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Abstract Herein, we report the self-aligned growth of GaN
nanorods on different orientations of sapphire like c-, a-, r-
and m-plane substrates by hydride vapor phase epitaxy.
Vertical c-axis orientation of GaN NRs is obtained on c-plane
[0001] and a-plane [1120] sapphire and a skew or inclined
NRs on r-plane, and inclined intertwined but self-aligned NR
array was formed on m-plane sapphire. GaN (002) and (004)
peaks were obtained on c¢- and a-plane sapphire, whereas
(110), (103), and (103) only were observed on r- and m-
planes, respectively. In the case of r- and m-plane-grown
GaN, A, transverse optical mode is dominant, and the A,
longitudinal optical mode is suppressed. Conversely, in the
case of ¢- and a-plane, it is reversed. The probable reason is
the optical mode vibrations difference along the differently
inclined NRs surfaces. In addition, the specimen exhibits
surface optical modes too. The optical behavior of GaN NR
on m-sapphire shows an intensity variation when measured in
different angular rotations of the specimen by photolumi-
nescence which is because of the higher area of excitation in
the case of axial surfaces and lower area of excitation in radial
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surface. Their epitaxial crystallographic relationship with the
substrates and the reasons for the self-aligned orientations are
discussed. The anomalies found in the optical behavior are
attributed to Raman antenna effect and so on. The self-aligned
intertwined GaN NRs find suitable applications in polarizer.

Introduction

GaN is one of the inevitable candidates in the III-nitride
family in optoelectronic applications [1] such as light emit-
ting diodes [2], laser diodes, etc., [3]. GaN nanorods (NR)
have more advantages than their 2D counterpart (thin films)
like having larger surface area due to their high aspect ratio,
single crystalline nature, and low defect density which are
desirable for solid-state devices. Since tilt and twist do not
generate more defects, the need for coalescence process is
overcome [4]. Because of the unusual anisotropic optical
properties, they are suitable for applications such as
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polarization sensitive photodetectors and optical modulators
[5]. For the growth of such twisted or inclined growth of GaN
NR, non-polar or semipolar orientation planes of sapphire
could be a good choice, since it is cheaper and easily avail-
able in larger area than the other suitable counterparts such as
LiAlO,, ZnO, and SiC. In addition, sapphire is more
preferable because it is chemically inert, optically transpar-
ent, and thermally stable [6]. It has a better thermal con-
ductivity and hence can reduce the defect incorporation to a
better extent than the rest of the materials of choice of sub-
strate [7, 8]. HVPE method very well demonstrates to be a
cost-effective and versatile method for the growth of NRs,
rather than MOCVD or MBE, etc. [9]. Very few reports have
been found on the growth of non-polar and semipolar GaN
NRs, that too by sophisticated MOCVD method [10]. But in
this report, we demonstrate the growth of GaN NRs in all
orientations by the simple catalyst-free HVPE method,
without any special surface treatment for the nucleation or
growth. In this work, the growth on m-plane sapphire has
yielded a self-aligned c-axis orientation and a semipolar
epitaxial interface with that of sapphire. GaN has a band gap
of 3.4 eV, and hence, it can absorb in the UV range and is
suitable for UV polarizer applications. The difference in the
orientations very well replicate in the optical properties,
which is analyzed by Raman spectroscopy. The Photolumi-
nescence (PL) is measured by rotating the specimen, to
identify the optical effect of the NRs inclined in different
orientations. An increase in intensity is found at some angles
in analogous with the anisotropic property of NR.

Materials and methods

The HVPE equipment used for the growth of GaN NRs is
divided into three zones. The first zone maintained at
around 800 °C favors the chemical reaction of Ga metal
with HCI gas to form GaCl; and hydrogen.

Ga + HCl) = GaCl; + Hy, (1)
GaCls + NH; = GaN + 3HCL (2)

The second zone is the GaN forming zone. In this zone,
NH; dissociates to provide nitrogen atoms. In order to
crack H, from ammonia, a higher temperature than the
reaction zone around 1000 °C is needed. The GaCls
formed in the first zone reacts with nitrogen to form GaN
[11, 12]. The growth of the GaN rods takes place in the
third zone. For the growth of GaN NR, the third zone was
maintained at a temperature of 800 °C. The optimum
growth temperatures for the GaN film and NRs arrays are
found be 1100 and 800 °C, respectively. The growth con-
ditions such as temperature, zone, and gas flow rates were
fixed in a several number of trial experiments [13]. The

same growth conditions were used for all the cases of
[0001] c-plane, [1120] a-plane, [1102] - plane, and [1100]
m-plane sapphire.

