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Abstract
Optically pumped ultraviolet lasing at room temperature based on GaN microwire arrays with
Fabry–Perot cavities is demonstrated. GaN microwires have been grown perpendicularly on c-
GaN/sapphire substrates through simple catalyst-free chemical vapor deposition. The GaN
microwires are [0001] oriented single-crystal structures with hexagonal cross sections, each with
a diameter of ∼1 μm and a length of ∼15 μm. A possible growth mechanism of the vertical GaN
microwire arrays is proposed. Furthermore, we report room-temperature lasing in optically
pumped GaN microwire arrays based on the Fabry–Perot cavity. Photoluminescence spectra
exhibit lasing typically at 372 nm with an excitation threshold of 410 kW cm−2. The result
indicates that these aligned GaN microwire arrays may offer promising prospects for ultraviolet-
emitting micro/nanodevices.

Keywords: GaN micro/nanowire arrays, nanolaser, chemical vapor deposition, Fabry–
Perot mode

(Some figures may appear in colour only in the online journal)

1. Introduction

Gallium nitride (GaN) exhibits superior optoelectronic prop-
erties due to its wide direct bandgap, high mobility, and dis-
tinctive chemical and thermal stability. In comparison with
bulk GaN, one-dimensional GaN nanomaterials including
micro/nanowires are considered as building blocks for
assembling versatile nanoscale photonic devices with improved
photoelectric performance, such as polarization-sensitive pho-
todetectors, light-emitting diodes [1], and short-wavelength
ultraviolet (UV) nanolasers [2, 3]. In particular, GaN micro/
nanowire lasers [4–9] have attracted intense interest as pro-
mising coherent light sources for on-chip applications. The
fabrication of vertically aligned GaN micro/nanowire arrays
has gained remarkable attention for constructing vertical field
effect transistor arrays and also for various applications in

micro/nanolaser devices [10]. Systemic studies on fabricating
GaN-based vertical devices have been conducted, providing
many valuable experimental and theoretical experiences. For
the construction of GaN micro/nanolaser arrays, the substrates
have a significant influence on epitaxial quality. So far, Si [11],
GaN [12], LiAlO2 [13], graphene [3], and sapphire [14] sub-
strates have been utilized for growing GaN nanowire arrays.
Meanwhile, chemical vapor deposition (CVD) with a vapor–
solid (VS) [15] process is the most generally utilized method to
grow micro/nanowires due to its relatively low cost and facile
procedure, in comparison with other methods, e.g. hydride
vapor-phase epitaxy [16, 17], molecular beam epitaxy [16], and
metalorganic CVD [18, 19]. Herein, we report the construction
of vertically aligned GaN microwire arrays on GaN/sapphire
substrates via a simple VS process. The micro-photo-
luminescence (μ-PL) observed from the GaN microwire arrays
exhibits strong Fabry–Perot (F–P) mode emissions with an
excitation threshold of 410 kW cm−2, indicating that the GaN
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microwire array is a promising candidate for UV nanolaser
devices.

2. Experiment

GaN microwire arrays were fabricated via the CVD method.
Typically, Ga2O3 (Aldrich, 99.99%) and NH3 gas (99.999%)
were utilized as the Ga and N sources, and a c-plane single-
crystal sapphire with a 2 μm-thick c-plane-oriented Mg-doped
p-GaN film was used as the substrate (referred to as the GaN/
sapphire substrate in the following text). Before the growth of
GaN microwire arrays, the GaN/sapphire substrate was
ultrasonically rinsed in acetone, ethanol, and deionized water,
successively, for 10 min. First, the Ga2O3 powders and the
GaN/sapphire substrate were placed in an alumina boat and
loaded into the center of a tubular furnace, with another
alumina boat covering it, as shown in figure 1(a). The furnace
tube was pumped down to below 5 Pa and flushed with pure
N2 gas to eliminate residual O2. Then, the system pressure
was maintained constant at 1 bar, and the introduced N2 was
controlled at a flow rate of 50 sccm. After the temperature
reached 1100 °C, the N2 was substituted with NH3 gas with a
flow rate of 250 sccm. The temperature was kept at 1100 °C
for 180 min during the growth process, and then the NH3 flow
was switched off and N2 was introduced again with a flow
rate of 50 sccm. Lastly, the furnace was naturally cooled
down to ambient temperature under a N2 atmosphere.

