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Abstract. We report on the growth of p-type indium nitride (InN) thin films on different
substrates using a relatively simple and cost-effective sol-gel spin coating method. The
precursors for the indium source and p-type dopant were indium nitrate hydrate and
magnesium chloride 6-hydrate powders, respectively. The structural, morphology, and
optical properties of p-type InN thin films grown on different substrates were investigated.
X-ray diffraction patterns revealed that the deposited Mg-doped InN thin film on
GaN/AIN/Si(111) template show polycrystalline wurtzite structure with a strong InN(002)
orientation and have a good crystallinity. Field emission scanning electron microscopy
images and energy dispersive X-ray results showed that all the films exhibit densely packed
surface morphology with hexagonal-like grains shape and low oxygen percentage with
almost 1:1 ratio of indium to nitrogen. Moreover, two Raman-active modes of Ex(High) and
A1(LO) of the wurtzite InN were clearly observed for all samples. The ultraviolet-visible-
near infrared spectroscopy results showed that the energy bandgap of the Mg-doped InN
thin films was in the range of 1.62-1.66 ¢V. From all the results, it can be concluded that the
Mg doped InN film on GaN/AIN/Si(111) substrate has better crystalline quality as
compared to that of other substrates.
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1. Introduction

In recent years, the remarkable optical properties
exhibited by InN have attracted great research interest.
The re-evaluation of the InN bandgap to 0.7 ¢V allows
continuous change of the InGaN alloy bandgap from 0.7
eV to 3.4 eV [1]. Subsequently, the bandgap energies of
InGaN alloy system cover the entire visible and part of the
near ultra-violet spectral regions. This spark an immense
scientific interest to develop high-efficiency InGaN based
solar cell compared to conventional silicon or cadmium
telluride structure. Nevertheless. the development related
to this material system is still in an early stage. There are
still challenge and limitation that need to overcome. For
instance, the growth of high-quality InN (as well as In-rich
InGaN) films [2] and the growth of p-type doping [3] are
still difficult.

It is known that the synthesis of InN is considered the
most challenging among the III-nitride compounds. This
is mainly due to high equilibrium nitrogen vapor pressure
[4], low dissociation temperature (around 630 °C) of the
InN [4], lack of lattice-matching substrates, and difficulty
to prepare in stoichiometric form [4, 5]. Several studies
reported that the thermal stability is one of the critical
factors affecting the InN crystal growth. At high growth
temperatures, the metallic-indium tends to dissociate from
the crystal. Thus, to prevent the thermal decomposition of
InN, researchers proposed to grow InN at low
temperatures [6, 7].  However, the low growth
temperature has resulted in the deficiency of active
nitrogen (N) atoms and reduction of the kinetic energies
of the reactants in forming InN bonds [8].

Typically, advanced deposition techniques such as
metal-organic chemical vapor deposition (MOCVD),
molecular beam epitaxy (MBE), plasma-assisted reactive
evaporation, and reactive sputtering, etc. have been
developed to grow high crystallinity InN thin films [5, 9].
However, researchers are still encountered difficulty in
growing good quality InN thin films. For instance, the
researchers were only able to obtain the nanocrystalline
InN thin films using reactive sputtering technique at
different nitrogen and argon gases ratios [10, 11]. While
the MOCVD method was restricted by the low growth
temperature of InN. This leads to a low decomposition
rate of the ammonia gas and hence, low growth rate of the
InN [4]. In addition, the crystallinity of MOCVD growth
InN is strongly dependent on the V/III soutce ratio,
where the lack of either one source will lead to the
formation of indium droplets [9, 12]. On the other hand,
the MBE growth is dependent upon the atomic species
being deposited. To overcome the problem of atomic
impurities, an ultrahigh vacuum system is required to
remove the unwanted background gases, such as oxygen,
which causes defects on the deposited thin films [13].

For the growth of p-type InN thin films, one of the
difficulties is the solubility of doping InN with Mg. Due
to the low dissociation temperature of the InN, the growth
is normally performed under temperature not higher than
~630 °C. As a result, the solubility of the Mg dopant is
low, and the doping is difficult [14]. There are few

researchers have successfully grown p-type InN by using
MBE methods. For example, Wang et al. (2011) [15]
reported on Mg doped InN grown by radio-frequency
plasma-assisted MBE and successfully proved the present
of free holes in InN. Besides that, Jone et al. (2006) [16]
have reported a systematic investigation on Mg-doped
InN by MBE method. The growth of Mg-doped InN thin
films using MOCVD method is rather difficult due to the
high temperature growth nature of the MOCVD and the
issue of unintentional dopants. Impurities such as oxygen
and hydrogen (H) are sources of these unintentional
dopants. It was suggested that oxygen is the source of
native donors in InN, instead of nitrogen vacancies.
Hydrogen is often used as a cattier gas for the sources in
MOCVD systems. It reacts with Mg atoms to form Mg-H
strong bond dopants in InN. This phenomenon is known
as passivation of acceptor. As more Mg atoms are
successfully incorporated into the lattice without
exceeding the solubility limit, more H is also incorporated
to passivate the Mg. Nevertheless, the Mg can later be
activated thermally in a nitrogen gas environment. Under
this condition, the strong Mg-H bond can be broken easily
[17].

