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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 researctbe ruled out. In quantum well growth, the growth perpen-
lately due to the many potential applications (lasers, light- dicular to the (001) polar surface-plane) will result in a
emitting diodes, modulators, detectors, été.and interesting  built-in field, which leads to red-shift of the PL peak. In the
propertie$® that they possess. Because GaN has a wurtzitecase of nanowires, because the field along wire direction
crystal structure, which is an anisotropic crystal structure, can be ignored due to the relatively large distane&Qqum),
many of its properties are dependent upon crystal orientation.growth along theD01direction (along the-axis) will not
For example, the photoluminescence (PL) of GaN nanowires regylt in a significant built-in field. Rather, growth along the
in the ultraviolet (UV) has been observed to depend on the 11 gdirection (along thea-axis) could result in a large
growth direction of GaN:* However, the origin of the  iiin potential, but the blue-shift of PL in the-axis
dlfferehncg in PL between nalnowwe samples of dhlfferent nanowire is not consistent with such an explanation. Given
grOV\{t q”ectlons remains unciear. Understandlng the CaUS€nat the surface plays such an important role in nanoparticles
of this difference can have significant '”_‘paCt on Improving (due to the high surface-to-volume ratio) and the majority
the performance of future optoelectronic devices based ON ¢ the luminescent material is in proximity to the surface
GaN nanowires, as the nature of the different PL sources half of the volume of a 20 nm diameter nanowire is within
(e.g., band edge, defects, etc.) can impact device performancé 3 £ th f h th ¢ f th f
(e.g., gainf Previous attempts to explain the dependence ”T“ o. e surface), per aps fthe nature ot Ihe suraces
(termination, shape, strain, defects, etc.) can account for the

of PL on GaN growth direction have invoked various ‘' prey
phenomena: strain in the nanowiredppants or built-in difference, as has been suggested by other st in

polarizatior The spontaneous built-in polarization, which the extreme case of spherical nanoparticles, it is now well-

is responsible for the PL peak shift in quantum wélin established that oxide surface-state luminescence can sig-
nificantly contribute to the PE213 To determine if surface
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scattering and PL system (Renishaw inVia Raman micro-
scope) that uses a 325 nm continuous-wave (CW) Ee ‘
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 nmy150 fs pulse duration, 80 MHz i &
" =
repetition rate, 1.5 W average power) that was frequency N S o .
tripled to yield ~100 mW average power of light at 271 Wavelength (nm)
nm. This pulsed £200 fs pulse duration) UV beam was b) -
focused by a 500 mm focal length lens and directed to the a
sample at~70° from normal, yielding a spot size 6f60
um x 180um. This led to a maximuraverageintensity of
~900 W/cn* and a maximunpeakintensity of ~6 x 10
W/cn? 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-@2 )
nm. For TRPL, we used ultrashort pulses at 267 nm obtained A
from the frequency-tripled output of a 40 kHz regeneratively — . r r .
amplified Ti:sapphire laser system with a 150 fs pulse width. 340 V\?:\?e |eng3$?nm)400 420
The maximumaveragelaser intensity on the sample is less
than 400 W/crd The PL of the samples was collected at Figure 1. Comparison ofc-axis and a-axis GaN nanowire
45° relative to the excitation beam. The PL is collimated photoluminescence: (ajaxis GaN nanowires (black) and poly-
and focused into a spectrometer to disperse the spectrunfrystalline GaN (gray) at low CW power; (Bjaxis GaN nanowires
before being passed to a picosecond streak camera (HamamaliSing Pulsed laser excitation (gray) and low CW power laser
. excitation (black).
su C4334 Streakscope). The instrument responsd ps

in a 1 nssweep window, and the spectral resolution is 2 . . . :
comparable to a previous observation of crystal orientation-

nm. i i " .
) i ] _dependent PL in GaN nanowiredn addition, as seen in
We studied GaN nanowires of comparable diameters with Figure 1a, the PL peak position for th@xis GaN nanowires
growth directiong001Jalong thec-axis, and1-100jalong s ¢lose to the expected value for bulk GaN at room