Analysis and results

The prepared specimens were studied by X-ray diffraction
(XRD), scanning electron microscopy (SEM), transmission
electron microscopy (TEM), Raman and PL, etc. The top-
view and the cross-sectional SEM images of the GaN NRs
on different orientations of sapphire substrates along with
their schematics of the GaN NRs grown along the orien-
tations of Sapphire (a) [0001] c-plane, (b) [1120]0 a-plane,
(c) [1102] r-plane, and (d) [1010] m-plane are shown in
Fig. 1. The c- and a-plane sapphire substrates get the
vertically aligned c-axis [0001] GaN NRs. But the r- and
m-planes form tilted skew and inclined intertwined orien-
tations, respectively. Fig. 1c, d show both the original and
90° rotated schematics for a clear illustration. The tilted
skew NRs (Fig. Ic) inclined in two different orientations
could be seen in the case of [1102] r-plane sapphire. An
inclined intertwined alignment is observed both from lat-
eral and top view of (d) [1010] m-plane sapphire. XRD
pattern in Fig. 2 illustrates the origination of the different
peaks of GaN dominantly on different substrates. From the
TEM, from Fig. 3, it was ascertained that the rods grown
on c- and m-plane sapphire planes primarily are c-axis
oriented.

The optical properties of GaN NRs were analyzed by
Raman spectroscopy and PL, respectively. Raman mea-
surement was done using Nanobase XperRam 200 instru-
ment. The laser used was 532-nm diode-pumped solid-state
laser with 0.7 mW power. The PL was measured using He—
Cd laser (325 nm). Figure 4 depicts Raman shift of all GaN
NRs grown on a-, c-, r-, and m-plane sapphire. The surface
optical modes (SO) are found in all the cases. But the
vertically aligned and inclined NRs differ in their optical
property by exhibiting either longitudinal optical (LO) or
transverse optical (TO) of A; phonon modes. Figure 5
represents the azimuth-dependent PL performance of the
GaN NRs grown on m-plane sapphire. The PL. was mea-
sured along 30°-300° in steps of 90°. Among them, an
increased intensity is found along 30° and 210° than the
rest. Similarly, when the azimuth-dependent PL spectra of
c-plane and m-plane sapphire-grown samples are com-
pared, an azimuth-dependent sinusoidal increase and
decrease of intensity was found in the m-plane-grown GaN
NRs which was absent in the c-plane-grown GaN NR.
Figure 6 illustrates this comparison. The probable reasons
are discussed in the forthcoming sections.

@ Springer



6262

J Mater Sci (2015) 50:6260-6267

R BN G RR R Y
! NN k)

o /1

p.
[1100]
o

Fig. 1 SEM images of GaN nanorods grown on the a c-plane, b a-
plane, ¢ r-plane, and d m-plane sapphire substrates by HVPE method.
The orientations are inclined in r-plane and m-plane, whereas they are

Discussion
Epitaxial relationship

The epitaxial relationship of c-plane [0001]g,n On c-plane
[0001]sapphire is widely studied and understood and there-
fore, is clearly known. In this report, we focus on the other
orientations of sapphire substrates importantly. For a
comparison, the characteristic c-axis-grown conventional
polar [0001] GaN will be taken as a reference. In the case
of a-plane sapphire, a N-rich or Ga-poor conditions on the
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vertical in the case of c- and a-plane. Schematic showing the epitaxial
relationship of the GaN nanorods grown along various epitaxial
orientations on different substrates

surface during growth result in the formation of a-plane
GaN grains elongated along the c-axis. The a-plane GaN
epilayers when grown at higher temperatures lead to
increased Ga desorption which results in N-rich condition
[10]. Non-polar a-plane is inherently anisotropic along the
two in-plane directions [1-100] (m-axis) and [0001] c-axis.
Density functional theory (DFT) calculations, as reported
by A. Lotsari et al. (2014), show large anisotropy in the
diffusion barriers along and direction perpendicular to the
c-axis under N-rich growth conditions on the N-stabilized
surface. On the a-plane surface, the Ga adatoms exhibit
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Fig. 3 Transmission electron microscopy images of a c-plane
sapphire-grown GaN nanorod and b m-plane-grown GaN nanorod.
The SAD patterns in the insets confirm that the rod is single-

smaller diffusion barriers along the c-axis, than the m-axis.
And a high Ga/N flux ratio ensures an increased Ga cov-
erage of the surface during growth, which eventually
reduces the surface anisotropy by decreasing the diffusion
barrier anisotropy. Therefore, the [0001] GaN growth is
favored, whereas the other orientation is suppressed on a-
plane sapphire substrate in HVPE growth. The same is
confirmed from the XRD pattern showing peaks (002) and
(004) dominantly in Fig. 2b. Since the rods grown in this

crystalline wurtzite-structured GaN. The presence of Ga and N is
evident from the EDX images in the inset

condition are very dense, the XRD patterns did not exhibit
the peak originating from sapphire substrate.