Although undoped and Mg-doped InN has been
successfully grown by MBE and MOCVD, but all these
techniques involve complicated setup and relatively
expensive. Moreover, some growth techniques use metal
organic and hydride precursors which are volatile and
extremely dangerous. Therefore, an alternative growth
method which is simpler, safer, and cheaper is highly
needed. Recently, we have successfully grown InN [18-20]
and Mg-doped InN [21-23] using sol-gel spin coating
technique. This approach allows the growth below the
decomposition temperature of the InN (i.e., around 630
°C). In addition, the sol-gel spin coating approach is
relatively simple, i.e., it uses chemical solution (precursor)
to produce (undoped and doped) thin and uniform films.
Subsequently, the sol-gel spin coating method is a
potential approach for producing undoped and doped
InN thin films.

Up to now, there are no studies on p-type InN films
deposited on various substrates. The substrate is very
important for the growth of p-type InN thin films because
a suitable substrate not only can improve the structural
properties of film but also can enhanced the optical and
electrical properties of the films [24]. However, there are
few challenges in growth of Mg-doped InN on different
substrates in terms of the lattice and thermal mismatching
between film and the substrate because it commonly leads
to the development of stress in the deposited film. Other
than that, nucleation and binding of the growth species
might vary due to the different substrate properties [25].
Those challenges can affect crystalline quality as well as
optical and electrical properties of Mg-doped InN film.

From the literature review, sapphire is the most
extensively used substrate for growth of the IIl-nitrides
despite of its large structural and thermal mismatch with
InN. The lattice mismatch between the InN and sapphire
is approximately 25% [26]. While the lattice mismatch
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between the InN and Si (111) substrate is about 8%.
Although silicon has smaller lattice mismatch, but SiNx
interfacial layers formed during the growth can cause poor
crystalline quality on the deposited InN film [27]. The
aforementioned substrate problems can be solved by
using GaN and AIN buffer layers which can reduce the
lattice mismatch and improve the structural and electrical
properties of Mg-doped InN [5].

In this work, we report on the sol-gel spin coating
growth of Mg-doped InN thin films on aluminium nitride
on sapphire (AIN/ALOs3), gallium nitride on aluminium
nitride on silicon [GaN/AIN/Si(111)], and aluminium
nitride on silicon [AIN/Si(111)] substrates. The objective
of this work is to investigate the effects of the substrate
on the structural, morphology, and optical properties of
the deposited Mg-doped InN thin films. From all the
results, it can be found that the Mg-doped InN film on
GaN/AIN/Si (111) substrate has better crystalline quality
as compared to that of other substrates. Through this
study, it is hope that a better understanding of the
correlation between the material’s properties and the type
of substrates can be obtained. Eventually, the findings
may lead to the realization of high efficiency InN-based
solar cells. Thus, helps to meet the energy demand of
future generations.

2. Experimental Details

In this works, the good quality AIN/ALO;,
GaN/AIN/Si(111), and AIN/Si(111) substrates obtained
from Kyma Technologies Inc. were used. These substrates
were first cut into the dimension of 1 cm x 1 cm and were
cleaned by immersing it into the chemical solution of
hydrofluoric acid and distilled water with a ratio of 1:50
for 20 s to remove a native oxide layer. Then, the
substrates were rinsed with distilled water and dried with
nitrogen gas following by plasma treatment to enhance
wetting process. Plasma system (PlasmaPrep 100) was
used for substrate surface treatment. The plasma
treatment was carried out under atmospheric plasma
ambient at 40 W of power and 100 °C of temperature for
10 min.

