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Strong mode coupling-enabled hybrid photon-plasmon
laser with a microfiber-coupled nanorod

Ning Zhou'?, Yuxin Yang't, Xin Guo'?*t, Jue Gong’, Zhangxing Shi', Zongyin Yang®,
Hao Wu', Yixiao Gao’, Ni Yao', Wei Fang'>*%, Pan Wang'-***, Limin Tong"®*

Laser based on single plasmonic nanoparticle can provide optical frequency radiation far beyond the diffraction
limit and is one of the ultimate goals of nanolasers, yet it remains a challenge to be realized because of the in-
herently high Ohmic loss. Here, we report the direct observation of lasing in microfiber-coupled single plasmonic
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nanoparticles enabled by strong mode coupling. We show that, by strongly coupling a gold nanorod (GNR) with
the whispering gallery cavity of a dye-doped polymer microfiber (with diameter down to 2.0 pm), the substantially
enhanced optical coherence of the hybrid photon-plasmon mode and effective gain accumulated from the
active microfiber cavity enable single-mode laser emission from the GNR at room temperature with a threshold as

low as 2.71 MW/cm? and a linewidth narrower than 2 nm.

INTRODUCTION
With the rapid developments in areas such as superresolution
imaging, biochemical sensing, optical data storage, and on-chip
optical interconnects, the demands for coherent sources that can
provide optical frequency radiation below the diffraction limit in
one or more spatial dimensions are ever-increasing in recent years.
Plasmonic lasers (1), using surface plasmons in metallic nanostructures
to achieve optical confinement and feedback, are an emerging
coherent light source that can achieve a lasing cavity mode with
feature size far beyond the diffraction limit and ultrafast modulation
speed up to terahertz (2-9). Relying on various low-dimensional
plasmonic nanostructures including metal films (10-12), nanowires
(13), and particles (14-16), a number of plasmonic lasers have been
successfully demonstrated by placing gain media in their optical
near-field regions. Among them, metal nanoparticle-based lasers
with the capability of extreme confinement of lasing modes, which
is one of the ultimate goals of nanolasers (2), are of particular interest.
However, up to date, almost all of the metal nanoparticle-based
lasers are obtained in a cluster or an array of nanoparticles (14-19),
laser based on single metal nanoparticles has not yet been convincingly
realized. The difficulty in the realization of single nanoparticle-
based plasmonic lasers lies in the high parasitic Ohmic loss associ-
ated with highly localized surface plasmon resonance (20), which
requires unrealistically high gain difficult to be provided by gain media
located in the optical near field of the resonant nanoparticle,
not to mention the thermal damage induced by the high-density
pump (21, 22).

Here, by strong coupling a gold nanorod (GNR) with the whisper-
ing gallery cavity of an active polymer microfiber (Fig. 1), we report
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the direct observation of lasing in microfiber-coupled single plas-
monic nanoparticles. The substantially enhanced coherence of the
plasmonic resonance originating from the strong mode coupling
between the GNR and the microfiber cavity (with diameters down
to 2.0 um), together with the accumulated gain from doped dyes in
the microfiber cavity, enables single-mode laser emission from the
GNR at room temperature with low threshold (~2.70 MW/cm?)
and narrow linewidth. The results demonstrated here provide a
feasible approach for the realization of lasers based on single plas-
monic nanoparticles and may find applications in areas such as
ultraconfined field manipulation, ultrasensitive sensing, and on-chip
optical interconnects.

