is crucial, 
since information on cost-efficient and simple technological approaches 
and structure is still lacking. Mn - doped composites as β-Ga2O3/GaS:Mn 
are extremely important for fundamental research, as well as for 
developing new devices, e.g. various applications including optoelec
tronic sensors, non-toxic biomedical imaging, energy down-conversion 
in nanostructured solar cells, nonlinear optical applications, optoelec
tronic devices, e.g., high-power laser radiation sensors. Recent struc
tures demonstrate that Mn-doped β-Ga2O3 thin films as well as 
nanostructured layers are promising materials in light sources in the 
visible region of the spectrum under electron beam excitation and 
photon excitation in the UV region. 

In this work, the synthesis and morphology of Mn-doped β-Ga2O3 
(Ga2O3:Mn) nanowires/nanosheets on Mn-doped GaS (GaS:Mn) sub
strates are investigated. Furthermore, the composition as well as the 
optical and luminescence properties of Mn-doped β-Ga2O3 nanowires/ 
nanosheets on a GaS:Mn substrate are investigated in detail. 

2. Materials and methods 

The layers consisting of β-Ga2O3 nanowires/nanosheets doped with 
Mn on a GaS:Mn substrate were obtained by thermal annealing of plane- 
parallel plates of GaS single crystals doped with 1.3 at% Mn in air 
enriched with H2O vapor. GaS:Mn plates with thicknesses ranging from 
0.03 mm to 0.45 mm were annealed in a tubular furnace at temperatures 
ranging from 800 to 920 ◦C, and durations ranging from 30 min to 6 h. 
During the thermal annealing, a flow of air with a relative humidity of 
~80 % passed through the furnace tube. As can be seen from the XRD 
diffractograms, the GaS:Mn sheets with a thickness of 0.03 mm–0.1 mm 
are transformed into homogeneous layers of β-Ga2O3:Mn after 6 h of 
thermal annealing at a temperature of 920 ◦C. The thickness of the β- 
Ga2O3:Mn layer on the GaS:Mn substrate can be controlled by varying 
the duration of thermal annealing. Slabs of GaS doped with 1.3 % Mn 
were obtained by cleaving single crystals along the (0 0 0 1) plane of 
β-Ga2O3:Mn single crystals with the hexagonal crystal lattice. The 
quality and parallelism of the surfaces of the GaS:Mn plates were 
checked by the homogeneity of the interference pattern of a parallel 
beam of laser radiation at a wavelength of 532 nm. GaS:Mn single 
crystals were grown by the Bridgman method in a furnace with two 
temperature ranges. 20 g of the compound could be synthesized from the 
elemental components Ga(5 N), S(5 N) and Mn(4 N) considered in 
stoichiometric ratios. 

The crystal structure of GaS:Mn ingots and β-Ga2O3:Mn nanowire/ 
nanosheet layers was analyzed using wavelength monochromatized 
XRD patterns. λCuKα = 1.54060 Å at 40 kV and 40 mA was used for the 
XRD, which was performed on a Seifert 3000 TT instrument in the range 
of 2θ angles ranging from 20◦ to 90◦. The surface morphology of 
β-Ga2O3:Mn nanowires/nanosheets as well as the medial dimensions of 
the nanoformations were determined by SEM (Carl Zeiss AG, Oberko
chen, Germany) at a voltage of 7 kV and a current of 8 μA. 

XPS (Omicron Nano-Technology GmbH, Al-anode, 300W) was used 
to verify the elemental composition of the β-Ga2O3 layers and the Mn 
content formed on the GaS:Mn surface. The charge correction was per
formed with the C 1s line of carbon at 284.8 eV. The XPS spectra were 
analyzed using the CasaXPS software (version 2.3.23). 

The chemical composition of the primary material GaS and the 
nanostructured β-Ga2O3:Mn layer was identified from Raman spectra 
recorded with a Micro-Raman spectrometer (Witec Alpha 300 Ra, Ulm, 

Germany) under laser excitation arc at a wavelength of 532 nm. 
The absorption band edge of the β-Ga2O3:Mn layer was studied by 

diffuse reflectance spectra using a Specord M − 40 spectrophotometer 
complete with an integrated sphere. A layer of BaSO4 was used as a 
diffuse reflectance standard. 

