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The crystalline quality, photoluminescence (PL), and photoconductivity (PC)
of gallium nitride (GaN) nanowires (NWs) grown by chemical vapor deposition
(CVD) and molecular beam epitaxy (MBE) have been investigated and com-
pared. The common single-crystalline structures and distinct long-axis ori-
entation are confirmed for the CVD (m-axial) and MBE (c-axial)-GaN NWs.
The PL examination reveals the difference of crystalline quality of the GaN
NWs, which is difficult to differentiate by structural characterization methods.
The MBE-grown NWs show sharper band-edge emission and much less defect
emission in comparison to the CVD-grown NWs. However, it is interesting
that the CVD-GaN NWs exhibit much higher photocurrent generation effi-
ciency (or normalized gain) than those grown by MBE. The probable physical
origins, including carrier concentration, surface state density, and surface
polarity, that induce different surface band bending for PC, have also been
proposed and discussed. The environment-dependent photoconductivities
under inter-bandgap and sub-bandgap excitations were also observed. The
systematic study concludes that the PL and PC behavior of this nitride
nanostructure are controlled by two different mechanisms in the bulk and
surface, respectively.
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INTRODUCTION

Over the past two decades, the quasi one-dimen-
sional (1D) nanostructures, such as nanowires (NWs)
and nanorods, of gallium nitride (GaN) have
attracted intense attention of the researchers in the
fields of photonics, electronics, optoelectronics,
semiconductor physics, and material sciences.1–11 In
addition to the inherent advantages of GaN such as
wide direct bandgap (�3.4 eV), high optical absorp-

tion coefficient, high electron mobility, physical and
chemical robustness, and bio-compatibility,12–17 its
NW with size-confined geometry, anisotropic path for
carrier transport, and high surface-to-volume ratio
further provide the motivation for research and boost
the development of devices. To prepare the high-
quality GaN nanocrystals, two major growth tech-
niques including chemical vapor deposition
(CVD)18–20 and molecular beam epitaxy (MBE)21–24

have been applied. The studies of the fundamental
properties and applications of the GaN NWs are
usually based on one specific growth method.
Although both the CVD and MBE approaches have
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been demonstrated to produce very high-quality GaN
NWs with single-crystallinity, understanding the
differences of the material properties between CVD-
and MBE-grown NWs could be an interesting and
useful issue.

Especially, photoconduction (PC) properties in this
nitride 1D nanostructure have been confirmed to be
dominated by the surface. The mechanism of elec-
tron–hole spatial separation induced by surface band
bending (SBB) in the GaN NWs provides an excellent
carrier collection efficiency and extremely high gain
which is several orders of magnitude higher than the
conventional thin film and bulk counterparts.25–33

The surface-controlled properties also motivated the
usage of GaN NWs as the gaseous and biological
sensors.10,34–36 A comparison of inherent PC effi-
ciencies for CVD- and MBE-grown GaN NWs was
made in our previous report.32 The CVD-GaN NWs
exhibited higher photocurrent generation efficiency
than the MBE ones. In this paper, we will further
investigate and compare the structural and photo-
luminescence (PL) properties of the CVD- and MBE-
GaN NWs in addition to their photoconductivities.
The differences of the material properties and their
physical mechanisms dominated either by the sur-
face or by the bulk will be discussed systematically.

EXPERIMENTAL

The GaN NWs used for PC measurements were
respectively grown by thermal CVD and radio fre-
quency plasma-assisted MBE. For CVD growth, a
nanometer-thick Au film was pre-coated on the sil-
icon substrate as the catalyst. The metal catalyst
was not necessary for MBE growth but the Si(111)
substrate was used for the aligned growth of GaN
NWs. More details of the material growth can be
found in our earlier publications.2,20,24 The mor-
phologies, structures, and crystalline qualities of
the GaN NWs were characterized by field-emission
scanning electron microscopy (FESEM), x-ray dif-
fractometry (XRD), Raman spectroscopy, high-res-
olution transmission electron microscopy (HRTEM),
selected-area electron diffractometry (SAD) and PL
spectroscopy at room temperature.

