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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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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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