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This study demonstrates a room-temperature ultraviolet GaN/Al nanorod (NR) metal laser with an
optimized sidewall. A wet-chemical etching process with potassium hydroxide was used to control
the GaN NR sidewall angle and polish the NR surface. The lasing action was observed near a
wavelength of 365 nm with a low threshold power density of 5.2 mJ/cm?. The high-quality factor
(Q) surface plasmon lasing modes were characterized with experiments and three-dimensional
finite-element method simulations. We also studied the optical modes in GaN metal-coated NR
with and without an Al layer and verified the metal layer is necessary for high-Q resonant modes.
© 2013 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4828997]

In recent years, a substantial amount of research has been
conducted in minimizing optical cavities to achieve nanoscale
lasers used for chip-scale photonic integrated circuits. The
metal-cladding semiconductor laser is one of the most prom-
ising schemes for breaking the optical diffraction limit
because of surface plasmon (SP) effects.'? Semiconductor
metal lasers with different cavities,> ™’ including nanodisks,
nanowires, nanorings, and other structures, have been demon-
strated. However, most reported metal nanolasers can operate
only in a cryogenic condition because of the high optical
losses with the metal and the low quality factor (Q) value. In
addition, wide-band-gap Ill-nitride (aluminum gallium in-
dium nitride, AllnGaN) semiconductor alloys have attracted a
substantial amount of attention as potential platforms for
high-frequency and high-power electronics,'® visible light-
emitting diodes (LEDs),'*?° and ultraviolet (UV)-wavelength
lasers and bio-sensors.”'** Few studies have demonstrated
the fabrication of UV GaN-based metal nanolasers with an
epitaxially grown metal layer'> and metal nanocavities at
room temperature.'®'” However, the surface and sidewall
qualities are key factors for achieving high-performance
metal nanolasers because of their compact cavities and ultra-
small mode profiles.'® The tiled angle and rough sidewall in a
metal-semiconductor cavity might degrade the optical con-
finement and increase optical loss, leading to poor emission
quality, especially for such small semiconductor-metal cavity.
In this study, we demonstrate a large-area UV GaN-based
nanorod (NR) metal laser by using the nanoimprint lithogra-
phy (NIL) technique and optimizing the NR cavity sidewall.
A large-area and uniform GaN NR structure was produced
using the NIL technique, and the NR tiled angle was opti-
mized and the NR sidewall was polished by performing extra
chemical etching with potassium hydroxide (KOH). Because
of the sharp sidewall angle and smooth surface, room-
temperature, low-threshold lasing action was achieved from
the GaN NR metal cavity.
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To understand the optical loss in the metal nanorod cav-
ity caused by the sidewall angle, we investigated GaN metal
NR cavities with different sidewall tiled angles. Fig. 1(a)
shows the GaN metal NR cavities with different sidewall
tiled angles (0 = 90° and 0 < 90°). The three-dimensional
(3D) finite-element method (FEM) was applied to perform
the simulation of the metal NR cavities. Fig. 1(b) shows the
simulated top view and cross-sectional view mode profiles as
well as the Q of the GaN metal NR cavities with sidewall
tiled angles of 0 =90°, 0 = 89°, and 0 = 84°, respectively.
A well-confined optical mode with a high Q value of 127
was observed in the NR with a sidewall angle of 0 = 90°.
However, the mode’s confinement decreased and its Q value
dropped from 127 to 45 when the NR sidewall angle
decreased from 0 = 90° to 89°. The degradation of this opti-
cal mode in the metal NR cavity intensified (Q =36) when
the sidewall tiled angle reached 0 = 84°, which was the tiled
sidewall angle of GaN NR after the dry etching step was per-
formed without sidewall optimization. The results clearly
show that the optical confinement in this compact GaN metal
NR cavity strongly depended on the sidewall angle.
Therefore, controlling the metal NR sidewall angle is critical
to achieving room-temperature lasing. To obtain a high-Q
GaN metal NR cavity, the sidewall angle of the GaN metal
NR was optimized to 90° by adding an extra chemical etch-
ing step during the device fabrication process.

The metal-clad GaN NRs were implanted on a
2-um-thick c-plane (0001) GaN layer on a sapphire substrate,
which was grown using metal-organic chemical vapor depo-
sition (MOCVD). Fig. 2 shows a schematic diagram of the
procedures used for fabricating the metal-clad GaN NR struc-
ture. First, a 0.5-um-thick SiO, layer was deposited as an
etching mask, and the NR patterns were defined using the
NIL technique.**** After dry etching with inductively
coupled plasma reactive ion etching (ICP-RIE) and removing
the mask residue, trapezoid-type GaN NRs with an approxi-
mate height of 1.2 um were obtained. Subsequently, an addi-
tional sidewall optimization with a KOH-based etchant was

