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ABSTRACT: Plasmonic lasers exploit strong electromagnetic
field confinement at dimensions well below the diffraction
limit. However, lasing from an electromagnetic hot spot
supported by discrete, coupled metal nanoparticles (NPs) has
not been explicitly demonstrated to date. We present a new
design for a room-temperature nanolaser based on three-
dimensional (3D) Au bowtie NPs supported by an organic
gain material. The extreme field compression, and thus
ultrasmall mode volume, within the bowtie gaps produced
laser oscillations at the localized plasmon resonance gap mode
of the 3D bowties. Transient absorption measurements
confirmed ultrafast resonant energy transfer between photoexcited dye molecules and gap plasmons on the picosecond time
scale. These plasmonic nanolasers are anticipated to be readily integrated into Si-based photonic devices, all-optical circuits, and
nanoscale biosensors.
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The realization of coherent photon sources on the
nanometer scale is a major challenge and a key

requirement for ultrafast optical applications. Miniaturizing
photonic cavities is difficult because the diffraction limit
requires the size of the optical resonator (L) to be greater
than half the lasing wavelength (L > (λ/2neff)), where neff is the
effective refractive index of the laser medium.1 One route to
achieve lasing from subwavelength resonators is to exploit
localized surface plasmons (LSPs) that can be excited in metal
NPs.2,3 When a gain material overlaps spatially and spectrally
with the LSP fields, lasing can occur when the gain is high
enough to compensate metal losses at the plasmon
frequency.4,5 Although nanoscale lasing has been observed
from Au colloids surrounded by dye-doped dielectric shells,6

disadvantages include the exponential decay of optical fields
from single NPs and lack of ultrafast kinetic information from
time-resolved emission. Plasmonic lasing has also been reported
in a variety of nanostructured inorganic semiconductors
involving flat metal surfaces.7−12 In these architectures,
however, either cryogenic temperatures or high pump powers
were required to overcome large Joule losses from the planar
metal films, thereby preventing facile application of the
nanolasers.
Bowtie resonatorsmetal NP dimers with a gap size of tens

of nanometersare an ideal system to localize and enhance
electric fields within nanoscale volumes. The primary advantage
of a bowtie geometry over a symmetric, single NP as an optical

resonator is their high Purcell factor F = (3/4π2)(Q/Veff)(λ/
2neff)

3, where Q is the quality factor and Veff is the effective
mode volume. Finite-difference time-domain (FDTD) simu-
lations have shown that metal bowties support high field
enhancements (|E|2/|E0|

2 ≡ 103 to 104) in a nanometer-sized
gap,13−16 which result in a reduction in the mode volume.17,18

With an increased Purcell factor because of a reduced mode
volume, the threshold condition to initiate lasing in bowtie NPs
can be readily satisfied, even at ambient temperatures.4,19 Here
we show that plasmonic lasing can occur at room temperature
near LSP resonance wavelengths when strong electric field
localizations (hot spots) are present in the gap.
Figure 1a depicts an array of 3D Au bowtie NPs that exhibits

SP-assisted lasing. Each unit bowtie supports a strong LSP
resonance within the gap. Photoexcited molecules in the gain
medium can couple to the bonding (gap) LSP mode when the
photoluminescence (PL) spectrum of the dye overlaps with the
LSP band. Resonant energy transfer (RET) from the excited
state (ES) of the dye to the gap plasmons can support laser
oscillations when a certain pump threshold is achieved (Figure
1b). Since the bowties are arranged in a two-dimensional (2D)
periodic array, surface-emission lasing (blue arrow) at the band-
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edge can also be present. Figure 1c shows a top-down scanning
electron microscopy (SEM) image of 3D Au bowties in a Si
pyramidal template with p = 1200 nm and gap distance (d) =
35 nm. The gap distance was controlled such that the frequency
of the bonding LSP mode14 was resonant with the S1 → S0
emission of the selected dye molecule. Fabrication details of 3D

Au bowties as well as their linear and nonlinear optical
properties were reported in ref 14. Figure 1d presents an array
of Au bowtie resonators with p = 600 nm and d = 25 nm
supported on polyurethane (PU) doped with the IR-140 dye;
the volume density (N) of dye molecules was measured to be
4.4 × 1018 cm−3 by UV−vis optical absorption measurements.

Figure 1. Scheme of 3D bowtie plasmonic lasers. (a) Nanolaser structure consists of a gain medium slab (IR-140 dye in polyurethane (PU), n ∼
1.52) supporting a semi-infinite array of Au bowties and dielectric overlayer (n = 1.52). Output direction of surface plasmon (SP) lasing follows a
phase grating equation where −α is the angle of pump beam and α and β are the output angles of 0th and 1st diffraction-order SP lasing. (b)
Pumping at 800 nm creates photoexcited IR-140 dye molecules in PU, and lasing occurs as a result of ES-LSP coupling. (c) Top-down SEM image
shows Au bowties in Si pits with p = 1200 nm. (d) Au bowties on IR-140/PU substrate with p = 600 nm. Inset shows a perspective image of a unit
bowtie.