The two-terminal devices of the individual GaN
NWs were fabricated by two different methods. The

devices of CVD-NWs with long enough lengths were
fabricated by the shadow-mask (SM) approach
using Ti(30–50 nm)/Au(50–150 nm) as the bilayered
contact electrode.37 The MBE-GaN NWs with
shorter lengths (2–6 lm) were fabricated by
focused-ion beam deposition (FIB, FEI Quanta 3D
FEG) using Pt as the contact metal.38 The detailed
parameters of the individual NW devices used for
PC measurements are listed in Table I.

Electrical measurements were carried out on an
ultralow current leakage cryogenic probe station
(LakeShore Cryotronics TTP4). A semiconductor
characterization system (Keithley 4200-SCS) was
utilized to source dc bias and measure current. The
He-Cd laser with 325 nm wavelength was used as
the excitation source for the power and tempera-
ture-dependent PC measurements. The Nd:YAG
and diode lasers were used to source 532 and
808 nm wavelength lights for sub-bandgap excita-
tion. The incident power of laser was measured by a
calibrated power meter (Ophir Nova II) with a sili-
con photodiode head (Ophir PD300-UV). A UV
holographic diffuser was used to broaden laser beam
size (�20 mm2) to minimize the error of the power
density calculation.

RESULTS AND DISCUSSION

Morphology, Structure, and Crystallinity

The FESEM images of the GaN NW ensembles
grown by CVD and MBE are depicted in Fig. 1a and b,
respectively. The micrographs show the GaN NWs
grown by catalyst-assisted CVD with much longer
length (>20 lm) and spaghetti-like morphology,
which is different from the vertically aligned NWs on
Si(111) substrate grown by MBE. The diameter (d)
distributions of the as-grown CVD- and MBE-NWs

Table I. The parameters including NW diameter (d), interdistance between two contact electrodes (l), and
applied voltage (V), of the individual GaN NW devices for the photoconductivity measurements

Sample no. d (nm) l (lm) V(V) Long axis Catalyst Growth

# CVD-1 60 ± 10 16.9 0.5 m-axis Au CVD
# CVD-2 130 ± 15 11.3 0.02 m-axis Au CVD
# MBE-1 82 ± 12 1.1 0.1 c-axis None MBE
# MBE-2 110 ± 30 1.0 0.1 c-axis None MBE
# MBE-Refa 65 ± 15 0.4 3.0 c-axis None MBE

The parameters of the MBE-GaN NWs taken from Ref. 28 are also listed.aRef. 28.

Fig. 1. The FESEM images of (a) the CVD- and (b) the MBE-grown
GaN NW ensembles. (c) The XRD patterns and (d) the Raman
spectra of the CVD- and MBE-GaN NW ensembles. The TEM and
HRTEM images and their corresponding SAD patterns of (e, g) the
CVD- and (f, h) the MBE-grown GaN NWs. The zone axes of the
SAD patterns for the CVD-NW in 1 (g) and MBE-NWs in 1 (h) are
h001i and h110i, respectively.
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are 20–160 nm and 50–200 nm, respectively. The
common hexagonal wurtzite structure of the CVD-
and MBE-GaN NW ensembles was confirmed by
the XRD measurement as shown in Fig. 1c. The
predominant (002) diffraction signal also shows the
MBE-grown NWs with c-axial out-plane growth
orientation and vertical alignment. The Raman
spectra (Fig. 1d) of the CVD- and MBE-NW
ensembles shows the major peak at �566 cm�1,
which is attributed to the phonon mode of E2(high)
(569 ± 1 cm�1) of the hexagonal GaN bulk crys-
tals.39–41 As the linewidth of the E2(high) peak
could be influenced by the phonon confinement ef-
fect in these nanostructures,42 the peak broaden-
ings were not used to compare the crystalline
quality of the CVD- and MBE-NWs. In addition,
Fig. 1e–h depict the TEM images and their corre-
sponding SAD patterns, indicating the common
single-crystalline structure and the different long-
axial orientation along h110i (m-axis) and h001i (c-
axis) for the CVD- and MBE-GaN NWs, respec-
tively. The HR-TEM images also reveal the clear
lattice images of the monocrystalline GaN NWs
grown by CVD (Fig. 1g) and MBE (Fig. 1h).