The photoluminescence of the β-GaS:Mn single crystal and the 
β-Ga2O3:Mn nanoformations was recorded in a MDR-type mono
chromator setup equipped with 600 mm− 1 and 1200 mm− 1 diffraction 
gratings. Photoluminescence (PL) spectra were recorded using a (Na2K) 
Sb + Cs photocathode photomultiplier with photosensitivity in the 
200–900 nm wavelength range. The PL of the β-GaS:Mn single crystals 
was excited with 405 nm laser radiation, the PL of the β-Ga2O3:Mn layer 
was excited with 248 nm and 254 nm radiation selected from the arc 
emission spectrum in Hg vapor (PRK-350 W lamp). 

3. Results and discussion 

3.1. Morphological studies by scanning electron microscopy (SEM) 

The surface morphology of β-GaS:Mn single crystals and the 
morphological transformations formed as a result of thermal annealing 
in an atmosphere enriched with H2O vapors at a temperatures range of 
800 ◦C–920 ◦C have been studied under SEM as shown in Fig. 1. Fig. 1a 
shows a fragment of the cross section of a single crystal plate of β-GaS: 
Mn. The structure of the lamellae and the perfection of the surface of the 
primary material can be clearly seen. As a result of thermal annealing at 
a temperature of 800 ◦C for 6 h, seeds of β- Ga2O3:Mn nano-formations 
with average sizes of ~(30–70) nm and scattered sectors of nanowires 
are formed on the (0 0 0 1) surface of the mono-crystalline plate 
(Fig. 1b). Gallium sulfide is a layered semiconductor formed by packings 
of planar atoms of the type S-Ga-Ga-S with weak polarization bonds 
between the packings and strong iono-covalent bonds between the 
atoms in the spacing of the packing. The valence bonds in the sulfur 
layer on the surface of the GaS plates are closed, so only the defects or 
dopant on this surface at the initial stage can serve as centers for the 
nucleation of β-Ga2O3 crystallites. At high temperatures, the emission of 
S atoms occurs, a process that stimulates oxygen diffusion through sulfur 
vacancies inside the GaS:Mn layer with the formation of β-Ga2O3:Mn 
crystals. This process determines the granular morphology of the sample 
surface shown in Fig. 1b. 

When the annealing temperature is increased to 850 ◦C, the surface 
of the β-GaS:Mn plate is covered with a quasi-homogeneous array of 
nanowires with a length of about 1 μm and a thickness of (40–70) nm 
(Fig. 1c). At the temperature of 850 ◦C and much more intensively, the 
sublimation of gallium oxide takes place, and by condensation of the 
vapors, the compound of nanowires is formed on substrate as β-Ga2O3/ 
GaS:Mn (Fig. 1 c, d). The steps of formation of β-Ga2O3 nanowires on the 
surface of GaSe plates subjected to thermal annealing (TT) at high 
temperatures in oxygen atmosphere is well described in the paper [22]. 
The mechanism of formation of β-Ga2O3:Mn nanowire assemblies on the 
surface of the β-Ga2O3 polycrystal is dominated by vapor–solid growth 
mechanism and can be explained considering the minimization of sur
face free energy, that facilitate directional growth. When the tempera
ture of thermal annealing is increased up to 920 ◦C, the surface of the 
plates is covered with island regions of nano formation arrays on which 
fine wires with lengths of (5–7) μm and a thickness ranging from 38 nm 
to 78 nm are clearly visible (Fig. 1d). 

3.2. X-ray diffraction (XRD) 

Fig. 2a shows the XRD diffractogram of the GaS:Mn crystal. In the 2θ 
range of 20◦–90◦, five intense diffraction peaks are highlighted with 
intensity maxima centered at 2θ angles of: 23.08◦, 34.78◦, 46.97◦, 
73.33◦, 88.23◦ and low intensity lines are at 50.65◦, 59.62◦ and 80.63◦. 
According to the PDF card-710009, these lines are identified as X-ray 
diffractions with a wavelength of λCuKα = 1.54060 Å from planes with 
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Miller indices (0 0 4), (0 0 6), (0 0 8) and (4 0 0), (0 0 1 2), (0 0 1 4) and 
(1 0 7), (2 0 0), (1 0 1 2) respectively of the β-GaS hexagonal lattice with 
a = 3.585 Å and c = 15 492 Å. 

