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ABSTRACT: A SPASER, short for surface plasmon amplifi-
cation by stimulated emission of radiation, is key to accessing
coherent optical fields at the nanoscale. Nevertheless, the
realization of a SPASER in the visible range still remains a
great challenge because of strong dissipative losses. Here, we
demonstrate that room-temperature SPASER emission can be
achieved by amplifying longitudinal surface plasmon modes
supported in gold nanorods as plasmon nanocavities and
utilizing laser dyes to supply optical gain for compensation of
plasmon losses. By choosing a particular organic dye and
adjusting the doping level, the resonant wavelength of the
SPASER emission can be tuned from 562 to 627 nm with a
spectral line width narrowed down to 5—11 nm. This work

provides a versatile route toward SPASERs at extended wavelength regimes.
KEYWORDS: SPASER, gold nanorods, resonant energy transfer, wavelength tunability

he laser has revolutionized many aspects of modern life,

including optical communications, data storage, and
biomedicine. The ever-increasing demands for bandwidth and
information density in the fields of communications and
computing call for on-chip coherent optical sources scaled
down to subwavelength dimensions. However, conventional
lasers built on dielectric cavities cannot have dimensions
smaller than half the optical wavelength due to the diffraction
limit of light." This long-standing barrier can be overcome with
plasmonic nanocavities that rely on surface plasmons (SPs),
which are collective electron oscillations at a metal-dielectric
interface. These SP modes can provide feedback on the
nanometer scale and open the path to lasing as long as an
optical gain medium placed near the metal nanostructure
compensates for dissipative losses.” This new compact source
of coherent light has been named a “SPASER”* or a plasmon
laser. Since plasmon modes have no cutoff, the SPASER can
offer coherent optical fields at truly nanometer scales. This
unique capability has attracted wide attention recently,> >
resulting in the achievement of several important milestones
thus far.

State-of-the-art SPASERs have been achieved through several
approaches'>™*° involving the amplification of both propagat-
ing surface plasmon polaritons (SPPs) generated in planar
structures'>~** and localized surface plasmons (LSPs) in a
nanoparticle geometry.”® For most SPP-based SPASERs,"*™>*
the cavity features a delicate configuration (e.g., Fabry—Perot
cavity, distributed feedback cavity, whispering gallery cavity) so
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as to generate intense SPP feedback for spasing. In contrast, the
optical feedback in LSP-based SPASERs arises from the
intrinsic plasmon resonance,” which provides three-dimen-
sional confinement. A single-particle plasmon nanocavity is of
particular interest because it can support an ultrahigh Purcell
factor F as a result of ultrasmall mode volume V. Nevertheless,
so far there is only one report on an LSP-based SPASER, which
consisted of dye-decorated gold-silica core—shell nanoparticles
as resonant cavities.” In that case, the particles were produced
using a modification to the procedure to prepare so-called
Cornell quantum dots.>” Several severe limitations exist in this
procedure. First, dye molecules should be capable of being
covalently conjugated to the silica precursor through some
specific group in the chemical structure of the dye molecule.’”
Unfortunately, commercial laser dyes are rarely compatible with
this method due to the absence of a functional group for
covalent bonding.38 Second, the procedure requires stringent
fabrication skills to achieve a doping concentration sufficient to
compensate plasmon losses. Third, the spectral position of the
plasmon mode in a spherical metal structure is difficult to tune
when optimizing the energy transfer from the gain material to
the metal. This is especially troublesome if other gain materials
with different emission lines are to be incorporated into a
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Figure 1. Working principle of the SPASER, excitation-detection scheme, and sample characterizations. (a) An Au NR exhibits transverse (left) and
longitudinal (right) SPR modes that are oriented perpendicular and parallel to the long axis, respectively. (b) An Au@MSiO, NR with optical gain
embedded in the mesopores of the silica shell. The molecules are excited with a laser beam and then transfer energy to the Au NR, allowing for the
excitation and amplification of surface plasmons. (c) SPASER sample and excitation-detection scheme. The SPASER system consists of a monolayer
of Au@MSiO, NRs covered with a 200 nm thick R6G-PVA film to supply gain. The second-harmonic output of a mode-locked Nd: YAG laser
(operation wavelength, 532 nm; pulse duration, 25 ps; repetition rate, 1 Hz) was used as the pump source and was focused to a 1.6 mm diameter
spot on the front surface of the sample. The emission was collected around the pump beam. No thermal modifications of Au NRs including their
melting have been observed upon laser irradiation since the optical extinction spectra of the SPASER systems remain unchanged after the lasing
experiments. The arrows indicate Au@MSiO, NR particles assembled on the silica substrate. (d) TEM image of Au@MSiO, NRs. (e) FE-SEM
image of a monolayer of Au@MSiO, NRs. (f) Extinction spectrum of an aqueous suspension of Au NRs (solid squares), and the emission spectra of
R6G-PVA at different concentrations: ¢ = 10 (black line), S0 (red line), 100 (navy line), and 200 mM (olive line).

