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Uniaxially p-n junction gallium nitride nanowires have been synthesized via metal-organic chemical vapor deposition method.
Nanowires prepared on Si(111) substrates were found to grow perpendicular to the substrate, and the transmission electron
microscopy studies demonstrated that the nanowires had singlecrystalline structures with a <0001> growth axis. The parallel
assembly of the p-n junction nanowire was prepared on a Si substrate with a thermally grown SiO

2
layer. The transport studies

of horizontal gallium nitride nanowire structures assembled from p- and n-type materials show that these junctions correspond to
well-defined p-n junction diodes.The p-n junction devices based on GaN nanowires suspended over the electrodes were fabricated
and their electrical properties were investigated. The horizontally assembled gallium nitride nanowire diodes suspended over the
electrodes exhibited a substantial increase in conductance under UV light exposure. Apart from the selectivity to different light
wavelengths, high responsivity and extremely short response time have also been obtained.

1. Introduction

Over the past several years, wide band gap gallium nitride
(GaN) nanowires (NWs) have been extensively studied due
to their extremely dense logic and unique physical properties
with tunable and well-defined atomic composition [1–7].
Recently, single-crystalline semiconductor nanostructures
have received great attention due to their superior properties
and potential applications in comparison with their bulk
form. Among the nanostructured materials, nanowires are
very interesting with the charge carrier confined in a one-
dimensional (1D) space owing to their special configuration.

Successful growth of GaN nanowires on silicon and other
mismatched substrates has been demonstrated by several
workers [8–11]. The nanowires exhibit significantly reduced
defect density due to their large surface-to-volume ratio. A
reduced strain distribution in the nanostructures also leads
to a weaker piezoelectric polarization field. In addition, the

enhanced light collection efficiency [12, 13] as well as the
highly reduced material consumption [14] with respect to
the conventional thin film devices makes nanowires quite
attractive for the development of optoelectronic devices. Also,
nanoscale control during device fabrication allows systematic
exploitation of quantum confinement effects in LEDs [15–17].
It is noted that the luminescence wavelength can be tuned
precisely by controlling the dimensions of the nanostructures
[18]. Fabricating vertically aligned nanostructures enables the
formation of three-dimensional LED architectures, which
have a great potential for improved device efficiency due to
an enhanced light extraction efficiency [19], increased light
emitting active area, and reduced quantum Stark effect [20].

The range of potential applications of semiconductor
nanowires keeps increasing in the fields of device miniatur-
ization [21], field-effect transistors [2, 22, 23], photovoltaic
cells and light emitting devices [24–27], and so forth. To fab-
ricate nanometer-scale devices, with bottom-up techniques,
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a conventional approach is to start with random dispersion
from a nanowire or nanostructure suspension, followed by
electrode fabrication at a known nanostructure location on
the substrate [28, 29]. Several experimental techniques have
been reported for manipulation of GaN nanowires into well-
defined arrays for integrated devices. A high-brightness n-
GaN nanowire on p-GaN has been synthesized using dielec-
trophoresis method by Lee et al. [30]. One-dimensional GaN,
nanostructure arrays with low defect density are fabricated
employing porous anodic alumina films as the template
and lead to high-performance devices [31]. The aligned and
dislocation free GaN one-dimensional nanostructures have
been fabricated usingmolecular beamepitaxy (MBE) [32, 33],
metal-organic chemical vapor deposition (MOCVD) [34–
37], and hydride vapor-phase epitaxy (HVPE) [38, 39]. Tang
et al. [40] have conducted controlled synthesis of a vertically
aligned p-GaN nanorod array on an n-Si substrate by thermal
evaporation of GaCl

3
.

In the study reported here, we have conducted a detailed
investigation of the horizontal assembly of p-n junction
GaN nanowires directly on Si(111) substrates by MOCVD.
The structural, optical, and electrical characteristics of the
nanowires have been measured and are discussed. p- and n-
type doping of the nanowires is accomplished by introducing
trace amounts of Mg and Si, respectively. This doping capa-
bility enables the formation of an epitaxial p-n homojunc-
tion, which leads to highly efficient radiative recombination
between electrons and holes [41, 42]. Finally, p-n junction
GaN array diode has been fabricated horizontally with an
ensemble of nanowires and the properties of these diodes
are also presented. The grown p-n junction GaN nanowires
were characterized by field emission scanning electron
microscopy (FE-SEM), X-ray diffraction (XRD), photolumi-
nescence (PL), and cathodoluminescence (CL) spectroscopy.
Themorphology of as-grown nanowires was further analyzed
by high resolution transmission electron microscopy (HR-
TEM). The response time of the p-n junction GaN nanowire
was measured by using Nd-YAG laser at the fourth frequency
(266 nm) with 6 ns Gaussian pulses.