The XRD patterns of the material obtained by thermal annealing in 
H2O-enriched atmosphere for 6 h at the temperatures of 850 ◦C and 
920 ◦C are shown in Fig. 2b and c, respectively. From the comparison of 
these three diagrams (Fig. 2 a, b and c), the absence of the diffraction 
lines of the primary material (GaS: 1.3 at% Mn) in Fig. 2b and c is clearly 

visible, indicating the complete oxidation of the GaS:Mn plate. 
The absence of additional reflections in the range of 2θ diffraction 

angles from 20◦ to 90◦ draw a conclusion that the primary materials 
(GaS single crystals with 1.3 at% Mn and the β-Ga2O3:Mn layer) are 
monophasic and structurally homogeneous. 

The sharp profile of the reflections in Fig. 2c compared to those in 
Fig. 2b can be used as a criterion for the high structural perfection of the 
β-Ga2O3 crystals. 

Fig. 1. SEM images of the cross-section of (a) single crystal GaS with 1.3 at.% Mn, (b) β-Ga2O3:Mn nano-formations obtained by thermal annealing in a water vapor 
atmosphere from single-crystal β-GaS doped with 1.3 at.% Mn at 850 ◦C for 6 h, (c) arrays of β-Ga2O3:Mn nanowires/nanosheets grown at 920 ◦C and (d) separated 
β-Ga2O3:Mn microwires. 

Fig. 2. XRD patterns of (a) GaS + 1.3 at.% Mn primary crystals, (b) β-Ga2O3:Mn obtained by thermal annealing at 850 ◦C for 6 h, (c) array of β-Ga2O3:Mn nanowires/ 
nanosheets obtained at 920 ◦C. 
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According to the PDF card No 760573, the diffraction lines (XRD) 
indexed in Fig. 2b and c are identified as X-ray diffraction with the 
wavelength λCuKα = 1.54060 Å from the crystallographic planes of the 
β-Ga2O3 phase with a monoclinic crystal lattice with the parameters a =
12.23 Å, b = 3.040 Å, c = 2.800 Å and β = 103.70◦. 

In the process of oxidation of the single crystal β-GaS:Mn at high 
temperatures, in addition to the formation of β-Ga2O3, a small amount of 
dopant Mn can form Mn2O3 compound. The formation of β-Ga2O3 and 
Mn2O3 phases by thermal annealing of β-GaS:Mn crystals is also favored 
by the correlation between the radii of Ga3+ (0.62 Å) and Mn3+ (0.64 Å) 
ions [19]. Y. Huang et al. [20] have shown that the presence of the 
mixture of β-Ga2O3/Mn2O3 phases in the XRD patterns is manifested by 
small shifts of the reflections with 2θ angles of 38.39 (− 4 0 2) and 59.89◦

(1 1 3) (PDF card 760 573) towards smaller values of the 2θ angles at 
concentrations higher than 0.04 at.% of Mn in the compound. As can be 
seen from Fig. 2c, the reflections (0 0 4), (− 4 0 2) and (1 1 3) in the 
studied material are found at 2θ angles of 38.18◦ and 59.66◦ and are 
shifted from the 2θ values observed by I. Goronovskii et al. [19] as 0.26◦, 
0.21◦ and 0.23◦. 

There is no doubt that the thermal annealing affects the crystallite 
growth mechanism, the crystallite shape and size. The average sizes of 
β-Ga2O3:Mn nanocrystallites in the substrate layer formed by high- 
temperature thermal annealing of GaS wafers doped with 1.3 at.% Mn 
were calculated using the Scherrer equation (1): 

d =
0.9λ

β cos θ
(1)  

where d is the average size of the crystallite, θ is 2θ/2 where 2θ is the 
angle corresponding to the diffraction peak, λ is the wavelength of the X- 
rays and β is the full width at half maxima of the diffraction line. The 
parameter ε, which characterizes the micro-deformation of the crystal
lite is given by equation (2): 

ε= β cos θ
4

(2) 

To determine the parameters d and ε, the intensity peak at (0 0 2) 
with 2θ = 31.64◦ from Fig. 2b and the peak with 2θ = 31.48◦ from Fig. 2c 
were used. The full width at half maxima β of these peaks is equal to 
0.29◦ and 0.25◦, respectively. 