the a-axis. Growth of these nanowires has been describediemperature (3.4 eV, or 365 nm) and is broader but centered
elsewheré. Briefly, direct nitridation of Ga melts on a 4 the PL peak position of polycrystalline GaN. The PL peak

substrate in the presence of ammonia or a mixture of nitrogenpoadening may be due to point-defect incorporation in the

and hydrogen plasma fornesaxis GaN nanowires, and vapor  nangwires or a distribution of strain/stress in the nanowires
transport of Ga in the presence of dissociated ammonia formsyyat affects the excitonic emission (e.g., by affecting the

a-axis GaN nanowires on a previously bare substrate. Note yonor-hound exciton emission). In Figure 1b, the PL data

that thea-axis GaN nanowires studied here have both Ga- for the a-axis GaN nanowires from the CW PL setup

and N-terminated 003} surfaces and a rectangular cross- compares well with the pulsed PL setup, indicating that there
section, as opposed to only of®0L surface and a s ng significant peak intensity effect on the PL. Note that
triangular cross-section in the case of the work of the Yang the peak positions for both types of GaN nanowires are
groulp?’ The GaN nanowires formed by either method are significantly higher in photon energy than in previous

studied as-synthesized on the growth substrates. The averaggnhservations? This difference may be caused by a difference

—_—
jh)

—
]

Normalized PL intensity

—_

Normalized PL intensity

diameter distribution of the nanowires is peaked-dD nm jn strain between our nanowires and those of the other
for sqmples of both growth directions. The ;ubstrates usedgroups. This difference may also be caused by red-shifting
are either amorphous quartz glass or graphite. of the PL emission due to heating by the excitation laser

To gain insight into the PL mechanisms for the two types used by the other groups, as it has been shown that significant
of GaN nanowire samples, we first examined the TIPL of sample heating can occur in nanowfrasd nanoparticlé$
the two types of samples with the substrates at room with high CW (or average, for pulsed lasers) laser intensity
temperature. Figure 1 shows PL framaxis GaN nanowires  (~10 kW/cn®). The data shown here is taken witil kw/
on glass an@-axis GaN nanowires on graphite. There is a cn?, where no significant red-shift from laser heating is
significant difference of the PL peak position for thexis observed. In addition to the blue-shift, this data also indicates
GaN nanowires compared to tbexis GaN nanowires. This  asymmetry in the PL peak fa-axis GaN nanowires. This
~140 meV blue-shift (the difference in the centroids of the asymmetry seems to suggest a contribution to the PL of an
PL data from the two types of nanowires~+400 meV) is additional species that has PL emission@50 nm (3.54
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PL. This difference in visible PL is likely due to the
morphology of the GaN film, as has been observed in ZnO
nanostructure¥® Because of the relatively large-£00um)
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
_J 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

A matches the polycrystalline GaN, but are different in visible

Mormalized PL intensity

300 350 400 450 500 550 600 ; ;
Wavelrioh o] assign any blue-shlfteq PL from 310 to 350 nm to be from
the a-axis GaN nanowires.
Figure 2. Comparison of photoluminescence fraaraxis GaN The TRPL behavior of tha-axis GaN nanowires relative

nanowires (black) and polycrystalline GaN (gra i ; ; ; ;
excitation. (Note t)hat ang3rzolored glass g‘ﬁteﬂ/vlftsr:ng g(l)Jil’/Soecdult&cl)sffer to. polycrystglllne GaN prOYIdES further information abgut
at ~330 nm is used, which slightly modifies the line shape to the this blue-shifted feature. Figure 4a Shows the norma_lllzed
blue of 350 nm. 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, bothath&is
GaN nanowire sample and the polycrystalline GaN sample
show very rapid initial luminescence decays in this spectral
window. Second, tha-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 35390 nm spectral
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0.0 . . : window. In the 316-350 nm spectral window, the nanowire
400 500 600 decay reflects predominantly the longer-lived component.
wavelength (nm) The emission intensity from the nanowires in this wavelength