Indium nitrate hydrate [In(NOs);xH2O, purity
99.99%] and magnesium chloride 6-hydrate [MgCl,-6H>O,
purity 98%] powders were dissolved in the ethanol (purity
99.7 %) followed with ultrasonic agitation. The prepared
precursor was dropped onto the substrates and rotated for
25 s at 2000 rpm using spin coater. This process was
repeated for several times as to achieve a desired thickness.
To refine and dry the deposited films, annealing process
was cartied out at 300 °C for two hours. Finally, the
nitridation process was carried out in order to transform
the deposited film to InN. The nitridation process was
conducted in furnace under ammonia and nitrogen
atmosphere for 45 min with a constant flow rate of 400
scem and 60 scem, respectively, as shown in Fig. 1. During
the nitridation process, both gases flowed
simultaneously into the furnace. After the nitridation, the
sample was cooled down in room temperature.

were
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Fig. 1. Schematic diagram of custom-made furnace system
used for the nitridation process.

In this work, the furnace was set at 600 °C to break
ammonia bond and generate active nitrogen radicals for
chemical reaction purpose. The chemical reaction
equations for formation of InN can be summarized as:

2NH; — N2 + 3Ha(g) 1
NHs(g) —~ H + NH, @)
In205(s) + 2NHs(g) = 2InN(g, s) + 3H0(2)  (3)

The crystalline structure, surface morphologies, and
element compositions of the Mg-doped InN thin films
were investigated by wusing high resolution X-Ray
diffractometer system (HR-XRD PANanalytical X'Pert
PRO MRD PW3040), ficld-emission scanning electron
microscopy (FESEM, FEI Nova NanoSEM 450 system),
and energy dispersive X-ray (EDX) spectroscopy which
attached to FESEM system, respectively. The lattice
vibrational properties of the deposited thin films were
accessed using Raman spectroscopy (Horiba Jobin—Yvon
HR800UYV). Lastly, the energy band gap of the Mg doped
InN thin films was determined by using the ultraviolet-
visible-near infrared spectrometer (UV-Vis-NIR, Agilent
Cary 5000).

3. Results and Discussion

Figure 2 shows the XRD patterns of Mg-doped InN
thin films grown on different substrates. The
polycrystalline structure can be clearly observed for Mg-
doped InN thin film grown on different substrates. Three
dominant diffraction peaks can be observed in three
different substrates, which are the characteristics of the
InN(100), InN(002) and InN(101) peaks, respectively. All
the diffraction peaks were ascribed to the formation of
wurtzite structure InN (JCPDS file ID 03-065-3412). This
result indicates that the sol-gel process yields wurtzite
hexagonal InN. No other impurity from elemental
metallic In and, In,O; were found in the XRD patterns.
Other than that, we observed the intensity of the InN(002)
diffraction peak for Mg-doped InN deposited on
GaN/AIN/Si(111) substrate is about 10 times highest
than that of the others two substrates. This indicating that
a highly ¢axis oriented InN(002) was formed on
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GaN/AIN/Si(111) substrate. This result was in good
agreement with that reported by Chen et al., (2000) [28].
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Fig. 2. XRD patterns of Mg-doped InN thin films grown
on (a) GaN/AIN/Si(111), (b) AIN/Si(111), and (c)
AIN/AlLOj3 substrates.

To calculate the average crystallite size (D) of the
samples, Debye-Scherrer equation was used:

D= KA (4)

" Bcos@ *

Here the Kis crystallite shape factor (0.94), A is the X-ray
wavelength, B is the full width at half the maximum
(FWHM) in radians, and ¢ is the Braggs' angle in degree
[29]. The obtained results were summarized in Table 1.
From Table 1, it can be found that the crystallite sizes of
the Mg-doped InN films were in the range of 25.35 nm to
39.18 nm. By comparing the FWHM and the calculated
crystalline size values shown in Table 1, it can be deduced
that the Mg-doped InN films which grew on
GaN/AIN/Si(111) has the best crystalline structure.

The lattice parameters @ and ¢ values for the films
were calculated using:

1 4h%+hk+k? | 17
dhklz 3 a? cz '’

()

288

where 4 is the inter-planar distance, and 4, &, / are the
Miller Indices [29]. The values of calculated lattice
parameter were tabulated in Table 1. The obtained z and ¢
lattice parameters were observed to be slightly different
among these three substrates, which evidenced that the
lattice parameters were influenced by the type of
substrates or in other words the lattice matching between
the film and the substrate.

The lattice mismatch between film and substrate will
lead to strain in the film. Subsequently, this results to the
formation of dislocations (defects) in the films and causes
degradation of the crystalline quality of deposited films.
The strain (¢) in the film can be calculated using:

e =0 (6)

Co

where, the 4 is the lattice parameter for strain-free films.
The dislocation density () is described as the length
of dislocation lines per unit volume of the crystal [2]. The
0 for preferential orientation is given by:
§=1/D?, @)
where D is the crystallite size of the InN(002) [30]. All the
obtained results are summarized in Table 1.

