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Abstract Current research presents a new deposition
method for GaN thin films that produces in a very short
production time for GaN-based solid-state applications.
A Mo doped GaN thin film on a glass substrate was pro-
duced by thermionic vacuum arc (TVA) technique. The
TVA technique is a novel non-reactive plasma technique.
The optical properties were determined by Filmetrics F20
interferometer and UV-Vis double beam spectrophotome-
ter. The surface morphology was analyzed using field
emission scanning electron microscopy and atomic force
microscopy. The mean thickness value was measured as
100 nm by Filmetrics interferometer. The crystalline
structure of the produced thin film has a Wurtzite crystal
structure (004) as obtained by X-ray diffraction. Hardness
value was determined as 14 GPa with the Oliver—Pharr
method. The obtained properties are consistent with the
values reported in related literature. The findings indicate
that the TVA method provides advantages for optical and
industrial applications.

1 Introduction
GaN is a direct wide-bandgap semiconductor with good

thermal conductivity and notable optical, mechanical,
piezoelectric, and transport properties. It is widely used in
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electrically pumped ultraviolet-blue light-emitting diodes,
lasers, tunable mechanical resonators and switches,
among other possible new sensor and transducer tech-
nologies as well as high power and high frequency ap-
plications [1-4]. GaN thin films have been deposited on
various substrates such as Al,Os;, SiC, GaAs, etc [4-8].
Gautier et al. [8] claimed that direct growth of II-nitride
photovoltaics were not possible onto a glass. We have
managed to perform the GaN thin film production onto
glass. GaN films have approximately a band gap of
3.4 eV at 300 K [9-12], hardness value in the range of
4-18 GPa and Young’s modulus value in the range of
210-295 GPa [2, 10]. GaN films undergo a change in
physical properties by doping [3, 9, 13—-16]. Gallium ni-
tride (GaN) growth techniques have been extensively
studied for the past two decades. Growth techniques of
GaN and doped GaN can be given as thermal decompo-
sition [1, 5, 9], metal organic chemical vapor deposition
(MOCVD) [4, 8, 13—15], magnetron sputtering [11], sol—
gel process [17, 18], molecular beam epitaxy (MBE) [19],
spin coating [20].

In this study, a Mo doped GaN thin film was produced
using a non-reactive thermionic vacuum arc (TVA) method
for the first time. TVA method can be used to produce thin
films of various materials like metals, alloys, ceramics,
silver diamond like carbon and refractory metals such as
W, Mo, Ta, Nb, Re and B. TVA technique has a number of
significant advantages for thin film growth. These advan-
tages include being homogenous, compact and nano-
structured, along with having a low roughness, good ad-
hesion, a high deposition rate and a very short production
time [21-30]. This research presents a new deposition
mechanism for GaN-based solid-state applications. Doping
process of GaN in TVA system is very simple according to
other metal organic deposition process.
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2 Experimental

TVA ignites in high or ultra-high vacuum condition be-
tween a heated cathode and an anode containing the ma-
terial to be deposited without using any buffer gas. The
accelerated electrons with high dc voltage collide with the
anode. Due to the electron bombardment of the anode by
the accelerated thermo-electrons from the cathode, the
anode material starts to melt first. Subsequently, the anode
material evaporates and a steady state concentration of the
evaporated atoms of anode materials is ensured between
the anode and the cathode. By increasing high voltage
applied between the anode and the cathode space, a bright
discharge is established in the vapors of the anode material
in the vacuum chamber. The vapors of the anode material
spread toward the wall of the vacuum chamber. Thus, top
surface of the glass substrate was coated with anode ma-
terial(s); source material(s). A glass substrate was located
at a distance of 70 mm above the anode. The temperature
of the glass substrate in the film deposition process is a
little higher than the room temperature; approximately
40-50 °C. 0.3 g of GaN (MTI Corporation, c-axis SP1)
crystal and 0.02 g of Mo (Alfa Aesar, 99.7 %) pellets were
used as the anode material in a tungsten crucible. The
working parameters of the TVA are summarized in
Table 1.

Rigaku-rint-2200 X-ray diffraction (XRD) analysis was
performed in the 20 range of 40°-80° to investigate the
crystalline structure of the produced thin film. Zeiss Supra
40VP field emission scanning electron microscopy
(FESEM) and Ambios Q-Scope AFM (AFM) devices were
used for the surface morphology characterizations of the
Mo doped GaN film coated glass. AFM device was used
for the investigation of the roughness and the nano-in-
dentation. The AFM images were collected in non-contact
imaging mode in ambient atmosphere. Energy dispersive
X-ray spectroscopy was also used for the surface compo-
sition and elemental analyses. The transmittance and ab-
sorbance of the produced film was determined in the
wavelength range of 200-1100 nm using an UNICO 4802
UV-Vis double beam spectrophotometer. The thickness,

Table 1 TVA working parameters for Mo doped GaN thin film on
glass substrate

Working parameters Unit Value
Working pressure Torr 4 x107°
Voltage v 900
Filament current A 18
Discharge current A 0.8
Deposition time s 60
Deposition rate nm/s 1.7

reflection and spectral refractive index were measured us-
ing a Filmetrics F20 thin film analyzer which is an optical
nondestructive system.

