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ABSTRACT

We utilized time-integrated and time-resolved photoluminescence of a-axis and c-axis gallium nitride nanowires to elucidate the origin of the
blue-shifted ultraviolet photoluminescence in a-axis GaN nanowires relative to c-axis GaN nanowires. We attribute this blue-shifted ultraviolet
photoluminescence to emission from surface trap states as opposed to previously proposed causes such as strain effects or built-in polarization.
These results demonstrate the importance of accounting for surface effects when considering ultraviolet optoelectronic devices based on
GaN nanowires.

GaN nanowires have been the subject of intense research
lately due to the many potential applications (lasers, light-
emitting diodes, modulators, detectors, etc.)1-3 and interesting
properties4,5 that they possess. Because GaN has a wurtzite
crystal structure, which is an anisotropic crystal structure,
many of its properties are dependent upon crystal orientation.
For example, the photoluminescence (PL) of GaN nanowires
in the ultraviolet (UV) has been observed to depend on the
growth direction of GaN.4,5 However, the origin of the
difference in PL between nanowire samples of different
growth directions remains unclear. Understanding the cause
of this difference can have significant impact on improving
the performance of future optoelectronic devices based on
GaN nanowires, as the nature of the different PL sources
(e.g., band edge, defects, etc.) can impact device performance
(e.g., gain).6 Previous attempts to explain the dependence
of PL on GaN growth direction have invoked various
phenomena: strain in the nanowires,7 dopants,8 or built-in
polarization.5 The spontaneous built-in polarization, which
is responsible for the PL peak shift in quantum wells,9 can

be ruled out. In quantum well growth, the growth perpen-
dicular to the (001) polar surface (c-plane) will result in a
built-in field, which leads to red-shift of the PL peak. In the
case of nanowires, because the field along wire direction
can be ignored due to the relatively large distance (∼10µm),
growth along the〈001〉 direction (along thec-axis) will not
result in a significant built-in field. Rather, growth along the
〈1-10〉 direction (along thea-axis) could result in a large
built-in potential, but the blue-shift of PL in thea-axis
nanowire is not consistent with such an explanation. Given
that the surface plays such an important role in nanoparticles
(due to the high surface-to-volume ratio) and the majority
of the luminescent material is in proximity to the surface
(half of the volume of a 20 nm diameter nanowire is within
∼3 nm of the surface), perhaps the nature of the surfaces
(termination, shape, strain, defects, etc.) can account for the
difference, as has been suggested by other studies.10-13 In
the extreme case of spherical nanoparticles, it is now well-
established that oxide surface-state luminescence can sig-
nificantly contribute to the PL.12,13 To determine if surface
states play a role in the dependence of GaN nanowire
photoluminescence on crystal orientation, we use time-
integrated photoluminescence (TIPL) and time-resolved
photoluminescence (TRPL) to study the PL from GaN
nanowire samples of different crystallographic orientation.

We utilized two different UV PL setups to study the TIPL
of GaN nanowires. One setup was a commercial Raman
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scattering and PL system (Renishaw inVia Raman micro-
scope) that uses a 325 nm continuous-wave (CW) He-Cd
UV laser as an excitation source. The PL was collected by
an objective lens, directed to a spectrometer, and detected
by a thermoelectrically cooled CCD detector. While a laser-
heating-induced red-shift was observed at the highest excita-
tion intensities with this setup, the data shown here are with
low excitation intensity to avoid laser-heating effects. The
other setup was based on a passively mode-locked Ti:
sapphire laser (810 nm,∼150 fs pulse duration, 80 MHz
repetition rate, 1.5 W average power) that was frequency
tripled to yield ∼100 mW average power of light at 271
nm. This pulsed (∼200 fs pulse duration) UV beam was
focused by a 500 mm focal length lens and directed to the
sample at∼70° from normal, yielding a spot size of∼60
µm × 180µm. This led to a maximumaVerageintensity of
∼900 W/cm2 and a maximumpeakintensity of∼6 × 107

W/cm2 per pulse on the sample. The PL was collected by a
UV objective (13×), directed into a 0.3 m spectrometer, and
detected with a liquid-nitrogen-cooled CCD detector. The
spectral resolution of this system can be as high as∼0.2
nm. For TRPL, we used ultrashort pulses at 267 nm obtained
from the frequency-tripled output of a 40 kHz regeneratively
amplified Ti:sapphire laser system with a 150 fs pulse width.
The maximumaVeragelaser intensity on the sample is less
than 400 W/cm2. The PL of the samples was collected at
45° relative to the excitation beam. The PL is collimated
and focused into a spectrometer to disperse the spectrum
before being passed to a picosecond streak camera (Hamamat-
su C4334 Streakscope). The instrument response is∼15 ps
in a 1 nssweep window, and the spectral resolution is 2
nm.