SPASER design later on. These limitations hinder the operate at a moderate gain level, and therefore, a large range of
applicability of LSP-based SPASERSs at extended wavelengths. gain materials is suitable for fabricating SPASERSs operating in a
In this article, we show that wavelength-tunable SPASERs broad wavelength band.
can be achieved in a plasmonic structure composed of a The system we investigate here consists of a monolayer of
monolayer of mesoporous silica-coated Au nanorods (Au@ randomly oriented Au@MSiO, NRs. The core—shell NRs are
MSiO, NRs) as plasmonic nanocavities and organic laser dyes dispersed on a silica glass substrate and then covered by a
as optical gain media. By changing either the doping level or the polyvinyl alcohol (PVA) thin film embedded with highly
chemical composition of the laser dye, we demonstrate the fluorescent rhodamine 6G (R6G) molecules that serve as the
experimental realization of SPASERs with resonance wave- optical gain (Figure 1c). We use Au NRs because they support
lengths ranging from 562 to 627 nm and with spectral both transverse and longitudinal surface plasmon resonance
linewidths narrowed down to 5—11 nm. By comparing our (SPR) modes (Figure la), and the longitudinal modes are
emission with random lasing in systems constructed with believed to provide low-threshold SP excitation.** The
dielectric particles, we exclude the role of light scattering in the longitudinal modes support higher local field enhancement
onset of SPASERs. Our calculations suggest that the optical than the transverse modes (Supporting Information Figure S1),
gain supplied in our SPASER systems is sufficient to and therefore can provide a stronger optical feedback for
compensate for plasmon losses. Moreover, our 3D numerical spasing. The sample design contains the following two
simulations indicate that the nanorod cavity supports an important features: (i) embedding the dye in a polymer host,
ultrasmall V to achieve an ultrahigh F (~10*) despite an and (ii) encapsulation of the Au NRs with mesoporous silica

inherently low quality factor Q. This class of SPASERs can shells. Embedding the dye into a polymer host improves the
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Figure 2. ASE in R6G-PVA and spasing in R6G-PVA-Au@MSiO,. (a,b) Evolution of emission spectra with E, for R6G-PVA (a) and R6G-PVA-
Au@MSiO, (b): ¢ = 10 mM. The emission spectra were recorded under equivalent excitation and detection conditions. (c) E, dependence for the
fwhm and (d) peak ASE intensity from R6G-PVA (black) and SPASER from R6G-PVA-Au@MSiO, (red). The arrows indicate the pump threshold
for SPASER emission to occur. A clear threshold behavior is not manifested in ASE, likely because of its rather weak signal.

dye photostability and efficiently reduces fluorescence self-
quenching of the dye. The silica coating provides easy self-
assembly of particles on the glass substrate. In contrast, the
arrangement of bare Au NRs on a glass substrate requires
additional surface modification of the particles from which large
clusters easily form.*° Compared with a solid silica shell, the
mesoporous shell structure makes it possible to surround the
Au NR with optical gain media by caging the optical gain
inclusions inside the mesoscopic pores, therefore allowing for
efficient energy transfer (ET) from the gain material to the Au
NR (Figure 1b).