© 2013 AIP Publishing LLC


http://dx.doi.org/10.1063/1.4828997
http://dx.doi.org/10.1063/1.4828997
mailto:mhshih@gate.sinica.edu.tw
http://crossmark.crossref.org/dialog/?doi=10.1063/1.4828997&domain=pdf&date_stamp=2013-11-04

191102-2 Hsu et al.
9<90°
60=90° 0=89° 0=284"
(b) Q=127 (C) Q=45 (d) Q=37

1.0

0.0

FIG. 1. (a) Schematic diagram of the metal-cladded GaN NR structure with
cylindrical-type, 0=90° (left) and Trapezoid-type, 0=84° (right).
Calculated Al-cladded GaN NR electric field intensity \E|2 distribution in
the top view (upper panel) and side view (lower panel) (b) 0 =90°, denote
as M3". (c) 0=89°, denote as M3°. (d) 6 =84°, denote as M3*. The top view
mode profile was calculated at the white dotted surface in the side view.

introduced to achieve smooth cylindrical-type GaN NRs.
This unique technique was used to repair the sidewall tiled
angle and smooth surface roughness that were caused by the
previous bombardment etching process.25 The tiled sidewall
and rough NR surface increased the cavity loss, degraded the
quality factor, and increased the threshold. Because the high
lasing threshold prohibits laser operation at room tempera-
ture, this sidewall optimization step is critical for GaN metal
NR lasers. Figs. 3(a) and 3(b) show the scanning electron
microscope (SEM) images of the GaN NRs before and after
the extra sidewall optimization step was conducted with the
KOH etchant for 30 min at 70 °C. Before the step, the GaN
NRs in Fig. 3(a) had a sidewall tiled angle of 84° and an
extremely rough sidewall surface. Cylindrical-type GaN NRs
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with a diameter of 300nm and a sidewall angle of 90° were
obtained after this step, and are shown in Fig. 3(b). Figs. 3(c)
and 3(d), which are magnified SEM images of the GaN NRs
in Figs. 3(a) and 3(b), show the differences in the details of
the GaN NR sidewalls before and after the KOH etching
treatment. In a hexagonal crystalline system, GaN has a sta-
ble m-plane {1010} that must serve as the etching stop
plane.”® The c-plane GaN NR sidewall surface was the
m-plane, which was perpendicular to the GaN template sur-
face. Therefore, the chemical etching step can be performed
to support the sharp m-plane sidewall surface, yielding a 90°
sidewall angle. In addition to sidewall angle optimization,
chemical etching was used to smooth the sidewall surface,
which improved the lasing performance of the GaN metal NR
laser. Additional details of the sidewall optimization process
are described in the supplement document.

After the sidewall optimization step, a 35-nm-thick sili-
con nitride (Si3Ny) layer and a 50-nm-thick Al layer were
uniformly coated on the GaN NR surface by using
plasma-enhanced chemical vapor deposition (PECVD) and
electron beam evaporation, respectively. The Al layer exhib-
ited high reflectivity at the UV spectral region, which pro-
vided excellent resonance within the GaN nanocavities.'®!”

The photoluminescence (PL) characterization system
contained a 355-nm triple Nd:YAG pulse laser, which was
employed as an excitation source at room temperature. The
pulse width was 0.5ns, and the pulse repetition rate was
1 kHz. The spot size of the normal incident beam was
approximately 50 um when using a 15X microscopic objec-
tive lens focused on the sample surface. The devices were
directly pumped from the metal side of the sample to prevent
enormous absorption from the GaN substrate (energy band
gap of approximately 3.4 eV) beneath the NRs. The emission
signals were collected using the same objective lens and
coupled into a multimode fiber, which was connected to an
optical spectrometer with a nitrogen-cooled charge-coupled
device (CCD) array detector.

Fig. 4(a) shows the room-temperature lasing spectrum
of the GaN NR metal cavity, which exhibited three clear
emission peaks at wavelengths of 362.5nm, 364.3 nm, and
365.2nm denoted M?O, Mgo, and Mgo, respectively. The
light-in-light-out characteristics of mode M3° are shown in
the black curve in Fig. 4(b), and the threshold power density
of the mode was approximately 5.2 mJ/cm?. The blue curve

=84 FIG. 2. Schematic diagram process
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FIG. 3. The SEM image (cross-section) of GaN NR arrays which pattern
defined by nanoimprint lithography and etched by ICP-RIE. (a) Trapezoid-
type, after ICP-RIE. (b) Cylindrical-type, after ICP-RIE and KOH chemical
etching. (c), (d) were magnified the red dotted square within the image of (a)
and (b), respectively.

in Fig. 4(b) shows the recorded linewidths pumped at various
power densities. The linewidth-narrowing behavior was
observed near the threshold, which verified the lasing action
of the metal NR laser.