Photoluminescence

Although the structural characterizations by
XRD, Raman scattering, HRTEM, and SAD have
indicated the GaN NWs prepared by CVD and MBE
with the single crystallinity in common, PL mea-
surements were performed to the NW ensembles to
differentiate the quality of the NWs prepared by the
two different methods. Figure 2 illustrate the nor-
malized PL spectra for the CVD- and MBE-GaN
NWs. The linear scale plot in Fig. 2a reveals the
major bandgap emission (at �3.4 eV) of the CVD-
NWs with broader linewidth than that of the MBE
ones. The full-width at half maximum (FWHM) of
the bandgap emission for the CVD-GaN NWs at
�200 meV is three times higher than that at
66 meV for the MBE-NWs. The result clearly indi-
cates the superior crystalline quality of the MBE-
grown NWs in comparison to the CVD-NWs.

Furthermore, the CVD-NWs also reveal signifi-
cant defect band emission in the energy range of
1.5–3.0 eV. By taking the semi-logarithmic plot of
the PL spectra in Fig. 2b, the defect emission can
also be observed for the MBE-NWs. However, the
intensity of the defect band emission (IDB) is much
lower than that of the bandgap emission (IBG).
While quantifying the ratio of IBG to IDB by taking
their integrating intensity, the MBE-GaN NWs
with much stronger band edge emission reveal the
IBG/IDB ratio at �60 which is remarkably higher
than that at 1.3 of the CVD-NWs. The analysis
further manifests the much less defect density and
better crystalline quality in the MBE-GaN NWs
compared to the CVD ones.

Photoconductivity

Ohmic Contact Characterization

In addition to the structure and PL character-
ization, the transport properties of the individual
GaN NWs will also be investigated and compared.
Figure 3a and b illustrates the dark current (id)
versus applied bias (V) measurements and the rep-
resentative FESEM images (insets) for the single-
wire devices of the CVD- and MBE-GaN NWs,
respectively. The linear curve shows the good ohmic
contact condition between the metal electrode and
the semiconductor NW for either CVD- or MBE-NW
devices. The difference between the slopes of the id–
V curve (i.e. conductance (G)) is mainly due to the
different dimensions of the NW devices as G = r
(pr2/l) under the columnar NW assumption, where r
is the conductivity, r is the NW radius, and l is the
inter-distance between two metal electrodes. By
taking r (= d/2) and l into account, the calculated r
for the CVD- and MBE-NWs are close and are in the
range of 100–300 X�1cm�1. The required parame-
ters for the r estimation of the NW devices are listed
in Table I.

Fig. 2. The PL spectra of the CVD- and the MBE-grown GaN NWs
plotted (a) by linear scale and (b) by semi-logarithmic scale.
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Photoconduction Efficiency and Normalized Gain

The typical photocurrent responses under a long
pulse excitation by the wavelength (k) of 325 nm for
the CVD (sample# CVD-1) and MBE (sample#
MBE-2)-grown GaN NWs are depicted in Fig. 4a. As
a relatively high light intensity (I > 300 Wm�2) is
required to generate observable photoresponse for
the MBE-NWs, the photocurrent of the MBE-GaN
NW under a higher I at 510 Wm�2 is still lower than
that of the CVD-NW at I = 88 W m�2. To have a
clear picture, the values of the steady state photo-
current (ip) under different excitation power density
for the CVD- and MBE-NWs are summarized in
Fig. 4b. Overall, the CVD-NWs reveal higher ip and
much lower detection limit of light power in com-
parison to the MBE ones. The value of ip depends on
the intrinsic material properties and experimental
parameters. To understand the inherent difference
of the PC performances of the GaN NWs grown by
the different techniques, the physical origin of the ip

has to be investigated.
As ip generation is a two-step process including

optical absorption (determined by the net quantum
efficiency (g)) and photocarrier collection (deter-

mined by photoconductive gain (C)), the ip is written
as.43–45

ip ¼
q

E
PgC; (1)

where q is the elementary charge, E is the photon
energy, P is the incident optical power on the pro-
jected area (A = dl) of the measured NW and can be

Fig. 3. The dark current versus applied bias (id-V) measurements for
the single-NW devices with the GaN NWs grown by (a) the CVD and
(b) the MBE approaches. The typical FESEM images of the CVD-
and MBE-GaN NW devices are depicted in the insets of (a) and (b),
respectively (Color figure online).

