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ABSTRACT: Realization of smaller and faster coherent light
sources is critically important for the emerging applications in
nanophotonics and information technology. Semiconductor
lasers are arguably the most suitable candidate for such pur-
poses. However, the minimum size of conventional semicon-
ductor lasers utilizing dielectric optical cavities for sustaining
laser oscillation is ultimately governed by the diffraction limit
(~(A/2n)? for three-dimensional (3D) cavities, where A is the
free-space wavelength and 7 is the refractive index). Here, we
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demonstrate the 3D subdiffraction-limited laser operation in the green spectral region based on a metal—oxide—semiconductor
(MOS) structure, comprising a bundle of green-emitting InGaN/GaN nanorods strongly coupled to a gold plate through a SiO,
dielectric nanogap layer. In this plasmonic nanocavity structure, the analogue of MOS-type “nanocapacitor” in nanoelectronics leads
to the confinement of the plasmonic field into a 3D mode volume of 8.0 x 10~ * um? (~0.14(1/2n)?).
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he key to achieving the most compact footprint for semi-

conductor lasers is the miniaturization of their resonant
cavities. In the past two decades, various types of semiconductor
cavity structures have been demonstrated for this purpose,
including microdisks,' nanowires,”> and photonic crystal nano-
cavities. ® However, most of these approaches only focus on
reducing cavity sizes in one' or two dimensions® > due to the
adverse effects of cavity size reduction on lasing threshold. For
the case of photonic crystal nanocavities with ultrasmall optical
mode volumes, their physical sizes remain large (many wave-
lengths) in order to maintain high cavity finesse. To date,
reducing the physical size of semiconductor laser cavities in all
three dimensions, while maintaining a manageable lasing thresh-
old, stands as the ultimate challenge in realizing subwavelength
semiconductor nanolasers.” '

The recent advent of nanoplasmonics based on metallodi-
electric structures has brought a large-scale paradigm shift in
designing optical components and optoelectronic devices in the
deep subwavelength regime.'* "> Especially, a new class of lasers
based on surface plasmon amplification by stimulated emis-
sion of radiation (spaser) has been proposed'® '® and demon-
strated'””?? as the source and amplifier of coherent optical and
surface plasmon fields. In the subdiffraction-limited spaser
operation, surface plasmons excited in noble-metal structure
adjacent to gain medium provide the necessary coherent feed-
back. In metal-cladded dielectric nanocavities,'>'" it has recently
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been found that metals can suppress leaky optical modes and
alleviate the issue of cross-coupling in closely packed cavity
arrays. In particular, for noble metals such as gold and silver,
the surface plasmon polariton (SPP) resonant modes in the
visible region allows for novel schemes to confine the light field
into a deep subwavelength plasmonic nanocavity. However, the
metallic nanocavity typically exhibits both high Ohmic (Joule)
and radiation losses. As a result, the spasing threshold for
nanolasers based on plasmonic cavities could be very high.

To overcome the difficulty of Ohmic loss in metals, Oulton
et al. recently introduced the concept of a hybrid waveguide,
consisting of a semiconductor nanowire (high-permittivity cy-
linder waveguide) separated from a metal surface by a nano-
scale dielectric gap layer (essentially, an optical version of the MOS
structure).”® By optimization of the nanowire diameter and
dielectric nanogap, the hybrid SPP/optical mode is strongly
confined within the dielectric gap, allowing low-loss, deep-
subwavelength confinement and long-range propagation of
plasmonic fields."”** Recently, this type of hybrid plasmonic
structure has been applied to demonstrate plasmonic lasers in the
waveguide," total internal reflection,”® or whispering-gallery
configuration.”” However, their physical sizes are still larger than
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Figure 1. Plasmonic green nanolaser. (a) Schematic representation
(not to scale) of the lasing MOS structure consisting of a bundle of
green-emitting InGaN/GaN semiconductor nanorods, which is coupled
to an underlying colloidal gold triangular plate through an SOG
dielectric gap layer. The supporting substrate is silicon and the thickness
of the SOG layer is about 5 nm. The average nanorod diameter is 30 nm,
while the lengths of InGaN and GaN sections are 300 and 380 nm,
respectively. (b) FE-SEM image of the hybrid system. The magnified
image shows the detailed view of the measured InGaN/GaN nanorod
bundle on top of the gold plate. From the FE-SEM image, we can
estimate the 3D volume of the plasmonic “nanocapacitor” to be ~300 X
530 X S nm°. (c) The green laser emission from the InGaN/SOG/gold
hybrid system in a cyrostat (at 7 K) and under the excitation of a
frequency-doubled Ti:sapphire laser system (excitation wavelength,
400 nm; pumping power density, 505 kW/cm?).