Figure 2. Spectral overlap between gain and gap LSP resonance affects strength of SP laser oscillation. (a) PL spectrum of IR-140 and extinction
spectrum of Au bowties with p = 1200 nm. The PL line width is ΓPL, and the bonding LSP mode with width ΔωSP spectrally overlaps with the PL
band. Evolution of lasing spectra from 3D Au bowties under pump polarization (b) parallel and (c) perpendicular to the dimer axis. (insets) Peak
emission intensity vs pump pulse energy density plots on a semilogarithmic scale show threshold levels, where the slopes change from spontaneous
emission to lasing to gain-saturation. (d) Amplification of lattice plasmons can occur when SP out-coupling is allowed according to the energy
dispersion.
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Using the emission cross-section (σe) in ref 20, the optical gain
(Nσe) in the absence of metal nanostructures is estimated to be
2640 cm−1. The cavity-enhanced stimulated emission cross-
section (σe

c) when lasing is achieved is F·σe.
21

Figure 2a shows that the bonding gap plasmon resonance
centered at 880 nm from p = 1200 nm bowties spectrally
overlaps with the PL band of IR-140 centered at 855 nm. The
high-energy peak at 780 nm corresponds to the antibonding
LSP mode that arises from repulsive charge interactions across
the gap.22 The energy difference between the gain transition
(EPL) and gap plasmon resonance (ℏωSP) was measured as EPL
− ℏωSP = 25 meV. We define the ES-plasmon coupling region
as that where the energy difference EPL − ℏωSP falls within the
sum of half-width-half-maximum (hwhm) of the two modes, 1/
2(ΓPL + ℏΔωSP). In this coupling region, the radiative emission
rate increases because of the increased Purcell effect,13,23 and
the lasing (walk-off) frequency is located between the gain
transition and the LSP frequency maximum.4 The laser spectra
from the Au bowtie array showed a clear onset of stimulated
emission when the pump polarization was parallel to the dimer
axis (Figure 2b). The samples were pumped by fs-laser pulses
with a 4 × 4 mm beam spot size. As the pump intensity
increased, a sharp peak (fwhm = 1.5 nm) appeared at 873 nm,
and the output intensity was increased by 2 orders of
magnitude over the underlying spontaneous emission. The
slope change in the pump-emission data indicates that the
transition from fluorescence to lasing occurred at a threshold
pump pulse fluence of 0.4 mJ cm−2 (Figure 2b, inset). At pump
intensities exceeding 1 mJ cm−2, characteristic saturated

emission and dye bleaching were observed. We measured a
different set of 3D bowtie resonators with p = 1200 nm and a
smaller pump spot size of 1 × 1 mm (Supporting Information,
Figure S1). Lasing spectra equivalent to that in Figure 2b were
observed, but the output intensity was reduced because the
number of bowties excited by the pump beam was lower.
When the pump beam was perpendicular to the dimer axis

(Figure 2c), lasing at 873 nm was still observed, but the
emission intensity was an order of magnitude smaller than that
for parallel polarization. In addition to the narrow lasing at 873
nm associated with the bonding LSP mode, we also observed
out-coupling of amplified lattice plasmons into emission angles
α from 71° to 76° (Figure 2d). At high in-plane wavevectors
(k//), lattice plasmons characterized as optical Bloch eigenm-
odes can propagate along the Rayleigh anomaly (RA) line in
the energy dispersion.24,25 When the lattice plasmon mode
hybridizes or spectrally overlaps with emitters in the gain, the
propagating SP mode can be amplified and scattered as free-
space photons at angles corresponding to k//.

26

To investigate the effects of overlap between the LSP
frequency and the PL band on the SP-assisted lasing, we
fabricated Au bowtie arrays with d = 25 nm and p = 600 nm.
Because of the smaller gap distance compared to bowties in
Figure 2, the bonding LSP mode was red-shifted to 980 nm at
normal incidence and could only be tuned to ca. 940 nm even
at large θ = 30° (Figure 3a). In addition, the high-energy side of
the bonding LSP band from 1.32 to 1.5 eV (Figure 3b, dark
region) was largely suppressed from crossing by the RA PU (0,
±1) mode (Figure 3b, blue curve). Thus, the IR-140 PL band

