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ABSTRACT: One-dimensional GaN nanorods with corru-
gated morphology have been synthesized on graphite substrate
without the assistance of any metal catalyst through a feasible
thermal evaporation process. The morphologies and micro-
structures of GaN nanorods were characterized by X-ray
powder diffraction (XRD), scanning electron microscopy
(SEM) and high-resolution transmission electron microscopy
(HRTEM). The results from HRTEM analysis indicate that
the GaN nanorods are well-crystallized and exhibit a
preferential orientation along the [0001] direction with
Ga’*-terminated (10I1) and N3 -terminated (1011) as side
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facets, finally leading to the corrugated morphology surface. The stabilization of the electrostatic surface energy of {1011} polar
surface in a wurtzite-type hexagonal structure plays a key role in the formation of GaN nanorods with corrugated morphology.
Room-temperature cathodoluminescence (CL) measurements show a near-band-edge emission (NBE) in the ultraviolet range
and a broad deep level emission (DLE) in the visible range. The crystallography and the optical emissions of GaN nanorods are

discussed.
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Bl INTRODUCTION

Gallium nitride (GaN), an important semiconductor material
with a band gap of 3.4 eV at room temperature, has received a
great deal of attention in the past decades because of its
advantageous properties such as high melting point, excellent
thermal conductivity, large electron velocity, and chemical
inertness, and its significant applications in high-temperature
high-power electronic devices, light-emitting diodes (LED),
field emitters, as well as UV photodetectors.l_6 To date, the
miniaturization of devices and the bottom-up synthetic
technology have led to an increasing research interest in the
fabrication of semiconductor nanostructures with various
morphologies and diverse functions. Compared with their
bulk counterparts, one-dimensional (1D) nanostructures may
exhibit peculiar and unique properties because of their smaller
size and large surface-to-volume ratio, as well as confined
quantum effects. For instance, wurtzite GaN nanostructures
exhibit high piezoelectric properties’ and high spatial separation
of charge carriers.® These important characteristics open up the
possibility of using GaN nanowires as building blocks for
nanogenerator”'® and biological sensors.""

Waurtzite GaN nanostructures with different morphologies
such as nanowires,'” nanobelts,"® and nanorods'* have been
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extensively fabricated by chemical vapor deposition (CVD),
molecular beam epitaxy (MBE),® and hydride vapor phase
epitaxy (HVPE)'® via the vapor—liquid—solid (V—L—S)"
growth process on metal-coated (such as Ni, Fe, Au, etc.)
substrates.'® For the epitaxial growth of GaN nanowires, the
substrates are critical for guiding the growth direction,
morphology, and structure. So far, a variety of substrates
including $i,»"' GaN," sapphire,M’zo diamond,*"** and
LiAIO,> crystals have been widely utilized for the epitaxial
growth of GaN nanowires due to their lattice matching with
GaN. Among these substrates, Si substrate is of great interest
because of its low cost and easy processability, thus being
widely used in various optoelectronic applications.”* GaN
nanostructures with different morphologies and orientations
have been deposited on Si substrate by various physical and
chemical methods.'>***® However, the poor conductivity of Si
has limited the applications of GaN nanowires in diverse fields.
For example, electrochemical biosensors made of GaN
nanowires generally require highly conductive substrate to

Received: September 10, 2013
Accepted: October 28, 2013
Published: October 28, 2013