RESULTS
Design of a microfiber-coupled single plasmonic
nanorod laser
The configuration of our laser, enabled by strong mode coupling
between a microfiber and a single plasmonic nanorod, is schemati-
cally illustrated in Fig. 1. A dye-doped polymethyl methacrylate
(PMMA) microfiber with a diameter of several micrometers is used
as the gain medium. To ensure high-quality whispering gallery mode
(WGM) along its cross section (23), the microfiber is suspended
across two glass substrates (Fig. 1A). By placing a GNR on the sur-
face of the microfiber with its long axis perpendicular to the fiber
length (Fig. 1B), a dominant hybrid photon-plasmon mode can be
generated by strong coupling between the localized surface plasmon
resonance (LSPR) mode of the GNR and WGM of the microfiber
(24, 25), which has a greatly reduced LSPR linewidth (i.e., enhanced
coherence) and enhanced plasmonic fields around the nanorod,
and is therefore beneficial for the realization of single nanoparticle-
based lasers with acceptable threshold and narrow linewidth.
When the dye-doped microfiber is excited by a pump laser, a
certain fraction of the photoluminescence (PL; i.e., dye emission)
can be channeled into the hybrid mode as long as a good spectral
overlap between the hybrid mode and the PL is satisfied. When the
pump intensity is strong enough (e.g., population inversion within
the whole hybrid cavity), the PL increases while recirculating back
to the LSPR mode of the GNR within the WGM cavity (inset of
Fig. 1B). Compared with previously reported nanoparticle-based
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Fig. 1. Design of a microfiber-coupled single plasmonic nanorod laser. (A) Sche-
matic illustration of a strong mode coupling-enabled hybrid photon-plasmon laser,
realized by placing a GNR on the surface of a dye-doped polymethyl methacrylate
(PMMA) microfiber suspended between two glass substrates. (B) Close-up view of
the lasing structure. The inset is a schematic diagram showing gain accumulation.

lasing systems relying on local gain media, which can only acquire
gain within a limited volume surrounding the nanoparticle (i.e.,
optical near field of the nanoparticle), the gain accumulation pro-
vided by the WGM cavity of the hybrid photon-plasmon system can
offer a much higher accessible gain for compensating plasmonic
loss. Therefore, together with the strong mode coupling-enabled
linewidth narrowing, it is possible to break the current limitations
to realize single plasmonic nanoparticle-based lasers with high
performance.

Strong mode coupling-enabled linewidth narrowing

The strong mode coupling between LSPR mode of a GNR and
WGM of a pure PMMA microfiber (i.e., passive microfiber) was
first studied. Experimentally, GNRs were synthesized using a seed-
mediated method (26). As shown in Fig. 2A, the sizes of GNRs are
relatively uniform with average diameter and length of 38 and 84 nm,
respectively. The longitudinal LSPR peak of a GNR deposited on a
glass slide is around 630 nm, with a typical linewidth of about 49 nm
(Fig. 2B). PMMA miicrofibers were fabricated by using a direct solu-
tion drawing technique (27). By immersing a microfiber into a
small droplet of diluted nanorod solution (1 pM) and drying it in
air, individual GNRs can be deposited on the surface of the micro-
fiber. Figure 2C shows an optical microscope image of a suspended
2.5-um-diameter PMMA microfiber with a GNR deposited on its
surface, which can be visualized in the scanning electron microscope
(SEM) image (Fig. 2D). The long axis of the GNR is perpendicular
to the length of the microfiber, forming a photon-plasmon hybrid
cavity (24, 25, 28, 29). Under side illumination with a supercontinuum
white light (fig. S1), a clear red scattering spot can be observed at the
position of the GNR due to the excitation of the nanorod-microfiber
coupled system (Fig. 2E). In contrast to the relatively broad linewidth
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of an uncoupled GNR (Fig. 2B), the linewidth of the dominant
LSPR peak of the coupled GNR (Fig. 2F) is reduced down to
~8.0 nm (corresponding to a quality factor of ~82) along with a
7.5-fold enhancement in the peak intensity, resulting from the
strong mode coupling (24, 25). Simulated electric field distribution
of an excited GNR on the surface of a 2.5-um-diameter PMMA
microfiber is presented in the inset of Fig. 2F, showing the coupling
between LSPR mode of the GNR and WGM of the microfiber.
Although the entire hybrid photon-plasmon cavity offers a relatively
large mode volume, it is efficiently interfaced with free space via the
tightly confined cavity mode on the GNR.

