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Demonstration of a spaser-based nanolaser

M. A. Noginov!, G. Zhu', A. M. Belgrave!, R. Bakker?, V. M. Shalaev? E. E. Narimanov?, S. Stout'”, E. Herz?,

T. Suteewong® & U. Wiesner’

One of the most rapidly growing areas of physics and nanotech-
nology focuses on plasmonic effects on the nanometre scale, with
possible applications ranging from sensing and biomedicine to
imaging and information technology'?. However, the full develop-
ment of nanoplasmonics is hindered by the lack of devices that can
generate coherent plasmonic fields. It has been proposed’ that in
the same way as a laser generates stimulated emission of coherent
photons, a ‘spaser’ could generate stimulated emission of surface
plasmons (oscillations of free electrons in metallic nano-
structures) in resonating metallic nanostructures adjacent to a
gain medium. But attempts to realize a spaser face the challenge
of absorption loss in metal, which is particularly strong at optical
frequencies. The suggestion*® to compensate loss by optical
gain in localized and propagating surface plasmons has been
implemented recently’'® and even allowed the amplification of
propagating surface plasmons in open paths''. Still, these experi-
ments and the reported enhancement of the stimulated emission
of dye molecules in the presence of metallic nanoparticles'>"* lack
the feedback mechanism present in a spaser. Here we show that
44-nm-diameter nanoparticles with a gold core and dye-doped
silica shell allow us to completely overcome the loss of localized
surface plasmons by gain and realize a spaser. And in accord with
the notion that only surface plasmon resonances are capable of
squeezing optical frequency oscillations into a nanoscopic cavity
to enable a true nanolaser'>™'®, we show that outcoupling of surface
plasmon oscillations to photonic modes at a wavelength of 531 nm
makes our system the smallest nanolaser reported to date—and to
our knowledge the first operating at visible wavelengths. We
anticipate that now it has been realized experimentally, the spaser
will advance our fundamental understanding of nanoplasmonics
and the development of practical applications.

A spaser should have a medium with optical gain in close vicinity to a
metallic nanostructure that supports surface plasmon oscillations®. To
realize such a structure, we employed a modified synthesis technique
for high-brightness luminescent core-shell silica nanoparticles'”*
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Figure 1| Spaser design. a, Diagram of the hybrid nanoparticle architecture
(not to scale), indicating dye molecules throughout the silica shell.

b, Transmission electron microscope image of Au core. ¢, Scanning electron
microscope image of Au/silica/dye core—shell nanoparticles. d, Spaser mode

known as Cornell dots. As illustrated in Fig. 1a, the produced nano-
particles are composed of a gold core, providing for plasmon modes,
surrounded by a silica shell containing the organic dye Oregon Green
488 (OG-488), providing for gain.

Transmission and scanning electron microscopy measurements
give the diameter of the Au core and the thickness of the silica shell
as ~14nm and ~15 nm, respectively (Fig. 1b, ¢). The number of dye
molecules per nanoparticle was estimated to be 2.7 X 10°, and the
nanoparticle concentration in a water suspension was equal to
3% 10" em ™2 (Methods). A calculation of the spaser mode of this
system (Fig. 1d) yields a stimulated emission wavelength of 525 nm
and a quality (Q)-factor of 14.8 (Methods). We note that in gold
nanoparticles as small as the ones used here, the Q-factor is domi-
nated by absorption. But as we show below, the gain in our system is
high enough to compensate the loss.

The extinction spectrum of a suspension of nanoparticles shown in
Fig. 2 is dominated by the surface plasmon resonance band at
~520 nm wavelength and the broad short-wavelength band corres-
ponding to interstate transitions between d states and hybridized s—p
states of Au. The Q-factor of the surface plasmon resonance is esti-
mated from the width of its spectral band as 13.2, in good agreement
with the calculations. The spectra in Fig. 2 also illustrate that the
surface plasmon band overlaps with both the emission and excitation
bands of the dye molecules incorporated in the nanoparticles.