The average crystallite sizes of β-Ga2O3 in the materials obtained at 
the annealing temperatures of 850 ◦C and 920 ◦C are equal to 28 nm and 
33 nm, respectively. However, with the increase in the oxidation tem
perature of GaS:Mn crystals from 850 ◦C to 920 ◦C, a tendency to in
crease the size of β-Ga2O3:Mn nanocrystallites by ~15 % is observed, 
while the internal deformation factor (stress) ε has a decreasing ten
dency from 1.2⋅10− 3 to 1.05⋅10− 3. Such a tendency to increase the size 
of crystallites and decrease internal deformations in crystals and thin 
layers of semiconductors by thermal annealing has already been 
observed in previous works [21–23]. 

3.3. X-ray photoelectron spectroscopy (XPS) 

The surface chemical composition of Mn-doped β-GaS slab subjected 
to thermal annealing at 850 ◦C for 6 h in a H2O-enriched atmosphere 
were studied by XPS. 

The maximum energy of the electrons excited in the material layer by 
X-rays of the wavelength λAlKα = 8.34 Å does not exceed the photon 
energy of 1486 keV. The maximum thickness of the layer that can be 
penetrated by the XPS method upon excitation with the X-rays emitted 
by the Al anticathode, the penetration range R can be approximated 
using the Kanaya-Okayama empirical formula [24]: 

R=
0, 0276

ρ
A

Z0.89En
0 (3)  

where A is the atomic weight (g/mol), n is equal to ~1.35 for a primary 

energy E0 ≤ 5 keV, E0 = hc
λAlKα 

– Roentgen energy of the electrons in (keV), 
Z is the number of atoms and ρ is the density (g/cm3). For the compound 
β-Ga2O3, AGa≈69.7, ZGa = 31 and ρ = 5.863 g/cm3 were chosen. From 
(3) the maximum thickness that can be penetrated is 26 Å. 

The signal was averaged after three repeated scans in the energy 
region around 400 eV, while the high resolution spectrum was obtained 
by averaging 20 receivers of the 50 eV intervals. Fig. 3a shows the XPS 
spectrum scanned in the energy range of 0–1300 eV. In this spectrum, 
the signal for Ga 2p is clearly highlighted at ~1150 eV (Ga 2p 1/2) and 
1123.0 eV (Ga 2p 3/2) and with the energy of 531 eV corresponding to 
the O/S oxygen in the Ga–O bond. At the same time, the generalized scan 
highlights the presence of oxygen and carbon on the surface of the 
sample. The manganese (Mn 2p) signal at 646 eV and a weak signal at 
~180 eV are visible. This signal can be attributed to S 2p or Ga 3s. The 
presence of S atoms on the analyzed surface is possible since the base 
material subjected to thermal annealing is the GaS compound. The 
signals for Fe and Ca can be explained by the presence of these chemical 
elements in the sample support, while carbon can be caused by the 
adsorption of C–H compounds from the atmosphere. Fig. 3b shows the 
high resolution XPS spectrum in the 640–655 eV energy range. In this 
spectrum, the peak at 646 eV corresponding to the signal from Mn 2p is 
clearly highlighted. 

3.4. Raman spectroscopy 

Additional information on the structure and composition of the 
material obtained by thermal annealing of β-GaS:Mn nanosheets was 
obtained from the analysis of the Raman spectra. Fig. 4 shows the Raman 
spectra of β-GaS:Mn primary single crystals and β-Ga2O3:Mn material 
obtained by thermal annealing of β-GaS:Mn monocrystalline slabs in a 
H2O vapor enriched atmosphere for 6 h at temperatures of 800 ◦C, 
850 ◦C and 920 ◦C. 