The morphology and crystal structure of the product were
characterized by field-emission scanning electron microscopy
(SEM, Hitachi SU-8020) and x-ray diffraction (XRD,
PANalytical X’Pert3 Powder with Cu Kα line), respectively.

Raman scattering spectra were collected through a confocal
micro-Raman spectrograph (HORIBA, LabRAM HR Evol-
ution) at room temperature. The room-temperature photo-
luminescence (PL) was inspected under the excitation of a
He–Cd laser. The lasing characteristics of the GaN microwire
arrays were investigated using confocal μ-PL spectroscopy at
room temperature. The third harmonic (355 nm) of a Nd:YAG
laser (1 kHz, 1 ns pulse width) was used as the excitation
source. The type of the spectrometer is Andor/SR-500i-D1-
R, with a resolution of 0.08 nm.

3. Results and discussion

The GaN microwire arrays are perpendicular to the substrate,
with a length of approximately 15 μm, as shown in
figures 1(b) and (c). Up to now, GaN microwire arrays fab-
ricated through the simple CVD method without a catalytic
have rarely been reported. The schematic of the possible VS
mode growth mechanism for the vertical GaN microwires is
given in figure 2(a).

There are several possible chemical reactions involved in
the synthesis of GaN microwires. Ga2O3 will decompose to
Ga2O or Ga above the temperature of 800 °C, while NH3 will
decompose to NH2, NH, and N species above 850 °C [20–
22]. During the ammonification process, three main chemicals
may occur in our system as follows:

( ) ( ) ( ) ( ) ( )+  +2 Ga g 2NH g 2GaN s 3H g , 13 2

( ) ( ) ( ) ( ) ( )+  +Ga O s 2H g Ga O g 2H O g , 22 3 2 2 2

( ) ( ) ( ) ( )
( ) ( )

+  +
+
Ga O g 2NH g 2GaN s H O g

2H g . 3
2 3 2

2

Figure 1. (a) Schematic illustration of the reactor. (b) Top view, and (c) 30° tilted view field-emission SEM images of the obtained GaN
microwire array on the GaN/sapphire substrate.
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GaN molecules were mainly produced via reaction (1)
and (3). Besides, the reaction between N and Ga atoms is also
thought to exist in this system [23]. In a typical VS process,
the gaseous atoms merge into the solid phase through two
steps: one is the direct impingement of adatoms, and the other
is adatom diffusions leading to atom incorporation at the site/
planes with the minimum Gibbs free energy [24]. At the
initial reaction stage during the growth of vertically aligned
GaN microwire arrays, the Ga atoms derived from the
decomposition of Ga2O3 were transported to the substrate at a
high temperature, forming up a liquid droplet layer. If Ga

atoms are abundant, weak Ga–Ga bonds will form, serving as
a lubricant for the adatom diffusion [24]. Figure 2(b) shows
the typical plan-view SEM image of the GaN/sapphire wafer
before fabrication, in which hexagonal holes can be observed.
The introduction of NH3 and carrier gas promotes GaN
nucleation under the Ga-rich condition in the small holes with
high surface energy, resulting in the enhancement of VS
nucleation [25], as shown infigure 2(c). Subsequently, more
N atoms from the decomposition of NH3 are adsorbed on the
surface of Ga droplets at a high reaction temperature, facil-
itating the growth of GaN microwires. During this growth
process, the morphology of the GaN microwires is deter-
mined by the distribution of the Ga and N concentrations.
Therefore, some microwires with small diameters, some with
protruding tops, or those not vertical to the substrate may
grow due to the possible instability of the local atmosphere.