dx.doi.org/10.1021/am403876e | ACS Appl. Mater. Interfaces 2013, 5, 12066—12072


www.acsami.org

ACS Applied Materials & Interfaces

Research Article

transport the electrons more freely under a lower electrical
field, whereas the high resistance of Si obviously depresses the
sensitivity of signals and thus leads to the degradation of sensor
performance. Therefore, it is essential to deposit GaN
nanowires on highly conductive substrates for the purpose of
improving the sensitivity of GaN-based nanodevices. Compared
with Si and other substrates mentioned above, graphite is more
stable at high temperature and exhibits excellent performance in
electrical and thermal conductivities, and a lower thermal
expansion coefficient. The deposition of bulky semiconductor
materials on graphite has been investigated thirty years ago”’
and series of works have been carried out. As a typical example,
multilayer graphene has been utilized as a transparent
conducting electrode®®*® for the building of high-efficiency
light-emitting diodes (LEDs). On the other hand, the layered
structure of graphene enables an easy removal of integrated
nanodevices on various substrates.”® In comparison with the
widely used graphene, less work has been reported on the
deposition of semiconductor nanostructures on graphite
substrate. Theoretical studies on the growth of GaN film on
graphite® and vapor phase deposition of GaN film on
graphite®® have been also reported. The advantage of graphite
substrate for the growth of GaN nanostructures is as following:
(1) the lattice mismatch between [0001]-oriented wurtzite
GaN and graphite is smaller enough, and thus a smaller lattice
stress of GaN nanostructures and a higher crystallinity can be
expected; (2) the excellent electric conductivity of graphite can
allow the direct device integration of GaN nanostructures on
graphite substrate; (3) GaN nanostructures grown on graphite
can be selectively transferred to other substrates because of the
easy removal of graphite layered structure. However, the
growth of GaN nanostructures on graphite substrate through a
teasible CVD process has been rarely reported.

In this paper, we reported the successful fabrication of large-
scale GaN nanorods on graphite substrate via a simple and low-
cost CVD process without involving any metal catalyst. The
GaN nanorods exhibit typical characteristics of single crystal,
corrugated morphology and a hexagonal cross section. High-
resolution transmission electron microscopy (HR-TEM)
analyses have been carried out on the microstructural and
crystallographic studies and it was found that the GaN
nanorods have alternate {1011} polar facets along the side
surfaces. The reduction of the electrostatic surface energy from
these alternating {1011} polar surfaces plays a key role in the
formation of such corrugated GaN.

B EXPERIMENTAL SECTION

GaN nanorods grown on graphite substrate were obtained through a
simple CVD process as described in our previous work.” High-purity
Ga,0; powders (Sinopharm Chemical Reagent Co. Ltd., purity
>99.99%) were first loaded into a cylindrical AL,O; boat as precursors
and then inserted into a small quartz tube (30 mm in diameter and
100 cm in length) for preventing impurity invasion. The smaller quartz
tube with AL,O; boat was then inserted into a large quartz tube (45
mm in diameter and 160 cm in length), which was heated by a
conventional horizontal resistance furnace. Graphite substrate with
smooth surface (20 X 20 mm?) was put at the gas outlet of the inner
smaller quartz tube. After connecting the quartz tube with high-purity
flowing Ar gas, the furnace was first heated to 473K under the
protection of 100 standard cubic centimeter per minute (sccm) Ar and
then NHj; gas with a flowing rate of 100 sccm was induced to replace
Ar gas as nitrogen source. The temperature was continuously increased
to 1373 K and maintained at this temperature for 30 min. After the
reaction, the growth chamber was naturally cooled to room

12067

temperature in Ar flow and large-scale yellow powderlike layers were
densely grown on graphite substrate.

The phase and purity of as-grown GaN nanorods were examined by
a Rigaku RINT 2000 X-ray powder diffractometer (XRD) with Cu Ka
radiation, operating at 40 kV and 40 mA. The morphology of the as-
synthesized samples was measured by a Zeiss Supra S5 scanning
electron microscope (SEM). The microstructure and composition of
the samples were characterized and analyzed using a Tecnai G* F20
high-resolution field emission transmission electron microscope
(FETEM) equipped with an X-ray energy dispersive spectrometer
(EDS). For the optical measurements, the cathodoluminescence (CL)
spectroscopy of GaN nanorods was directly performed on the GaN
nanorods grown on graphite substrate and on those dispersed on Cu
TEM grids in a field-emission SEM (Hitachi $4300) equipped with a
CL system at an accelerated voltage of 15 kV.

B RESULTS AND DISCUSSIONS

Figure 1 shows the XRD pattern of GaN nanorods grown on
graphite substrate. The diffraction peaks at 20 = 32.4, 34.6,
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Figure 1. X-ray diffraction pattern of GaN nanorods grown on a
graphite substrate.

