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GaN nanowire lasers with low lasing thresholds
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We report optically pumped room-temperature lasing in GaN nanowires grown by metalorganic
chemical vapor deposition �MOCVD�. Electron microscopy images reveal that the nanowires grow
along a nonpolar �11-20� direction, have single-crystal structures and triangular cross sections. The
nanowires function as free-standing Fabry–Pérot cavities with cavity mode spacings that depend
inversely on length. Optical excitation studies demonstrate thresholds for stimulated emission of
22 kW/cm2 that are substantially lower than other previously reported GaN nanowires. Key
contributions to low threshold lasing in these MOCVD GaN nanowire cavities and the development
of electrically pumped GaN nanowire lasers are discussed. © 2005 American Institute of Physics.
�DOI: 10.1063/1.2115087�
Semiconductor nanowires are emerging as versatile
nanoscale building blocks for the assembly of photonic
devices,1,2 including polarization sensitive photodetectors,3

light-emitting diodes,4–7 and lasers.8–11 For example, single
nanowires have been shown to function as optical wave-
guides and Fabry–Pérot cavities,9,10 and the optical excita-
tion of single nanowire cavities has produced stimulated
emission and lasing.8,9,11 Integrated applications exploiting
nanowire lasers will likely involve electrical injection
devices, yet electrically driven lasing has only been obtained
from CdS nanowire-based devices to date.10

To develop nanowires injection lasers as general sources
with outputs covering a broad range of the electromagnetic
spectrum requires efficient strategies for electron-hole injec-
tion and optimization of cavity properties and lasing thresh-
olds in materials where the bandgap can be readily varied.
Planar light-emitting and laser diode structures based on
aluminum–gallium–indium nitride �AlGaIn�N alloys12 sug-
gest that this material system could be ideal for developing
wavelength tunable nanowire injection lasers. Indeed, we
have recently demonstrated that n-GaN/InGaN/ p-GaN core/
shell/shell radial nanowire heterostructures can be prepared
and configured as light-emitting diodes, where the emission
wavelength is defined by the InGaN shell.6 These nanowire
heterostructures exhibited poor waveguiding/cavity proper-
ties, which has hindered the observation of stimulated emis-
sion and lasing. In addition, optically pumped lasing in GaN
nanowires has been reported,9 although the estimated thresh-
olds are substantially larger than observed in either CdS or
ZnO nanowires.8,10 Here, we report new optical studies of
GaN nanowires grown by metalorganic chemical vapor
deposition �MOCVD� that address this critical issue of the
cavity, and show that through control of growth it is possible
to achieve low threshold lasing.

Our GaN nanowires were grown by MOCVD on sap-
phire substrates using trimethylgallium and ammonia as Ga
and N precursors, respectively, silane as the n-type dopant,
and hydrogen as a carrier gas, as described previously.6 Two
distinct classes of nanowires were prepared, depending on
their growth temperatures: “Low-temperature” �LT� and
“high-temperature” �HT� nanowires were synthesized at 775
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and 950 °C, respectively. Here, we concentrate on HT nano-
wires due to their superior morphology, while results on LT
nanowires are briefly discussed for comparison.

High-resolution transmission electron microscopy
�TEM� images of a typical HT nanowire �Fig. 1�a�� reveal a
single-crystal wurtzite structure. A selected-area diffraction
pattern recorded along the �0001� zone axis �inset, Fig. 1�a��
shows that MOCVD GaN nanowires grow along a nonpolar
�11-20� direction. This growth direction was confirmed for
all ��100� nanowires examined by TEM. Scanning electron

FIG. 1. �a� High-resolution TEM image of an n-type HT MOCVD GaN
nanowire along �0001� zone axis �scale bar, 5 nm� and corresponding dif-
fraction pattern indicating �11-20� nanowire growth direction. �b� SEM im-
ages of HT nanowires revealing their morphological properties: naturally
cleaved end facet �the upper left-hand image; scale bar, 200 nm�, triangular
cross section �the upper right-hand image; scale bar, 200 nm�, and uniform
diameter �the lower image; scale bar, 2 �m�. �c� PL spectra of n-type and
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intrinsic HT nanowires with excitation power density of 3 kW/cm .
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microscopy �SEM� images also show that the nanowires
have triangular cross sections �Fig. 1�b�, top� with diameters
of 100–300 nm. The HT nanowires have very uniform thick-
nesses �i.e., are not tapered� and smooth surfaces over
lengths up to 100 �m �Fig. 1�b�, bottom�, although our op-
tical studies were carried out on nanowires with typical
lengths between 10 and 30 �m. The uniform thickness and
smooth surface morphology of these HT nanowires is impor-
tant for waveguiding without large losses from surface emis-
sion. Last, the SEM images demonstrate that the nanowires
have sharp cleaved end facets �Fig. 1�b�, top�, which can be
attributed to the sonication process used to remove nano-
wires from the growth substrate,10 required for a good cavity.