Table 1. Full-width at half maximum (FWHM),
crystalline size, lattice parameters, strain, and dislocation
density of Mg-doped InN grown on GaN/AIN/Si(111),
AIN/Si(111), and AIN/ALOs substrates.

ig // AIN/ AIN/
Si(til) Si(111) ALO;
FWHM (°) 0.22 0.34 0.25
Crystalline Size, 39 14 25.35 34.48
D (nm)
Lattice a=3.543 4= 3547 4= 3.545
Parameters (A)  =5.740 (=5744 (=5.742
Lattice 0.64 0.71 0.68
Mismatch
Dislocation 6.51 15.5 8.41
Density

From Table 1, the clattice constant obtained for all
samples is larger than that of the strain-free ¢lattice
constant (5.7033 A) [31]. This means that all the deposited
InN films are under the state of tensile strain. In addition,
it is also found that the Mg-doped InN film deposited on
GaN/AIN/Si(111) substrate shows the lowest strain and
smallest dislocation density as compared to that of the
other two substrates. It was suggested that the hexagonal
structure of GaN buffer layer can probably help in stress
relaxation at the InN/GaN interface [32]. The smaller
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dislocation density indicates low concentration of lattice
imperfections which leads to better formation of InN
crystallization on GaN/AIN/Si (111) substrate. Based on
above discussion, the Mg-doped InN film deposited on
GaN/AIN/Si(111) substrate have better crystalline
properties than those prepared on AIN/Si(111) and
AIN/ALO; substrates.

Figure 3 shows the plan-view FESEM images of Mg-
doped InN thin films deposited on different substrates
captured with low magnification (x10 kx). While the inset
show the corresponding plan-view FESEM images
captured with high magnification (x100 kx). From Fig.
3(c), it can be seen that the Mg-doped InN thin film
deposited on AIN/Si (111) substrates shows the flat and
plane surface morphologies. This might be due to the large
lattice mismatch of Mg-doped InN film with the substrate
and lead to misfit dislocations which can impinge the
growth rate of the grains. On the other hand, Mg doped
InN thin films deposited on GaN/AIN/Si(111) substrates
shows the largest island morphology with hexagonal
symmetry. This observation indicating that strain was
almost relaxed which promotes the growth rate of the
grains [33]. Based on above discussion, the Mg doped InN
film deposited on GaN/AIN/Si substrate shows largest
hexagonal shape grain and should have better crystalline
properties than those prepared on AIN/Si(111) and
AIN/ALOj; substrates.

The EDX measurements wete catried to access and
identify the elemental composition of the deposited thin
films, as shown in Fig. 4. The obtained data shows that
Mg-doped InN thin films deposited on GaN/AIN/Si(111)
substrate has the highest atomic percentage ratio of
indium to nitrogen. This observation indicating that
GaN/AIN/Si(111) substrate has less lattice mismatch that
almost relaxed to promote the growth of InN. Besides, the
oxygen (O) atomic petrcentage for AIN/ALO; substrate
was higher than AIN/Si(111) and GaN/AIN/Si(111). The
O atoms might originate from the substrate itself.

Figure 5 shows the Raman spectra of Mg-doped InN
films deposited on different substrates measured at
z(x, x)Z configuration, where the g-axis is parallel to the
¢c-axis of InN. The probing laser wavelength is 514 nm.
The Raman position of each active mode was determined
using the Lorentzian line shape fitting. From Fig. 5, the
present of Ay(LO) and E(High) modes at all samples
indicating the deposited InN films have wurtzite structure.
Due to the tensile strain, the Raman peak for InN Ea(high)
and Ai(LO) modes were red shifted from 490 cm! and 586
cm! for GaN/AIN/Si(111) to 483 cm! and 578 cm! for
AIN/Si(111). The full widths at half maximum (FWHM)
for A1(LO) mode for GaN/AIN/Si(111), AIN/Si(111),
and AIN/AlL,Os substrates were 35 cm, 50 cm!, and 43
cml, respectively. Furthermore, the FWHM for Ex(high)
mode for GaN/AIN/Si(111), AIN/Si(111), and
AIN/ AL O3 substrates were 60 cm-!, 80 cm-!, and 65 cm-,
respectively. The smallest FWHM value for InN film
grown on GaN/AIN/Si(111) substrate indicates a good
crystallite quality than that of the other two substrates.
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Fig. 3. FESEM images of Mg-doped InN thin films
deposited on (a) GaN/AIN/Si(111), (b) AIN/ALO3, and
(c) AIN/Si(111) substrate. Inset is the FESEM images
captured with at high magnification (x100 kx).
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Fig. 4. EDX results of Mg-doped InN thin films deposited
on different substrates.
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This result is good agreement with XRD results as
discussed previously [34]. In Fig. 5, a weak Raman peak
around 562 cm! which corresponding to v4 vibration of
the MgNy tetrahedron (labelled as %) can be observed in
all the Rama spectra of the Mg-doped InN films. This
mode assigned to local vibration mode (LVM) of
magnesium that substitute InN (Mg-N) [35].
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Fig. 5. Raman spectra for Mg-doped InN deposited on
GaN/AIN/Si(111), AIN/Si(111), and AIN/ALO;
substrates.