Microfiber-coupled single-nanorod hybrid

photon-plasmon laser

The substantially improved quality factor of plasmonic resonance
in a strongly coupled GNR makes it possible for realizing single
nanoparticle-based hybrid photon-plasmon lasers with low thresh-
old. Rhodamine 101 (R101), whose PL spectrum overlaps well with
the LSPR mode of GNRs (fig. S2), was used as the gain medium and
introduced into polymer microfibers by directly doping it into a
PMMA solution before microfiber drawing (see Materials and
Methods). To study the lasing action, single GNRs with its long axis
perpendicular to the length of PMMA microfibers was first located
by a dark-field scattering approach (see Materials and Methods),
and then s-polarized (to minimize heating effect by avoiding the
excitation of the transverse mode of GNRs) 532-nm laser pulses
(4 ns in pulse width, 10 Hz in repetition rate; SLII-10, Continuum)
were focused onto the nanorod region to excite the lasing structure
at an oblique angle of 30° (Fig. 3A). The emission from the GNR
was collected by a 100x objective [numerical aperture (NA) = 0.7]
and then redirected to a spectrometer (Kymera 193i, Andor) for spec-
tral analysis and a charge-coupled device (CCD) camera (DS-
Fi3, Nikon) for imaging after passing through a 532-nm-wavelength
notch filter to block the pump laser. After each measurement, the
lasing structure was further characterized by SEM to characterize the
size and position of the GNR, as well as the diameter of the mi-
crofiber. Under excitation with a pump density of 3.16 MW/cm?,
an evident luminous spot was observed (Fig. 3B) at the position of
the GNR (with its long axis perpendicular to the length of the
2.4-um-diameter microfiber for optimum coupling), while at other
regions of the active microfiber, only relatively weak red fluorescence
can be observed. Figure 3C shows typical pump density-dependent
emission spectra collected from a lasing structure (constructed with
a 2.5-um-diameter active microfiber) around a GNR (with an
aspect ratio of ~2.2). When the pump density was lower than
1.90 MW/cm?, the emission spectrum from the coupled system is
weak and flat, which originates from the spontaneous emission of
the doped R101 dye. With the further increase of the pump density
to 2.16, 2.45, and 2.78 MW/cm?, a weak shoulder with a narrow
linewidth appears at 623 nm, which subsequently increases sharply
in the intensity with the increase of pump density to 3.16 and
3.59 MW/cm?, showing clear evidence of single-mode lasing. The
intensity of the lasing peak starts to decrease when the pump density
is larger than 3.59 MW/cm?, which is due to the photobleaching of
the doped dyes under high pump density (e.g., the lasing emission
lasts for about 60 s under a pump density of 2.78 MW/cm?). The emis-
sion spectra can be well fitted with bi-Lorentzian curves (fig. S3) for
the extraction of peak intensities of both the narrow lasing emis-
sion and broad R101 PL background. Figure 3D further gives the
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Fig. 2. Strong mode coupling-enabled linewidth narrowing. (A) Transmission electron microscopy image of GNRs. (B) Typical scattering spectrum of a GNR deposited
on a glass slide. a.u., arbitrary units. (C to E) Bright-field optical microscopy (C), SEM (D), and dark-field scattering (E) images of a GNR-coupled PMMA microfiber (2.5 um
in diameter). The inset of (D) is an enlarged view of the nanorod region. Scale bar, 1 um. The outline of the microfiber in (E) is indicated by white dashed lines. (F) Correspond-
ing scattering spectrum of the microfiber coupled GNR shown in (E). Inset: Simulated modal profile of the coupled nanorod-microfiber system at the resonant wavelength

of 646 nm. Scale bar, 1T um.

pump density—dependent lasing emission peak intensity of the
laser, showing a pronounced lasing threshold of about 2.71 MW/
cm?. Meanwhile, the linewidth of the emission is reduced from
2.90 to 1.53 nm when the pump density reaches the lasing thresh-
old. In contrast, no lasing action was observed from the same mi-
crofiber at the area without any GNRs (Fig. 3, E and F). The emission
spectra show an increase in the peak intensity around 616 nm and a
moderate narrowing, which is mainly due to amplification by the
optical feedback in the WGM cavity. The emission intensity de-
creases quickly with the further increase of the pump density due
to the photobleaching of doped dyes. The absence of lasing action
in the pure dye-doped microfiber is mainly due to the large bending
loss of the WGMs in such a small cavity (30) that cannot be com-
pensated by the gain in the dye-doped microfiber. Single-mode las-
ing from pure dye-doped PMMA microfibers can be observed
when the microfiber diameter is increased to about 3.8 um (figs. S4
and S5). These results further confirm that the measured lasing
emission (Fig. 3C) comes from the microfiber-coupled GNR.

