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ABSTRACT: We report on the first demonstration of
broadband tunable, single-mode plasmonic nanolasers (spas-
ers) emitting in the full visible spectrum. These nanolasers are
based on a single metal—oxide—semiconductor nanostructure
platform comprising of InGaN/GaN semiconductor nanorods
supported on an Al,O;-capped epitaxial Ag film. In particular,
all-color lasing in subdiffraction plasmonic resonators is
achieved via a novel mechanism based on a property of
weak size dependence inherent in spasers. Moreover, we have
successfully reduced the continuous-wave (CW) lasing thresh-
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olds to ultrasmall values for all three primary colors and have clearly demonstrated the possibility of “thresholdless” lasing for the

blue plasmonic nanolaser.
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he realization of broadband-tunable semiconductor nano-
lasers with ultralow lasing thresholds can lead to
transformative technological applications including all-optical,
on-chip information processing, miniaturized smart display
technology and hyperspectral, super-resolution biomedical
imaging. However, conventional semiconductor lasers are
limited in size, emission wavelength, and power consumption,
resulting from the diffraction-limited minimum size of optical
feedback resonators, ineflicient semiconductor gain media in a
broadly tunable emission range, and the requirement of lasing
threshold. In the past two decades, tremendous research effort
has been directed toward the development of novel semi-
conductor lasers such as microcavity lasers,’ photonic crystal
nanocavity lasers,” * nanowire lasers,” and exciton-polariton
lasers,® which allow for the long-sought-after subwavelength,
thresholdless (ultralow threshold), and ultrafast laser operation.
Moreover, a single-material semiconductor quantum dot
system with tunable bandgap emissions has recently been
applied to pursue all-color (red, green, blue; RGB) lasing.”
One promising approach to make such nanolasers possible is
to utilize plasmonic resonators or cavities that support highly
confined plasmon modes. Recent theoretical proposals®™'* of
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surface plasmon amplification of stimulated emission of
radiation (spaser) and experimental demonstrations'>~>' of
plasmonic nanolasers have raised the prospects significantly. In
contrast to the above-mentioned lasers," ™ which utilize optical
feedback resonators to achieve lasing, the laser feedback
mechanism of plasmonic nanolasers are based on the near-
field coupling of gain media with adjacent metallic nanostruc-
tures that support highly confined surface plasmon modes.
Recently, it has been demonstrated that plasmonic nanolasers
can break the three-dimensional (3D) diffraction limit, making
them, at present, the smallest lasers. However, until now, a clear
demonstration of broadband tunability and ultralow threshold
operation remains elusive for plasmonic nanolasers due to their
intrinsic losses. In this work, we demonstrate that, by using a
single metal—oxide—semiconductor (MOS) nanostructure
platform with fully optimized material properties, single-mode
plasmonic nanolasers tunable in the full visible spectrum can be
realized with ultralow lasing thresholds. This remarkable
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phenomenon of broadband tunable, single-mode lasing without
the need of precise cavity size control is understood through
theoretical simulations that reveal a novel “auto tuning”
mechanism consistent with properties of nanospasers whose
generation frequency weakly depends on the resonator size.

The indium gallium nitride (InGaN) compound semi-
conductor alloy system has long been considered as a
promising material for broadband tunable gain medium. The
direct band gap of In,Ga;_ N (0 < x < 1) can be tuned from
near-infrared (InN, 0.65 eV) to near-ultraviolet (GaN, 3.4 eV).
Moreover, InGaN possesses a very large gain coefficient (on the
order of 10* cm™),** which is very beneficial for design of
plasmonic lasers and amplifiers.”>** However, it has been
recognized that for conventional wurtzite-structure InGaN/
GaN heterostructures grown along the polar direction, the
presence of strong polarization-induced interface charges would
result in electron—hole separation in InGaN active regions,
which can_ significantly reduce the radiative recombination
efficiency.”® This effect is particularly severe for InGaN/GaN
heterostructures with a large indium content, as the increased
strain further enhances the polarization field when emitting at
longer wavelengths (e.g., green and red). 2" Several strategies
have been developed to reduce this polarization effect and
increase the luminescence efficiency of InGaN/GaN hetero-
structure.”>”’ " Here, we adopt InGaN@GaN core—shell
nanorod emitters with nonpolar side facets for this purpose.