The transmission electron microscopy (TEM) image shows
that the diameter and length of the Au NRs, as well as the shell
thickness of SiO,, are 20 + 8, 40 + 20, and 10 + 1 nm (Figure
1d), respectively. These Au NRs have a broad size distribution
(Supporting Information Figure S2). The field-emission
scanning electron microscopy (FE-SEM) image shows a
monolayer distribution of the Au@MSiO, NRs (Figure le),
from which the areal density of the Au@MSiO, NRs is
evaluated to be 1.6 X 10’ mm™> As shown in Figure 1f, the
SPR spectrum of the monolayer of Au@MSiO, NRs consists of
two peaks centered around 4 = 520 and 610 nm due to the
transverse and longitudinal modes, respectively. The longi-
tudinal SPR mode is very sensitive to the aspect ratio of the
NR, as illustrated in our simulations (Supporting Information
Figure S3). This dependence and the dispersion of the NR sizes
cause the evident broadening of the SPR spectrum in our
sample. The emission spectrum of R6G-PVA matches the SPR
spectrum, which allows for efficient plasmon-dye coupling

(Figure 1f).
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To simplify and clarify the sample descriptions, the SPASER
system with a dye-doped polymer layer and Au@MSiO, NRs is
referred to as R6G-PVA-Au@MSiO, in this work. The
reference sample with no metal particles in the same dye-
doped polymer layer is denoted as R6G-PVA. Figure 2 depicts
the evolution of the emission properties for both R6G-PVA and
R6G-PVA-Au@MSiO,. The concentration of R6G in the PVA
host is ¢ = 10 mM. R6G-PVA exhibits a new emission band
centered at 4 = 580 nm with increasing pump energy E,. This
band shows a red shift of about 20 nm with respect to the
spontaneous emission (SE) peak. Because there is no
plasmonic effect involved in the emission of R6G-PVA, the
band centered at A = 580 nm can be distinguished as a signature
for amplified spontaneous emission (ASE) from bare R6G. The
large red shift stems from the self-absorption of R6G
emission.*' The self-absorption effect is especially obvious for
optical species with a large overlap between the optical
absorption and emission. In contrast, R6G-PVA-Au@MSiO,
exhibits a new emission band centered at 4 = 562 nm with
increasing E, (Figure 2b). The resonant wavelength of the
SPASER emission is expected to occur around the maximum of
the gain spectrum since SPASER results from the ET process
from excited fluorophores to the resonant metallic nanostruc-
tures.>’ This has been experimentally demonstrated in the
SPASER constructed with core—shell nanoparticles.”® The new
band observed in R6G-PVA-Au@MSiO, occurs near the SE
peak and is therefore consistent with the above-mentioned
principle for SPASER. To further distinguish between the two
emission bands centered at 4 = 580 and 562 nm, we fitted each
spectrum in several sub-bands using a set of Lorentzian
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Figure 3. Lasing properties at various c values. (a,c,e) Emission spectra for R6G-PVA (black) and R6G-PVA-Au@MSiO, (red). The emission spectra
were recorded under equivalent excitation and detection conditions. E, = 3.6 yJ in (a,¢), and E, =87 yJ in (e). The SPASER emission occurs at
higher pump threshold for ¢ = 200 mM due to fluorescence quenching. The dotted arrows indicate the evolution of the peak position of SPASER
emission with varying c. (b,d,f) E,-dependence of the emission intensity. The doping concentration is ¢ = 50 (a,b), 100 (c,d), and 200 mM (e,f). The
circles in (b,d,f) are experimental data for ASE from R6G-PVA (black) and SPASER emission from R6G-PVA-Au@MSiO, (red), while the solid

lines are guided to eyes.

oscillators in order to separate the corresponding emission
bands from the broad spectral background (Supporting
Information Figure S4). The full widths at half-maximum
(fwhm) of the two emission bands are plotted in Figure 2c as a
function of E,. In the band at 4 = 562 nm, the fwhm rapidly
decreases down to 5.6 nm as E, increases. This is in sharp
contrast to the situation in the band at 4 = 580 nm, which
shows a slow decline in fwhm until a value of 18.3 nm is
reached. Moreover, the emission at A = 562 nm is much
stronger than that at A = 580 nm, as shown in Figure 2d. The
clear differences manifested in the spectral positions, fwhm
values, and emission intensities indicate that there are different
origins for these two bands. As follows from these and further
considerations, the narrow band centered at 4 = 562 nm
represents the SPASER emission.