The Raman spectrum of GaS single crystals doped with 1.3 at.% of 
Mn in the range of wave numbers between 100 and 400 cm− 1 contains 
three band modes with maxima centered at 189.13 cm− 1, 292.95 cm− 1, 
and 360.22 cm− 1 (Fig. 4a). These bands correlate well with previous 
research [25], where they are identified as vibrational modes with 
symmetry A1

1g (189 cm− 1), A2
1g (360 cm− 1) and E1

2g (293 cm− 1) of the 
β-GaS hexagonal lattice. β-Ga2O3 with monoclinic structure belongs to 
the symmetry space group C2m. For this group a total of 27 acoustic and 
optical vibrational modes are active in the center of the Brillouin zone: Γ 
= 10Ag+4Au+5Bg+8Bu. 15 symmetric vibrational modes remain active: 
ΓR = 10Ag+5Bg. 

The Raman spectrum of the sample obtained by thermal annealing of 
monocrystalline GaS:Mn plates in air enriched with H2O vapor at a 
temperature of 800 ◦C for 6 h is shown in Fig. 4b. In this spectrum there 
are four bands with maxima centered at the wavenumbers of 189.4 
cm− 1, 234.9 cm− 1, 293.4 cm− 1 and 360.4 cm− 1. The comparison of the 
spectrum in Fig. 4a and b shows the good match of the Raman spectrum 
of the primary material (GaS:Mn modes A1

1g, A2
1g and E1

2g) with the 
spectrum subjected to thermal annealing at 800 ◦C. At the same time, an 
additional band with a broad contour and maximum intensity centered 
at 233.9 cm− 1 and three weakly pronounced plateaus at 390 cm− 1, 415 
cm− 1 and 473 cm− 1 appear which are shown Fig. 4b. The band at 233.9 
cm− 1 and the plateaus at 390 cm− 1 reported in the previous study [26] 
are identified as vibrational modes of the α-Ga2S3 Wurtzite lattice, while 
the features at 415 cm− 1 and 473 cm− 1 reported in the previous study 
[27] are interpreted as symmetric vibrational modes Ag (415 cm− 1) and 
Bg (475 cm− 1) of the bonds in the Ga2O6 octahedra in the monoclinic 
β-Ga2O3 lattice. The phase transformation mechanism of the GaS com
pound into Ga2S3 and further into Ga2O3 at the temperature of 800 ◦C 
can be described by the reaction [28]: 

GaS+
1
4

O2 =
1
3
Ga2S3 +

1
6
Ga2O3 
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The cardinal Raman spectrum changes, as the annealing temperature 
for β-GaS:Mn crystals is increased to 850 ◦C. In the range of wave 
numbers 100-800 cm− 1, three types of vibrational modes are clearly 
observed at low frequencies: B1

g (114 cm− 1), B2
g (145 cm− 1), A2

g (169 
cm− 1), A3

g (199 cm− 1), mid-frequencies: A4
g (321 cm− 1), A5

g , B3
g (345 

cm− 1), A6
g (416 cm− 1), B4

g (473 cm− 1) and high frequencies: A8
g (627 

cm− 1), B5
g A9

g (651 cm− 1), A10
g (763 cm− 1). Increasing the annealing 

temperature to 920 ◦C does not change the structure of the Raman 
spectrum. A slight enhancement of the contours of the vibrational bands 
is observed (Fig. 4d). In the previous study [27], the low-frequency 
vibrational modes are interpreted as librations and translations of the 
chains of atoms in the monoclinic β-Ga2O3 network, the mid-frequency 
bands correspond to deformations in the Ga2O6 octahedra, while the 
high-frequency bands represent elongations and contractions in the 

GaO4 tetrahedra. Fig. 4c (inset) shows the surface image mapping of the 
β-Ga2O3:Mn layer obtained by thermal annealing of the monocrystalline 
β-GaS:Mn slabs at the temperature of 850 ◦C for 6 h mapped from A10

g 

(761 cm− 1). From this image, the micro-island structure of the surface of 
the gallium oxide (β-Ga2O3) layer can be clearly seen. The average size 
of the islands is ~3–5 μm. These inhomogeneities likely determine the 
intense light diffusion from the UV-VIS regions of these samples. 