the wavelength (greater than micrometers) in one or both lateral
direction(s). To realize the 3D subdiffraction-limited lasers, we
utilize here single-crystalline nitride semiconductor and gold
building blocks, which are self-assembled materials with excellent
optical/plasmonic and structural properties.”* ¢ In addition, we
demonstrate that this type of MOS structure can be applied for
constructing single-mode plasmonic nanolasers in the green
region, which has been urgently sou%ht after due to a lack of
efficient semiconductor gain medium.”” >’

The InGaN/GaN semiconductor nanorod system utilized
here has several advantages in terms of structural and thermal
stability, amphoteric doping (for both n- and p-type GaN), as
well as superior light emission properties for green and full-color
(white) light-emitting devices.”>*° Therefore, they are very
suitable to be used as the gain medium in semiconductor
nanolasers. In the blue spectral region, InGaN-quantum-well-
based devices have high emission efficiencies. However, in the
green and longer-wavelength spectral regions, their efficiencies
dramatically drop, which has been known as the “green-gap”
issue.”” In order to design efficient InGaN-based light sources,
different strategies have been developed in the past few years.
One promising approach to modify the emission efficiency is the
use of hybrid systems composed of noble metals and InGaN
materials.>** In comparison with sputtered Au or Ag films, we
have found that colloidal Au nanocrystals possess superior
plasmonic properties, allowing strong SPP-enhanced effects with
a low Ohmic loss.*

Details about sample preparation procedures, as well as
measurement and simulation methods for this study can be
found in the Supporting Information. The self-aligned (along the

(a) : (b) )
s k :igg Emz:’ With gold plate =1 :Egg m}':m? Without gold plate
‘€ | — 275 kWiem® T | — 280 kWicm®
3 | — 80 kWiem® 3 | — 70 kWien?
£ e
Lo s
= 2
@ w
s c
5 /\ b5
[ c
= i Ve = A
300 400 500 600 700 800 300 400 500 600 700 800
Wavelength ( nm ) Wavelength { nm )
(e)fE (d) >
- [E3 2 = =T
- )
s [22 c §=1.0
3 _§1 =
Z 100 300 500, = ._A. 4 s=22
=t Power density (kW/cm - > 'S
@ o F
g g o o
0 100 200 300 400 500 100 1000

Pump power density (kW/cm®) Pump power density (kW/cm®)

Figure 2. Lasing characteristics. (a) Power-dependent laser emission
spectra of the InGaN/GaN nanorod bundle supported on the SOG-
covered gold plate. These spectra were recorded at 7 K with varying
excitation intensities, showing the transition from spontaneous emission
to lasing at $33 nm. (b) In comparison, the power-dependent photo-
luminescence spectra of the InGaN/GaN nanorod bundle directly
positioned on an SOG/Si substrate (without the gold plate) show no
signs of lasing. For comparison, all emission spectra in (a) and (b) are
plotted onto the same vertical scale. (c) For the lasing MOS structure,
the superlinear response of the peak intensity becomes obvious when the
excitation intensity is above the threshold intensity (~300 kW/cm?).
The inset shows the simultaneous line width narrowing of the emission
peak above the lasing threshold. (d) The complete lasing characteristics
are shown as a log—log plot together with the corresponding slopes (S)
for different regions. The inset shows the defocused lasing mode image.
The appearance of the high-contrast fringes indicates spatial coherence
due to lasing.