range is significanthhigherthan that from the polycrystalline
Figure 3. Photoluminescence spectrum of the streak camera dataGaN, which has data of insufficient signal-to-noise ratio from
integrated over all times foa-axis GaN nanowires (black) and  \yhijch to extract a useful decay time. The data from Figure
polycrystalline GaN (red). 4a and b suggest that there is a long-lived spectral feature

in the nanowires that is broader than the bulk GaN UV
eV) that is blue-shifted relative to the GaN band-edge PL at féature, extending from at least 310 to 390 nm. Note that
365 nm (3.4 eV). changing the excitation laser intensity by a factpr of 2 does

To further study this blue-shifted feature, we examined a N0t change the spectra or the dynamics, ruling out any

similar a-axis GaN nanowire sample (this time, on a glass intensity-dependent effects.
substrate) to the sample used for the data in Figure 1. Figure To determine the spectral shape of the blue-shifted feature,
2 shows the TIPL (using the Ti:sapphire-based TIPL setup) we examined time-resolved spectra integrated over different
from a spot on the-axis GaN nanowire sample with dense temporal windows of the TRPL data. Figure 5a shows the
nanowire coverage and from a polycrystalline GaN sample. normalized PL spectra from the nanowire sample, integrated
Note that there is a colored glass filter used that attenuatesover three temporal ranges:—@00 ps, 506-600 ps, and
the PL for wavelengths shorter thar830 nm. Again, asin ~ 1—5 ns after laser excitation. The-Q00 ps data show that
Figure 1, there is a significant blue-shift and broadening of the early time response is dominated by the bulk GaN UV
thea-axis GaN nanowire PL compared to the polycrystalline PL, whose emission is almost completely quenched after
GaN PL peak in the UV. Figure 3 shows the corresponding ~100 ps, as seen in the data in Figure 4. Thé s data
TIPL from the TRPL setup, which shows similar TIPL show the longer-lived spectral features. In particular, the blue-
response fom-axis GaN nanowires (black curve). Because shifted spectral feature is shown to indeed cover the spectral
the sample was not optimized for homogeneous growth overrange from 310 to 390 nm. In addition, there is a spectral
relatively large distances (on the order of 1 mm) on the feature around 440 nm and a tail out #6600 nm. These
substrate, the nanowire density varies over the substrate. Adeatures in the visible spectral range may be a combination
a result, there are regions that do not exhibit the blue-shifted of the longer-lived spectral features-a#30 and~520 nm
feature, where there is lower nanowire coverage, but retainobserved in the polycrystalline GaN spectra in Figure 5b.
a luminescence contribution from a GaN thin film with The 550 nm peak is the yellow emission that is often
nonuniform morphology. These regions have a UV peak that observed in bulk GaNg
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Figure 4. Time decay of the photoluminescence signal in the spectral window of (a)3BDnm for thea-axis GaN nanowires (black)
and polycrystalline GaN (red); (3-axis GaN nanowire decay in the 33850 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.
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Figure 5. Photoluminescence spectra of éaaxis GaN nanowires and (b) polycrystalline GaN atl®0 ps (black), 5086600 ps (blue),
and 1-5 ns (red) after laser excitation.