Figure 3. ES-plasmon coupling region defined by gap and lattice properties of bowties. (a) Extinction spectra of p = 600 nm Au bowties on a IR-
140/PU slab. The peak at 830 nm is the IR-140 absorption band, and only the antibonding mode that emerges above θ > 35° overlaps with the gain.
(b) Energy dispersion diagram, where the RA PU (0, ±1) mode (upper blue curve) cuts off the LSP band, showing the ES-plasmon coupling region
defined by the spectral overlap with IR-140 PL band. (c) p = 600 nm bowties exhibit an order of magnitude smaller output intensity and four times
wider fwhm of the emission spectra compared to p = 1200 nm. (inset) Peak emission intensity vs pump pulse energy density. (d) For p = 600 nm,
two diffraction modes (m = 0 and m = −1) are found at 70° and −30°, respectively, with α = −70°. (inset) Small DFB emission is detected at 910
nm, which satisfies the second-order DFB lasing condition. The p = 1200 array in Figure 2 does not support DFB lasing because the DFB lasing
wavelength is located outside the PL band of IR-140.
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does not overlap significantly with the bonding mode but with
the broad antibonding LSP mode14 centered around 910 nm
that appears above θ > 35° (Figure 3a). As a result, the ES-
plasmon coupling region for d = 25 nm and p = 600 nm Au
bowties was defined above an in-plane wavevector of 3.2 μm−1

(Figure 3b).
The mode volume (eq S1) supported by the 3D Au bowties

at the bonding mode and antibonding LSP frequencies were
calculated as 0.0004(λ/2n)3 and 0.0009(λ/2n)3, respectively
(Supporting Information, Figure S3). We also calculated the
mode volume of a 2D (planar) Au bowtie, which was shown to
have an order-of-magnitude larger mode volume compared to a
3D bowtie at the bonding LSP wavelength (Supporting
Information, Figure S4). Therefore, the 3D dimensionality of
bowtie resonators is important for field-confinement effects. To
test the field enhancement factors further under point dipole
excitation (vs plane-wave excitation needed for explicit mode
volume calculations), we performed FDTD simulations with a
single dipole source to model the transition dipole of the gain
molecule (Supporting Information, Figures S5−S7). Point-
dipole excitation produced nearly the same field enhancement
factor as that under plane-wave excitation at the LSP gap mode
wavelength (Figure S5). As expected, when the point source
was moved away from the gap region, the radiative and
nonradiative coupling decay rates to the LSP mode were
reduced substantially (Figure S6).
Since the mode volume of the antibonding mode is two

times larger than that of the bonding mode, the lasing emission
intensity for bowties with gaps of 25 nm is expected to be lower
than those with gaps of 35 nm. Indeed, the emission intensity at
882 nm was 10 times weaker (Figure 3c). In addition, the fwhm
of the laser emission was 6 nm (at 1.1 mJ cm−2 pump
intensity), which is ca. 4 times wider than the d = 35 nm
bowties. The wide lasing fwhm can be attributed to the broader
width of the LSP resonance (ΔωSP ∼ 100 nm). This line width
broadening is qualitatively consistent with the Schawlow−
Townes relationship (Δωlaser ∝ (Δωcavity)

2 ≡ (ΔωSP)
2).27

The 3D Au bowtie nanolaser arrays produced emission with
<2° divergence at diffracted angle maxima θout = arcsin-
((mλlaser/p) − sin θin), where λlaser is the outgoing laser
wavelength, and m specifies the order of interference. Figure 3d
demonstrates that, when the pump beam is incident with α =
−70°, for p = 600 nm bowtie arrays, two output beams are
directed at the zeroth and first-diffraction angles, 70° (m = 0)
and −30° (m = −1). If the bowties are independent and
coherent oscillators, the directional beams can be attributed to
in-phase interference between bowties that generates laser
emission to principal maxima in the far-field. Collective effects
from periodically spaced laser resonators have been observed in
vertical cavity surface-emitting laser arrays.28,29 Besides LSP-
assisted lasing, band-edge emission was measured normal to the
surface when the periodicity satisfied the condition for
distributed feedback (DFB) lasing. Surface emission was
independently observed at 912 nm, close to the second-order
grating condition, mλlaser = 2neffp where m equals 2 (Figure 3d,
inset). From the sample with p = 1200 nm, however, surface-
normal DFB lasing cannot occur because that periodicity does
not produce a DFB wavelength in the gain PL range.
Furthermore, no lasing modes were found from patterned
PU-IR140 samples without Au bowties (Supporting Informa-
tion, Figure S2).
Femtosecond transient absorption (TA) measurements were

carried out to determine the experimental Purcell factor for

LSP-assisted lasing. Figure 4a summarizes the Jablonski energy
diagram of the ES-plasmon coupling process where IR-140

molecules are excited by a pulsed laser to populate the first
excited singlet state (S1). With the presence of Au bowties,
energy is transferred to the LSP modes when the transition
frequency of the dye coincides with that of the LSP resonance.
Figure 4b shows the TA spectra of the IR-140/PU-only
reference as a function of pump−probe delay. Upon photo-
excitation at 740 nm, a broad ESA band centered at 580 nm