c axis of the wurtzite structure), single-crystalline InGaN/GaN
nanorods were grown on a Si(111) substrate by plasma-assisted
molecular-beam epitaxy (PA-MBE) using a self-organized meth-
od without metal catalysts.”* Figure la shows the schematic of
the plasmonic nanolaser consisting of a green-emitting InGaN/
GaN nanorod bundle coupled to a colloidal gold triangular plate
with a S nm thick spin-on-glass (SOG, SiO,) gap layer. The
thickness of the colloidal gold plate is about S0 nm. The
fabrication details for the MOS-structure-based plasmonic green
nanolaser can also be found in Supporting Information. Figure 1b
shows the field-emission scanning electron microscopy (FE-
SEM) image of the measured plasmonic nanolaser structure.
The InGaN/GaN nanorod bundle consists of several InGaN/
GaN nanorods, and the average diameter of the nanorods is 30 &
4 nm. The total length of the nanorod bundle is 680 nm (InGaN
length, 300 nm; GaN length, 380 nm) and the bundle width is
530 nm. The self-aligned GaN nanorod array was grown first as
the growth template for the subsequent InGaN nanorod growth.
It should be noted that, according to a previous study, due to
insufficient gain and large scattering at nanorod ends, these
nanorods alone could not sustain laser oscillation under optical
pumping unless their diameter is larger than 150 nm and their
length is greater than a few micrometers.” Figure 1c shows an
optical image of the laser emission at 533 nm from the InGaN/
GaN nanorod bundle—gold plate hybrid system under the
optical excitation of a frequency-doubled, mode-locked Ti:sap-
phire laser at 400 nm. In addition to the spatial overlap, the
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Figure 3. Simulations of the 1D + 2D mode distributions for the
plasmonic cavity mode at 533 nm. (a) The electric-field-intensity distribu-
tions along the z (vertical) direction for both the TM and TE polarizations.
Only the TM mode shows strong confinement in the SiO, gap layer, while
the TE mode extends into the metal, semiconductor, and air regions. (b)
The electric-field-intensity (TM polarization) distribution in the x and y
(lateral) directions, illustrating the 2D mode confinement in the SiO, gap
region sandwiched between the InGaN nanorod bundle (rectangular
region 530 X 300 nm?) and the Au layer. The calculated quality factor
(Q) is 93, which is very close to the experimental value of ~100.

plasmon coupling critically depends on the spectral overlap of
surface plasmon resonance band with the light emission peak of
the gain medium. In Supporting Information, we show that the
surface plasmon resonance band of the gold triangular plate
indeed overlaps with the luminescent emission peak of the
InGaN/GaN nanorods at 7 K. However, the spectral match is
not completely optimized due to the trade-off of using the
colloidal gold nanocrystal for their superior material properties.

Figure 2a presents excitation-power-dependent emission
spectra from the InGaN/GaN nanorod bundle deposited on an
SOG-covered gold plate at a cryogenic temperature (7 K). These
spectra were measured for the same hybrid system presented in
Figure 1b. At low pump power density (80 kW/cm®), we
observed a relatively broad spontaneous emission peak centered
at 540 nm. As the pump power density is increased, the peak
emission rapidly increases its intensity and becomes more
dominant. Above a threshold of 300 kW/cm?, a sharp lasing
peak emerges in the spectra at 533 nm. The full width at half-
maximum (fwhm) of the observed laser emission peak at the
pumping power density of 505 kW/cm® is 4.7 nm. In contrast, for
the bare InGaN/GaN nanorod bundle (a control sample, which
was directly supported on an SOG/Si substrate without the
presence of the gold plate; in Supporting Information, we also
show a similar result for an InGaN/GaN nanorod bundle
deposited on a quartz substrate), the power-dependent photo-
luminescence (PL) spectra displayed in Figure 2b show no sign
of lasing. Instead, we observed a linear dependence of the PL
emission intensity as well as a constant fwhm. The power
dependence of the laser emission intensity shown in Figure 2a
is summarized in Figure 2c, which clearly shows that above
the threshold excitation intensity, a nonlinear dependence of the
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Figure 4. Enhanced spontaneous emission rate. Time-resolved sponta-
neous emission at 7 K under weak pumping conditions shows a
reduction in lifetime for the InGaN/GaN nanorod bundle positioned
on an SOG-covered gold plate. The measured lifetime of the InGaN/
GaN nanorod bundle directly positioned on an SOG/Si substrate is
1.9 ns, while the measured lifetime of InGaN/GaN nanorod bundle on
gold plate is 0.8 ns. The reduction in lifetime is due to the Purcell effect.