Optical studies of individual GaN nanowires were
carried out using a home-built far-field epifluorescence
apparatus13 using a Q-switched Nd:YVO4 laser �266 nm,
35 kHz repetition rate, and 7 ns pulse duration� as the
excitation source. Photoluminescence �PL� spectra of n-type
HT GaN nanowires acquired at low excitation intensity
�Fig. 1�c�� show sharp 12 nm full width at half maximum
�FWHM� spontaneous emission centered at 365 nm
�3.40 eV�, corresponding to GaN bandedge emission.14 Sig-
nificantly, the PL data acquired from these n-type HT GaN
nanowires are free from deep-level yellow emission. In con-
trast, intrinsic HT GaN nanowires prepared in a similar man-
ner �Fig. 1�c�� exhibit a broad band centered at �550 nm
�2.26 eV�. These observations agree with measurements of
GaN thin films in which yellow to ultraviolet luminescence
ratio decreases with Si doping15 and indicates excellent op-
tical properties of n-type HT GaN nanowires. Moreover,
overall integrated luminescence intensity obtained under
identical excitation conditions increases for n-type versus in-
trinsic nanowires.

The cleaved end facets of the nanowires can define a
longitudinal nanowire resonant cavity,9,10 analogous to
cleaved facets in planar structures.16 At low excitation
power densities, Ip, spontaneous emission was observed

FIG. 2. �Color� Power-dependent PL studies of n-type HT GaN nanowire
cavity properties. Images of a single nanowire excited with �a� 4 kW/cm2,
�b� 17 kW/cm2, and �c� 66 kW/cm2. �d� PL spectra recorded at the end of
13 �m long nanowire for 4 kW/cm2 and 18 kW/cm2 power densities show-
ing Fabry–Pérot cavity modes with average mode spacing of 1.1 nm. Right
inset, schematic representation of a longitudinal nanowire cavity with length
L whose index of refraction, n1, is larger than that of surrounding air, n0.
Left inset, mode spacing vs inverse nanowire length.
from both the body and ends of HT GaN nanowires
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�Fig. 2�a��. With increasing Ip, the emission intensity at
nanowire ends increases �Fig. 2�b�� and becomes dominant
as shown in Fig. 2�c�, thus indicating strong waveguiding
properties. Significantly, a spectral analysis of the emission
from the nanowire ends at higher excitation densities exhib-
its a redshift with well-defined periodic variation in the in-
tensity �Fig. 2�d�� that are indicative of Fabry–Pérot cavity
modes. The mode spacing �� for a cavity with length L is
given by17 ��=�2 / �2L�n−��dn /d����, where n is GaN in-
dex of refraction and dn /d� is the first-order dispersion of
the index of refraction �for �=378 nm,18 n=2.64, and
dn /d�=−0.0077 nm−1�. For most of our nanowires, their
lengths scale with corresponding mode spacings according to
the equation �inset, Fig. 2�d��.

The estimated quality factor, Q, of these n-type GaN
nanowire cavities is in the 500–700 range, where Q=� /��
and �� is the FWHM of the cavity mode. The actual Q
could be higher since the ��’s are comparable to the spec-
trometer resolution. To analyze quantitatively the nanowire
cavity and effect of the triangular cross section, we per-
formed three-dimensional finite-difference time-domain
�FDTD� calculations19 for free-standing triangular and cylin-
drical GaN nanowires with the same cross-sectional area and
length. Both geometries have modes with quality factors of
1000–1500, that are higher than estimated from experimental
data or macroscopic models16 that do not account for the
finite size of the nanowire. Interestingly, these calculations
also indicate better wavelength stability of quality factors for
triangular versus cylindrical nanowires, which could be es-
pecially important in future applications where wavelength
tunability is desirable.