The In,Ga,_N@GaN core—shell nanorods studied here
were grown on Si(111) wafers by plasma-assisted molecular-
beam epitaxy (PAMBE). The details of the growth procedure
are given in the Supporting Information. Nanoscale structural
and optical measurements of single nanorods confirm both the
existence of nonpolar nanorod side facets (m-plane) and wide
bandgap tunability. Scanning transmission electron microscopy
(STEM) structural analysis of the InGaN@GaN nanorods
reveal the InGaN core structure (9% indium content for the
specific nanorod shows in Figure 1a). The lengths of nanorods
measured for lasing characteristics range from 100 to 250 nm
and their diameter is about 30 to S0 nm (see Supporting
Information for details). It is important to note that these
dimensions are too small to sustain lasing conditions using
these nanorods alone as the photonic resonators.”*® Instead,
lasing is realized by a plasmonic resonator structure based on a
nanowire/nanorod MOS platform®" comprising of a single
InGaN@GaN nanorod supported on an Al,O;-capped epitaxial
Ag film.

The photoluminescence (PL) spectra measured at room
temperature show that PL from individual nanorods con-
tinuously spans the blue to red region of the visible spectrum
(468—642 nm, see Figure 1b). The PL emission peaks are
monochromatic and exhibit uniform intensity and line width,
independent of In content, across the visible spectrum range. It
should be emphasized that the greatly improved PL properties
in the long-wavelength (high-In-content) regime is due to the
absence of polar interfaces and surfaces. In the conventional
wurtzite-type Il-nitride heterostructures grown along the polar
c-axis, the discontinuities of spontaneous and/or piezoelectric
polarizations across the heterojunctions induce large interface
charges of opposite polarities, which can result in a strong
internal electric field and reduced carrier recombination
efficiency. As a result, emission from the nonpolar facets can
have a much larger gain coefficient than the polar or semipolar
facets. Supporting Information Figures S3 and S4 show that the
manifestations of the quantum-confined Stark effect, observed
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Figure 1. In,Ga;,_N@ GaN core—shell nanorods exhibiting efficient
photoluminescence across the visible spectrum. (a) Schematic of the
InGaN@ GaN core—shell nanorod with six nonpolar (m-plane) side
facets, where P denotes the spontaneous or piezoelectric polarization.
The PL emissions from In,Ga,_,N@GaN (x: In composition) core—
shell nanorods remain highly efficient in the long-wavelength (large x)
region due to the absence of adverse polarization effects in the polar
nitride semiconductor heterostructures. The scanning transmission
electron microscopy (STEM) image clearly reveals the InGaN@GaN
core—shell nanorod structure. The brighter area in this high-angle
annular dark-field (HAADF) STEM image indicates the presence of
InGaN core due to the atomic mass contrast. The indium composition
of InGaN core is ~9% for the specific nanorod shown here. (b) All-
color PL images of the diffraction-limited light emissions from single
InGaN@ GaN core—shell nanorods placed on silicon substrates.
These images were acquired at room temperature (RT). Emission
colors can be tuned from blue (468 nm) to red (642 nm) by different
In contents in the nanorods. The corresponding normalized PL
spectra show that the emissions from single nanorods are
monochromatic with uniform spectral widths (~150 meV).

for conventional polar InGaN/GaN heterostructures grown
along the wurtzite c-axis, are negligible for our case.