36.8, 48.1, and 57.7° can be well-indexed to a standard wurtzite-
type hexagonal GaN (space group: P63mc) with lattice
constants of a = 3.189 A and ¢ = 5.18 A, whereas these
peaks appearing at 260 = 42.2, 44.2, and 50.5° are from graphite
substrate. In addition, a weak peak centered at 39.8° can be
noticed, and this peak can be roughly indexed to Ga,O;. The
formation of Ga,0j; is possible during the synthesis of GaN
nanorods because some residual oxygen may exist in the
reaction chamber. Meanwhile, the diffraction peaks from C-
containing impurity compounds were yet not observed. It is
well-known that GaN crystal can exist in either stable wurtzite
(WZ, hexagonal) or metastable zinc-blende (ZB, cubic)
structures.”” The crystallographic difference between the two
structures only comes from the atom ordering sequence. Under
given growth condition, WZ ghase can coexist with metastable
ZB phase in GaN nanowires.” The absence of any metastable
ZB-GaN diffraction peaks in XRD pattern further demonstrated
that the as-synthesized GaN nanorods are crystallized in WZ
structure. The GaN nanostructures densely deposited on
graphite substrate exhibited obvious yellow color. To
investigate their morphology, SEM observation with an
accelerated voltage of 10 kV was utilized. Figure 2a shows
the low-magnification SEM image of as-synthesized product
and one can clearly see that large-yield GaN nanostructures
with a typical rodlike morphology are randomly grown on the
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Figure 2. (a) Low-magnification SEM image of the as-synthesized
GaN nanorods; (b) high-resolution SEM image of nanorods with
hexagonal cross-section.

graphite substrate. Occasionally, a small amount of wirelike
GaN nanostructures can also be found. Further observations
show that the GaN nanorod exhibits a cylindrical shape with a
hexagonal cross-section and zigzag morphology. Statistical
investigations on numerous samples show that the average
diameter of GaN nanorods ranged from 400 to 800 nm and the
length of GaN nanorods can be up to tens of micrometers.
Figure 2b displays a representative high-magnification SEM
image of GaN nanorods with hexagonal cross-section, which
gives a clear view of the straight nanorods with coarse and
corrugated side surfaces. The hexagonal tip-end with smooth
flatness can be clearly observed. Additionally, from the
hexagonal cross-section, it can also be assumed that the GaN
nanorods are oriented along the c-axis of WZ-GaN. However,
compared with GaN nanostructures grown on epitaxial
substrate, the growth direction of GaN nanorods is not
perpendicular to the graphite substrate and all the GaN
nanorods are randomly distributed on the graphite surface,
which is consistent with the diffraction peaks in XRD patterns.
Possible reasons for the random growth of GaN nanorods may
arise from the fact that the graphite layers on the top surface
have been abraded during the grinding of graphite surface by
sandpaper. As a result, the graphite surface is atomically not as
flat as chemically polished sapphire and thus GaN nanorods can
randomly nucleate and crystallize at the scratched surface.
Different from diameter-modulated nanostructures synthesized
via metal-assisted thermal evaporation route,***> no catalyst
nanoparticle is found on the tip-end of GaN nanorods from the
high-magnification SEM image (Figure 2b), suggesting that the
formation of GaN nanorods may follow the well-known vapor—
solid (V=8) mechanism.>®

The chemical composition and possible impurity contami-
nation of as-synthesized GaN nanorods were further studied.
Figure 3a displays a typical low-magnification bright field TEM
image of an individual GaN nanorod suspending on the TEM
grid. The corrugated surface of GaN nanorod with periodic
diameter variation can be confirmed again. Considering that the
GaN nanorods are synthesized on graphite and the carbon
contamination is possible,®” it is essential to investigate the
chemical composition of as-synthesized GaN nanorods through
high-resolution EDS analysis. To confirm the composition
difference within the GaN nanorod, EDS measurements using a
small electron beam size were performed at three representative
areas, i. e.; the concave surface (“1”); the rod body (“2”); and
the protruding edge (“3”). Figure 3b shows the corresponding
EDS spectra of the three areas “17, “2”, and “3”. It can be seen
that only N and Ga signals are detected from the three areas of
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Figure 3. (a) Representative bright-field TEM image of an individual
GaN nanorod and (b) its corresponding EDS spectra collected from
three different areas labeled with (1, 2, and 3).