3.5. Diffuse reflectance spectroscopy 

The spectral dependence of the diffuse reflection coefficient (Rd) 
from the surface of the sample obtained at a temperature of 800 ◦C 
contains two intervals to increase the Rd coefficient with the wave
lengths of the incident radiation at 390–450 nm and 470–520 nm 
(Fig. 5a). The diffuse reflection coefficient Rd and the absorption 

Fig. 3. (a) Overview of the XPS spectra of the β-Ga2O3:Mn sample: The overview spectra indicate that O, C, Ga, S and Mn are present at the sample surface. The 
indicated signals from Fe and Ca can be attributed to the sample holder. (b) High-resolution scan of the Mn 2p intensity. 

Fig. 4. Raman spectra of (a) primary GaS crystals with 1.3 at.% Mn and of the material obtained by thermal annealing of GaS:Mn single crystals in the H2O vapor- 
enriched atmosphere at the temperature of (b) 800 ◦C; (c) 850 ◦C, (inset) filtered Raman image of GaS 1.3 at.% Mn after annealing at 850 ◦C for 6 h in terms of the 
mode A10

g (767 cm− 1) corresponding to β-Ga2O3:Mn and (d) 920 ◦C. 
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coefficient α are related by the Kubelka-Munk function [29]: 

F(Rd)=
(1 − Rd)2

2Rd
=

α
s

(4)  

where s is the wavelength-independent scattering factor for material 
with grains larger than the wavelength of the incident radiation. The 
absorption of light in semiconductors by momentum-conserving elec
tronic transitions is described by the formula [30]: 

α(hν)= (hν − Eg)n (5)  

where Eg is the forbidden bandwidth and n = 2 for indirect transitions, 
while n = 1/2 for direct transitions. 

As can be seen from Fig. 5b, in the wavelength range of 390–450 nm 
corresponding to 3.20–2.76 eV, the dependence of the photon energy 
absorption coefficient corresponds to direct optical transitions with Eg0 
= 2.88 eV, while in the energy range 2.60-2.38 eV indirect optical 
transitions are achieved with Egi = 2.57 eV. These values correlate well 
with the width of the direct band gap in α-Ga2S3 crystals and with the 
width of the indirect band gap in GaS, respectively. The direct band gap 
of the cubic α-Ga2S3 phase has been previously determined to be in the 
energy range of 2.7–3.0 eV [31,32]. The indirect band gap in GaS 
lamellar crystals at 300 K is equal to 2.53 eV [33]. Fig. 5c shows the 
spectral dependence of the absorption coefficient as a function of the 
photon energy of the material layer obtained by thermal annealing in 
the atmosphere enriched with H2O vapors at the temperature of 850 ◦C 
(curve 1) and 920 ◦C (curve 2) of the plates of GaS doped with 1.3 % of 
Mn. The edge of the absorption band of these materials is well described 
by formula (5) with n = 1/2 and corresponds to direct optical transitions 
with Eg = 4.72 eV and 4.75 eV, respectively. The band gap in undoped 
β-Ga2O3 crystals is 4.85 eV [34]. 

Doping the β-Ga2O3 compound with S, Zn, In, Nb or Mn leads to a 
narrowing of the band gap, Eg is in the range of 4.0–4.9 eV [35–38]. For 
thin layers of β-Ga2O3 on a sapphire substrate the band gap is 5.06 eV. 
Doping them with 2 % of Mn reduces the band gap to 4.46 eV [20]. 

3.6. Photoluminescence (PL) 

The PL of the material layer obtained by thermal annealing of 
monocrystalline GaS plates doped with 1.3 at% of Mn in air enriched 
with H2O vapor was studied at the temperature of 80 K. The PL spectra 
of the material obtained by thermal annealing at the temperature of 
800 ◦C under excitation with laser radiation at λ = 405 nm are presented 
in Fig. 6, curve 1. As can be seen, the PL spectrum has a complex 
structure in which the red band with a maximum centered at ~692 nm 
(1792 eV) is dominant in terms of intensity. A medium intensity band 
with a maximum at 516 nm (2.403 eV) and a plateau with an edge at 
~590 nm (2.10 eV) are also highlighted. The XRD pattern and Raman 
spectrum of this sample shows that this material is composed of GaS and 

Fig. 5. (a) Diffuse reflectance spectra of the α-Ga2S3, GaS:Mn composite obtained at the temperature of 800 ◦C (3) and of the β-Ga2O3:Mn nanoformations obtained at 
850 ◦C (1) and 920 ◦C (2). (b) Photon energy dependence of (αhν)2 (1) and (αhν)1/2 (2), (c) Absorbtion of radiation in the layer of β-Ga2O3:Mn nanoformations 
obtained at 850 ◦C (1) and 920 ◦C (2). 