Fig. 4. The typical photocurrent response curves under one long
pulse UV illumination (k = 325 nm) for the CVD- and MBE-GaN
NWs. (b) The steady-state photocurrent and (c) the normalized gain
versus light intensity for the CVD- and MBE-grown GaN NWs. The
data points taken from the MBE-GaN NWs in Ref. 28 are also plotted
for comparison. The parameters of the individual GaN NW devices
for the photoconductivity measurements are listed in Table I. The red
dashed lines in (c) are the guiding lines by eyes to present the trends
of the normalized gain versus intensity for the CVD- and MBE-NWs
(Color figure online).32

Comparison of CVD- and MBE -grown GaN Nanowires: Crystallinity, Photoluminescence,
and Photoconductivity

181



calculated as P = Idl. Among the parameters, C
plays the key role on the carrier collection efficiency

and ip value. C is a function of multiple parameters
including carrier lifetime (s), mobility (l), V, and l,
which can be expressed as C = s

st
= sl V

l2. Accordingly,
C depends on both intrinsic property of material (i.e.
s and l) and experimental parameters (i.e. V and l).
Cof the photodetector devices can be directly im-
proved by increasing V and shortening l, so C is a
device-oriented quantity. More discussion on the C
of the GaN NW photodetectors can be found in our
previous report.32 However, to understand the
inherent differences between the CVD- and MBE-
GaN NWs that results in the difference of PC effi-
ciency or ip, the artificial effects of V and l have to be
excluded.

Accordingly, the normalized gain (Cn) defined as
the product of g, s, and l (i.e. Cn = gsl) is adopted to
determine the PC efficiency of the NW photocon-
ductors.46–48 As sl product is an intrinsic quantity
deciding carrier transport efficiency,49 for a con-
stant g, the Cn has the same physical meaning as sl,
and its intrinsic property can rule out the contri-
butions of material dimension and experimental
condition. Cn taking g into account could also reflect
the difference in practical light absorption efficiency

Fig. 5. Schematic illustration of (a) the decrease of surface band
bending (SBB) in the surface depletion region (SDR) by light illumi-
nation due to the photovoltaic effect and (b) the mechanism of
electron to overcome potential barrier under light illumination to
recombine with hole or surface states by thermionic emission.

Fig. 6. (a) The comparison of the normalized photocurrent decay curves of the CVD- and MBE-GaN NWs. The temperature-dependent pho-
tocurrent decay measurements for (b) the CVD-GaN NW (sample# CVD-1) and (c) the MBE-GaN NW (sample# MBE-2). (d) The Arrhenius plots
for the fitted decay time versus temperature curves for the CVD- and MBE-GaN NWs. The red dashed lines are the fitting curves to the data
points (Color figure online).32
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for photoconduction between the different NW
materials.50 Accordingly, Cn can be the index
determining the intrinsic PC efficiency based on the
material’s point of view. Calculation of Cn can be
made by the equation.46–48

Cn ¼ gsl ¼ g
C

V=l2ð Þ ¼
E

q

ip

P

l2

V
: (2)

By ruling out the contributions of l and V from ip

in Fig. 4b, the Cn versus I for the different GaN
NWs are shown in Fig. 4c. The Cn values of the
MBE-grown GaN NW with short active region
(l = 0.4 lm) and very high C (�108) are also calcu-
lated and plotted for comparison adopting the ip

value in Ref. 28. From the result, the CVD-GaN
NWs exhibit significantly higher Cn than the MBE
ones by near two orders of magnitude. It is noted
that the Cn of our MBE-GaN NWs located at 1.3–
2.0 9 10�8 m2 V�1 is close to the values of Ref. 28 in
the same I range, indicating the consistent PC effi-
ciency for the MBE-grown GaN NWs. The results
indicate the CVD-NWs with superior intrinsic PC
efficiency in comparison to the MBE ones.