In Figure 2, we show the schematic structure of a plasmonic
nanolaser and the CW lasing characteristics that were measured
at low temperature (7 K). In our earlier demonstration of a
green CW plasmonic nanolaser, the nanorods were longer (480
nm), resulting in bimodal lasing." In the present study, two
refinements were made. First of all, we used shorter nanorods,
which lead to single mode lasing. Second, instead of SiO,, we
used an ALO; gap dielectric layer grown by atomic layer
deposition (ALD), yielding a high-quality dielectric layer with
precisely defined thickness, excellent conformity to the
deposited surface, and high uniformity over a large area. With
this improved gap dielectric, along with atomic smoothness of
the epitaxial Ag film, the SPP scattering loss was further
reduced, resulting in much lower lasing thresholds.

The scanning electron microscopy (SEM) image shown as an
inset in Figure 2a illustrates the detection of localized laser
emissions from single nanorods. The nanorods are dispersed
onto an Al,O;-capped epitaxial Ag film by drop casting diluted
suspension solutions of nanorods. All-color lasing is accom-
plished by multiple drop casting, each with nanorods that
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Figure 2. All-color InGaN@GaN nanorod plasmonic lasers. (a) Schematic diagram of the nanolaser structure: Single In,Ga,_ N@GaN core—shell
nanorod were dispersed on the Al,O;-covered epitaxial Ag film. The scanning electron microscopy (SEM) image on the upper right indicates that we
can measure the laser emissions from individual single nanorods with a collection area of about 3 ym in diameter using a focused excitation laser
beam. (b) All-color, single-mode lasing images observed from single nanorods with an emission line width ~4 nm. (c) The simulated energy density
distribution of a blue (474 nm) nanolaser. The resonant field is tightly confined in the 5 nm, low-index (n & 1.77) Al,O; gap layer grown by ALD
and the plasmonic cavity mode is formed between the nanorod and the epitaxial Ag film. (d) Concurrent RGB lasing from three nanorods placed
close to each other. The optical pumping source is a 405 nm, CW semiconductor laser diode with an excitation power density of 3.9 kW/cm? The
scale bar represents S ym. (e) An ultrasmall plasmonic nanolaser emitting at 627 nm (red) that is pumped below (0.4 I,) and above (2.4 I) the
lasing threshold. Both the OM images and the emission spectra show that a strong frequency pulling effect occurs during transition from

spontaneous emission (642 nm) to lasing (627 nm).

contain distinct indium contents within their InGaN cores (see
Supporting Information Figure S5). In Figure 2b, we show the
broadband tunable radiation of single-mode plasmonic nano-
lasers in the full visible spectrum. Optical microscopy (OM)
images demonstrate single-mode blue, cyan, green, yellow,
orange, and red laser emissions from single nanorods, as
confirmed by SEM. The optical images observed from single
lasing nanorods exhibit clear Airy disk diffraction patterns, also
indicating the physical sizes of the emitters are on the
subwavelength scale. These single-mode nanolasers have also
been confirmed to have highly polarized (nearly 100%)
emission along the nanorod axis (Supporting Information
Figure S6). Figure 2c shows the calculated energy-density
distribution of the nanorod MOS structure by using the 2D
eigenmode method for the blue lasing mode (474 nm). The
result clearly shows that the electromagnetic field is well
confined in the low-permittivity oxide layer with an ultrasmall
mode volume. To prepare a sample exhibiting localized all-
color emissions (Figure 2d), three diluted suspension solutions
of nanorods with different indium contents were sequentially
applied to deposit RGB nanorods within close proximity of
each other. In Figure 2e, we show the SEM image of a
plasmonic nanolaser (~50 nm in diameter, ~200 nm in length)
that emits light at 627 nm (red), which is unambiguous
evidence for subwavelength lasing. Interestingly, both the OM
images and the emission spectra show that a strong frequency
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pulling effect occurs during the transition from spontaneous
emission (642 nm) to lasing (627 nm), which can be well
explained by the coupled-mode model.'”'® Experimentally, we
have also confirmed that the pulling of the lasing mode
frequency toward the plasmonic resonant frequency strongly
depends on the emission wavelength. For example, better
spectral matching occurs for the blue nanolaser, resulting in a
smaller frequency shift (see Supporting Information Figure S7).