Fig. 6. Photoluminescence of the surface of the material obtained by thermal 
annealing of GaS:Mn single crystals in air enriched with H2O vapors for 6 h at 
the temperature 800 ◦C (curve1); 850 ◦C (curve 2) and 920 ◦C (curve 3). 
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Ga2S3 crystallites. 
The PL spectrum of GaS crystals at 80 K is well studied and contains a 

band of low intensity in the absorption band edge region with a 
maximum at 483 nm and another with dominant intensity in the near-IR 
region with a maximum at ~1000 nm [39,40]. The photoluminescence 
of Mn-doped GaS crystals has been previously investigated in papers 
[39,41]. In the PL spectrum of Mn doped GaS crystals, the band with 
maximum intensity at 619 nm (2002 eV) predominates. The PL spec
trum of α-Ga2S3 crystals contains two bands with maxima centered at 
420 nm (2.93 eV) and 635 nm (1.95 eV) [42]. This shows that the PL 
bands of α-Ga2S3, GaS, GaS:Mn crystals do not affect the spectral 
structure of the investigated sample set. The low-temperature photo
luminescence of Mn-doped Ga2S3 single crystals has been extensively 
studied by J. S. Lee et al. [43]. In this work, based on the measurements 
of optical spectra (PL, TSC – thermally stimulated current and PICTS – 
thermally stimulated photoinduced current), the energy level diagrams 
of the Mn+2 ion in α-Ga2S3 crystals were constructed. Based on this di
agram the PL bands with intensity maxima at 692 nm (1.80 eV), 516 nm 
(2.40 eV) and the plateau at 585 nm (2.12 eV) can be interpreted as 
radiative electron transitions in the Mn2+ ion 4T1(4G)→A2, 
4T1(4G)→6A1(6S) and 4T1(4G)→A1, respectively. 

The PL spectrum of β-Ga2S3 crystals contains an intense band with a 
maximum centered at 425 nm (2.95 eV). For nanostructured β-Ga2O3 
this band is located at 470 nm (2.64 eV) [13,14]. In the PL spectra of 
β-Ga2O3:Mn nanoformations obtained at the temperature of 850 ◦C 
(Fig. 6 curve 2) and 920 ◦C (Fig. 6 curve 3), the maximum of the band is 
centered at 680 nm (1.82 eV), 585 nm (2.12 eV) and 580 nm (2.14 eV), 
respectively. At the same time, in these spectra, the peculiarities with 
drops at 525 nm (2.36 eV), 580 nm (2.14 eV), and 680 nm (1.80 eV) are 
highlighted. Considering the good structural analogy between the Ga2S3 
and Ga2O3 compounds, the PL bands of the β-Ga2O3:Mn layers in Fig. 6, 
curves 2 and 3 can be interpreted based on the diagram of electronic 
transitions 4T1(G)→6A1(6S), 4T1(G)→A1 and 4T1(G)→A2 in the Mn2+ ion. 

We note that the PL spectrum of the β-Ga2O3:Mn nanowires studied 
in the paper [44] contains a broad band covering the wavelength range 
of 400–680 nm, with a maximum at 520 nm. 

4. Conclusions 

By thermal annealing of single-crystalline β-GaS plates doped with 
1.3 at.% Mn in an atmosphere enriched with H2O vapor at a temperature 
of 800 ◦C for 6 h, their surface is covered with a layer of a composite 
consisting of crystallites of Ga2S3:Mn and GaS:Mn with a direct band gap 
of 2.88 eV and an indirect band gap of 2.55 eV with a PL spectrum 
determined by electronic transitions in the Mn2+ ion. Upon increasing 
the thermal annealing temperature to 850 ◦C and 920 ◦C, the surface of 
the β-GaS:Mn samples is covered with a layer consisting of β-Ga2O3:Mn 
nanowires/nanosheets with band gaps of 4.72 eV and of 4.75 eV, 
respectively. The photoluminescence was determined by electronic 
transitions in the Mn2+ ion. 
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