While using r-plane sapphire, during the shorter nitri-
dation of less than 1 h, the oxygen atoms are substituted for
nitrogen atoms. Thereby, initially a AIN-rich interfacial
zone with a thickness of two monolayers could be formed
[14]. This can reduce the mismatch between the a-plane
GaN epilayer and the r-plane sapphire substrates due to the
misfit dislocations. Similar to the case of Nitridation in c-
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Fig. 4 Raman spectra of the semipolar and non-polar GaN nanorods
(The legends m, r, a, and c represent the Al,O3 planes on which GaN
nanorods were grown). Al Transverse optical mode appears dominant
in m-plane and r-plane, whereas Al Longitudinal Optical mode is
dominant in ¢- and a-plane sapphire-grown GaN

Fig. 5 Photoluminescence

plane sapphire, here also, a parasitic semipolar (103)
nanocrystals are formed, which is really a side effect [15,
16]. The epitaxial relationship is given as [1120]
[11_02]Sap and [1100]GaN || [1120]
larger mismatch between d-spacings of m-plane of GaN
and a-plane sapphire. Because of these reasons, the growth
of both orientations a-GaN (110) and semipolar orientation
(103) occurs as shown in the SEM image, schematic, and
XRD pattern in Fig. 2c.

In m-plane sapphire, the single semipolar [1112] GaN
phase nucleates on [1010] m-sapphire substrate. But in
HVPE growth, it does not favor the additional growth
along [0002] GaN which is found to appear in MOCVD
growth. The XRD patterns in Fig. 2d show only (103)
peaks, and no other additional (002) peaks. Its epitaxial
relationship could be well predicted from the XRD result
also. It ascertains that GaN occurs only in single orienta-
tion with a tilt angle. The tilt angle as reported by many
other groups is 58.9° [17, 18]. The knowledge of the sap-

n—GaN ||

s Moreover, there is

spectra of [11-22] inclined
intertwined GaN nanorods on
m-plane sapphire. The left-hand 30°
side shows the schematic
variation in the incidence area,
when the specimen is rotated
through 0 to 360° in steps of
90°. The spectra show an
increase in intensity of 12.7 %
along 30° and 210° with that of
the rest

Fig. 6 Photoluminescence
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phire crystal structures enables us a better understanding of
the nucleation in this orientation. Sapphire crystallizes in a
rhombohedral lattice composed of aluminum cations
(AI’") and oxygen anions (O*7). The positions of the
anions simplify the structure to a hexagonal close-packed-
like structure. The AI’* cations form a two-dimensional
simple square lattice on the surface, whereas the anions
(Oz_) form zigzag rows along [0001] orientation of sap-
phire [19]. During Nitridation, in m-plane sapphire, N°~ is
alternating along the [0001]spphire direction. Therefore,
only N*~ is only present in the regions in the place of AI**.
This alternate arrangement favors only Ga’' formation
between two N~ jons. The same arrangement continues
along the AI’" ion lattice on the sapphire surface. The
positions of missing AI** planes along [1012] sapphire
plane, Ga>" will match sites at the interface. Therefore, the
possibility of twinning orientations is prevented. The epi-
taxial relationship is given as [1122] || [[1010] . Here,
the GaN NRs are self-aligned and exhibit a inclined
intertwined structure. This characteristics is applicable in
polarizers and preferable in optoelectronic applications.
But, in all the above cases, GaN NRs obtained in either
vertical or inclined alignment have c-axis as their principal
axis. It is examined and verified by TEM analysis as shown
in Fig. 3. The High-Resolution TEM image shows the
uniform stacking of lattice along [0002] orientation having
a spacing of 5.185 A. Selected area electron diffraction
pattern shown in the inset ascertains its single crystalline
nature. Its composition was verified by energy dispersive
X-ray analysis (EDX) which is shown in the inset as well.