This remarkable demonstration of all-color lasing raises some
intriguing questions about the underlying mechanisms
involved. In order to achieve multicolor lasing in conventional
lasers, such as vertical-cavity surface-emitting lasers, for each
individual color, the emitting wavelength of gain medium
(colloidal quantum dots)” needs to be changed and the cavity
length needs to be fabricated individually for spatial and
spectral matching with that gain medium.

In the plasmonic nanorod laser (which is actually a spaser
because the generating modes are plasmonic®), this is no longer
necessary. Instead, the all-color lasing reported here is achieved
through a novel autotuning mechanism resulting from the
interplay between the dispersions of the plasmonic resonator
material and the gain medium in a gain-medium-loaded
plasmonic nanoresonator. Figure 3a shows the simulated
effective index and the corresponding group index (ng, the
ratio of the vacuum velocity of light to the group velocity of
cavity mode) for a S0 nm width InGaN@GaN core—shell
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Figure 3. Autotuning of plasmonic cavity for RGB single-mode lasing. The simulated MOS structure consists of a 50 nm width, InGaN@GaN core—
shell nanorod placed on a 5-nm-ALO; covered, 28-nm-thick epitaxial Ag film. (a) The calculated effective index n.¢(1) and the corresponding group
index ng(ﬂ) are determined by using the relation ng(ﬂ) = n@(4) — A[dng(4)/d2], where 1 is the wavelength. The blue-shaded region indicates the
emitter line width. The calculation method is described in Supporting Information. (b) The group indices of plasmonic cavity (solid lines) loaded
with RGB gain media. In comparison, the insets (dotted lines) show the group indices of bare S0-nm-width InGaN@GaN nanorods (without the
epitaxial Ag film) at the PL emission wavelengths of 476, 558, and 637 nm, respectively, whereas the dash-dotted curve depicts the group index of
GaN nanorod (without the InGaN core) MOS structure. All the simulation parameters are adopted from the experiment results and known material
parameters. Simulations of the energy-density distributions for the RGB plasmonic modes are shown on the right.
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Figure 4. Calculated group indices for blue (475 nm) InGaN@GaN core—shell nanorods with varied nanorod diameters. (a) Cases in free space
(photonic resonators) and (b) cases supported on an Al,O,/Ag film (plasmonic resonators). Here, group indices are calculated for blue InGaN@
GaN core—shell nanorods with the nanorod diameter varied from 50 to 150 nm. In the presence of a plasmonic cavity, the gain-medium-induced
nonlinear enhancement of group index can persist even in the subdiffraction regime.
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Figure S. Spectral and temperature dependence of lasing threshold and line width. (a) Characteristic L—L plots measured from individual RGB
nanolasers. The pumping laser polarization direction was chosen to be perpendicular to the rod axis. Here, plots of the emission peak intensity versus
the CW pumping intensity (L—L plots) for blue (474 nm), green (554 nm), and red (627 nm) plasmonic nanolasers are shown for comparison. The
different onsets of kinks in the L—L plots indicate that the lasing thresholds are 140 W/ cm?, 100 W/cm?, and undetectably small (<10 W/ cmz) for
red, green, and blue nanolaser, respectively. The fitted spontaneous emission coupling factors () of RGB nanolasers are found to be ~0.3 (red),
~0.7 (green), and ~1.0 (blue) by using a rate equation model. (b) Temperature-dependent L—L plots showing lasing thresholds at temperatures
varied from 7 to 120 K for the blue (474 nm) nanolaser shown in panel a, which exhibits an undetectable lasing threshold at 7 K. The inset shows the
measured temperature dependence of the lasing threshold. (c) Temperature evolution of the spectral line width for two blue-emitting nanorods
measured with and without the plasmonic cavity at varied temperatures from 7 to 300 K. These measurements were performed at a fixed pump
intensity of 30 W/cm?, as shown in Figure Sb. The cyan dots represent measurement results for a single InGaN @GaN core—shell nanorod placed
directly on a silicon substrate and emitting at 475 nm (RT). The fitted curve exhibits a typical PL line width narrowing behavior. In contrast, the blue
dots show the measurement results for the blue (474 nm) nanolaser case with the plasmonic cavity, where we discover a characteristic staircase line
width narrowing behavior. Three line width regions can be identified that include the lasing region (I; ~4 nm for T < 40 K), the SPP-coupled PL
region (II; ~8 nm for temperature 40 K < T < 100 K) and the gain-medium PL region (III; 100 K < T < 300 K), respectively.