As illustrated in Fig. 3, the decay kinetics of the emission at 480 nm
were non-exponential. Fitting the data with the sum of two expo-
nentials resulted in two characteristic decay times, 1.6 ns and 4.1 ns.
The absorption and emission spectra of OG-488 (Fig. 2) are nearly
symmetrical to each other, as expected of dyes, and this allows us to
assume that the peak emission cross-section, g, is equal to the peak
absorption cross-section, o, = 2.55 X 10~ '° cm?, determined from
the absorption spectrum of OG-488 in water at known dye concen-
tration. With this value and using the known formula relating the
strength and the width of the emission band with the radiative life-
time 7 (see ref. 21 and Methods), we obtain an estimated radiative

.1

(in false colour), with A =525 nm and Q = 14.8; the inner and the outer
circles represent the 14-nm core and the 44-nm shell, respectively. The field
strength colour scheme is shown on the right.
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Figure 2 | Spectroscopic results. Normalized extinction (1), excitation (2),
spontaneous emission (3), and stimulated emission (4) spectra of Au/silica/
dye nanoparticles. The peak extinction cross-section of the nanoparticles is
1.1 X 10~ "2 cm’. The emission and excitation spectra were measured in a
spectrofluorometer at low fluence.

lifetime of 7 = 4.3 ns that is very close to that of the slower compo-
nent of the experimentally determined emission kinetics. We infer
that the decay-time shortening (down to 1.6 ns) seen with the dye
molecules in our effective plasmonic nanocavity can be explained by
the Purcell effect™.

When the emission was detected in the spectral band 520 * 20 nm
(which encompasses the maximum of the emission and gain), it first
decayed and then developed a second peak (Fig. 3) that is characteristic
of the development of a stimulated emission pulse” and consistent
with the spaser effect (see below). In fact, both the delay of the stimu-
lated emission pulse relative to the pumping pulse and the oscillating
behaviour of the stimulated emission (relaxation oscillations) are
known in lasers****; and because these phenomena do not depend
on the nature of the oscillating mode, they are expected in spasers as
well.

To study the stimulated emission, samples were loaded in cuvettes
of 2mm path length and pumped at wavelength 4 =488 nm with
~5-ns pulses from an optical parametric oscillator lightly focused into
a ~2.4-mm spot. Whereas the emission spectra resembled those
measured in the spectrofluorometer (Fig. 2) at weak pumping, a
narrow peak appeared at =531 nm (Fig. 4a) once the pumping
energy exceeded a critical threshold value. Figure 4b gives the intensity
of this peak as a function of pumping energy, yielding an input—output
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Figure 4 | Stimulated emission. a, Main panel, stimulated emission spectra
of the nanoparticle sample pumped with 22.5m]J (1), 9m] (2), 4.5m]J (3),
2m] (4) and 1.25m] (5) 5-ns optical parametric oscillator pulses at

/= 488 nm. b, Main panel, corresponding input—output curve (lower axis,
total launched pumping energy; upper axis, absorbed pumping energy per
nanoparticle); for most experimental points, ~5% error bars (determined
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Figure 3 | Emission kinetics. Main panel, emission kinetics detected at
480nm (1) and 520 nm (2). Inset, trace 1 plotted in semi-logarithmic
coordinates (dots) and the corresponding fitting curve. The beginning of
each emission kinetic trace coincides with the 90-ps pumping pulse.

curve with a pronounced threshold characteristic of lasers. The ratio
of the intensity of this laser peak to the spontaneous emission
background increased with increasing pumping energy (Fig. 4b inset).
By analogy with lasers, the dramatic change of the emission spectrum
above the threshold (from a broad band to a narrow line) suggests
that the majority of excited molecules contributed to the stimulated
emission mode. As expected, the laser-like emission occurred at a
wavelength at which the dye absorption, as evidenced by the excitation
spectrum, is practically absent while the emission and the surface
plasmon resonance are strong (see Fig. 2).

