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Plasmon-Photon Coupled Modes Lasing
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Abstract— A metal-coated hemisphere microcavity is realized
by a simple self-assembled process. Plasmon-photon hybrid
modes are produced by the metallic microcavity, and the lasing
wavelength exhibits a blue shift when compared with no-metal
cavities. Simulation shows that the blue shift originates from the
redistribution of the electric-field intensity in the microcavity. The
metal-coated microcavity exhibits excellent lasing performance at
room temperature with a quality factor of ∼2500, owing to highsmooth surface of the hemisphere. Our findings may provide a
promising candidate for fundamental investigation of plasmon
and photon modes interaction and cavity electrodynamics.
Index Terms— Microresonators, plasma devices.

I. I NTRODUCTION

O

VER the past decades, enormous attentions have been
paid to the whispering gallery (WG) mode microcavities, such as microdisks, microrings, microcylinders and
microspheres due to their low optical loss and small mode
volume [1]–[5]. The WG mode microcavities have demonstrated to be excellent candidates for fundamental physics
investigation as well as for potential applications in areas
such as ideal light sources, active filters and photonic sensing
devices for label-free detection [6]–[11]. Recently, metalcoated microresonators have attracted extensive interests by
their unique characteristics due to the couplings of photon
modes and surface plasmon polartions (SPPs) [12]–[14]. For
instance, Noginov et al. theoretically investigated the stimulated emission of SPPs in a microcylinder resonator [15].
Min et al. demonstrated that SPPs can be supported in a
WG mode microcavity by coating noble metal on the surface
of a silica resonator [16]. Although a lot of efforts have been
devoted to developing hybrid lasing cavities, the reported high
quality (Q) hybrid modes lasers remain rare.
In this letter, we report plasmon-photon hybrid modes
resonator with high Q factor through a simple and feasible
strategy. The produced metal-coated microcavity exhibits
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hybrid plasmon-photon modes lasing with a high Q factor
of ∼2500. The lasing properties from metal-coated cavity and
no-metal one have been comparatively investigated in combination with theoretical simulations. It is clearly demonstrated
that a transition occurs from the pure dielectric WG photon
mode to the hybrid plasmon-photon modes lasing in the metalcoated hemisphere microcavity [17]–[21].
II. D EVICE FABRICATION AND C HARACTERIZATION
The hemisphere microcavity was created by a self-assembly
method similar to that in Reference [22], [23]. Briefly, a small
amount of dye-doped SU-8 (Rhodamine B, 1.4 wt %) solution
formed microdroplets on a hydrophobic substrate, and then
they were solidified to be stable hemispheres. In our case,
a thin layer of hydrophobic Teflon material, which could
reduce the surface energy, was spin-coated on the substrate.
To prepare the solution for the creation of the hemispheres,
the viscous SU-8 negative photoresist incorporated with Rhodamine B (Rh-B) dye molecules, was dissolved in cyclopentanone. The solution was spread on a fiber tip and transferred
onto the hydrophobic surface to form microdroplets. Then
samples were heated on a hot plate and exposed under UV
light to form stable hemispheres. For the metal-coated microcavities, they were fabricated by evaporating a layer of noble
metal on these hemispheres. In the experiment, a commercial
532 nm narrow band-pass filter (NBF) mirror was used as
substrate, and silver was vacuum deposited on the surface with
thickness of around 10 nm.
For the characterization of lasing properties, an individual microcavity was investigated in a home-build microphotoluminescence (μ-PL) system. A picosecond laser
with wavelength of 532 nm (frequency doubled from a
Nd:YLF laser, pulse-width of 15 ps, repetition rate of 50 KHz)
was used as excitation source. The pump direction is through
the substrate toward the center of the hemispheres. An electric
shutter was used to control each expose time of 20 ms to
reduce the bleaching effect of the Rh-B dye molecules. To vary
the pumping pulse energy, a neutral attenuator was used.
The output emitting light was split into two parts: one was
collected by a charge-coupled-device (CCD) connected with
a spectrometer and the other was brought into a CCD camera
for imaging.
III. R ESULTS AND D ISCUSSIONS
Shown in Fig. 1(a) is the fluorescence microscope image of
a microcavity without metal-coater. According to the atomic
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Fig. 1. (a) The optical microscope image of the hemisphere. (b) The top view
AFM photograph of the hemisphere, showing the roughness of 0.83 nm.
(c) The side view SEM and (d) 75° tilt view SEM of the hemisphere. The same
scale bar of 10 μm.

Fig. 3. The emission spectrum of the hemisphere microcavity laser at room
temperature without (a) and with (b) metal-cover. Insets are the lasing emitting
threshold energy before (a) and after (b) coating metal.

Fig. 2.
(a) The absorption and fluorescence emission intensity of the
dye-doped epoxy resin solution, with the pumping wavelength of 532 nm
(sharp peak). (b) The transmittance of the NBF substrate.