nanorod supported on an epitaxial Ag film with a S nm Al O,
gap layer (simulation details are described in Supporting
Information). The group index is calculated because it can be
directly related to the enhanced confinement factor and modal
gain in plasmonic resonator.>>*> In this subwavelength MOS
structure, a strong nonlinear enhancement of the group index
can be observed at the emission wavelengths of the gain media.
In comparison, the insets in Figure 3b show the group indices
for free-standing RGB InGaN@GaN nanorods without the Ag
film. Because of their subdiffraction size, these group indices are
very close to one and exhibit only small peaks at the InGaN
emission wavelengths. Also shown, as the black dash-dotted
curve, is the group index for the GaN/Al,O;/Ag hybrid mode
in the absence of the gain medium, which exhibits a dispersion
curve without the distinct peaks at the InGaN emitting
wavelengths. This clearly indicates that this unique feature of
“autotuning” results from the interplay between the gain media
and the plasmonic cavity material (Ag), which leads to the
strong enhancement of group index dispersion around the
InGaN emitting wavelengths in the full visible spectrum.
Furthermore, the cavity coupling strength shows a strong
spectral dependence on the gain-medium emitting wavelength
(Figure 3b). For the blue mode, the strong spatial confinement
of the electromagnetic field plays an important role to achieve
an ultralow lasing threshold.

Figure 4 shows that the group index is size dependent for
both photonic and plasmonic resonators. The major difference
between these two types of resonators is the field confinement
in the subdiffraction regime. Figure 4a reveals for the free-
standing cases without the Ag film (photonic resonators) that
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the group index is very close to unity due to the weak optical
field confinement within the nanorod. On the other hand, for
the case of a plasmonic resonator (Figure 4b) the gain-medium-
induced nonlinear enhancement of group index can persist
even in the subdiffraction regime. In fact, the ability to confine
the resonant field in the subwavelength-sized dielectric gap
region (i.e,, AL,O; for the present work) is the key novelty of
plasmonic nanolasers. For the case of a 50-nm-width InGaN@
GaN nanorod supported on an AlO,;/Ag film (plasmonic
resonator), we have confirmed that the group index can still be
much larger than unity. In the autotuning mechanism of single-
mode lasing, the large enhancement of group index dispersion
around the emission wavelength of gain medium can lead to a
resonator-length-insensitive lasing mode by adaptively match-
ing an appropriate ng(/l) at the lasing wavelength. Therefore,
the broadband nature of enhanced group index enables a wide
autotuning bandwidth for individual colors, allowing for
simultaneous full-color lasing on the same resonator platform.

In the lasing measurement, the lasing threshold condition is
reached when the optical gain in the cavity is sufficient to
compensate for the losses, including ohmic loss, far-field
radiation into vacuum, and radiation leakage into the substrate.
In general, these losses are dependent on the specific cavity
mode and the imaginary part of the dielectric function
(permittivity) of silver. Recently, it has been theoretically
predicted that the cavity loss is a function of the resonance
frequency,11 and the threshold gain of a silver-based plasmonic
nanolaser should be on the order 10° cm™. To compare
quantitatively lasing thresholds from individual nanolasers, the
dependence of an anisotropic absorption coeflicient relative to

