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Abstract. InN nanocrystals were grown on glass substrate by plasma assisted reactive evaporation technique and the
quality was compared with InN on Si (111) substrate. Single phase InN was confirmed by X-ray diffraction and micro
Raman analysis on both the substrates. Agglomerated and Hexagonal faceting nanocrystals observed by field emission
scanning electron microscopy. Energy dispersive X-ray analysis shows InN nanocrystals are nearly stochiometric.
Photoluminescence reveals a broad emission near bandedge at 2 .04 eV and defect band at1.07 eV. The Hall
measurement on both the substrates reveals high electron carrier concentration. These encouraging results obtained
suggested that high quality single crystalline InN can be obtained on glass substrate further optimizing the growth
parameters. This novel growth of InN nanocrystals on glass substrate is an important step towards the development of
monolithic, high efficiency low-cost InGaN-based renewable energy sources.
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Introduction
Epitaxial growth of InN films attracts significant interest amongst other related nitride semiconductors due to it’s
tunable direct bandgap, high electron mobility, low effective mass for free electrons, high saturation velocity and
high absorption coefficient which are interesting for applications like solar cells and other renewable energy sources
[1]. Metal organic chemical vapor deposition (MOCVD) technique is commercially viable technique for the growth
of GaN and its alloy based materials, this technique overcome certain challenges to grow InN like (high thermal
decomposition) using lower growth temperature and high V/III ratio to avoid In droplets during the InN growth.
Other promising methods are used to deposit single crystalline InN films are plasma assisted molecular beam of
epitaxy [2], Molecular beam epitaxy (MBE) [3, 4]. Various other methods such as hydride vapor phase epitaxy
(HVPE) [5], chemical vapor deposition [6], reactive d.c. magnetron sputtering [7] have been used to deposit mostly
polycrystalline III-nitride films. These deposition methods listed above is not cost effective, researchers used
ammonia for nitrogen source and also employed high decomposition temperature around 500 to 600 ºC [5]. In other
words, preparation of thin films at low substrate temperatures simplifies deposition system, shortens time of the
process and as a result makes it possible to gain higher throughput at low cost. Plasma assisted reactive evaporation
can be employed in this work for deposition of InN films. The plasma assisted reactive evaporation system was built
by combination of both hot wire chemical vapor deposition (HWCVD) and plasma enhanced chemical vapor

deposition (PECVD) systems. One of the most outstanding advantages of HWCVD is the high deposition rate [8]
which is favorable for low-cost and large-scale industrial production. The hot filament (tungsten wire), as a versatile
tool, can simultaneously evaporate In metal and effectively dissociates N2 molecules into nitrogen atoms
respectively. The evaporated In and N species gaining enough kinetic energy and travel towards substrate surface.
The energized neutral species then can reach the substrate and release their thermal energy onto the top-most
substrate surface upon hitting the surface, which in turn provides an internal heating channel [9,10]. Plasma is a
well-known medium for generation of growth species and activation of surface bonds as well as effective postprocessing of nanomaterials of a large variety of elements [11-13]. Also, a plasma discharge can effectively control
the generation, transport and deposition of growth building units (BU) on an exposed-substrate surface [11-14].
Therefore, plasma assisted reactive evaporation, as a technique which encompasses all notions of hot-filament-led
building unit generation and plasma-enabled BU generation and substrate heating could be a promising approach for
deposition of InN thin films. Previously an InN film has been deposited using this method on Si (111) substrate [15].
InN material and its alloy system with direct bandgap are very promising for future renewable energy sources
like water splitting cum hydrogen and solar cells, if we can lower the cost involved by avoiding sophisticated
deposition tools, expensive precursors, and single crystalline substrates. This simple process demonstrated in this
article eliminates all the above factors and has capabilities for industrial scaling-up with low cost of ownership. In
general the III-nitride semiconductors are deposited on single crystalline substrates (sapphire, Si, SiC, etc..) which
have shown good epitaxial match with them, however these substrates are expensive and have small wafer size,
limiting their usage in large scale production. Considering the future applications of III- nitrides such as flat panel
displays, photovoltaic’s and hydrogen generation, large size and cheap substrates are key factors to reduce the
system cost. So InN growth on low cost glass substrate is highly desired, because of its unlimited size and low
manufacturing cost. In this study, we report the growth of high quality, single-phase InN nanocrystals using plasma
assisted reactive evaporation method targeting the water splitting, hydrogen storage, and other novel renewable
energy applications, in addition the characteristics of the material was studied and compared with that of InN films
deposited on single crystalline Si (111) substrate.
2 Materials and Method
InN thin films are deposited on glass and Si (111) substrates simultaneously using custom-made plasma
assisted reactive evaporation technique. The reactor consists of two parallel electrodes within a stainless steel
chamber, the upper electrode served as gas showerhead, is connected to RF power of 13.56 MHz. The substrate
holder was used as lower electrode and is grounded. The distance between the upper and grounded electrodes was
4.5 cm. A tungsten wire was used as filament and fixed at 1 cm above the substrate holder. Si and glass Substrate
were cleaned with acetone and iso-propanol in ultrasonic bath for 10 min followed by rinsing with deionized water.
The Si substrate is further cleaned with acids before loading in to the chamber (HCL solution, NH4OH solution and
HF aqua solution) to remove the native oxide from Si surface. Indium wire (diameter of 1 mm and length of 1 mm)
with 99.999% purity was placed inside the tungsten filament. The reactor chamber was pumped down to a
background pressure of 2×10−6 mbar. Substrate temperature was maintained at 250 °C during the deposition using a
rod type heater placed under the substrate holder. Hydrogen (H2) plasma treatment was performed on the substrate at
a constant flow rate of 100 sccm with RF power of 10W for 10 min prior to the deposition. Nitrogen (N2) plasma
was initiated by N2 flow rate of 80 sccm and RF power of 100W. After N2 plasma is stabilized, indium was
evaporated by heating tungsten filament at a temperature of 1050 °C and the deposition time was 10 min. The
pressure was maintained at 3.5×10−1 mbar during deposition.
The crystalline nature and structural properties of samples were studied using X-ray diffraction (XRD) by
SIEMENS D5000 X-ray diffractometer (Cu Kα X-ray radiation λ = 1.5418 Å) and Micro-Raman Spectrometer
(Renishaw Raman microscope) equipped with a laser source of Ar + with selected excitation wavelength of 514.5 nm
and laser power of 20 mW respectively. Surface morphology and elemental composition of samples were examined
by field emission scanning electron microscopy (FESEMFEI Quanta 200) and energy-dispersive X-ray spectroscopy
(EDX) attached to the microscope. Optical characteristics were examined by photoluminescence at room
temperature using He-Cd (325 nm) laser as excitation source. The carrier concentration of the sample was measured
by using four point probes Hall measurement system.
3 Results and discussion
3.1 X-ray diffraction studies
The crystalline structure of the grown samples was analyzed using X- ray diffraction, which is shown in figure
(1). InN deposited on both glass and Si substrate has the diffraction peaks that matches well with Wurtzite structure