We studied GaN nanowires of comparable diameters with
growth directions〈001〉, along thec-axis, and〈1-10〉, along
the a-axis. Growth of these nanowires has been described
elsewhere.4 Briefly, direct nitridation of Ga melts on a
substrate in the presence of ammonia or a mixture of nitrogen
and hydrogen plasma formsc-axis GaN nanowires, and vapor
transport of Ga in the presence of dissociated ammonia forms
a-axis GaN nanowires on a previously bare substrate. Note
that thea-axis GaN nanowires studied here have both Ga-
and N-terminated{001} surfaces and a rectangular cross-
section, as opposed to only one{001} surface and a
triangular cross-section in the case of the work of the Yang
group.5 The GaN nanowires formed by either method are
studied as-synthesized on the growth substrates. The average
diameter distribution of the nanowires is peaked at∼20 nm
for samples of both growth directions. The substrates used
are either amorphous quartz glass or graphite.

To gain insight into the PL mechanisms for the two types
of GaN nanowire samples, we first examined the TIPL of
the two types of samples with the substrates at room
temperature. Figure 1 shows PL fromc-axis GaN nanowires
on glass anda-axis GaN nanowires on graphite. There is a
significant difference of the PL peak position for thea-axis
GaN nanowires compared to thec-axis GaN nanowires. This
∼140 meV blue-shift (the difference in the centroids of the
PL data from the two types of nanowires is∼100 meV) is

comparable to a previous observation of crystal orientation-
dependent PL in GaN nanowires.5 In addition, as seen in
Figure 1a, the PL peak position for thec-axis GaN nanowires
is close to the expected value for bulk GaN at room
temperature (3.4 eV, or 365 nm) and is broader but centered
at the PL peak position of polycrystalline GaN. The PL peak
broadening may be due to point-defect incorporation in the
nanowires or a distribution of strain/stress in the nanowires
that affects the excitonic emission (e.g., by affecting the
donor-bound exciton emission). In Figure 1b, the PL data
for the a-axis GaN nanowires from the CW PL setup
compares well with the pulsed PL setup, indicating that there
is no significant peak intensity effect on the PL. Note that
the peak positions for both types of GaN nanowires are
significantly higher in photon energy than in previous
observations.5,7 This difference may be caused by a difference
in strain between our nanowires and those of the other
groups. This difference may also be caused by red-shifting
of the PL emission due to heating by the excitation laser
used by the other groups, as it has been shown that significant
sample heating can occur in nanowires4 and nanoparticles14

with high CW (or average, for pulsed lasers) laser intensity
(∼10 kW/cm2). The data shown here is taken with<1 kW/
cm2, where no significant red-shift from laser heating is
observed. In addition to the blue-shift, this data also indicates
asymmetry in the PL peak fora-axis GaN nanowires. This
asymmetry seems to suggest a contribution to the PL of an
additional species that has PL emission at∼350 nm (3.54

Figure 1. Comparison of c-axis and a-axis GaN nanowire
photoluminescence: (a)c-axis GaN nanowires (black) and poly-
crystalline GaN (gray) at low CW power; (b)a-axis GaN nanowires
using pulsed laser excitation (gray) and low CW power laser
excitation (black).
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eV) that is blue-shifted relative to the GaN band-edge PL at
365 nm (3.4 eV).