In addition, temporal coherence signature of the lasing action
was investigated by measuring the second-order photon-correlation
function via a Hanbury Brown—Twiss setup (see Materials and Methods
and fig. S6), showing a typical lasing behavior of nanolasers around
the lasing threshold (19, 31-35): When the pump density is in-
creased to approach the lasing threshold (fig. S7A), a clear thermal
bunching of the photons can be observed with g*(0) larger than 1
(fig. S7B); when the pump density is further increased to exceed the
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threshold, the g*(0) value decreases to 1 along with a slight increase
in the linewidth of g*(t) curve (fig. S7B), confirming the lasing
action in the hybrid system (31, 32, 34). In contrast, no lasing
behavior was observed from the same microfiber at the area without
any GNRs (figs. S7, C and D).

The polarization property of the lasing emission from the hybrid
photon-plasmon laser was also investigated by placing a linear
polarizer before the spectrometer and CCD camera (Fig. 3A). As
shown in Fig. 4A, for a lasing structure with the microfiber diameter
of 2.5 um, when the polarization of the polarizer is parallel to the
long axis of the nanorod, the lasing output intensity is maximized.
When the polarization of the polarizer is rotated to the direction
perpendicular to the long axis of the nanorod, the output intensity
is minimized. From the collected lasing spectra shown in Fig. 4C, a
polarization ratio as high as 0.92 can be calculated for the lasing
mode. Note that despite the similar diameter of microfibers used in
lasing structures investigated in Figs. 3C and 4C, the peak wave-
length of the lasing mode in Fig. 4C is red-shifted to around 658 nm.
This is due to the increased aspect ratio of the GNR (~2.4; inset of
Fig. 4C) that has a red-shifted LSPR peak. Therefore, this provides a
simple and effective approach for tuning the laser wavelength.
Despite the increase of bending loss of the WGM, lasing action can
still be observed when the microfiber diameter is decreased down to
2.0 um, as shown in Fig. 4 (D and F). The SEM image (Fig. 4E) con-
vincingly demonstrates the existence of a GNR (aspect ratio of ~2.2)
on the surface of a 2.0-um-diameter microfiber with its orientation
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Fig. 3. Lasing characterization of the hybrid photon-plasmon laser. (A) Schematic illustration of the experimental setup. NA, numerical aperture; CCD, charge-coupled
device. (B) Optical microscopy image of a lasing structure (constructed with a 2.4-um-diameter active microfiber) under a pump power density of 3.16 MW/cm?. (C) Pump
density-dependent emission spectra collected around the GNR from another laser structure (constructed with a 2.5-um-diameter active microfiber). (D) Corresponding
pump density-dependent peak intensity and linewidth of the emissions. (E) Pump density-dependent emission spectra collected from the same microfiber at the area
without any GNRs. (F) Corresponding pump density-dependent peak intensity and linewidth of the emissions.
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Fig. 4. Polarization-sensitive lasing behavior. (A and B) Optical microscopy images of a lasing structure (constructed with an active microfiber of 2.5 um in diameter)
taken at parallel and perpendicular polarizations (defined as the relative orientation between the polarization of the polarizer and the long axis of the nanrod), respec-
tively, under a pump power density of 3.59 MW/cm?. (C) Corresponding polarization-sensitive lasing spectra and SEM image of the lasing structure (inset). (D) Optical
microscopy image of a lasing structure (constructed with an active microfiber of 2.0 um in diameter) taken under a pump density of 3.59 MW/cm?. (E) Corresponding SEM
image of the lasing structure. (F) Corresponding spectrum of the lasing emission.
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perpendicular to the fiber length. With the further decrease of the
microfiber diameter, it is difficult to obtain lasing emission due to
the marked increased bending loss of the WGMs (30).

DISCUSSION

In conclusion, we have demonstrated a microfiber-coupled nanorod
laser at room temperature enabled by strong mode coupling. In
addition to the use of active polymer microfibers as the cavity, it is
also possible to exploit active microcavities of many other types,
such as semiconductor nanowires with inherently high refractive
index, high gain and optical stability (25, 36, 37), photonic crystal
microcavities (38, 39), microdisks (40), and dielectric photonic cavities
with exotic states (41-43), for the construction of single nanoparticle-
based lasers with improved stability and integrability. Meanwhile, the
operation wavelength of single nanoparticle-based lasers can be readily
tuned by using plasmonic nanoparticles with different materials and struc-
tural parameters (14, 44-47). The single nanoparticle-based hybrid
photon-plasmon lasers demonstrated here may open opportunities
for manipulating ultraconfined coherent optical fields for applica-
tions including ultrasensitive sensing and superresolution imaging.