GaN nanorod within the resolution limit of EDS, and the O
peak from residual oxygen and Ga,O; phase was not found,
proving that the GaN nanorods are of high purity. The Cu
peaks in the EDS spectra come from the TEM grid used. On
the basis of the statistical analysis results of EDS data, it can be
assumed that the GaN nanorods are slightly Ga-rich (Ga:N =
1:0.92). Interestingly, no trace of elemental C signals is
detected (see Figure 3b) though the GaN nanorods are
nucleated on the graphite surface. The absence of C peak in
EDS spectra further suggests that the concentration of carbon
incorporated into GaN crystal is rather lower. Details on the
microstructure and crystallinity of GaN nanorods are further
obtained with high-resolution TEM analysis. Figure 4a shows a
typical bright-field TEM image of an individual GaN nanorod
with zigzag morphology surface and a diameter of ~750 nm. It
explicitly shows that the GaN nanorod has a periodic segment
and diameter fluctuation along the growth direction. The edge
surfaces of the protruding tips are always parallel each other
and these edge planes can be further confirmed as (1011) and
(1011) planes of a WZ-GaN by HRTEM analysis. The angles
between the neighboring surfaces of a concave and a convex are
roughly measured to be 117.9 and 119° (as marked in Figure
4a), which are slightly deviated from the standard values of
(1011) and (1011) planes. The angle deviation comes from the
tilting of GaN nanorod suspending on Cu grid during TEM
observation. The flatness of the GaN nanorod tip-end suggests
again that its nucleation and crystallization are realized without
the assistance of any catalyst and a V—S process is involved in
its formation. To evaluate the crystal quality and possible
structural defects of GaN nanorods grown on graphite
substrate, HRTEM analyses and the corresponding fast Fourier
transformation (FFT) pattern are utilized to study their
structure and crystalline orientation. The concave and convex
edges of several GaN nanorods are examined for a general
study of the crystallinity. Images b and d in Figure 4 are the
typical HRTEM images of the selected areas “1” and “2” shown
in Figure 4a. The two HRTEM images are taken along the zone
axis of [1210]. The clear lattice fringes of the crystal and well
arranged atom ordering confirm that the GaN nanorods are
single-crystalline and well-crystallized. Interestingly, the typical
defects such as microtwins and stacking faults are not observed
in all the GaN nanorods studied. In addition, the ZB-phase of
GaN is not yet observed. The d-spacing of the lattice fringes
measured from the HRTEM images is 0.52 nm, matching well
with the (0001) plane interspacing of hexagonal wurtzite GaN
structure. The lattice spacing parallel to side surface is 0.24 nm,
in good agreement with the d-spacing of (1011) lattice plane.
The angle between two side surface planes shown in Figure 4b
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Figure 4. (a) Representative low-magnification bright-field TEM image of an individual GaN nanorod; (b, d) high-resolution TEM images of
selected areas “1” and “2” shown in a; and (¢, e) their corresponding fast Fourier transformed (FFT) patterns.

is 124° in consist with regular value of (1011) and (1011)
planes. Therefore, the periodic parallel surfaces shown in Figure
4a can be identified as (1011) and (1011) planes. The
corresponding FFT patterns of the HRTEM images (Figure 4c,
e) also show succinct diffraction spots, demonstrating again
that the GaN nanorods synthesized on graphite are single
crystal and orient along the [0001] direction.

It is interesting that the GaN nanorods grown on graphite
substrate via a V=S process show periodic corrugated surfaces
rather than the commonly observed round or hexagonal prism-
like morphology,'> and such morphology was rarely observed
in CVD GaN nanostructures. The repeat of alternating concave
and convex edge surfaces represents a given crystallographic
relationship in WZ-GaN. To elucidate the crystallography and
possible formation process, we plotted the schematic
illustration of two connected truncated hexagonal cones in
Figure Sa. The neighboring two hexagonal cones that comprise