To further study this blue-shifted feature, we examined a
similar a-axis GaN nanowire sample (this time, on a glass
substrate) to the sample used for the data in Figure 1. Figure
2 shows the TIPL (using the Ti:sapphire-based TIPL setup)
from a spot on thea-axis GaN nanowire sample with dense
nanowire coverage and from a polycrystalline GaN sample.
Note that there is a colored glass filter used that attenuates
the PL for wavelengths shorter than∼330 nm. Again, as in
Figure 1, there is a significant blue-shift and broadening of
thea-axis GaN nanowire PL compared to the polycrystalline
GaN PL peak in the UV. Figure 3 shows the corresponding
TIPL from the TRPL setup, which shows similar TIPL
response fora-axis GaN nanowires (black curve). Because
the sample was not optimized for homogeneous growth over
relatively large distances (on the order of 1 mm) on the
substrate, the nanowire density varies over the substrate. As
a result, there are regions that do not exhibit the blue-shifted
feature, where there is lower nanowire coverage, but retain
a luminescence contribution from a GaN thin film with
nonuniform morphology. These regions have a UV peak that

matches the polycrystalline GaN, but are different in visible
PL. This difference in visible PL is likely due to the
morphology of the GaN film, as has been observed in ZnO
nanostructures.15 Because of the relatively large (∼100µm)
excitation spot size for the TRPL setup, the data has some
contribution from regions of low nanowire coverage, which
accounts for some of the difference between the data in
Figures 2 and 3. In addition, there is no filtering of light to
the blue of 350 nm, which makes the blue-shifted feature
more pronounced to the blue in the data in Figure 3 compared
to the data in Figure 2. On the basis of this TIPL data, we
assign any blue-shifted PL from 310 to 350 nm to be from
the a-axis GaN nanowires.

The TRPL behavior of thea-axis GaN nanowires relative
to polycrystalline GaN provides further information about
this blue-shifted feature. Figure 4a shows the normalized
temporal response of the two samples in the spectral window
from 350 to 390 nm, which is around the UV PL peak of
bulk GaN, i.e., the polycrystalline GaN UV PL peak. Two
main features are present in this data. First, both thea-axis
GaN nanowire sample and the polycrystalline GaN sample
show very rapid initial luminescence decays in this spectral
window. Second, thea-axis GaN nanowire sample has an
additional longer-lived component. Figure 4b shows normal-
ized TRPL data from the spectral window from 310 to 350
nm, where the decay time of the now-dominant long-lived
component is 0.50 ns, very similar to the 0.45 ns decay time
of the long-lived component in the 350-390 nm spectral
window. In the 310-350 nm spectral window, the nanowire
decay reflects predominantly the longer-lived component.
The emission intensity from the nanowires in this wavelength
range is significantlyhigherthan that from the polycrystalline
GaN, which has data of insufficient signal-to-noise ratio from
which to extract a useful decay time. The data from Figure
4a and b suggest that there is a long-lived spectral feature
in the nanowires that is broader than the bulk GaN UV
feature, extending from at least 310 to 390 nm. Note that
changing the excitation laser intensity by a factor of 2 does
not change the spectra or the dynamics, ruling out any
intensity-dependent effects.

To determine the spectral shape of the blue-shifted feature,
we examined time-resolved spectra integrated over different
temporal windows of the TRPL data. Figure 5a shows the
normalized PL spectra from the nanowire sample, integrated
over three temporal ranges: 0-100 ps, 500-600 ps, and
1-5 ns after laser excitation. The 0-100 ps data show that
the early time response is dominated by the bulk GaN UV
PL, whose emission is almost completely quenched after
∼100 ps, as seen in the data in Figure 4. The 1-5 ns data
show the longer-lived spectral features. In particular, the blue-
shifted spectral feature is shown to indeed cover the spectral
range from 310 to 390 nm. In addition, there is a spectral
feature around 440 nm and a tail out to∼600 nm. These
features in the visible spectral range may be a combination
of the longer-lived spectral features at∼430 and∼520 nm
observed in the polycrystalline GaN spectra in Figure 5b.
The 550 nm peak is the yellow emission that is often
observed in bulk GaN.16

Figure 2. Comparison of photoluminescence froma-axis GaN
nanowires (black) and polycrystalline GaN (gray) using pulsed laser
excitation. Note that a KG3 colored glass filter with a 50% cutoff
at ∼330 nm is used, which slightly modifies the line shape to the
blue of 350 nm.