The emergence of SPASER emission near the SE peak offers
two feasible ways to tune the resonant wavelength in a given
SPASER design: (i) choosing an organic dye with an
appropriate emission line shape, and (ii) changing the dye
concentration. The latter method is built on the observation
that the fluorescence peak red shifts with increasing dye
concentration c.** Consequently, a corresponding red shift is
expected in the SPASER emission. Figure 3 shows the
evolution of the emission profile with ¢ for R6G-PVA-Au@
MSiO, when E, goes beyond a critical value. A narrow emission
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peak centered at 4 = 576 nm emerges in R6G-PVA-Au@MSiO,
(¢ = 50 mM), while a much broader band centered at A = 596
nm appears in R6G-PVA (¢ = S0 mM), as shown in Figure 3a.
The 576 nm peak emerges near the SE peak and matches the
mechanism of SPASER emission.>' In contrast, the 596 nm
peak shows a large red shift of 35 nm relative to the SE peak.
Similar to the situation in R6G-PVA at ¢ = 10 mM, the emission
band centered at 4 = 596 nm is ascribed to ASE from bare R6G,
and the large red shift comes from the self-absorption of R6G
emission.* In this case, the red shift of ASE peak relative to the
SE peak is larger than that observed at ¢ = 10 mM, which we
attribute to the increased self-absorption effect at higher dye
concentrations.*> The SPASER emission observed at ¢ = 50
mM exhibits a red shift of 14 nm compared to that observed at
¢ = 10 mM (Figure 2b), which is associated with the red shift in
the SE peak as ¢ is increased from 10 to 50 mM.>' As we
increase ¢ further for the R6G-PVA-Au@MSiO, system up to
100 mM (Figure 3c) and 200 mM (Figure 3e), two new
emission peaks appear at the long-wavelength side of the SE
peak. The two peaks are observed at A = 587 and 601 nm for ¢
=100 mM (red curve, Figure 3c), while the peaks are located at
A =600 and 610 nm for ¢ = 200 mM (red curve, Figure 3e).
This is in contrast to the observation of a single new peak at ¢ =
10 and 50 mM (Figure 3a). Because R6G-PVA exhibits a new
peak with a spectral position similar to the long-wavelength
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concentration ranging from 10 to 100 mM.

component of the two new peaks observed in R6G-PVA-Au@
MSiO, (Figure 3ce), we can attribute the long-wavelength
component in R6G-PVA-Au@MSiO, (¢ = 100, 200 mM) to
ASE from R6G. The short-wavelength component appears near
the SE peak and coincides well with the SPASER emission. The
appearance of dual peaks composed of SPASER emission and
ASE should arise from gain saturation. Figure 3b,d,f shows the
dependence of the emission intensity on E, for the SPASER
emission from R6G-PVA-Au@MSiO, and ASE from R6G-PVA,
where a threshold behavior can be clearly identified for the
SPASER emission. The SPASER emission is stronger than ASE
at ¢ = S0 mM but becomes weaker than ASE when ¢ > 100
mM. Again, this should arise from gain saturation. Also, a
higher threshold was observed when ¢ > 100 mM, primarily
because high levels of optical gain make it difficult for the pump
pulse to propagate to the surface of Au NRs.*®