1.1. Materials and Methods. Horizontally aligned p-n junc-
tion GaN nanowires were grown on Si(111) substrates in a
handmade MOCVD system with a horizontal quartz reactor.
Before the substratewas loaded into the reactor, it was cleaned
by ultrasonic cleaning in acetone and methyl alcohol for
5min.After that the substrateswere overflowedwithDIwater
for 5min and etched by HF (2%) acid for 5min to remove the
native oxide layer.

To investigate the more complex nanowire structures
required for active p-n junction devices, we exploited
MOCVD, which is a technique used extensively for the
growth of planar GaN-based heterostructures, as a means
of Ga and NH

3
reactants as well as silicon and magnesium

dopants in a highly controlled and reproducible manner.
Trimethylgallium (TMG), ammonia (NH

3
), silane (SiH

4
,

10 ppm diluted in H
2
), and Cp

2
Mg are the precursors for

Ga, N, and Mg, respectively. Hydrogen (H
2
) was used as

the carrier gas in the present experiment. Figure 1 illustrates
the fabrication flow chart of p-n junction nanowires on

Si(111) substrates after providing several procedures. We
have fabricated n-GaN:Si nanowire on Si substrate by newly
developed two-step growth process. The first stage of the
two-step growth process typically begins with a coated Au
film on Si(111) substrate by ion sputtering system. The Au +
Ga nanodroplets were formed by MOCVD under hydrogen
ambient for 10min. These nanodroplets act as a nucleation
seed for the growth ofGaNnanowire. After that, the pulsed n-
GaN seedswere grownonAu+Gananodroplets using pulsed
flow method. Pulsed n-GaN seeds were grown up to 10 pairs
at a working pressure and temperature of about 600 torr and
710∘C, respectively. During the pulsed growth mode, group
III and group V precursors were introduced alternately in
the following sequence: TMG, 3min; NH

3
, 3min. In the last

step, n-GaN/p-GaN nanowires were grown on pulsed n-GaN
seeds at 920∘C (1 hour) and 890∘C (20min), respectively, by
continuous flow mode. During the continuous flow mode,
group III and group V precursors were introduced simulta-
neously. The n-GaN nanowires were grown with the doping
of silane gas, which is a critical factor to initiate the vertical
nanowire growth. The experiment was carried out for the
Cp
2
Mg flow rate of 5 sccm (standard cubic centimeters per

minute).The single-crystallineGaNnanowireswere horizon-
tally assembled on a degenerately doped siliconwafer covered
with 300 nm SiO

2
. The GaN nanowires were dispersed on

the grid using a micropipette. After the evaporation of the
ethanol, polymethyl methacrylate (PMMA) was spin coated
for 40 sec on the grid at 5000 rpm. Using e-beam lithography
process the PMMA was removed partially. 5/100 nm thick
Ti/Pt electrodes were deposited on both ends of the aligned
nanowires by DC sputtering method. The remaining PMMA
was removed using lift-off technique using acetone.

In our present study, we have intentionally reduced the
growth temperature/pressure, so that the drift velocities of
the adatoms were increased dramatically. At this stage, the
adatoms could move all along the surface of the nanowires
to form the sheath structure. Hence in order to induce
the smooth growth surface we have changed our growth
temperature from 920∘C to 890∘C. The dopant was changed
during the growth procedure in order to obtain the middle
point of the nanowire. This process enhances the linear
shape of the nanowire and controls the tape-like growth.
During the first stage of the growth, we can obtain an n-
type nanowire in nominally Si doped GaN according to the
presence of nitrogen vacancies and/or oxygen impurities.
Magnesium doping follows, carried out by supplying Cp

2
Mg

during the latter half of the growth, thus leading to p-type
growth. Finally, the as-prepared p-n junction nanowires were
assembled horizontally on a Cr/Au metal grid by using e-
beam lithography, DC sputter, and lift-off techniques.