It has been reported that the nitridation of Ga-rich dro-
plets leads to GaN microwire growth along the c-direction,
while nitridation with a low Ga concentration leads to growth
along the a-direction [26]. In our experiments, we cover
another boat to restrain the influx rate of NH3 into the reaction
zone (through small gaps); thus a relatively Ga-rich space
with respect to the N element is created between the two
boats, which promotes the oriented growth of the GaN
microwire array along the c-axis of GaN rather than in other
directions. SEM images of the as-synthesized GaN microwire
array corresponding to this GaN growth process are presented
in figure 2(d).

The crystal structure of the vertically aligned grown GaN
microwires on the GaN/sapphire substrate was further
investigated by XRD. As shown in figure 2(e), only two
diffraction peaks were observed at 34.39° and 72.37°,
corresponding to wurtzite GaN (002) and (004), respectively,

Figure 2. (a) Schematic of the GaN microwire array growth mechanism. (b) SEM image of the original GaN/sapphire substrate surface. (c)
(d) SEM images of GaN microwires corresponding to the crystal nucleus and as-grown GaN microwire, respectively. (e) The XRD pattern of
the as-synthesized GaN microwire array.

Figure 3. The room-temperature Raman scattering spectrum of the
as-synthesized GaN microwire array. Inset: the top-view SEM image
of a GaN microwire.
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revealing the single crystal structure of the GaN microwire
array and its good epitaxial quality with the substrate.

The Raman scattering spectrum of the GaN microwire
array as presented in figure 3 is recorded under the excitation
of the 532 nm line from a solid-state laser. The shifts at 567.3,
557.6, 530.3, and 142.5 cm−1 in the Raman spectrum are
attributed to the E2 (high), E1 (TO), A1 (TO), and E2 (low)
modes of GaN, respectively [27]. The symmetric and strong
E2 (high) phonon line at 567.3 cm−1 corresponds to the
characteristics of the hexagonal phase and the high crystal-
linity of the as-synthesized GaN microwires [28].

Figure 4(a) gives the room-temperature PL spectrum of
the GaN microwire array under a 325 nm continuous laser
excitation, exhibiting a near-band-edge recombination emis-
sion band peaking at 367 nm with a full width at half-max-
imum (FWHM) of 20 nm. Besides, a weak emission band
centered at 381 nm can be found, which may be attributed to
the recombination of excitons bound to surface defects or
other structure defects [29]. A broad blue emission peaking at
440 nm with an FWHM of 50 nm may derive from the elec-
tron–hole recombination at the Mg acceptor energy level in
the Mg-doped p-GaN film [30]. Figure 4(b) presents the peak
deconvolution result for the PL spectrum, using a Gaussian
function.

Figure 4(c) shows the μ-PL spectrum from GaN micro-
wire arrays under the excitation of a nanosecond pulsed laser

with a wavelength of 355 nm. The spot size of the PL exci-
tation light source is nearly 20 μm in diameter. And there are
at most 20 microwires being pumped during measurements.
The laser light may come from the multiple microwires. And
the discrepancy in length between the different GaN micro-
wires seems to broaden the FWHM of the lasing peaks.
Meanwhile, the excitation threshold for generating laser
might be related to the surface states of the microwires.
Besides the near-band-edge emission from the GaN micro-
wires at around 367 nm and the broad blue emission peaking
at 440 nm from the Mg-doped p-GaN film, the μ-PL shows a
series of sharp emission lines in the trap state region, indi-
cating laser generation in the optical cavity formed inside the
GaN microwires or films. To identify the origin of the PL
emission, we measured the PL spectra of the n-GaN/sapphire
substrate without GaN microwires, as shown in the following
figure 4(d). Emission peaks still appear; however no lasing
peak appears even under pump power of up to
∼950 kW cm−2. Therefore, the lasing peaks we have mea-
sured should be a result of the micro/nanowire emission
resonance, which is the most pivotal. For a typical lasing
mode peaking at the wavelength of 373.9 nm, the FWHM is
as narrow as about 0.8 nm, so the Q factor can be calculated
as 467 based on the equation Q=λ/δλ, where λ and δλ are
the peaking wavelength of the lasing mode and its FWHM,
respectively [31].