The fwhm values of the SPASER emission peaks centered at
A = 5§76, 587, and 600 nm were estimated to be 5.7, 9.2, and
10.8 nm, respectively. The broadening of the SPASER
spectrum at higher ¢ is perhaps related to higher losses when
the SPASER emission red shifts from 562 to 600 nm (Figure
1f). We note that the fwhm values in refs 14, 19, and 20 are in
the range of 1.0 nm or less, much narrower than those reported
in this work. This is because our sample is an open system
where the optical feedback is not as strong as that provided in
SPP-based SPASERs with delicate cavity features (e.g., Fabry—
Perot cavities, distributed feedback cavities, whispering gallery
cavities). In addition, the broad size distribution of Au NRs as
well as the intense fluorescence background may lead to the
broadening of the SPASER spectrum. On the other hand, the
widths measured here are comparable to the fwhm value in the
LSP-based SPASER.>® They are also similar to the fwhm noted
in random lasers with incoherent feedback.** The spasing
resonance occurs even for ¢ as low as 10 mM in this work,
corresponding to a gain coeficient of g = 1.2 X 10° cm™.*
This is approximately 1 order of magnitude lower than that in
ref 25, even though the linewidths are comparable in these two
cases.

In an optical system containing randomly dispersed particles,
light scattering by particles may elongate the residual time of
photons before they escape the system and then lead to light
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amplification. This is known as the primary mechanism
responsible for random lasing. To examine the effects of light
scattering and to distinguish our lasing from random lasing, we
designed a random lasing system by self-assembling SiO,
particles on a glass substrate and then covering the particles
with a thin layer of dye—polymer film. The resulting system is
denoted as R6G-PVA-SiO,. It should be noted that the
scattering strength of R6G-PVA-SiO, is designed to be
comparable to that of R6G-PVA-Au@MSiO,. We found that
the emission properties of R6G-PVA-SiO, are distinct from
those of R6G-PVA-Au@MSiO, (Supporting Information
Figure SS). At ¢ = 10 mM, no lasing was observed for R6G-
PVA-SiO,, while at ¢ > 50 mM, only a single peak occurs, and
there is no observation of double peaks related to the gain
saturation as displayed in R6G-PVA-Au@MSiO, (Figure 3ce).
The resonant wavelength for R6G-PVA-SiO, is quite different
from that for R6G-PVA-Au@MSiO,, and the spectral line
width of the former is broader than that of the latter. The
apparent differences observed between these two systems
provide strong evidence that excludes the role of light scattering
in the onset of lasing for R6G-PVA-Au@MSiO,. Moreover, we
have tried to examine the emission properties of R6G-PVA-
Au@MSiO, when the pump beam was focused to form a pump
stripe on the sample. We found that the laser emission was not
focused at the end of the pump stripe, instead, the emission has
a comparable efficiency around the pump stripe. This clearly
suggests that the current lasing is distinct from ASE supported
in optical waveguide structure.** Our numerical simulations
indicate that the optical gain supplied in R6G-PVA-Au@MSiO,
is sufficient to compensate for plasmon losses (Supporting
Information Figure S6), therefore supporting the occurrence of
spasing.

Changing the doping level in order to tune the resonance
wavelength of SPASERs is restricted by the concentration-
dependent fluorescence properties of the gain material. A more
general way of tuning the wavelength of SPASERs is to use
optical gain media with different emission lines. To verify this
possibility, we replaced R6G with rhodamine 101 (R101) as the
optical gain medium and examined the stimulated emission
properties of our samples. The areal density of Au@MSiO,
NRs and the thickness of R101-PVA are ~1.6 X 10’ mm™* and