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- oot~
neously fit both the decay of the bulk emission along with -0.04 0.00 0.04 0.08 0.12
the growth of the blue-shifted emission with a single time
constantr = 5 ps. It should be emphasized that this value is
approximate due to our limited time resolution and that the Figure 6. Time evolution of the photoluminescence signal for
actual value of probably lies within the range of-310 ps. a-axis GaN nanowires in the spectral window of 3850 nm
The main point is that the wavelength-dependent dynamics (Plack), in the spectral window of 356890 nm (blue), and their

. . . convoluted fits (red and green, respectively) using the temporal
in the 300-400 nm spectral window can be explained by a resolution of the instrument obtained by measuring the scattered

single process yvhgrg_a fraction Of th? shprt-lived bulk jight at 266 nm (purple). The initial decay time of the green line
electron-hole pairs (initially formed with significant excess and the initial rise time of the red line were both 5 ps.

energy due to the large pump laser photon energy) are

prevented from relaxing to the conduction and valence bandis suggestive of a surface trapping process occurring, where
edges and emitting around 365 nm, but are instead trans-some fraction of electronhole pairs are prevented from
formed into long-lived species that emit around 350 nm. This recombining via the bulk emission process because carriers
transformation occurs on a time scale of 10 ps or less. Thisdiffuse to the surface where they are trapped before carrier
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Figure 7. (a) Time decay of the photoluminescence signalg@xis GaN nanowires in the spectral window of 4890 nm (black) and
polycrystalline GaN in spectral window of 4860 nm (red). (b) Same as (a), with the decay for the nanowires in the spectral window
of 310-350 nm (blue) superimposed.
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Figure 8. Low-temperature photoluminescenceasfixis 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-@®30 nm is used, which slightly modifies the line shape to the blue of

350 nm.

relaxation to the band edge is complete. Once a carrier isscale. The 486660 nm emission in polycrystalline GaN is
trapped and localized at a surface trap state, light emissionattributed to Ga vacancié%, which may be randomly
primarily occurs when the complementary carrier diffuses distributed throughout the sample. Because there will be
to the same surface trap. To estimate a diffusion velocity carriers that do not need to diffuse to become trapped by
for carrier trapping, if we assume that carriers can traversethese vacancies and emission from them can decay inde-
a 20 nm diameter nanowire in the trapping time~dfO ps, pendently of the bulk GaN emission, this type of emission
we get a carrier diffusion velocity of2 x 10" cm/s. This would be expected to have an instantaneous rise and a
is a reasonable carrier diffusion velocity, as electron drift sample-independent decay. The similarity of the two decays
velocities in GaN are of this order of magnitutie. in Figure 7a suggests that the 41890 nm emission from
One question to ask is whether the other longer-lived thea-axis GaN nanowire sample may have a similar origin.
emission species observed in the nanowires are related toAs shown in Figure 7b, only the response from the blue-
surface trapping. To answer this question, in Figure 7a, we shifted PL feature seems to show a resolvable rise time,
examined the temporal response of the red-shifted longer-indicating that this is the only PL feature that is related to
lived species shown in Figure 5. We see that the nanosecondliffusion to the surface.
decays for both the nanowires and the polycrystalline GaN Finally, to gain additional insight into the source of the
are comparable, which indicates that the emission is notblue-shifted PL froma-axis GaN nanowires, we studied the
related to the bulk band edge emission. Moreover, in Figure temperature-dependent PL (using the Ti:sapphire-based TIPL
7b, in both samples, it appears the longer-wavelength system) behavior of the GaN nanowires, where the substrate
emission does not have a resolvable rise-time nor does ittemperature is lowered to cryogenic temperatures in a
have an appreciable decay component on the 10 ps timemicroscope-compatible cryostat. Figure 8a shows the nor-
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malized temperature-dependent PL fraraxis GaN nano- results are relevant for GaN nanowire optoelectronic devices,
wires on graphite. Note that for this area of the sample, thereas eliminating such surface-state emission can improve the
is some PL contribution from an underlying thin film of GaN performance of lasers or light-emitting diodes based on GaN
that covers the substrate. Figure 8b shows the temperaturenanowires by improving the efficiency of the pathway toward
dependent PL in the spectral range where the blue-shiftedthe more efficient band edge emission.

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 (theis supported by a subcontract from the University Affiliated
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shifte emission from the-axis GaN nanowires is similar 4~ s 's\/ 2t NASA ARC is supported by NASA-
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