emission intensity starts to appear. Also shown in Figure 2c,
the superlinear dependence of the emission intensity and the line
width narrowing at high pumping power happen concomitantly,
indicating a transition from spontaneous to amplified and
stimulated emissions. In Figure 2d, we present the log—log plot
of the same data set as in Figure 2c. The S-shaped curve clearly
shows the transition from spontaneous emission (§=1) to
amplified spontaneous emission (S > 1) and finally into the lasing
regime (S=1). The inset in Figure 2d displays an optical image of
the defocused emitted beam above the lasing threshold. In this
image, circular fringes around the laser emission spot can be
observed, indicating strong spatial coherence. Similar patterns for
semiconductor nanolasers excited above the lasing threshold
have also been reported.'”*® This observation is another in-
dication of lasing (spasing) phenomenon for this plasmonic
nanolaser.

To understand the 3D mode distributions for the studied
structure, numerical simulations were performed to calculate the
electric-field-intensity distributions using the combined 1D
eigenmode and 2D finite-difference time-domain (FDTD)
methods (1D + 2D; see, e.g., ref 20). Figure 3a shows the 1D
mode distributions for both the TM mode (transverse magnetic;
the electric-field component is perpendicular to metal surface)
and the TE mode (transverse electric; the electric-field compo-
nent is parallel to metal surface) along the z direction at the lasing
(spasing) wavelength of $33 nm. In this simulation, the TM
mode shows strong confinement in the SiO, gap with low metal
loss (it should be noted that there is still some tail coupling with
the semiconductor region to facilitate the required optical pump-
ing of the InGaN gain medium). In contrast, the TE mode is
quite delocalized. We confirm that only the TM mode can have a
sufficiently large momentum (effective indices, n1.¢= 3.10 (TM)
and neg = 1.32 (TE)) to hybridize with SPPs and form the
plasmonic cavity mode, providing the necessary cavity feedback
mechanism for lasing (spasing). In a recent theoretical study,*
it has been pointed out that giant gain exists near the SPP
resonance where the maximal wavelength compression (effective
index) enables the slowing down of energy propagation and a
highly localized field distribution. For the present case, this
peculiar feature in plasmonic nanocavities allows the subdiffrac-
tion-limited nanolaser operation despite a large radiation loss.

Furthermore, the electric field distribution of TM mode in the
x and y (lateral) directions was investigated (Figure 3b),
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Figure S. Anisotropic laser emission. (a) Variation of laser emission
intensity with two different polarizer orientations. These spectra
were recorded with the emission polarization oriented parallel
(black curve) and perpendicular (red curve) to the nanorod axis (the
c axis of the wurtzite crystal structure). The measured polarization ratio
is 0.3. (b, c) Plots of laser emission at 7 K as a function of the emission
polarization angle relative to the nanorod axis. The filled circles
represent the measured data points and the solid lines are the fitting
curves.

confirming the strong 2D confinement in this plasmonic laser
structure. The calculated quality factor (Q) is 93, which is very
close to the experimental value (~100). Supported by the
simulation results, the mode volume for this plasmonic laser
can be estimated to be 8.0 x 10~ * um?® (~0.14(1/2n)?), which is
smaller than the previously reported mode volumes in the
literature. In addition, we have simulated the spectral positions
of the cavity eigenmodes using the 1D + 2D approach. The
resulting spectral structure is in good agreement with that shown
in Figure 2a. It should be emphasized that the shape of the
nanorod bundle, rather than the shape of the colloidal gold plate,
determines the observed spectral structure. In the Supporting
Information, we present a similar lasing phenomenon from an
InGaN/GaN nanorod bundle deposited on a colloidal gold
hexagonal plate.