WAL LT

Figure S. (a) Schematic of a crystal unit of the GaN nanorod with
{10T1}and {0001} planes enclosed; (b) schematic diagram of a GaN
nanorod comprising of continuous crystal unit; (c) high-resolution
SEM image of an individual GaN nanorod with hexagonal cross-
section.

a basic crystal unit of the GaN nanorod have hexagonal cross-
section along the [0001] growth direction, with the up and
down surfaces being (0001) and (0001) planes and the two
tilting side surfaces being Ga®'-terminated {1011} and N°-
terminated {1011}.** The angle of 117° between [2113] and
[2113] is also in good agreement with the observed values
ranging from 117 to 124° in Figure 4a. The linking of dozens of
such crystal units along the c-axis will form the corrugated
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morphology, as schematically plotted in Figure 5b and
presented in Figure Sc for an actual GaN nanorod. From
these crystallographic analyses, we can further confirm that the
side facets of GaN nanorods are {1011} planes and the periodic
appearing of (1011) and (1011) finally leads to the formation
of corrugated morphology, as observed in 1D hexagonal
wurtzite stacked-cone and zigzag AIN** ZnO,** and InN>®
nanostructures.

In the present case, the GaN nanorod with [0001]
orientation and with {1011} side planes are synthesized on
mechanically ground graphite. Based on previous works on
zigzag GaN nanostructures®”*® and our structural analyses, it is
concluded that the formation of corrugated morphology of
GaN nanorods with (1011) and (1011) planes as the side facets
can be as a result of the reduction of the electrostatic
interaction energy, which is realized through the alternation of
positive and negative charges on Ga*'-terminated {1011} and
N3"-terminated {1011} planes. Here, a tentative growth model
is proposed for illustrating the formation process and
mechanism of GaN nanorods with corrugated morphology.
In contrast with the catalytic growth of ZnO nanostructures on
graphitic surfaces,*! no metal nanoparticle was observed at the
end of GaN nanorods by SEM and TEM observations. The
mechanical defects such as steps, trenches, and ledges30 in the
graphitic surfaces play a key role in the nucleation of GaN
nanorods. The Ga atoms can be easily trapped by these sites
and then react with ammonia at high temperature to form the
first several layers of WZ-GaN crystal on graphite surface. It
should be noted that all the atoms to form the initial GaN
layers are stacked in the c-plane of WZ-GaN with a hexagonal
shape via a self-assembled process without the assistance of any
metal catalyst, and the depositions of Ga and N atoms can be
repeated on previously formed GaN layer via homoepitaxial
growth, as schematically described in Figure 6a. It should be
also mentioned that the deposition rate of GaN layer along the
c-axis direction is much faster than that of the side surface. In
addition, the atom numbers gradually decrease with the
deposition of GaN from the initial layer to the last one in a
truncated hexagonal cone. As a result, the size of (0001) surface
gradually decreases and the side facets {1011} or {1011} planes
appear to form the hexagonal cone (Figure 6b). Because the
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Figure 6. Schematic diagram showing the crystallization and subsequent growth process of GaN nanorods: (a) the initial growth stage, reflecting the
GaN nanorod grows preferentially along the [0001] direction; (b, c) formation stages of Ga-terminated {1011} and N-terminated {1011} side facets;
(d) repeated formations of Ga-terminated {1011} and N-terminated {1011} side facets that lead to the final GaN nanorods with corrugated

morphology.

Ga**-terminated {1011} and N* -terminated {1011} planes
have different polarities and possess finite charges and dipole
moments, which will give rise to positive and negative
electrostatic surface energy. To keep the overall energy
preferentially stable, the total surface free energy including
the electrostatic surface energy and the surface energy should
be minimized. When {1011} (or {1011}) surface planes
crystallize to a certain point (Figure 6b), the dipole moment
and the electrostatic surface energy will increase and induce the
crystal system energetically instable. To minimize the dipole
moment and reduce the electrostatic surface energy, the {1011}
(or {1011}) side facets with an opposite polarity will be
gradually formed to balance the system energy, as shown in
Figure 6c. The alternation of the dipole moments and the
change of the electrostatic surface energy will lead to the
repeated formation of Ga*'-terminated {1011} and N*~-
terminated {1011} side facets along the c-axis direction and
finally produce the 1D GaN nanostructures with corrugated
morphology, as schematically illustrated in Figure 6d.