Photoconduction Mechanism

The efficient photoconductivity in monocrystal-
line GaN NWs prepared by either CVD or MBE
have been proposed to be originated from the elec-
tron–hole spatial separation induced by SBB.25–33

The spatially separated transport of electron–hole
pair (ehp) prolongs s and thus enhances Cand ip.
The SBB-controlled PC mechanism can be con-
firmed by the power dependence of s or Cn. While
the excitation power increases, the surface built-in
potential or SBB will decrease due to the photovol-
taic effect as shown in Fig. 5a. Reductions of the
band slope (i.e. built-in electric field) and barrier
height (/B) will increase the probability of electrons
to overcome the barrier by thermionic emission
(Fig. 5b) and increase recombination rate, and thus
shorten s. The mechanism will result in the sensi-
tive power dependence of s or Cn. According to the
theoretical simulation and the experimental obser-
vation for the GaN epitaxial films51,52 and
NWs,27,28,30,32 Cn (or C) follows an inverse power-
law of Cn � I �j, where j = 0.9–1.0. The CVD- and
MBE-GaN NWs with j values at 0.89 ± 0.01 and
0.79 ± 0.02, respectively, in Fig. 4c are consistent
with the previous reports, indicating the SBB-con-
trolled photoconductivity in this nitride nanostruc-
ture.

Temperature-Dependent Time-Resolved
PC Measurement

According to the understanding, it is proposed
that the difference of Cn between the CVD- and
MBE-NWs could be attributed to the different bar-
rier height (/B) and width (w) of surface depletion
region (SDR). The higher /B, that suppresses elec-
trons to overcome the barrier to recombine with
holes and surface trap states by the thermionic
emission, will induce a longer s or higher Cn.
Figure 6a depicts the time-resolved photocurrent
decay measurement at the temperature T of 300 K
for the CVD- and MBE-GaN NWs. The result shows
the CVD-NW with higher Cn also exhibit a much
longer decay time (sd) at �6800 s than the MBE one
(sd � 25 s). As sd with the physical meaning of
electron lifetime in thermal equilibrium without
light-flattening of SBB,34 the longer sd of CVD-NWs
actually agrees with the higher /B and stronger
SBB in comparison to MBE-NWs.

As the recombination mechanism of spatially
separated ehp in the GaN NWs is similar to the
thermal activation of hole trapping in the GaN
films,53 the q/B, which is assumed as the activation
energy required to overcome the effective barrier,
can be obtained by the temperature-dependent sd

measurement. Figure 6b and c illustrates the nor-
malized photocurrent decay curves measured at
different temperature and in vacuum ambience
(�10�4 torr) for the CVD -(sample# CVD-1) and
MBE- (sample# MBE-2) GaN NWs, respectively.
The results show the CVD-NW with much longer sd

Fig. 7. (a) The photocurrent response curves under the inter-band-
gap excitation at k = 325 nm and I = 510 Wm�2 for the MBE-GaN
NWs (sample#MBE-2) in air and vacuum ambiences. (b) The typical
dark current response curve measured at repeated exposure to pure
oxygen and vacuum for the MBE-GaN NWs.
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and more significant temperature dependence in
comparison to the MBE-NW. By the Arrhenius plots
for the fitted sd versus T (Fig. 6d), the /B can be
obtained according to sd(T) � exp(q/B/kT).53 The
result shows the CVD-NWs with the /B at
160 ± 30 mV which is much higher than that of the
MBE-NWs (/B = 20 ± 2 mV). The result also con-
firmed the longer sd or higher Cn for the CVD-NWs
is originated from the higher /B or stronger SBB.

In principle, formation of the depletion region
induced by surface states in n-type semiconductors
follows the similar model as the depleted n region in
a p+n or Schottky diode. So, the relationship of /B

and carrier concentration (n) will follow /B � ln(n/
ni), where ni is the intrinsic carrier concentra-
tion.50,54 As MBE performs at ultra-high vacuum
condition, the growth can usually provide a better
control of the impurity/defect density than the CVD
approach. According to the literature, the n values
of MBE-GaN NWs are in the range of 1 9 1017 cm�3

to 6 9 1017 cm�3,25,28 which is over one order of
magnitude lower than that (n = 5 9 1018–5 9 1020

cm�3) of the CVD ones.29,55,56 By adopting the n

values, the ratio of /B
CVD//B

MBE is about 1.03–1.14.
Although the higher n corresponds to a higher /B

for the CVD-GaN NWs, which is consistent with the
experimental results. It is noted that the theoretical
ratio is much smaller than the experimental value
at 8 (/B

CVD//B
MBE = 160 meV/20 meV) obtained by

the temperature-dependent sd measurement. While
only considering the n difference and taking the
value of /B

CVD = 160 mV, the calculated /B
MBE will be

140–155 mV, which is also much higher than the
experimental value at 20 mV.