of single phase polycrystalline InN. The lattice parameters were calculated using XRD data are a = 0.353 and c =
0.57 nm which are in good agreement with the literature values of a = 0.354 and c = 0.571 nm respectively [16].

Fig 1 XRD pattern for InN thin film deposited on Si (a) and glass (b) substrates
The average crystallite size was calculated from XRD peak width of (002) based on the Debye– Scherrer
equation [17].
D=
(1)
Where β is full width half maximum (FWHM) of (002) peak, K is a constant equal to 0.9, λ is the wavelength of
incident x-ray (λ = 0.154 nm), D is the crystal size and is bragg angle. The average crystallite size calculated for
InN nanocrystals deposited on glass and Si are 38 and 36 nm respectively.
3.2 Micro Raman spectroscopy
Figure (2) shows the micro Raman spectrum of InN thin films deposited on Si and glass
substrates. InN has wurtzite structure and it is belongs to C46v space group. For the measurements the lasers beam
incident normal to the surface. The peaks for InN deposited on Si substrate observed at 580 and 195 cm-1. The peak
at 580 cm-1 assigned to A1 (LO) phonon mode and its coupled with two low frequency phonon modes of A1 (TO) at
458 cm-1 and E2 (high) at 498 cm-1 respectively. Whereas for InN deposited on glass substrate, the peaks are
observed at 574, 499 and 454 cm-1 which are assigned to A1 (LO), E2 (high) and A1 (TO) modes respectively.
The small variation in the InN peak positions on glass substrate when compared to Si may be related to more
strain relaxation in amorphous glass substrate.
The broad peak observed between 150 and ended at 230 cm-1
-1
with a peak maximum of 190 cm is assigned to be B2 (low) which is dominated by the overtones of acoustic
phonon modes. All the peaks observed related to InN deposited on both the substrates were in good agreement with
the literature [18, 19].
3.3 Morphological and composition Analysis
The morphology of the InN thin films deposited on both glass and Si (111) substrate were examined by
field emission scanning electron microscope (FESEM) which is shown in figure 3. It is clear from the images that
InN has a non-continuous morphology and the film consists of agglomerated nanocrystals. InN nanocrystals on glass
have hexagonal shape facets with non-uniform size distribution as clearly seen from the higher magnification SEM
images in the inset fig of 3, whereas on Si (111) substrate the morphology of the InN nanocrystals are non faceted
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Fig 2 Micro Raman spectra of InN thin films deposited on (a) Si and (b) glass substrates
The variation in morphology due to the substrate effect, Si substrate used for the deposition is single crystalline
with preferred orientation (111) whereas the glass is amorphous in nature, so the direct deposition of InN without
any buffer layer on glass results in nanocrystals that are randomly distributed. However at different places on glass
substrate shows some hexagonal shape micro crystals were observed with different alignment angles to the surface
of the glass substrates (not shown in the article). The agglomeration was higher on Si substrate compared to the
glass substrate this effect may be due to epitaxial relationship of the growth process, the adatom migrate a certain
distance on the substrate surface to find favorable site, before finding the most favorable growth site these atoms or
ions have the tendency to agglomerate due to the high deposition rate, short deposition time, and low mobility of
adatoms on the surface of Si substrate compared to glass. The elemental composition of the InN thin films were
analyzed by EDX analysis and the measurement was performed at different places of the InN thinfilm shows that the
InN films are compositionally nitrogen-rich. InN thin film deposited on both the substrates contains In and N, the In
to N ratios are found to be on glass and Si substrate are 1:1.2 and 1: 1.7 respectively. The impurities like oxygen
and carbon also found in small fraction (less than 3%) on the InN thin films deposited on both the substrates.