The morphology of the p-n junction nanowire arrays was
investigated by field emission scanning electron microscopy
(FE-SEM/JEOL JSM-6500F, KBSI in Jeonju). Field emission
measurements were conducted in a vacuum chamber with
a pressure of 1.2 × 10−6 Pa at room temperature. A rod-
like stainless steel probe with 1mm diameter and 0.78mm2
in area was used as anode. The sample was used as cath-
ode. The spacing between the two electrodes is 100 𝜇m. A
ballast resistor of 10MV was used to protect the apparatus
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Figure 1: Schematic illustration of horizontally assembled single p-n junction nanowire diode fabricated on SiO
2
/Si substrates. (i) Au +

Ga droplets formation on Si(111) substrate, (ii) n-GaN seed formation at 710∘C, (iii) n-GaN/Si nanowire formation at 920∘C (1 hour), (iv)
formation of p-GaN/Mg nanowire at 850∘C (20min), and (v) horizontal assembly of p-n junction nanowire using e-beam lithography and
lift-off techniques.

against short circuiting. The optical properties of the as-
grown nanowire arrays were characterized by photolumi-
nescence (PL) spectrum using a 325 nm He-Cd laser and a
cathodoluminescence (CL) attached to the FE-SEM system.
Microstructure and single crystallinity of the nanowires
were confirmed by the high resolution transmission electron
microscopy (HR-TEM) and selected area electron diffraction
(SAED) analysis. The current-voltage (I/V) measurements
for the horizontally assembled nanowires were carried out
under different illumination environments.

2. Results of the Experimentation

Figure 2(a) shows the tilt-view FE-SEM images of n-GaN:Si
nanowires on n-GaN seeds. In the early stage of the n-GaN
seed growth, Au catalyst is known to play an important role to
nucleate the seed growth. But at high temperature it is difficult
to nucleate n-GaN:Si nanowires with Au catalyst alone. The
number of seed pairs is a crucial factor in determining
the dimension and density of nanowires. The density of n-
GaN nanowires was increased monotonically with increase
in number of seed pairs. Moreover, it is observed from the
figure that large-scale, vertically, or slantingly aligned GaN
nanowires were uniformly grown in high density on the
Si(111) substrate and have clean surface. Notably, Au clusters
after supporting the formation of GaN nuclei may leave the
location owing to the high diffusion rate of Au atoms at
high growth temperatures [43, 44]. Most probably, small Au
clusters react with the GaN layer chemically during the wire

growth. Therefore, in this case the Au particle catalyzing the
GaN nanowire growth remains neither at the root nor at the
tip after extendednanowire growth period. From the FE-SEM
data, the average diameters of the nanowires were about 300–
400 nm and their lengths are mainly approximately 4 𝜇m.
The diameters of the n-GaN nanowires were observed to be
uniform from the top to the bottom.

Figure 2(b) shows panchromatic CL spectra of n-GaN
nanowires grown on n-GaN seed. The emitted CL was
collimated by mirrors located near the sample, transmitted
through a fused-silica window in the SEM, and refocused
onto the entrance slit of a 0.34mm spectrograph, with a 600
line/mm grating and entrance slit width of 0.05mm. The
spectra were recorded by a computer-controlled, nitrogen-
cooled CCD camera.Thewavelength resolution was 0.29 nm,
which is equivalent to an energy resolution of 2.3 × 10−4E2 eV,
where 𝐸 is photon energy. The CL experiments were carried
out at a temperature of 300K.The GaN signature in the 290–
360 nmwavelength range was used to optimize the CL signal.
The applied accelerating voltage (𝑉

𝑎
) and beam current (𝐼

𝑏
)

are 5 kV and 1000 pA, respectively. The slit widths were set
at 1mm, which is the optimum width for achieving high
count rates. From the CL spectra we could observe that the
n-GaN:Si nanowires show a near-band-edge emission (NBE)
centered at 370 nm in the ultraviolet range of the spectrum
due to the increased excitation rates associated with CL. We
could not observe any deep-level (yellow) CL for the n-GaN
nanowires arising either directly from the atomic structure
of the dislocations or associated with the clustering of native
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Figure 2: Tilt-view FE-SEM image of (a) n-GaN/Si nanowires fabricated on Si(111) substrate, (b) CL spectra of n-GaN/Si nanowires,
(c) FE-SEM image of single n-GaN/Si nanowire, and (d) CL mapping image at 370 nm.
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Figure 3: HR-TEM image of the n-GaN:Si NWs grown on pulsed u-GaN seed: (a) single n-GaN:Si NW, (b) lattice structure of n-GaN:Si NWs,
(c) SAED pattern of the n-GaN NW:Si, (d) the lattice image obtained by inverse fast fourier transform (IFFT), and (e) fast fourier transform
image (FFT).

point defects (vacancies, interstitials) [45]. From this data,
one can understand that the grown n-GaN:Si nanowires were
high quality with lower defect. Figure 2(c) shows a FE-SEM
image of a single n-GaN:Si nanowire and its corresponding
CL mapping received at wavelength 370 nm is presented
in Figure 2(d). The wavelength 370 nm is corresponding to
the maximum peak energy of the band emission. From the
CL image, it is observed that the 370 nm emission is quite
uniform throughout the GaN structure which appeared as
white color. From Figure 2(d), one can also see that the
emission intensities are quite uniform,whichmight be related
to the homogenous distribution of strain within the self-
organized n-GaN nanowires.