Figure 3. Photoluminescence spectrum of the streak camera data
integrated over all times fora-axis GaN nanowires (black) and
polycrystalline GaN (red).
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More information about the nature of the blue-shifted
spectral feature can be obtained by concentrating on the early
temporal response of this feature relative to the bulk GaN
UV response. In Figure 6, we compare the early temporal
response of the nanowires in the spectral window from 310
to 350 nm, where primarily only the blue-shifted PL exists,
to the spectral window from 350 to 390 nm, where primarily
only bulk GaN PL exists. The instrument response is also
shown in the figure. Although the dynamics are close to the
instrument resolution of the streak camera, we can simulta-
neously fit both the decay of the bulk emission along with
the growth of the blue-shifted emission with a single time
constantτ ) 5 ps. It should be emphasized that this value is
approximate due to our limited time resolution and that the
actual value ofτ probably lies within the range of 3-10 ps.
The main point is that the wavelength-dependent dynamics
in the 300-400 nm spectral window can be explained by a
single process where a fraction of the short-lived bulk
electron-hole pairs (initially formed with significant excess
energy due to the large pump laser photon energy) are
prevented from relaxing to the conduction and valence band
edges and emitting around 365 nm, but are instead trans-
formed into long-lived species that emit around 350 nm. This
transformation occurs on a time scale of 10 ps or less. This

is suggestive of a surface trapping process occurring, where
some fraction of electron-hole pairs are prevented from
recombining via the bulk emission process because carriers
diffuse to the surface where they are trapped before carrier

Figure 4. Time decay of the photoluminescence signal in the spectral window of (a) 350-390 nm for thea-axis GaN nanowires (black)
and polycrystalline GaN (red); (b)a-axis GaN nanowire decay in the 310-350 nm spectral window. The photoluminescence signal of
polycrystalline GaN in the latter window has insufficient signal-to-noise ratio to extract a useful decay time.

Figure 5. Photoluminescence spectra of (a)a-axis GaN nanowires and (b) polycrystalline GaN at 0-100 ps (black), 500-600 ps (blue),
and 1-5 ns (red) after laser excitation.

Figure 6. Time evolution of the photoluminescence signal for
a-axis GaN nanowires in the spectral window of 310-350 nm
(black), in the spectral window of 350-390 nm (blue), and their
convoluted fits (red and green, respectively) using the temporal
resolution of the instrument obtained by measuring the scattered
light at 266 nm (purple). The initial decay time of the green line
and the initial rise time of the red line were both 5 ps.
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relaxation to the band edge is complete. Once a carrier is
trapped and localized at a surface trap state, light emission
primarily occurs when the complementary carrier diffuses
to the same surface trap. To estimate a diffusion velocity
for carrier trapping, if we assume that carriers can traverse
a 20 nm diameter nanowire in the trapping time of∼10 ps,
we get a carrier diffusion velocity of∼2 × 107 cm/s. This
is a reasonable carrier diffusion velocity, as electron drift
velocities in GaN are of this order of magnitude.17

One question to ask is whether the other longer-lived
emission species observed in the nanowires are related to
surface trapping. To answer this question, in Figure 7a, we
examined the temporal response of the red-shifted longer-
lived species shown in Figure 5. We see that the nanosecond
decays for both the nanowires and the polycrystalline GaN
are comparable, which indicates that the emission is not
related to the bulk band edge emission. Moreover, in Figure
7b, in both samples, it appears the longer-wavelength
emission does not have a resolvable rise-time nor does it
have an appreciable decay component on the 10 ps time

scale. The 480-660 nm emission in polycrystalline GaN is
attributed to Ga vacancies,16 which may be randomly
distributed throughout the sample. Because there will be
carriers that do not need to diffuse to become trapped by
these vacancies and emission from them can decay inde-
pendently of the bulk GaN emission, this type of emission
would be expected to have an instantaneous rise and a
sample-independent decay. The similarity of the two decays
in Figure 7a suggests that the 410-590 nm emission from
thea-axis GaN nanowire sample may have a similar origin.
As shown in Figure 7b, only the response from the blue-
shifted PL feature seems to show a resolvable rise time,
indicating that this is the only PL feature that is related to
diffusion to the surface.