MATERIALS AND METHODS

Sample fabrication

PMMA microfibers used in the experiment were fabricated by
physical drawing of solvated polymer. To prepare the polymer solu-
tion for passive microfibers, 1000 mg of PMMA powder [weight-
average molecular weight (M) = 550,000; Alfa Aesar] was first
dissolved in 5 ml of chloroform. Subsequently, 500 mg of epoxy
resin (Araldite 506 from Sigma-Aldrich) was added into the solvated
PMMA to reduce the viscosity, followed by magnetic stirring at
room temperature for about 8 hours to ensure the homogeneous
mixture. To prepare the polymer solution for active microfibers,
in addition to the addition of PMMA and epoxy resin into 5 ml
of chloroform with the same weights, 13 mg of R101 dye (from
Exciton) was further added into the mixture solution and mixed
well by magnetic stirring.

To fabricate PMMA microfibers, we used an electrochemically
sharpened tungsten probe to physically dip up a bead out of the
polymer solution onto a glass slide, withdrew the probe out of the
polymer bead at a speed of about 0.5 m/s, and obtained microfibers
after the evaporation of chloroform. To improve the quality of
microfibers, all the fabrication process was conducted in a home-
made glove box filled with abundant chloroform gas to decrease the
evaporation rate of chloroform. The concentration of R101 dye in
active microfibers is estimated to be ~20 mM.

Dark-field scattering setup

Scattering spectra of the coupled system were collected using a
dark-field setup as shown in fig. S1. We used a beam of unpolarized
white light (SC-5, Wuhan Yangtze Soton Laser Co. Ltd.) from a
photonic crystal fiber to illuminate microfiber-coupled GNRs at an
oblique angle of about 30° with respect to the microfiber axis. We
used a 100x objective (NA = 0.7; CFI L plan BD ELWD, Nikon) to
collect the scattered light, which was then redirected to a spectrometer
(Kymera 193i, Andor) for spectral analysis and a CCD camera (DS-Fi3,
Nikon) for imaging. A linear polarizer was inserted before the spec-
trometer and CCD camera to study the polarization property.
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For the location of single GNRs (as well as the determination of
GNRs’ orientation) on active microfibers, a 640-nm laser (away
from the absorption spectral range of the doped dye) was used as the
illumination light source. GNRs with the orientation of their long
axes perpendicular to the microfiber length (checked with a polarizer)
were chosen for the following optical lasing characterization.

FDTD simulation

We have performed finite-difference time-domain (FDTD) simula-
tions (Ansys Lumerical FDTD) on a hybrid nanorod-microfiber
system. In the simulation, the nanorod was assumed to be 40 nm in
diameter and 96 nm in length, and the microfiber was 2.5 um in
diameter. The dielectric constants of the GNR and the PMMA
microfiber were adopted according to the fitting on the experimental data
from Sultanova (48) and Johnson and Christy (49), respectively. For
FDTD simulation, the investigated structure was excited with a polarized
plane wave light. The mesh size was set as 3 nm, and the computational
domain was terminated by the perfectly matched layer boundary.

Second-order correlation measurement

To conduct second-order correlation measurement on the hybrid
photon-plasmon lasers, s-polarized 517-nm laser pulses (5 ps in
pulse width stretched by multimode fiber, 25 kHz in repetition rate),
generated from a 1034-nm femtosecond laser (500 fs; FemtoYL,
Wuhan Yangtze Soton Laser Co. Ltd.) by frequency doubling and
pulse broadening, were used as the pump source. As shown in fig.
S7A, the emission collected from the GNR was first equally split
with a beamsplitter into two parts. The reflected part was sent into
a spectrometer (QE Pro, Ocean Insight Inc.) (after passing through
a 620-nm-wavelength long-pass filter) for spectral analysis, and the
transmitted part was used for second-order correlation analysis.
After passing through a monochromator (SP2150, Teledyne Princeton
Instruments) to filter out narrowband (~10 nm) emission signal
around the lasing peak, the output signal was equally split and then
detected by a pair of single-photon detectors operated in the photon
counting mode. The timing jitter of the exciting pulses was calibrated
through the reference photon detector.

SUPPLEMENTARY MATERIALS

Supplementary material for this article is available at https://science.org/doi/10.1126/
sciadv.abn2026
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