Diluting the sample more than 100-fold decreased the emission
intensity, but did not change the character of the spectral line (Fig. 4a
inset) or diminish the ratio of stimulated emission intensity to spon-
taneous emission background. We conclude from this that the
observed stimulated emission was produced by single nanoparticles,
rather than being a collective stimulated emission effect in a volume
of gain medium with the feedback supported by the cuvette walls.

The spontaneous emission intensity of a 0.235 mM aqueous solu-
tion of OG-488 dye was approximately 1,000 times stronger than that
of the lasing nanoparticle sample. But under pumping, the dye solu-
tion did not show spectral narrowing or superlinear dependence of
the emission intensity on pumping power. The dependence of the
emission intensity on pumping power was in fact sublinear, which
could be a result of dye photo-bleaching. This control result is further
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by the noise of the photodetector and the instability of the pumping laser) do
not exceed the size of the symbol. Inset of a, stimulated emission spectrum at
more than 100-fold dilution of the sample. Inset of b, the ratio of the
stimulated emission intensity (integrated between 526 nm and 537 nm) to
the spontaneous emission background (integrated at <526 nm and

>537 nm).
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evidence that the stimulated emission occurs in individual hybrid
Au/silica/dye nanoparticles, rather than in the macroscopic volume
of the cuvette.

The diameter of the nanoparticle (hybrid Cornell dot) is 44 nm—
too small to support visible stimulated emission in a purely photonic
mode. But modelling of the system predicts that stimulated emission
can occur in a much smaller surface plasmon mode if the number of
excited dye molecules per nanoparticle exceeds 2.0 X 10° (Methods);
this number is smaller than the number of OG-488 molecules
available per nanoparticle in the experimental sample, which is
~2.7%10°. The pumping photon flux in our measurements
(~10%° cm ™ ?s™!) exceeds the saturation level for OG-488 dye mole-
cules (~10**cm™%s™1), so almost all the dye molecules were excited.
The gain in the system was thus sufficiently large to overcome the
overall loss, enabling the first experimental demonstration of a spaser,
which we report here and regard as the central finding of the present
work. But another important result is that the outcoupling of surface
plasmon oscillations to photonic modes (facilitated by the radiative
damping of the localized surface plasmon mode) constitutes a
nanolaser that is realized by each individual nanoparticle, making it
the smallest reported in the literature and the only one to date
operating in the visible range.

The demonstrated phenomenon, involving resonant energy transfer
from excited molecules to surface plasmon oscillations and stimulated
emission of surface plasmons in a luminous mode, is consistent with
the original theoretical proposal of a spaser’ and the more recent
concept of a ‘lasing spaser’”, which share many common features
despite their differences in detail. We note that this phenomenon is
very different from that exploited in quantum cascade lasers®, in
which the surface plasmon mode (almost indistinguishable at the
mid-infrared wavelength and the geometry of the experiment from
the photonic transverse electromagnetic mode) is used as a guiding
mode in an otherwise normal laser cavity. In contrast, in the reported
spaser, the oscillating surface plasmon mode provides for feedback
needed for stimulated emission of localized surface plasmons. The
ability of the spaser to actively generate coherent surface plasmons
could lead to new opportunities for the fabrication of photonic meta-
materials, and have an impact on technological developments seeking
to exploit optical and plasmonic effects on the nanometre scale.

METHODS SUMMARY

The Methods section presents a detailed discussion of the following experimental
and theoretical studies: (1) synthesis and cleaning of hybrid Au/silica/dye nano-
particles, (2) theoretical modelling of the spaser effect in hybrid core—shell
nanoparticles, (3) emission kinetics measurements, and (4) calculation of the
radiative decay lifetime from the emission spectra.