To understand the observed lasing modes, the 3-D FEM
was implemented to perform a simulation of the GaN NR
metal cavity. The GaN NR structure with a diameter of
300 nm, a height of 1200 nm, a 35-nm-thick Si3;N, layer, and
a 50-nm-thick Al layer was employed in this simulation. The
three high-Q modes were obtained based on the simulation
and correspond to the three lasing modes used in the experi-
ment. Fig. 4(c) shows the calculated Q value and the resonant
wavelengths of the three resonant modes. The calculated
quality factors of the three modes were approximately
M =119, M3° =127, and M3° = 136.

Figs. 4(d)—4(f) show the simulated electric field intensity
(|E |2) in the side-view (x—z plane) and top-view (x-y plane)
distribution of the three resonant modes in the GaN metal
NR. Each top view of the field profile for modes M?O, Mgo,
and M3° was calculated at the white dotted surface in the
side view. The characteristics of the modes appeared within
the GaN NRs and around the interface between the NR and
the dielectric layer. The mode M]° was a whispering-gallery
(WG)-like SP polariton mode, and the electric field direc-
tions were perpendicular to the NR sidewall and the metal
surface with an azimuthal mode number of 4, which is
shown in Fig. 4(d). The modes M3’ and M3’ show dipole-
like resonant mode profiles, as shown in Figs. 4(e) and 4(f).
In the two dipole-like mode profiles, the electric field max-
ima of the modes were located inside the NR center and
away from the coated Al metal layer. Therefore, the modes
M5° and M3° exhibited higher Q values than did the mode
M?O. All three resonant modes had well-confined optical pro-
files along the z-direction, which indicates that the upper
metal layer on the top of NRs improves the vertical optical
confinement. To compare the GaN metal NRs fabricated
with and without sidewall optimization in the experiment,
we also fabricated a GaN metal NR cavity without sidewall
optimization as a reference device. Room-temperature lasing
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FIG. 4. (a) Light-in light-out curve (L-L curve) of Al-cladded GaN nanorods
and linewidth of the lasing peak at 365.2nm. (b) PL characteristics for Al-
cladded GaN NR arrays and (c) used finite element method simulation
result. Calculated Al-cladded GaN NR electric field intensity \E|2 distribu-
tion in the top view (upper panel) and side view (lower panel) (d) TM-like
surface plasmon polariton (SPP) mode (M?O). (e) TE-like electric dipole
mode (M3°) with z-direction oscillating mode number, n=2. (f) TE-like
electric dipole mode (M3°) with z-direction oscillating mode number, n= 1.
The top view mode profile was calculated at the white dotted surface in the
side view.

action was not observed in the NR with a tiled sidewall and a
rough surface within the supported power range of the pump-
ing laser.

Because the metal plays a crucial role in improving opti-
cal confinement in NR cavities, comparing GaN NR cavities
with and without an Al metal layer is worthwhile. Fig. 5
shows the simulated mode profiles and calculated Q values
of the GaN NR cavities with and without the Al metal clad-
ding layer. The optical mode in the GaN NR cavity without
metal showed leakage to the bottom substrate, which led to a
low Q value of 77. The metal-coated NR structure formed a
3D cavity, resulting in a confined resonant mode that was
strong within the GaN NR and did not propagate beneath the
GaN template and the air region. Therefore, the resonant
mode in the metal-coated NR cavity exhibited good optical
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FIG. 5. Calculated Al-cladded GaN NR electric field intensity |E|? distribu-
tion in the top view (upper panel) and side view (lower panel) (a) Pure GaN
NR resonator. (b) Metal-cladded GaN NR resonator.

confinement and a high-Q (Q=119) mode within the UV
wavelength range. The metal-coated cavity Q was two times
that of the pure GaN resonator in the comparable WG mode
(WGM). The enhanced confinement ability enabled the
metal-cladded cavities to yield a low-threshold power den-
sity, increased the transition from spontaneous to amplified,
and stimulated the emission probability. However, the metal-
cladded layer caused energy loss from joule heating because
of the small resonant mode volume overlap with the sidewall
metal layer. Nevertheless, the overall lasing performance
was superior to that of the layer without metal-cladded reso-
nators, which exhibited severe optical loss with the same
size cavity.

In this study, the fabrication of a large-area UV GaN
metal NR laser at room temperature is demonstrated. GaN
metal NR cavities with different sidewall angles were stud-
ied. By adding an extra chemical etching process, the side-
wall angle of the GaN NR was optimized to 90°, minimizing
the optical loss and increasing the Q value. When the Al
metal layer was used to form a nanocavity, the well-confined
resonant mode was observed within the GaN NR, which was
theoretically realized by implementing FEM in the simula-
tion. The lasing wavelength was observed at approximately
365nm, which has a low threshold power density of
5.2 ml/cm”® at room temperature. The high-Q SP lasing
modes were characterized using experiments and 3D FEM
simulations, and the high-symmetry mode profiles are pre-
sented. The GaN NR cavities with and without the Al metal
layer were also studied. The results indicate that the metal

Appl. Phys. Lett. 103, 191102 (2013)

enhanced the optical confinement twofold in the GaN NR
cavity.
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