3 Result and discussion

An X-ray diffractometer with Cu-Ko; radiation
(A = 1.5406 10%) as the radiation source was used to analyze
the crystallographic structures of the produced film. The
X-ray diffraction patterns of the produced film seen in
Fig. 1 exhibited diffraction peaks at 45.4° and 72.9°, cor-
responding to the (110) peak of the Ga structure (reference
data code: 98-001-2174) and the (004) peak of the Wurtzite
GaN crystal structure [5, 9, 20] as reported in existing
literature, respectively. The EDX results of Mo doped GaN
coated thin film is presented in Table 2. Its doping ratio
was estimated through EDX measurement to be ap-
proximately 7 % Mo.

The surface characteristics were calculated by the
ScanAtomic SPM software-2009 (Q-Port version 5.1.0).
According to the AFM analysis, the surface roughness,
average height, root-mean-square (RMS) deviation and
mean deviation are 5, 10, 9 and 4 nm, respectively. The
topography of the film surface in 2D image (Fig. 2a), 3D
image (Fig. 2b) and FESEM image (Fig. 2c) are shown in
Fig. 2. As seen in FESEM image, the Mo doped GaN film
has a granular structure and the grain size is ap-
proximately 50 nm. The AFM images also support the
FESEM image.

The optical properties of the produced thin film are
shown in Fig. 3. The absorbance and transmittance spectra
of the produced film were recorded by UV-Vis spec-
trometer between wavelengths of 200 and 1100 nm showed
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Fig. 1 X-ray-diffraction patterns of the 7 % Mo doped GaN thin film
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Table 2 EDX result of the Mo doped GaN/glass thin film

Element Weight (wt%) Atomic (at.%)
Nitrogen 14.2 46.3

Gallium 71.9 47.1
Molybdenum 13.9 6.6

Toplam 100.00 100.00

in Fig. 2a. As is observed, the Mo doped GaN thin film is
highly absorbent in the wavelength range from 200 to
370 nm. The reflectance versus the wavelength between
400 and 1000 nm of produced thin film is presented
Fig. 3b. In accordance with GaN reflectance characteriza-
tion [31], the reflectance is approximately 30 % at 400 nm.
Reflectance ratio is between 0 and 25 %. The refractive
index determined by Filmetrics F20 is 2.22 at 550 nm and
its change is 0.02 in the range of all measured wavelength.
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The optical band gap of the film is defined by using its
absorbance data. Band gap of Mo doped GaN film was
calculated using the expression

ohv &~ (hv — E,)"/? (1)

where hv is the incident photon energy, E, denotes the
optical band gap and o is absorption coefficient [32]. The
extrapolation of the linear part of the Tauc plot (othv)® -
versus hv is plotted in Fig. 3d. Band gap energy was found
to be around 3.3 eV.

AFM nano-indentation is a powerful technique for ob-
serving the nano-mechanical properties of the nano-struc-
tured materials. The Oliver—Pharr (O&P) method has been
widely used for extracting the value of hardness from the
nano-indentation data. According to the Oliver—Pharr ap-
proach, the hardness is given by [33, 34]

H = Ppa /A (2)
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Fig. 2 a 2D-AFM image, b 3D-AFM image and ¢ FESEM image of the Mo doped GaN thin film
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(b) Reflectance (%) of Mo doped GaN thin film in the 100 nm thickness
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Fig. 3 a Absorbance and transmittance, b reflectance, ¢ refractive index and d band gap energy graphs which optical properties of the Mo doped

GaN thin film

where H is the hardness, P,,,, is the maximum applied
load, and A is the projected contact area at the maximum
applied load, which is determined by the geometry of the
indenter and the contact depth, /.. The area function for a
perfect Berkovich indenter A = 24.5 h? can be used to
provide a first estimate of the contact area. The hardness
value of the produced thin film at 10 nm nano-indentation
depth is calculated as 14 GPa. This hardness value is in
good agreement with the relevant literature [2, 10]. Nano-
indentation experiments should be realized at ap-
proximately 10-20 % of the film thickness [21, 35].

4 Conclusion

In this research, Mo doped GaN thin film on the glass
substrate is deposited by the TVA technique. The deposi-
tion rate of the thin film on glass substrate was determined
as 1.7 nm/s. The main advantage of this production tech-
nique is its high deposition rate without any loss in the

quality of the thin film. The material properties of the
produced thin film are affected by the structure, surface
states of substrate and Mo doping. XRD peak observed at
72.9° corresponds to the (004) orientation of Wurtzite
GaN. The band gap energy value decreases with 7 % Mo
doping. The decrease of the band gap energy by doping
with transition metals is an expected result. Mo doped GaN
is nanostructured with the hardness of 14 GPa and refrac-
tive index of 2.2. The results show that TVA is suitable for
coating the glass substrate. TVA systems and working
costs are very low compared to other metal organic vapor
deposition systems. It can be concluded that TVA tech-
nique would be useful for industrial applications.
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