Figure 3 shows bright field and high resolution TEM
images as well as selected area diffraction (SAED) pattern.
Figure 3(a) shows the HR-TEM image of a single n-GaN:Si
nanowire. The stacking of hexagonal basal planes along the
growth orientation of the wire and the <0001> direction can
be seen in the high resolution mode. The GaN nanowire
exhibits a 2H hexagonal structure. Figure 3(b) shows a high-
magnification TEM image of n-GaN nanowire. The clear lat-
tice fringes confirmed in the HRTEM image indicate that the
nanowire is hexagonal single-crystalline structure without
defect or secondary phases. This is consistent with wurtzite
GaN structure and corresponds to the lattice spacing between
the (0 0 0 1) planes in the GaN phase. Figure 3(c) reveals
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Figure 4: (a) FE-SEM image of horizontally assembled n-GaN/Si nanowire, (b) the current-voltage measurements of n-GaN/Si nanowire.

the representative SAED pattern, with the (1100), (0001),
(0001), and (1100) diffraction spots. These regular diffraction
spots demonstrated that n-GaN nanowires grew along a
<0001> direction. The lattice structure shown in Figure 3(d)
represents the IFFT image of high resolution. Such images
clearly show the (0001) atomic planes perpendicular to the
nanowire axis. Figure 3(e) represents the corresponding
FFT pattern of the HRTEM image that indicates the n-
GaN nanowires are preferentially oriented along the 𝑐-axis
direction, as well, and are indexed to the reflections of the
wurtzite structure.

Figure 4(a) shows the horizontal assembly of single n-
GaN:Si nanowire. The single-crystalline n-GaN nanowires
fabricated by two-step growth process were horizontally
assembled on a degenerately doped silicon wafer covered
with 300 nm SiO

2
. In the next process, 5/50 nm thick Cr/Au

metal grid was formed by e-beam lithography, e-beam
evaporator, and lift-off techniques. In order to disperse the
n-GaN nanowires, Si substrate was immersed in ethanol.
The substrate immersed in ethanol was sonicated for 5min.
The n-GaN nanowires were dispersed on the grid using a
micropipette. After the evaporation of the ethanol, PMMA
was spin coated for 40 sec on the grid at 5000 rpm. Using e-
beam lithography process the PMMA was removed partially.
5/100 nm thick Ti/Pt electrodes were deposited on both ends
of the aligned nanowires by DC sputtering method. The I/V
characteristics of the single n-GaN nanowire suspended over
the electrodes are shown in Figure 4(b). The I/V curve of
the n-GaN nanowire shows obvious ohmic behaviour of the
fabricated nanowire. The linear I/V curve for the fabricated
GaN nanowire reveals that good ohmic contacts have been
obtained.

Figure 5 shows the FE-SEM image of a single p-n junction
nanowire. It is observed from the figure that the n-GaN and
p-GaN growth regions are not distinguishable from each
other due to the smooth morphology. This diverse growth
rate is due to the reduction in temperature from 920∘C to
890∘C. Distinctly different from the morphology of n-doped
GaN nanowires, p-doped GaN nanowires exhibit smooth

morphology throughout the wire with uniform diameter
along the length of the nanowire, as observed in SEM image
(Figure 5(a)). The p-doping leads to a clear morphology
evolution from the smooth to the rough one, and thus the
aspect ratio of GaN nanowires increased greatly. Obviously
we could observe that the p-doping has resulted in the forma-
tion of some sharp tips protruding from the GaN nanowire
surface (Figure 5(a)). In fact it has been demonstrated that
the morphology and geometrical shape of nanostructures
are quite sensitive to the adding of foreign impurities even
though their content is less than the limit of X-ray energy
dispersive spectrometer (EDS) measurement. The introduc-
tion of doping elements may affect the growth behaviour
or thermodynamics of GaN nanostructures and leads to the
changes of morphology and geometry shape. Figures 5(b)
and 5(c) represent the CL spectra measured from the n-
GaN:Si/p-GaN:Mg regions. The emissions of both regions
were centered at 370 nm and 436 nm, respectively. The CL
peak of p-GaN:Mg region is smooth corresponding to the n-
GaN:Si region without any defect luminescence. The major
luminescence at 436 nm was demonstrated to be contributed
uniformly from the whole p-GaN:Mg nanowire region.These
emissions originated from the transition between the con-
duction band and Mg-related acceptors. This wavelength
is consistent with band-edge emission from a p-GaN:Mg
structure.