To further verify the Raman peak of LVM of Mg-N,
the theoretical LVM frequencies of the Mg-N were
calculated using:

@mN . [HLvM ®)
WLvM HinN
where the reduced masses, wr.m and wn were calculated
using following equations:

_ Mugmn_
Upym = F—— ©)
_ Mppmy
e — (10)

Here, the my is the atomic mass of Mg (24.305u), zn is
the atomic mass of N (14.0067u) and , is the atomic
mass of In (114.818u). We assumed that the Mg atom is
incorporated on In lattice site and using theoretical value
of win = w[E1(TO)] = 477cm ! [21], a value of 565 cm'!
for Mg-N vibration can be obtained, which is in good
agreement with the experimental value of 562 cm-!. Thus,
using this theoretical calculation, it has been proved that
our experimental value of 562 cm ! can be attributed to
LVM of Mg-N [21]. The Raman peaks at 180 cm'!
represented by the symbol # and 369 cm! represented by

the symbol ¢ shown in Fig. 5(a, b, ¢) indicating the N and
In vacancies, respectively. Therefore, the obtained LVM,
N vacancies and In vacancies can further evidence that the
existed of compensation of In-N-Mg bonding.

Figure 6 shows the Kubelka—Munk function of Mg-
doped InN deposited on GaN/AIN/Si(111), AIN/Si(111),
and AIN/ALO; substrates. The bandgap energy of the
Mg-doped InN grown on different substrates can be
estimated by the intercept of the tangent to the plot of
(F(R)w)? vs. (hv). The optical bandgap energy E, can be
estimated using:

F(R)hv = A(hv — Eg)" (11)
where A is the proportionality constant and /v is the
photon energy, R is the reflectance value [36]. For a direct
bandgap semiconductor, # = %2 [36]. The Kubelka-Munk
function F(R) coefficient can be calculated by using:

_ (1-Rr)?
F(R) = —r (12)
The bandgap energy of Mg-doped InN on
GaN/AIN/Si(111),  AIN/Si(111), and AIN/ALO;

substrates were found to be 1.62 eV, 1.66 eV, and 1.64 €V,
respectively. Pan et al. [37] proved the optical bandgap
value of indium oxide grown by thermal evaporation
technique was approximately 23.56 eV. Therefore, the
obtained optical bandgap values of 1.62 — 1.66 eV are
further verified that the main bonding in the deposited
film is In-N but not indium oxide impurities. From the
Figure 0, it is clearly seen that the bandgap decreases with
the sequence of AIN/Si(111) > AIN/ALO; >
GaN/AIN/Si(111) substrates. The shift of the energy
bandgap of Mg-doped InN deposited on AIN/ALO; and
AIN/Si(111) substrates can be explained by the defects as
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grain boundaries [38, 39]. As compared to the reported
optical bandgap for undoped InN (i.e., 1.9 eV) [40], it was
found that the obtained bandgap energies for the Mg-
doped InN films are redshifted of 0.28 — 0. 24 eV. This
redshifted behavior can be attributed to the present of Mg
dopants. In generally, the Mg dopants will contribute
excessive holes cartiers and act as acceptor impurities.
Consequently, an energy level was formed near the valence
band edge. Hence, the effective energy bandgap of the
Mg-doped InN films is lower than the undoped InN films.
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Fig. 6. Kubelka—Munk function used to calculate the
energy bandgap of the Mg-doped InN deposited on (a)
GaN/AIN/Si(111), (b) AIN/Si(111), and (c) AIN/ALO;
substrates.
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4. Conclusion

In summary, wurzite structure Mg-doped InN thin
films were successfully deposited on GaN/AIN/Si(111),
AIN/Si(111), and AIN/ALOj3 substrates using sol-gel spin
coating method, a relative simple and cost-effective
method. All the results revealed that the Mg-doped InN
films deposited on GaN/AIN/Si(111) substrate has the
best crystalline quality. Finally, it was found that the
energies bandgap of the sol-gel spin coating growth of
Mg-doped InN films on different substrates are in the
range of 1.62 eV — 1.66 eV.
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