Finally, to gain additional insight into the source of the
blue-shifted PL froma-axis GaN nanowires, we studied the
temperature-dependent PL (using the Ti:sapphire-based TIPL
system) behavior of the GaN nanowires, where the substrate
temperature is lowered to cryogenic temperatures in a
microscope-compatible cryostat. Figure 8a shows the nor-

Figure 7. (a) Time decay of the photoluminescence signal fora-axis GaN nanowires in the spectral window of 410-590 nm (black) and
polycrystalline GaN in spectral window of 480-660 nm (red). (b) Same as (a), with the decay for the nanowires in the spectral window
of 310-350 nm (blue) superimposed.

Figure 8. Low-temperature photoluminescence ofa-axis GaN nanowires: (a) normalized photoluminescence data; (b) photoluminescence
data in the spectral region from 325 to 340 nm, demonstrating relatively small temperature dependence of the photoluminescence in this
region. Note that a KG3 colored glass filter with a 50% cutoff at∼330 nm is used, which slightly modifies the line shape to the blue of
350 nm.
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malized temperature-dependent PL froma-axis GaN nano-
wires on graphite. Note that for this area of the sample, there
is some PL contribution from an underlying thin film of GaN
that covers the substrate. Figure 8b shows the temperature-
dependent PL in the spectral range where the blue-shifted
spectral feature is dominant. The main features of the data
are: (1) insignificant shifting of the blue-shifted PL peak
with temperature, (2) relatively small increase of the blue-
shifted PL peak with lower temperature, and (3) significant
enhancement of the bulk GaN PL at lower temperatures (the
PL signal at 362 nm at 20 K is 28 times the PL signal at
300 K). The broad, relatively temperature-insensitive blue-
shifted PL emission from thea-axis GaN nanowires is similar
to defect emission in ZnO nanostructures.15 This data
provides further evidence that the blue-shifted emission from
a-axis GaN nanowires is not due to bulk GaN emission,
which is consistent with the surface-state emission picture
presented above.

The nature of the surface trap states that may cause this
blue-shifted emission is related to the nature of thea-axis
GaN nanowire surfaces relative to thec-axis GaN nanowire
surfaces, as a pronounced blue-shifted feature is not observed
for c-axis GaN nanowire samples. Blue-shifting of the bulk
band gap due to surface strain18 can be ruled out because it
is not observed inc-axis GaN nanowire samples and because
the temporal response and temperature-dependent response
is much different than the bulk GaN PL response. We
speculate that a thin oxide layer forming at the surface
introduces surface traps that cause the blue emission and that
the a-axis GaN nanowire surfaces are more susceptible to
oxidation than thec-axis GaN nanowire surfaces. Ga2O3 has
been shown to exhibit emission in the spectral range of the
blue-shifted PL.19 Because there is more Ga-terminatedc-axis
surface for thea-axis GaN nanowires, perhaps oxidation of
this surface leads to the formation of surface trap states.
Oxidation of GaN is very difficult due to the stability of
GaN, but oxidation is more likely to occur at N-terminated
surfaces with N vacancies or Ga-terminated surfaces,20 so
we speculate that the Ga- and N-terminated{001} surfaces
of the a-axis GaN nanowires are more susceptible to
oxidation. Different defects at the surfaces of thea-axis GaN
nanowires relative to thec-axis GaN nanowires may also
be the cause of the blue-shifted feature. Defects not at the
surface can be ruled out because they should exhibit
instantaneous temporal response. Further study is needed to
confirm the true nature of the surface trap states such as
studies with nanowires of different diameter or of different
surface treatment.

In conclusion, we have observed crystal-orientation-
dependent PL in GaN nanowires. We attribute the blue-
shifted PL ofa-axis GaN nanowires to surface states that
act as traps of photoexcited carriers. These results demon-
strate the importance of surface states to the PL of GaN
nanowires and the importance of controlled nanowire growth
orientation on the optical properties of GaN nanowires. Our

results are relevant for GaN nanowire optoelectronic devices,
as eliminating such surface-state emission can improve the
performance of lasers or light-emitting diodes based on GaN
nanowires by improving the efficiency of the pathway toward
the more efficient band edge emission.
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