force microscopy (AFM) photograph in Fig. 1(b), the roughness of hemisphere surface is only about 0.83 nm, confirming
the priority of self-assembled method. The use of hydrophobic
Teflon on the substrate could help to improve the contact angle
to 83° as shown in Fig. 1(c) and Fig. 1(d). Fig. 2 shows
the absorption and photoluminescence (PL) spectra of the
gain materials (Rh-B doped SU-8) as well as the transmitted
spectrum of NBF mirror. As the dashed line shown in Fig. 2(a),
the absorption peak is around 550 nm, which was measured
by a Shimadzu UV-3600 spectrophotometer. Meanwhile,

it shows a PL spectra ranging from about 580 nm to 700 nm,
when pumped by a picosecond laser with the wavelength
of 532 nm corresponds to the sharp peak in the pumping
region. The PL spectrum here is related to the optical gain.
The substrate acts as a mirror at the PL range for efficient
restriction of the emitting light, while it is transparent for the
laser (532 nm). As a result, the excitation light can be injected
into the microcavity efficiently, while the emission photons are
well confined in cavity because of the total internal reflection
along the hemisphere as well as the high reflection at surface
of NBF substrate.
Prior to investigation of the lasing characteristic of the
metal-microcavities, hemispheres without silver were studied.
Fig. 3(a) depicts the room temperature lasing emitting spectrum of a single hemisphere microcavity. Multiple sharp peaks
emerge from the broad spontaneous range. After reaching
the lasing energy threshold, some certain modes are selected
and enhanced, whose intensities increase rapidly with further
increasing of the pumping pulse energy. The lasing spectrum
is affected by not only the gain of materials, but also the
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Fig. 4. The simulated spatial mode field distribution of the microcavity
without (a) and with (b) the cover silver film. The intensity of the electric
field along the dashed line of the microcavity without (c) and with (d) the
cover silver film. The same radium of the hemisphere of 2 μm.

losses in resonator structure. In the micro-hemisphere cavity,
the substrate acts as a mirror at the PL range for efficient
restriction of the emitting light, which may distort the gain
spectrum and shift the lasing wavelength from highest gain
to lasing region. The characteristic of the lasing action is
investigated by examining the free spectral range (FSR), which
is defined as λ = λ2 /πnd, where n is the refractive index
and d is the diameter. In this case, the calculated FSR is
about 1.00 nm for the hemisphere with d = 84.5 μm and
n = 1.60 at the wavelength of 650.7 nm, which matches well
with the experimental value of 1.06 nm, indicating that the
SU-8 hemisphere microcavity has exhibited a pure WG mode
of the photon’s total internal reflection at the hemisphere-air
interface.
Upon a thin film of silver was thermally evaporated onto
the hemisphere surface, the lasing emitting spectrum of the
microcavity was modulated, as shown in Fig. 3(b). The number
of lasing modes is reduced, whereas the experimental FSR
does not change in comparison to that of the pure dielectric
microcavity. Interestingly, the wavelength of the primary lasing
mode has exhibited a blue shift from 650.7 nm to 641.6 nm,
corresponding to an energy shift of about 27 meV. And this
may be attributed to the change from pure photon mode
to hybrid plasmon-photon modes at the silver-air interface
with a shift to higher lasing energies, as similarly discussed
in Refs [24]–[26].
To further verify this hypothesis, a Finite-Difference
Time-Domain (FDTD) simulation was applied to study the
mode profile in the microcavity. In a two-dimensional simulation, the diameter was chosen as 4 μm to simplify the calculation process. A dipole source was adopted to excite all the
modes with sufficient intensity and a collection position was
located at the boundary of the microcavity. It is schematically
drawn in Fig. 4(a), the calculated electric filed distribution
(|E|, V/m) in the dielectric microcavity. The simulated result
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indicates the excitation of a WG photon mode as a result of
the total reflection at the dielectric and air interface. With a
10 nm thick silver film, as shown in Fig. 4(b), a redistribution
of the electric field can be found, especially at the metal
and dielectric interface where the field is strongly localized,
and therefore induces a shift of the mode energy. In the
time domain FDTD simulation, the dipole source located at
the boundary of the microcavity was adopted with the mesh
grids of 100 nm. The asymmetric distribution of the dipole
source may affect the spatial mode intensity, leading to a
slightly asymmetric pattern in Figs. 4(a)-4(b). From the simplified simulated spatial mode field distribution, we can extract
the azimuthal mode number m. For m = 54, the resonant
wavelength of the dielectric and the metallic microcavity are
645 nm (Fig. 4(a)) and 630 nm (Fig. 4(b)), respectively. Such
blue shift of the resonance in simulation has agreed with that
in the experimental results. These redistributions of the electric
field intensity are also shown in Figs. 4(c)-4(d) along the radius
direction (as the dashed line) of the microcavity. The strongly
enhanced field intensity at the outer silver interface supports
our viewpoint of the excitation of the hybrid plasmon-photon
modes in the metallic microcavity.
Additionally, the dissipative effiect of the coated silver was
observed by detecting the lasing threshold energy in both
cases. In the pure dielectric microcavity, the lasing threshold
energy is around 31.2 μJ/cm2 . The Q factor can be calculated
by Q = λ/δλ, with λ and δλ being the peak wavelength
and the full width at half maximum (FWHM), respectively.
According the lasing spectrum in Fig. 3(a), the calculated
Q factor of the SU-8 microcavity is ∼3000 at the wavelength
of 650.7 nm with the FWHM of 0.22 nm. Whereas the lasing
threshold is largely increased by the losses of the surface
coating silver, and lasing threshold energy of the metallic
microcavity is 82.5 μJ/cm2 . Meanwhile, the Q factor of the
metallic hemisphere microcavity decreases to ∼2500 at the
wavelength of 641.6 nm with the FWHM of 0.26 nm, as shown
in Fig. 3(b), but still larger than the value reported in previous
works based on hybrid plasmon-photon modes in a metallic
microcavity [14].
IV. C ONCLUSIONS
In conclusion, metal-coated hemisphere microcavities have
been successfully realized with a feasible technique. Lasing
modes from both silver-coated and uncoated cavities have
been observed. Their lasing properties were comparatively
investigated. The blue shift lasing light and increasing in
optical loss phenomenon supported the hybrid plasmon-photon
modes oscillating within the metallic microcavity. Owing
to the simple, high Q resonating property and 3D confinement, the silver-coated hemisphere microcavity provides a
promising candidate for fundamental investigation of SPP and
WG photon mode interaction and potential applications in the
field of photonic devices.
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