dx.doi.org/10.1021/n1501273u | Nano Lett. 2014, 14, 4381-4388
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the nanorod orientation represents an important factor.
Because the nanorod diameter is quite uniform while the
length distribution is relatively broad (see Supporting
Information for details), the pumping laser polarization was
chosen to be perpendicular to the individual nanorod axes in all
measurements in the light—light (L—L) plots shown in Figure
Sa. Characteristic spectral dependence of L—L curves measured
for individual RGB plasmonic nanolasers confirm the coupling
mode picture between the gain medium emission and the
longitudinal cavity SPP mode." The lasing thresholds of all
color nanolasers are ultrasmall (green and red nanolasers, ~100
W/cm?, and even lower for the blue nanolaser <10 W/ cmz).
This is a significant reduction (more than an order magnitude)
in lasing threshold in comparison with our previous report of
green nanolaser (~2 kW/cm?) using a similar structure
(InGaN/GaN nanorod gain medium on epitaxial Ag platform)
but with SiO, as the dielectric spacer.'” We believe that this is
due to having a better dielectric spacer, provided by the
conformal ALD-grown AL O; layer, which further reduces
scattering loss. By using a rate equation model (see Supporting
Information for details, Supporting Information Figure S8), we
found that the fitted spontaneous-emission coupling factor (/)
values for the red nanolaser and green nanolasers are 0.3 and
0.7, respectively, where a larger f value indicates a better
spectral match. For the blue nanolaser, the apparent f value is
close to one, resulting from a good spectral match and strong
coupling between the gain medium and the resonator SPP
mode. Simulation results shown in Figure 3b are also consistent
with the spectral dependence of the measured spontaneous-
emission coupling factor () of RGB nanolasers.

In Figure 5b, we show the temperature-dependent L—L plots
for the same blue nanolaser displayed in Figure Sa. At 7 K, a
threshold cannot be observed even at a very low excitation
power density of 10 W/cm?, implying an upper bound for the
threshold. At higher temperatures (between 40 and 100 K),
typical “S”-shaped lasing curves appear and the temperature
dependence of the lasing threshold can be determined (shown
in the inset). At 100 K, the threshold remains relatively low at
550 W/cm?. Interestingly, upon a slight temperature increase to
120 K, we can no longer observe lasing characteristics (see
Supporting Information Figure S9 for the line width plots as a
function of pump intensity). We attribute this to a strong
temperature dependence of nonradiative carrier recombination
in gain medium. As shown in Supporting Information Figure
S10, the dramatic temperature dependence of the threshold
concurs with the onset of significant weakening and line width
broadening of the gain medium PL above the same
temperature.

In Figure Sc, we show temperature dependence of the line
width of the same blue nanolaser shown in Figure 5a at a fixed
pump power density of 30 W/cm?, which corresponds to a
lasing threshold of this device at 40 K. Through a temperature
scan, we reveal three distinct operation regimes. At temper-
atures below 40 K (labeled as regime I), the emission spectra
have the sharpest line (smallest line width), corresponding to
the lasing regime. As the temperature is raised, there is a clear
and distinct transition above 40 K to an intermediate regime
(labeled as regime II), where the line width is roughly twice
that of the lasing line width. In this regime, the emission is
dominated by the SPP-coupled gain medium luminescence.
After the temperature is raised to above 100 K, another
transition occurs where the line width quickly increases as a
function of the temperate and eventually reaches that of
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spontaneous emission from the gain medium. In the spaser
theory, neglecting the detuning for the blue nanolaser, the
spasing (or lasing, if observed in the far-field) threshold is
proportional to the square of dipole moment and inversely
proportional to emission line width.'” Therefore, the lasing
temperature in the present case is limited by the gain medium,
as stated earlier, and is not an intrinsic limitation of plasmonic
nanolasers. The observation here qualitatively agrees with the
theoretical modeling for the spectroscopic features in these
three distinct regimes.'® Other detailed spectroscopic data and
their comparison with the theoretical model are discussed in
Supporting Information Figures S11—S13.