Optical properties

Raman spectroscopy is an extremely active and exciting field
for the benefit of science and technology. In the case of
nanostructures, an increase in scattered intensity than the
bulk is found in the literature which is known as Raman
Antenna effect [20, 21]. Angular dependencies of the phonon
modes would be possible in highly anisotropic shape of the
nanowires, which are not expected from selection rules [22,
23]. Raman shifts of all the four specimens are as recorded in
Fig. 4. Sharp E; high modes in all of the NRs confirm the
high crystalline quality of the NRs grown by HVPE [24, 25].

The Raman mode, A; (LO) mode is symmetry-forbid-
den in x (z-)-x geometry. When the incident laser beam is
not strictly perpendicular to the c-axis, it may allow the
observation of the forbidden mode [26]. For wurtzite
crystals, mixed transverse and longitudinal phonon modes
appear when the propagation directions are not exactly
along the principal axes [27].

The origination of peak A; (TO) corresponds to the
ordinary excitation arising due to the arbitrary incidence

angle of the exciting light. A; (TO) be the starting of A,
symmetry phonon modes and this frequency corresponds to
the quasi-confined modes in isolated nanowire model which
are the continuation of SO modes for frequencies below A,
(TO). TO modes will appear when the orientations have
different crystalline planes [28]. TO vibration modes are
exhibited when the g vector (propagation direction) travels
in between the c- and a-planes. Therefore, A; (TO) modes
are viable in the case of inclined NRs [29]. These modes also
appear in inclined (7-plane grown) and intertwined (m-plane
grown) GaN NRs wherein the g vector lying in between the
c- and a-planes of GaN is apparent. This is not observable in
the case of vertically aligned GaN NRs (both c-plane-grown
and a-plane-grown cases).

Highly anisotropic shape of the NRs/nanowires can lead
to angular dependencies of the phonon modes. Normally,
SO modes are observed when the translational symmetry of
the SO potential is broken. This breakdown of symmetry
can activate a larger wave vector SO mode whose fre-
quency is sufficiently separated from the other Raman-ac-
tive optical phonons. The SO mode is associated with the
surface modulation in GaN. In this case, the non-polar and
semipolar growths which are different from the c- and a-
axis growths cause the surface modulation which may give
rise to SO modes [30].

The PL spectrum of [1122] GaN NRs with an angular
rotation of the sample, from 0° to 360° in steps of 10°, was
measured in order to study its polarizing property. Figure 5
shows the variation in intensity at different angles. It shows
an increase in intensity up to 12.7 % along the angles 30° and
210°. In the PL analysis, the polarized He—Cd laser beam is
likely to be incident on the inclined intertwined GaN NRs,
and the area of excitation varies depending upon the axial
and radial surfaces of the NRs. In the case of axial incidence
and excitation, the area excited is more at certain angles (30°
and 210°) and lesser at certain other angles (120° and 300°).
The intensity variation is attributed to this variation in area of
excitation which is shown in Fig. 6 [31]. The c-plane sap-
phire shows a same intensity irrespective of the angle of
rotation. Therefore, the maxima and minima in the intensity
are due to the larger and smaller exposed areas of the NRs.

Conclusions

GaN NRs are grown on different orientations of sapphire
like [0001] c-plane, [1120]a-plane, [1102] r-plane, and
1100 m-plane substrates by hydride vapor phase epitaxy.
The obtained NRs by XRD analysis and electron micro-
scopy analysis are found to be vertically aligned in the c-
plane and a-plane sapphire with [0001] GaN. But in r-plane
and m-plane sapphire, the orientations are found to be tilted
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skew [(110) and semipolar orientation (103)] and inclined
intertwined [1122] GaN NRs, respectively. The growth
conditions and the epitaxial relationships were discussed in
detail. A detailed TEM analysis confirms that all the NRs
when separated from the substrate have the characteristic c-
axis orientation in all the cases. Raman spectroscopy
exhibits A; (LO) modes in vertically aligned GaN NRs,
and A; (TO) modes in inclined GaN NRs. SO of Raman
shift was observed in all the cases. The difference in the
optical behaviors has been reasoned out with suitable evi-
dences. The azimuth-dependent PL spectra show increased
intensity along 30° and 210° than that along other angles
which is attributed to the change in the incident excited
area by the polarized laser beam along the axial and radial
surfaces of the inclined NRs, but does not vary in the case
of vertically aligned ones. The prepared non-polar GaN
NRs are suitable for applications in polarizers. A detailed
study of growth of GaN NRs HVPE on different orienta-
tions of sapphire substrates was carried out. The epitaxial
relationship of the formed GaN NRs is investigated and
reasons are explained.
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