With a wide band gap of 3.4 eV, GaN has extensive and
technologically important applications in a wide range of optics
and optoelectronics. Nanostructured GaN holds unparallel
advantages and optical properties compared with their
counterparts in bulk. Especially, the luminescence emissions
of GaN nanostructures are strongly dependent on their
particular sizes, orientations, and growth parameters. To
study the optical properties of GaN nanorods grown on
graphite substrate, the CL spectra of GaN nanorods with coarse
corrugated surfaces were measured at room temperature under
an applied accelerating voltage (V,) of 15 kV. Figure 7 depicts a
representative CL spectrum randomly collected from a GaN
nanorod in the range of 200—800 nm. It can be seen that the
GaN nanorod exhibits a weak emission centered at 380 nm and
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Figure 7. Typical CL spectrum of a GaN nanorod in the range of
200—800 nm.

a broad peak in visible light range centered at 630 nm
respectively. Similar to the luminescence of most GaN
nanostructures, the 380 nm ultraviolet (UV) emission is
generally considered as the near-band-edge emission (NBE)
and can be assigned to the recombination of free excitons
through a donor-to-valence-band transition, ™ ** whereas the
strong luminescence peak is regarded as a deep level emission
(DLE) in GaN. Compared to the intrinsic band-edge emission
at 370 nm of bulky GaN,* the NBE peak of GaN nanorods
exhibit an obvious red-shift, which could be associated with
possible carbon impurity contamination®”*¢ during the
nucleation and crystallization of GaN crystal on graphite
substrate. It is inevitable to completely isolate the incorporation
of carbon in GaN crystal at a rather high temperature.
Therefore, more or less carbon atoms will be involved in the
GaN lattices as impurities. The content of carbon contami-
nation should be under the resolution of EDS measurement.
The broad peak centered at 630 nm can be attributed to some
Ga or N vacancies or a related complex in line with the results
of early studies on GaN.*’ To investigate the uniformity of
GaN luminescence, we also studied the position-dependent CL
spectra. As presented in Figure 8a, three GaN nanorods with
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Figure 8. (a) SEM image of GaN nanorods random distributing on
the graphite surface and the positions for CL collection; (b) the
corresponding CL spectra taken from the seven areas of GaN
nanorods using a “point” mode.

the same corrugated morphologies and different diameters are
selected and the CL spectra are collected from either the side
surfaces or the flat tip in point mode. The normalized CL
spectra collected from seven different spots labeled as 1—7 are
plotted in Figure 8b. It can been seen that only two emission
peaks in the UV and visible light ranges are presented in all the
CL spectra, similar to the CL spectra randomly collected
(Figure 7). Additionally, the peak at 380 nm for the spots 1—4
did not show obvious red-shift, but the peaks for spot 5—7 are
slightly shifted. This peak shift may come from the negligible

composition difference from sample to sample. The excellent
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luminescence and large aspect ratio of GaN nanorods, together
with the superior conductivity of graphite, will enable the
functional surface modification of GaN nanorods using
electrochemistry methods and exploration of their promising
applications in nano-optoelectronic and biorelated fields.

B CONCLUSIONS

In summary, single-crystalline WZ-GaN nanorods with
corrugated morphology surfaces have been directly synthesized
on graphite surface via a catalyst-free CVD process. GaN
nanorods have preferential orientation along the c-axis of a
hexagonal WZ structure. The minimizing of the total surface
free energy and electrostatic surface energy induces the
appearing of periodic repeat of Ga*'-terminated{1011} and
N°"-terminated {1011} side facets and finally leads to the
hexagonal coarse corrugated morphology. The GaN nanorods
also exhibit a NBE emission in the UV range and a strong broad
luminescence in the visible range. The position-dependent CL
measurements indicate that the GaN nanorods grown on
graphite substrate have uniform luminescence for both 380 and
630 nm emissions. These merits of GaN nanorods in
crystallinity and luminescence, as well as the advantage of
graphite substrate in conductivity, will make GaN nanorods
find promising applications in individual GaN-based optoelec-
tronic devices and biorelated fields.
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