The “thresholdless” operation at 7 K for the blue plasmonic
nanolaser is strongly suggested by the § = 1 fitting of the L—L
curve shown in Figure Sab, and the sharp spectral lines
throughout all pump power shown in Figure 6a. More
conclusive evidence is provided by the demonstration of
temporal coherence by using photon—photon correlation,
g(z)(’r), measurements (see experimental details in Supporting
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Figure 6. “Thresholdless” blue nanolaser. (a) Spectral evolution of
emission from the blue plasmonic nanolaser (the same one as shown
in Figure Sa) under varying pump intensities ranging from 10 to 1000
W/cm?. The emission maintains a constant lasing line width (4 nm)
when measured at 7 K, indicating a “thresholdless” lasing behavior (or
alternatively, an undetectable lasing threshold, <10 W/cm?). (b) To
confirm the lasing behavior in the time domain, second-order photon
correlation functions were measured under the same pump intensity
(270 W/cm?) at 80 and 7 K, respectively. As shown in Figure Sb, the
pump intensity is right below the lasing threshold at 80 K. Indeed,
g?(0) is measured to be greater than one, as expected for the case of
thermal emission. In comparison, when the pump intensity is above
the lasing threshold at 7 K and we confirm that g(z)(O) =1 and remains
at unity for all 7, which is an unambiguous signature for the temporal
coherence of nanolasing (spasing), it is due to a rapid recovery of
plasmon population after emission of a quantum.
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Information Figure S14). Typically, this is accomplished by
measuring g(z)(f) as a function of the pump power through the
threshold and observe the transition of g¥(z) from
spontaneous emission to lasing as we have shown previously."”
Here, we take an alternative approach by measuring g(z)(r) ata
fixed pump power density by tuning the device across the lasing
threshold as a function of temperature. This is necessary since
at 7 K the device remains in the lasing regime even at the
lowest power density used. Shown in Figure 6b is the g®(z)
measured under a fixed pump intensity (270 W/cm?) at 80 and
7 K, respectively. As expected, g¢¥(0) > 1 for T = 80 K as the
pump power is below lasing threshold at this temperature (see
Figure 5b). On the contrary, at 7 K we confirm that g?(0) = 1
and remains at unity for all 7, which is an unambiguous
signature for the temporal coherence of lasing (spasing) where
the number of surface plasmon quanta recovers rapidly due to
the quantum gain after emission of a photon.

It should be noted that the lasing line width is much broader
than that predicted by the classical Schawlow—Townes theory.
This is due to the ultrasmall size of plasmonic cavities (as the
line width is inversely proportional to the population of cavity
plasmons)'® and additional broadening by the semiconductor
gain-medium noise.’* At this pump power density and
temperature (80 K), this device is operated in the SPP-
enhanced spontaneous emission regime (regime II in Figure
Sc) and the line width is still relatively sharp (within a factor of
2 of that in the lasing regime). But the g(z)(r) measurement
reveals the presence of photon bunching, which is characteristic
of the spontaneous emission of the gain medium. This implies
that line width alone is not be a conclusive indication of lasing.

In summary, we have achieved gain-composition-tunable,
single-mode plasmonic lasing (spasing) in the entire visible
spectrum. The most unique feature is that single-mode lasing
(spasing) can be reached with subwavelength resonator where
the emission wavelength is insensitive to the resonator size. In
addition, by optimizing the composing materials in the MOS
(Ag/ALO;/InGaN) structure, lasing with ultralow thresholds
or without appreciable threshold can be achieved due to an
almost perfect spectral overlap between the gain medium and
the plasmonic mode. These results represent a significant step
in the pursuit of ultimate nanolasers and open up a route to a
wide range of potential applications in ultrafast information
processing, nanoscopy, nanolithography, biomedicine, and
ultrasensing.
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