Figure 4. (a) The room-temperature PL spectrum of the GaN microwire array under the excitation of a continuous 325 nm laser. (b) Gaussian
fit of the PL spectrum. (c) The μ-PL spectrum from a GaN microwire array excited by a 355 nm nanosecond pulsed laser. (d) The μ-PL
spectra from an n-GaN/sapphire substrate under a 355 nm nanosecond pulsed laser. (e) The schematic of the Fabry–Perot lasing mode in a
GaN microwire. (f) High-magnification SEM image of the obtained GaN microwire array.
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Lasing from long semiconductor microwires is dictated
by F–P resonances whereas that from large-diameter micro-
rods is determined by whispering gallery modes (WGMs).
The most obvious distinction between the F–P mode and the
WGM is the mode spacing. WGM-type resonances generally
present wider mode spacing due to a smaller resonator
volume. Concerning our microwires with a diameter range of
<2 μm, the mode spacing should be more than 8 nm
according to the calculation of the WGM type [32]. There-
fore, the lasing mode based on the F–P cavity is rather rea-
sonable in this case. Figure 4(e) presents the schematic of F–P
lasing mode, and the protruding tops that form resonant
cavities in the microwires are marked out in figure 4(f). The
experimental lasing mode spacing well conforms to the
calculation result corresponding to the F–P mode. For an F–P
cavity with a length of L, the mode spacing Δλ can be
deduced as follows [33].

l
l

l
l

D =
-⎜ ⎟⎛

⎝
⎞
⎠Ln

n
2

d

d

2

where n is the effective refractive index, and
l
nd

d
is the first-

order dispersion of the effective refractive index. In our
experiments, the mode spacing is approximately 2.4 nm,
which reasonably agrees with the deduced result for the F–P
mode, where L=14 μm, n=1.89, and

l
nd

d
=−3.6×10−7.

Figure 5(a) shows the excitation power density depen-
dent μ-PL spectra of a GaN microwire array. Under excitation
with low intensities, the spectra consist of a single broad
emission peak which comes from the near-band-edge emis-
sion of the GaN microwires, with FWHMs of approximately
14 nm. With the increase of pump power, the width of the
emission peak narrows due to the proximity between the
preferential amplification of frequencies and the maximum of
the gain spectrum. When the excitation intensity increases to
366.1 kW cm−2, the μ-PL intensity increases dramatically and
some sharp peaks arise in the spectrum, indicating the gen-
eration of laser in the GaN micro-cavity. Under higher exci-
tation intensities of 366.1–1449.0 kW cm−2, more sharp and

strong lasing peaks emerge in the spectra. A slight blue shift
of emission peaks with increasing pump intensity is observed,
as shown in figure 5(a), which is ascribed to the change in the
refractive index induced by carriers, and the consequent
modification in the energy position of the cavity mode [34].

The pumping power dependent integral μ-PL emission
intensity of a representative mode at 373.9 nm is further
presented in figure 5(b). At low excitation power, the emis-
sion intensity increases linearly with the pump power; how-
ever, above a threshold of approximately 410 kW cm−2, the
slope of the emission intensity as a function of the pumping
power increases drastically.

4. Conclusion

In summary, well-aligned GaN microwire arrays on GaN/
sapphire substrates were achieved via an effective, simple,
low-cost, and catalyst-free approach. The GaN microwires
were composed of hexagonal wurtzite single crystals with
[001] preferred orientation, and had diameters and lengths of
1 μm and 15 μm, respectively. Optically pumped lasing in the
GaN microwire arrays was studied at room temperature.
Under local light excitations, the detected μ-PL from the GaN
microwire arrays exhibited strong and multi-mode F–P lasing
emissions. These aligned GaN microwire arrays may offer
promising prospects for UV laser-emitting nanodevices.
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Figure 5. (a) Pumping power dependent μ-PL spectra. (b) The pumping power dependent integral μ-PL emission intensity of a representative
mode at 373.9 nm, showing lasing threshold at roughly 410 kW cm−2.
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