Fig 3 FESEM images of InN thin film deposited on Si (a&c) and (b) glass substrates

3.4 Photoluminescence (PL)
The PL spectrum of InN nanocrystals deposited on Si and glass substrates are shown in figure (4). The
reported near band edge emission of single crystalline InN epitaxial films varies between 0.64-2.0 eV depending on
the quality of the epilayers. Various mechanisms have been proposed to account the change in bandgap of InN such
as the incorporation of oxygen, Moss- Burstein effect, quantum conﬁnement effect, the strain effect and nonstoichiometry [20-23]. The deposited InN nanocrystals revealed two broad emission peaks one around 2 eV which
is the near band edge of the InN nanocrystals grown under these conditions by plasma assisted reactive evaporation
and another broad band around 1 eV which is realted to the deeplevel defects in the InN nanocrystals. This broad
emission peaks suggest that these InN nanocrystals can be usefull for hydrogen evolution by water splitting through
electrochemical and photoelectrochemical process. This spectrum of InN nanocrystals on glass is comparable with
that of the InN on Si(111) substrate and corroborates with the previously reported bandgap values [15]. The bandgap
of 2 eV obtained in this work as against the 0.65 eV bandgap of InN can be attributed to different effects. Such as
higher carrier concentration, also referred to as the Moss Burstein shift and quantum size effect [24].
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Fig 4 PL spectrum of InN thin films deposited by plasma assisted reactive evaporation on glass and Si
substrates
According to Wu et al [25], due to the small effective mass of InN, the Fermi surface in the conduction band
shows a strong dependence on the free electron concentration. Thus, free electrons can shift the absorption edge and
PL peak to higher energy due to the band filling effect and is known as the Burstein-Moss shift. This higher bandgap
value obtained is close to the previously reported value of the bandgap of InN, which was attributed by some
researchers to the presense of oxygen impurity that cannot be neglected in our case also. [21, 26-29]
3.5 Hall measurement
Hall effect measurement was performed to study the electrical characteristics of plasma assisted reactive
evaporation grown InN thin films deposited on both glass and Si substrates to confirm the PL results. InN thin
films deposited on both the substrates shows n-type behavior. The observed carrier concentration of InN thin films
on Si (sheet-1.78 ×1018, bulk- 1.78 ×1023 cm-3) and glass (sheet-3.7 × 1017, bulk -1.89 × 1021 cm-3) are quite higher
than the previous reporters [1, 25 ]. Many theoretical and experimental studies have focused on determining the
major reason for the unintentional n-type conductivity of InN however no consensus has yet been reached. The
general or possible reason for this high back ground concentration may be due to donor impurities or donor type
native defects. The impurities most commonly suggested as the primary cause of InN’s n-type conductivity are
oxygen and hydrogen [25]. Among native defects, the nitrogen vacancy has been found from theoretical calculations
to be a donor and has also been suggested as the major reason for the high n-type conductivity [1], but the EDX
results confirms that the deposited films are nitrogen rich InN, so the origin of n-type conductivity from the sample
can be due to the presence of oxygen, and other stoichiometry related defects. Impurities accumulation and native
defects also play important role in producing n-type conductivity in as deposited InN thin films.

4 Conclusion
InN nanocrystals were successfully deposited on glass substrates by plasma assisted reactive evaporation
system. The characteristics of In N were studied with XRD, micro Raman analysis, Pl and Hall effect measurements
and compared with InN on Si (111). The hexagonal shaped InN crystals were found on glass substrates. The PL
spectrum shows broad emissions at IR (2 eV) the reason for high bandgap value obtained may be due to high
electron carrier concentration which leads to Burstein-Moss shift increasing the bandgap or presence of oxygen
impurity. Hall measurements confirm that the samples deposited on both the substrates are n-type and has high
background carrier concentration. These encouraging results suggest that the good quality InN thinfilms can be
obtained on glass substrates and can be effectively used towards low cost water splitting-hydrogen evolution devices
and other renewable energy resources.
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