Figure 4. Pump−probe absorption measurements confirming the key
process of SP-assisted lasing. (a) Jablonski energy diagram showing IR-
140 molecules photoexcited to the upper vibrational states of S1.
Resonance energy transfer then occurs between S1 and the LSP mode.
(b) Femtosecond TA spectra of the IR-140-only reference upon
photoexcitation at 740 nm. (c) Transient kinetics monitored at 580
nm under equivalent pumping conditions show a significant reduction
in the S1 lifetime of IR-140 because of the 3D Au bowties with p =
1200 nm. (inset) Initial fast ESA decays for pump polarization parallel,
pump polarization perpendicular (perp), and a reference IR-140
sample in PU (ref).
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and ground state bleach (GSB) feature at wavelengths >730 nm
were observed. With the IR-140 molecules in PU, a ∼1 ns
monoexponential decay of the ESA was measured. With the
addition of the 3D Au bowties, TA spectra yielded identical
spectral features, but new fast decay components were observed
when pumped at parallel and perpendicular polarizations
relative to the dimer axis.
The normalized transient kinetic traces monitored at 580 nm

unambiguously demonstrate that the Au bowties induce
ultrafast quenching of the excited state (Figure 4c). TA kinetics
were fit to a sum of two exponentials, I(t) ≈ A1exp(−t/τ1) +
A2exp(−t/τ2). The fast decay time component when the pump
beam was polarized parallel to the dimer axis was determined to
be τ1

par = 13.4 ± 4.5 ps, and τ1
perp = 23.9 ± 15 ps for

perpendicular pump polarization. The slow decay components
(τ2

par = τ2
perp ≈ 1 ns) were found to be equivalent to the intrinsic

S1 lifetime of IR-140 and represent the population of
photoexcited dyes that did not participate in the RET process.20

The fast decay of the ES population indicates that the ES-
plasmon coupling introduced an ultrafast decay pathway.30

Although τ1
par and τ1

perp are identical within experimental
error, the difference in relative amplitude ratios of the fast and
slow components for the two pump polarizations is significant:
(A1/A2)par = 0.37 and (A1/A2)perp = 0.11. The orientation of the
dye molecules in the PU matrix is likely to be random;
however, the polarization of the pump selectively excites
molecules oriented such that their transition dipoles are parallel
to the pump polarization. The large difference in the amplitude
ratios of the ES-plasmon coupling confirms that the
interactions between the localized plasmon fields and transition
dipoles are stronger for dipoles parallel to the dimer axis than
those that are perpendicular. This measured difference in
coupling anisotropy is consistent with the large difference in
lasing intensities for the two different pump polarizations
(Figure 2b,c).
Importantly, the experimental Purcell enhancement factor

determined by the ratio of the LSP coupling and radiative
recombination rates (F = kLSP/krad ≈ 300) agrees with the
calculated Purcell factor from FDTD simulations (FFDTD ≈ 103,
Supporting Information). The cavity loss per length α(ω) is
given by ωn/cQ,31 where n is the refractive index and Q is the
quality factor. For the 3D Au bowtie, the loss is estimated to be
4940 cm−1 using the experimentally measured quality factor (Q
= 35, Supporting Information). Without the Au resonator, the
gain (Nσe = 2640 cm−1) cannot compensate the cavity loss.
With the Au bowtie nanocavity, however, the emission cross-
section (σe

c = σeF) is enhanced by the Purcell factor (F = 300).
Therefore, the cavity-enhanced gain is greater than the loss
(Nσe

c ≫ α(ω)), which makes lasing action possible.
In summary, we have shown that subdiffraction nano-

resonators based on metallic bowties, when coupled to a gain
material, can generate coherent and directional light emission.
In the absence of the bowties, the gain cannot overcome the
losses of the system; however, because the emission cross-
section is enhanced by the plasmonic cavity formed by the
bowties, the gain is increased by the Purcell factor well above
threshold, and lasing can occur at room temperature. Despite
slight geometric inhomogeneities of individual nanolasers, we
observed coherent light emission from the subdiffraction
resonators; therefore, this bowtie design is highly defect-
tolerant, which is important for practical and scalable
applications. Ultimately, the 3D resonator design can be
interfaced with other gain materials, such as highly oriented

molecules (e.g., J-aggregates) or single quantum dots, to
improve the coupling efficiency for designing low-threshold
nanolasers or new platforms for studying quantum plasmon
effects.
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