Figure 6(a) represents the FE-SEM image of the hori-
zontally assembled GaN nanowire p-n junction device struc-
ture. The current-voltage (I/V) measurements with the GaN
nanowire p-n junction diode were carried out under differ-
ent illumination environment. Our experiment involved a
double-wavelength handheld UV lamp of 254 and 365 nm
in fixed wavelength at a distance of approximately 3 cm
away from the nanodiode. The nanostructured device was
kept under practical conditions, that is, in air, at room
temperature, and under indoor incandescent light during the
measurements. The power density was 0.3mW/cm2 for both
UV wavelengths. Figure 6(b) shows three I/V curves plotted
at gate voltage (𝑉

𝑔
) = 0V under incandescent light and
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Figure 5: FE-SEM image of (a) p-n junction GaN nanowire, (b) and (c) the CL spectrum and mapping (436 nm) taken at p-GaN/Mg region,
and (d) the CL spectrum taken at n-GaN/Si region.

upon exposure to UV light at wavelengths of 254 and 365 nm,
respectively. Enhanced conduction behaviour was observed
for UV illumination of both the wavelengths; nevertheless,
the magnitude of both wavelengths differed significantly.
The observed data clearly exhibits that under UV exposure
the nanowire conductivity increases greatly. The enhanced
conductivity under UV light illumination is attributed to
the excess photogenerated carriers in the semiconducting
nanowire. We have also observed that a higher power density
of UV light produces more carriers for conduction. The UV
light with a wavelength of 254 nm has photon energy of
4.88 eV, which is sufficient enough to excite electrons across
the 3.4 eV bandgap of GaN. Furthermore, the energy of UV
light with a wavelength of 365 nm corresponds to 3.39 eV,
which is slightly lower than the GaN bandgap. On the other
hand, there are still some photons that exist with higher

energies due to the nonzero spectrum width, which can
generate electron-hole pairs and thus increase the carrier
combination of the nanowire. Figure 7(a) shows the spectral
response curve of the p-n junction device structure at zero
bias. Spectral photoresponse measurement was done in the
250–500 nm range with a 150W Xenon arc lamp light source
and a Jobin-Yvon H10-UV monochromator. The monochro-
mated output light was coupled into a multimode UV fiber
by which the sample was illuminated. Calibration of the light
source output was carried out by using a calibrated Si pho-
todetector and a Newport 1835-C optical power meter. The
responsivity was quite flat over the band gap with an abrupt
cutoff wavelength at 365 nm. The maximum responsivity
value was 0.17 A/W around 250 nm. An UV/visible contrast
of more than three orders of magnitude was obtained. This
indicates that the GaN p-n junction diode has good spectral
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Figure 7: (a) The responsivity and (b) response time spectra for the single p-n junction GaN nanowire grown on Si(111) substrate.

selectivity. Figure 7(b) shows the response time for the p-n
junction single GaN nanowire. The response time of the p-
n junction GaN nanowire was measured by using the fourth
frequency of Nd-YAG laser (266 nm) with 6 ns Gaussian
pulses. The p-n junction GaN nanowire shows a response
time with a full width at half maximum (FWHM) of 15.4 ns
under nonbiased condition.The device wasMeasured at zero
bias, but resulted a very fast response time. The response
time is significantly faster than the 118 ns for n-GaN Schottky
device [46]. It clearly shows that the perturbation induces an
electric field along the nanowire that enhances the collection
of photogenerated carriers with higher photo response.

3. Conclusions

In summary, horizontal assembly of p-n junction single-
crystalline GaN nanowires has been fabricated via metal-
organic chemical vapor deposition method using Mg as
the p-type dopant. Nanowires prepared on Si(111) substrates
grow epitaxially with a (002) direction. The prepared GaN
nanowires show excellent rectification properties. n-doped
GaN nanowires fabricated under similar conditions invari-
ably produce linear current-voltage curves, suggesting that
the observed rectification comes from the p-n junction. In
addition to that, the transport studies of GaN nanowire
structures assembled horizontally from p-type and n-type
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materials show that the nanoscale junctions behave as the
well-defined p-n junction diodes. The photoresponse prop-
erties reveal that the nanodiode fabricated in our present
study exhibits advantages in high responsivity and response
time. And also, it can be concluded that this nanowire pho-
todetector having low dislocation density will show higher
sensitivity than the device fabricated by GaN epitaxial layer
having high defect density in missile detection and flame
sensing applications.
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