As the aforementioned discussion is on the basis
of the same surface state density and different n in
the CVD- and MBE-GaN NWs, the realistic case
could deviate from the assumption. The MBE-NWs
with the long-axis along h001i (c-axial) orientation is
different from the h110i (m-axial) CVD-NWs. The
c-plane has been known as a strong polar surface
compared to the non-polar m or a-plane in this
III-nitride semiconductor. The c-axial NWs
without the side wall of the c-plane could exhibit the
non-polar characteristic, which is different from the
polar m-axial NWs. In addition, the surface polarity

Fig. 8. (a) The photocurrent response curves under the sub-bandgap excitations at (a) k = 532 nm and (b) k = 808 nm at different light
intensities for the MBE-GaN NWs (sample#MBE-2) in air and vacuum ambiences. (c) The normalized gain versus light intensity curves for the
MBE-GaN NWs (sample#MBE-2) under different excitation wavelengths (k) at 325, 532 nm and 808 nm measured in vacuum ambience. (d) The
schematic PC processes for the GaN NWs under (1) inter-bandgap and (2) sub-bandgap excitations. Step (1a): Electron–hole pair is generation
by inter-bandgap excitation (k = 325 nm) in the surface depletion region (SDR); Step (1b): electron–hole spatial separation due to the surface
band bending (SBB). Step (2a): electron is excited from the negatively charged surface state to the conduction band by sub-bandgap excitation
(k = 808 or 532 nm); Step (2b): excess electron moves to the core region due to the SBB. The recombination will only take place when electron
overcomes the barrier of SBB and is recaptured by the surface states.
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has been attributed to be one of the origins leading to
SBB.57–59 The polar surface with favorable oxygen
adsorption or native oxide formation that enhances
band bending has also been confirmed in the GaN
epitaxial films.60–63 Accordingly, it is inferred that the
non-polar MBE-GaN NWs may have a much lower
charged surface state density than the polar CVD
ones. The limited densityof surfacestate inMBE-NWs
is not sufficient to capture numerous electrons and to
produce dense space changes in SDR. The difference of
surface character or axial orientation could make the
practical /B value much lower than the theoretical
estimation in the MBE-GaN NWs.

In addition to the difference in axial orientation
and surface polarity, the use of a metal catalyst could
also result in the different transport properties in
GaN NWs. As Au could act as a donor dopant64 and
was used as the catalysts for CVD growth, the inev-
itable incorporation of Au atom into GaN NWs could
give rise to an additional doping. In addition, the CVD
growth at relatively higher background pressure
(10�3–10�5 torr) in comparison to MBE (10�9–10�10

torr) implies that the CVD-GaN NWs could also have
higher oxygen (donor) incorporation. The funda-
mental differences of CVD and MBE growth indicate
the probably higher extra doping concentration and
defect density in CVD-NWs. The inference is actually
consistent with the previous reports in which the
CVD-GaN NWs usually have higher carrier concen-
tration (n = 5 9 1018–5 9 1020 cm�3)29,55,56 than
that of the MBE ones (n = 1 9 1017–6 9 1017).25,28

Because higher n and defect density can induce
higher SBB and decrease the band-to-band recombi-
nation probability, respectively, the growth approach
could also be responsible for the differences of the PC
and PL characteristics.

It is noted that the CVD-GaN NWs exhibit more
efficient photoconductivity than the MBW ones,
which is opposite to the viewpoint of the material
quality. The PL examination has pointed out the
superior structural quality and less defect density for
the MBE-NWs compared with the CVD ones. But the
relatively defective CVD-NWs exhibit higher photo-
current generation efficiency instead. The opposite
trend between the PL and PC performances is
somewhat unexpected from the bulk semiconductor’s
point of view. Nevertheless, the interesting differ-
ence actually reflects the nature of surface-controlled
PC and bulk-dominant PL in the GaN NWs. The
photoconductivity relies upon the densities of surface
states and bulk donor defects, but, on the contrary,
these surface and bulk defects hamper the lumines-
cence of the nitride nanostructure.