Full Methods and any associated references are available in the online version of
the paper at www.nature.com/nature.
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METHODS

Particle synthesis and cleaning. Gold cores with a thin sodium silicate shell were
prepared according to previously published methods'*”” and transferred into a
basic ethanol (1 pl ammonium hydroxide per ml of ethanol) solution via dilu-
tion (1:4). Tetraethoxysilane was added (1 pl per 10 ml of Stéber synthesis solu-
tion) to grow a thick silica shell. Ten microlitres of OG-488 isothiocyanate or
maleimide (Invitrogen, dissolved to 4.56 mM concentration in dimethylsulph-
oxide), were conjugated to 3-isocyanatopropyltriethoxysilane (ICPTS) or
3-mercaptopropyltrimethoxysilane (MPTMS), respectively in a 1:50 molar ratio
(dye:ICPTS or dye:MPTMS) in an inert atmosphere and added to the aforemen-
tioned 10 ml of Stober synthesis solution. The particles were cleaned by cent-
rifugation and resuspended in water. The concentration of nanoparticles in the
suspension, approximately 3 X 10'" cm >, was calculated from the gold wt%
measurements provided by Elemental Analysis, Inc. The number of dye mole-
cules per particle, 2.7 X 10°, was estimated on the basis of the known concen-
tration of nanoparticles, the starting concentration of dye molecules used in the
reaction, and the concentration of dye molecules which remained in the solution
after the synthesis.

Theoretical model. To calculate the cold-cavity modes in the system, the struc-
ture is modelled as a spherical silica shell (refractive index of 1.46) with a gold
core, whose frequency-dependent dielectric permittivity is taken from ref. 28
(Fig. 1a). The corresponding three-dimensional wave equation can be solved
analytically using Debye potentials®, which yields a sequence of localized plas-
mon modes with different values of total angular momentum ¢ and its projection
m(m= —{, .., 0, ..., ). The experimental wavelength range A =~ 530 nm corre-
sponds to the lowest frequency modes of this sequence, ¢ = 1, which are triply
degenerate (m = —1, 0, 1). This degeneracy (similar to that in the p state of the
hydrogen atom®) can be visualized in relation to a different direction of the
mode ‘axis’ (Fig. 1d) and will be lifted by a deviation from spherical symmetry in
the particle geometry. The resulting cold-cavity ¢ = 1 mode wavelength (calcu-
lated with no fitting parameters) is 525 nm, and the Q-factor is 14.8 (where the
primary contribution originates from the losses in the gold core).

For the active system, the gain is taken into account in the imaginary part of the
refractive index of the silica shell, with the magnitude calculated using standard
expressions of refs 24 and 29, and from the known value of the stimulated emis-
sion cross-section of OG-488 molecules and their density. In this approach, the

nature

lasing threshold relates to the zero of the imaginary part of the mode frequency
(corresponding to infinite lifetime). Assuming that the active molecules are
uniformly distributed from the core to the diameter of 24 nm (in the 44-nm-
diameter silica shell), we find that the stimulated emission requires ~2,000 active
molecules.
Emission kinetics measurements. Emission decay kinetics were measured using
a fluorescence lifetime imaging microscope (Microtime 200). The samples were
excited at A =466 nm with <90 ps laser pulses at 40 MHz repetition rate. The
emission was taken from the side of the pumping in an inverted microscope set-up
(an immersion objective lens, a coverslip and a droplet of sample on the coverslip).
The diameter and the depth of the focused laser beam were 0.24 um and 1 pm,
respectively, and the pumping power density was 9.8 X 10°Wcm™>
(42X 10*Wem %) when the emission was detected in the 480 *5nm
(520 = 20 nm) spectral band. The response time of the detector was shorter than
300 ps. The fit of the emission kinetics detected at 480 nm with the sum of two
exponents resulted in I(f) o ajexp(—t/t)) + ayexp(—t/1,), with a; = 0.48,
a, = 0.52, 7, = 1.6 nsand 1, = 4.1 ns. Given the experimental noise, the character-
istic decay times are determined with *=10% accuracy.

The observation of the stimulated emission kinetics (Fig. 2, trace 2) from such
a tiny volume, which can provide for only very small amplification, is additional
proof of the spaser and nanolaser effects occurring in individual nanoparticles.
Radiative lifetime. Evaluation of the radiative lifetime from the emission spectra
was performed using the known formula

B 221(2)
"~ 8mntct [AI(2)d2

where Z is the wavelength, I(1) is the emission intensity, n is the index of
refraction, and c is the speed of light.

Gem(A)
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