Figures 3�a� and 3�b� show the results of optically
excited lasing in a 25 �m long n-type HT GaN nanowire.
At low Ip’s, spontaneous emission was centered around
365 nm �Fig. 3�a��. Above the threshold power density of
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FIG. 3. �a� PL spectra of n-type HT nanowire recorded at 4, 22, and
170 kW/cm2 excitation power densities. Spectra are offset for clarity. �b�
Intensity of the 373 nm lasing peak �squares� and 365 nm spontaneous peak
�circles� vs power density for the same nanowire. Inset, FWHM of the lasing
peak vs power density. Solid symbols correspond to experimental data and
dashed lines are guides for the eyes. �c� and �d� Same as above for n-type LT
nanowire. Spectra were recorded at 4, 600, and 1170 kW/cm2 and intensity
vs power density was measured for lasing peak at 371 nm.
Ip�22 kW/cm , a narrow peak ��0.8 nm FWHM, limited
 AIP license or copyright, see http://apl.aip.org/apl/copyright.jsp
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by the spectral resolution of the detection system� developed
at 373 nm �3.33 eV�. The intensity of this peak increased
superlinearly above the threshold with an intensity �Ip

2.02,
while the dependence of spontaneous peak intensity is sub-
linear, �Ip

0.59 �Fig. 3�b��. The simultaneous line narrowing
and superlinear increase of intensity at pump densities as low
as 22 kW/cm2 represents, to our knowledge, the lowest
room-temperature lasing threshold reported for GaN materi-
als, and is comparable to that of CdS nanowires which have
been already used for realization of the first single-nanowire
electrically driven laser.10

For comparison, we also investigated other types of GaN
nanowires. For example, Figures 3�c� and 3�d� show results
of the lowest measured Ip threshold in a LT GaN nanowire,
which were previously utilized for core/shell nanowire light-
emitting diodes.6 In this 6 �m long nanowire, lasing was
evidenced by the appearance of several narrow, FWHM
�0.8 nm, lines and a concurrent superlinear increase in the
peak intensity at Ip�600 kW/cm2. Measurements made on a
number of distinct n-type HT and LT nanowires showed that
n-type HT nanowires have systematically at least an order of
magnitude lower lasing thresholds than n-type LT nanowires.
In addition, these HT n-type nanowires had lasing thresholds
several times lower than intrinsic HT nanowires and n-type
GaN nanowires grown by chemical vapor deposition5 with
polar �0001� growth direction.

Several factors are believed to contribute to the low
threshold power density for stimulated emission in n-type
HT GaN nanowires, including: �a� Excellent structural and
morphological properties, �b� nonpolar growth direction, and
�c� Si doping. The nanowires are free from dislocations,
which can lead to nonradiative recombination,20 due to vir-
tually substrate-free growth mechanism. The dislocation-free
structure of the nanowires represents a general advantage
compared to planar GaN devices. The HT nanowires also
have more uniform diameters than LT nanowires, and this
morphological uniformity will in general yield superior cav-
ity properties. In addition, the cavity in the triangular cross
section nanowire is formed along a nonpolar �11-20� direc-
tion, and consequently is expected to have a higher optical
gain.21 Our FDTD calculations have further shown that the
triangular cross section nanowires have more uniformly
high-Q factors for a wide range of wavelengths than near-
cylindrical hexagonal nanowires with a �0001� growth
direction,22 and thus indicates that �11-20� nanowires will be
best for tunable laser sources. Last, Si doping leads to a
reduction in deep-level emission, which would otherwise
increase the threshold. At the same time, this suggests that
the Si-doped n-type HT GaN nanowires will be an ideal
starting point from which to design electrical injection lasers
based, for example, on a core �n-type GaN nanowire� multi-
shell architecture.6
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In summary, we have studied optically pumped lasing in
MOCVD GaN nanowires with a nonpolar �11-20� growth
direction. These nanowires form natural free-standing
Fabry–Pérot cavities with triangular cross sections,
dislocation-free structures, and uniform diameters. These
structural characteristics lead to excellent cavity properties,
and together with n-type doping, are crucial for reducing the
excitation power density required for stimulated emission.
Significantly, the lowest recorded threshold density was only
22 kW/cm2, which makes n-type MOCVD GaN nanowires
ideal candidates for electrically driven nanowire lasers based
on our radial core/multishell architecture.
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