Ambience-Dependent Photoconductivity Under
Sub-bandgap Excitation

Finally, the surface-dominant photoconductivity
in MBE-GaN NWs was also found to be sensitive to
the ambient environment. Figure 7a depicts the
photocurrent responses to the illumination at

k = 325 nm and I = 510 W m�2 for the MBE-GaN
NWs (sample#MBE-2) in air and vacuum ambi-
ences. The result shows that the photocurrent was
substantially enhanced by changing the ambience
from air to vacuum. Because the photocurrent is
controlled by the SBB, the result implies that oxy-
gen adsorption could release the electrons trapped
by the surface states and lower SBB. The enhanced
photocurrent in vacuum is somewhat similar to that
in metal oxide semiconductor NWs such as ZnO and
TiO2,48,65 the only difference is that the foreign
oxygen molecules prefer capturing electrons in the
surface as an acceptor-like state. To confirm the role
of oxygen, dark current response was measured by
the repeated exposure to pure oxygen and vacuum
for the MBE-GaN NWs as shown in Fig. 7b. The
result shows that the dark current increases at
oxygen exposure environment, which manifests the
oxygen molecule acts as a donor-like state by
releasing trapped electron in the surface and
increases carrier concentration in this intrinsically
n-type semiconductor. As the similar observation was
also reported for the CVD-GaN NWs,34 the results
indicate the GaN NWs with c-axial and m-axial long
axes have the oxygen effect in common.

In addition, photocurrent enhancements in vac-
uum were also observed by sub-bandgap excitation
at k = 532 nm and 808 nm for the MBE-GaN NW
(sample#MBE-2) as shown in Fig. 8a and b, respec-
tively. Usually, higher light intensities (I > 500
W m�2) are required to generate observable photo-
current by the sub-bandgap excitation. Figure 8c
depicts the calculated Cn values for the 325-nm,
532-nm and 808-nm excitations in vacuum ambience
for comparison. The result shows the Cn values
(7.5 ± 2.5 9 10�8 m2 V�1) under the inter-bandgap
excitation are higher than those (1.7 ± 0.5 9 10�8

m2 V�1) under the sub-bandgap excitation by a fac-
tor of four. Because the sub-bandgap photoconduc-
tivity also exhibits environment dependence, the
result implies that the photocarriers are predomi-
nantly excited from the surface states to the con-
duction band. The surface-generated electrons in the
conduction band will follow a similar spatial sepa-
ration mechanism as these generated in the SDR by
inter-bandgap excitation. The recombination takes
place when excess electrons overcome the barrier of
SBB and are recaptured by the surface state.
Accordingly, the electron lifetime and photocurrent
at 532-nm and 808-nm excitations are also depen-
dent on the SBB and can be increased in vacuum due
to the increase of SBB. The aforementioned PC
processes are schematically illustrated in Fig. 8d. As
the absorption is limited to the surface at sub-
bandgap excitation, it can be expected that the
number of carrier generation is much lower than the
SDR absorption in the bulk at inter-bandgap exci-
tation. The lower quantum efficiency can explain
why the 532-nm and 808-nm illuminations
with lower Cn values in comparison to the 325-nm
excitation.
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CONCLUSION

The comparison of the CVD- and MBE-grown GaN
NWs have been made based on the properties of
structure, PL, and PC. The structural characteriza-
tions by XRD, Raman scattering, HRTEM, and SAD
show the common single-crystalline quality but dif-
ferent long-axial orientations of the CVD- and MBE-
GaN NWs. However, the PL measurement points out
the better band-edge emission and much less defect
density in the MBE-NWs compared to those of the
CVD ones. The investigation of the PC efficiency fur-
ther indicates an interesting fact that the relatively
defective CVD-GaN NWs exhibit better photocurrent
generation and carrier collection efficiency. The
interesting difference between the PL and PC can be
realized by the respective bulk and surface-dominant
mechanisms in this nitride 1D nanostructure.
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