dx.doi.org/10.1021/nl4015827 | Nano Lett. 2013, 13, 4106—4112
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200 nm, respectively. The optical properties of R101 are
apparently different from those of R6G (Supporting
Information Figure S7), though they both belong to the same
family of rhodamine dyes. To clearly distinguish between ASE
from bare R101 and SPASERs, we investigated and compared
the doping concentration-dependent emission properties for
both R101-PVA and R101-PVA-Au@MSiO,. The definitions of
R101-PVA and R101-PVA-Au@MSiO, correspond directly to
those of the R6G-based systems. Figure 4a depicts the
evolution of the emission spectrum with ¢ ranging from 10 to
100 mM for R101-PVA-Au@MSiO,. The emission properties
of R101-PVA-Au@MSiO, exhibit some similarities to those of
R6G-based systems, although some notable differences do exist.
At a low concentration (¢ = 10 mM), R101-PVA-Au@MSiO,
exhibits a new emission band near the SE peak when E, reaches
a critical value, while R101-PVA shows a new emission band
with a very large red shift (~21 nm) relative to the SE peak
(Supporting Information Figure S8a). The former agrees well
with SPASER emission, while the latter case can be ascribed to
ASE of bare R101 where the red shift relative to the SE peak is
caused by self-absorption of R101 emission. When ¢ > 30 mM,
two new emission bands were observed in R101-PVA-Au@
MSiO, at the long-wavelength side of the SE peak, resembling
those observed in R6G-based systems at ¢ = 100 and 200 mM
(Figure 3c,e). Since the long-wavelength component of the two
new emission bands also appears in R101-PVA, we can attribute
it to ASE from R101. However, the short-wavelength
component of the two new emission bands is not observed
in R101-PVA; in R101-PVA-Au@MSiO,, this component
occurs near the SE peak and red shifts along with the SE
peak when ¢ increases (Supporting Information Figure S8). We
can therefore unambiguously attribute this short-wavelength
component to SPASER emission. Note that, in contrast to
R6G-PVA-Au@MSiO,, the SE and SPASER emission peaks are
sufficiently separated in frequency in R101-PVA-Au@MSiO, so
that these two peaks are well distinguished. The resonant
wavelength of the SPASER emission observed in R101-PVA-
Au@MSiO, is tunable from 1 = 605 to 627 nm when c is varied
from 10 to 100 mM. The differences in the peak spectral
positions between the SPASER and ASE components are rather
large for R101-PVA-Au@MSiO,, ranging from 28 to 30 nm.
This is in contrast to the smaller differences observed in the
R6G-based systems (10—14 nm, extracted from Figures 2 and
3). For a clearer illustration of this situation, in Figure 4b we
have plotted the gain-level dependences of the peak spectral
positions for SE, ASE, and SPASER emission.

The SPASER can be characterized by a range of parameters,
such as the quality factor Q, the mode volume V, and the
Purcell factor F.*’ Although Q is inherently low for a cavity
based on a metal particle because of high losses, F can be
comparable to that of high-Q dielectric modes due to the
extremely small V far beyond the diffraction limit. Figure §
depicts the wavelength-dependent V and F for both transverse
and longitudinal SPR modes for R6G-PVA-Au@MSiO, with ¢
= 100 mM. The V values are smaller and F values are higher for
the longitudinal modes than for the transverse modes (Figure
5). This might arise from the tighter confinement and higher
enhancement of the local fields for the longitudinal SPR mode
(Supporting Information Figure S1). This then suggests that
the longitudinal SPR modes are more efficient in spasing than
the transverse modes. The V value is calculated to be 5.05 X
107 m® at the resonant wavelength A = 587 nm for the
longitudinal modes. The effective mode volume V4 = 8.77 X
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107° (A/n.g)®, where n.¢ = 1.52 is the refractive index of the
host. Such an ultrasmall mode volume yields a very high Purcell
factor of 2.18 X 10*. We note that in SPP-based SPASERSs, only
a moderate F (<100) is observed because of the relatively large
V141929 The threshold can be expected to be reduced further if
plasmon nanostructures with a higher degree of confinement
and enhancement are used in SPASERs.

In our studies, we were also able to observe SPASER
emissions even for g < 1.2 X 10® cm™}; however, spasing in this
case appeared at a much higher pump energy under which the
polymer was easily damaged by the intense pump laser pulse. If
the host material of the optical gain medium were more
tolerant to high-power laser irradiation than the present
polymer material, the level of optical gain to reach spasing
could be reduced further. The low-threshold behavior of this
system means that various optical gain materials (e.g., rare-earth
ions, semiconductor quantum dots, and laser dyes) are suitable
for spasing. Hence, there is strong potential for the develop-
ment of SPASERs at extended wavelengths if we simply employ
optical gain materials that emit in different parts of the
wavelength region. Note that Au@MSiO, NRs can be
assembled on silicon and transparent conducting oxide thin
films. Therefore, these designs show promise for the generation
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of electrically driven subwavelength SPASERs for future
photonic circuits.
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