The SPP coupling behavior was also observed by low-tem-
perature, time-resolved PL measurements under weak pumping
conditions. Under these conditions, the heating and exciton—
exciton scattering effects can be avoided.” Figure 4 presents the
temporal profiles of the PL intensity from the InGaN/GaN
nanorod bundle supported on an SOG-covered gold plate (blue
line) and on an SOG/Si substrate (black line), respectively. A
pronounced decrease in PL decay lifetime is observed (from 1.9
to 0.8 ns), judging by measurements from the bare InGaN/GaN
nanorod bundle (deposited on SOG/Si) and the InGaN/GaN
nanorod bundle—SOG—gold plate at the peak emission wave-
length. It should be noted that, to rule out the possible effects of
leaky mode into the high-refractive-index Si substrate, we have
also performed a control experiment on a transparent (low-
refractive-index) quartz substrate. The measured PL decay life-
time was confirmed to be identical to that using the SOG/Si
substrate (shown in the Supporting Information). It has been
suggested that reduction of PL decay lifetime is closely related
to the Purcell effect of plamonic nanocavity due to the spatial
proximity and close spectral match between the excitons in
semiconductor and the SPPs excited in metal.”® As a result
of exciton—plasmon coupling, the PL decay lifetime is signifi-
cantly shortened. These measurement results reveal that the
SPPs confined in the SiO, nanogap layer can indeed pro-
vide the coherent feedback mechanism for the plasmonic laser
structure.

However, although comparable with the reported values for
plamonic nanocavities,"”*" the measured Purcell factor (~2.5) is

relatively low in comparison with the conventional case of
dielectric or semiconductor cavities. One way to enhance the
Purcell factor is to utilize high-quality colloidal silver nanocrystals
for a better SPP spectral match with the present InGaN gain
medium. As mentioned above, in this experiment, we adopted the
colloidal gold nanocrystal for their superior material properties.

Because the InGaN/GaN nanorods have a highly anisotropic
structure, we have also measured the existence of laser emission
anisotropy using a normal incident/collection measurement
geometry. Figure Sa shows the polarized laser emissions from
the InGaN/GaN nanorods bundle—SOG—gold plate hybrid
system with the electric field of luminescence oriented parallel
and perpendicular to the nanorod axis (the c axis of the wurtzite
crystal structure), respectively. The polarized emission signal was
measured by using a polarizer positioned in the emission collec-
tion pathway. We found that the intensity of polarized emission
with the electric field parallel to the nanorods axis is much larger
than that perpendicular to the nanorods axis. The observed
polarization anisotropy is typically defined in terms of the
polarization ratio p = (Ij — I.)/(Ii + I,).*® The measured
polarization ratio is ~0.3. Figure Sb shows that the emission
exhibits a clear modulation with continuously varying polariza-
tion orientations. In Figure Sc, we present a polar plot of laser
emission as a function of the emission polarization angle relative
to the long axis of nanorods axis. The mechanism of the observed
polarized emission might result from anisotropic gain medium
(shape anisotropy),*® optical confinement effect (subwavelength
nanorod cavity),*® intrinsic nanomaterial property,®” or combi-
nation of the above effects. A further study is required to clarify
the underlying mechanism.

In summary, we have demonstrated that the MOS-based
plasmonic laser can be operated in a 3D subdiffraction-limited
regime. By use of the MOS-based structure, the highly pur-
sued green semiconductor nanolaser can be realized with enhanced
emission properties. Since the GaN semiconductor could be doped
with both n- and p-types, an electrically injecting version might
become feasible in the near future. The implementation of this type
of InGaN plasmonic nanolaser operating well below the diffraction
limit can find a wide range of applications for optical integrated
circuits, ultrahigh-density optical data storage, ultrafast optical
communication, as well as biological/chemical sensing and imaging
in the visible and infrared spectral regions.
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