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We report an ultralow-threshold continuous-wave lasing
via a metallic optofluidic resonant cavity based on the sym-
metrical metal-cladding waveguide. The high quality factor
Q and spontaneous emission coupling factor f§ of the wave-
guide strengthen the interaction between the gain medium
and the ultrahigh order modes (UOM:s); hence, the room-
temperature, narrowband lasing can be effectively pumped
by a continuous laser of low intensity. Rhodamine 6G
and methylene blue are chosen to verify the applicability
of the proposed concept. Lasing is emitted from the chip
surface when the pumped laser is well coupled into the
UOMs. For methylene blue with a concentration of
2.57 % 1013 mol/ml, the operated emission can be ob-
served with the launched pump threshold as low as
2.1 nW/cm?.  © 2018 Optical Society of America

OCIS codes: (140.0140) Lasers and laser optics; (140.2050) Dye
lasers; (140.3410) Laser resonators; (140.3945) Microcavities;
(230.3990) Micro-optical devices.
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Optical microcavities, which confine the resonant modes to
very small volumes, figure prominently in research fields such
as optics and solid-state physics [1]. Combining the small cavity
volume and high Q-factor, the microcavity is believed to be
most promising for the pursuit of efficient and compact light
source with low power dissipation and fast modulation speed
[2]. Particularly, microcavity, or even nanocavity, lasers are
taking on increased importance. For illustration, lasing based
on whispering gallery microcavities [3], droplets [4], semicon-
ductor cavities [5], organic dye lasers [6,7], and photonic-crys-
tal nanocavities or quantum dots [8] are already demonstrated
due to the remarkable progress in the fabrication process.
Among these, low-threshold or thresholdless lasing is of par-
ticular interest. In the weak coupling regime, the spontaneous
emission rate is enhanced compared to the no cavity case, i.e., a
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quantum optical effect known as the Purcell effect [9,10]. The
enhancement factor is presented by 34°Q/4n*n’ V; thus,
the extreme confinement of the electric field by the small mi-
crocavity volume is essential for the observation of the Purcell
effect. On the other hand, the spontaneous emission coupling
factor f is also proportional to the inverse of the mode volume,
i.e., the microcavity volume [11]. As f increases, the pump
threshold behavior gradually disappears and, towards the limit
of f =1, a thresholdless laser is theoretically possible [12].
Generally, the design of microlasers falls into two categories:
one refers to the case when the bandwidth of the cavity mode
is much wider than that of the gain medium. In R6G, for an,
extremely small cavity is required since the gain medium has a
broad bandwidth of 50 nm. Few structures are eligible for this
case, including InGaN microdisks on silicon [13], vertical cav-
ity surface-emitting lasers [14], and WSe2—cavity systems [15].
In contrast, Rabi oscillation [16] and one-atom laser operation
belong to the second category, where the cavity resonance peak
is sharper than the gain bandwidth, leading to coherent effects.
In both cases, high power pumping and high concentrations
of a dye medium are indispensable. However, high pump
power can destroy the dye molecule structure, while a high con-
centration of the active solution can increase collision proba-
bility and result in fluorescent quenching. The application
as a laser dye of methylene blue is significantly limited due
to the fluorescent quenching. Despite the above mentioned
difficulties, microcavity or nanocavity structures are still most
favored and widely pursued in the design of ultralow-threshold
compact laser.

Different from the usual choice of subwavelength cavities,
this Letter adopts a “macroscale” optofluidic waveguide cavity
and demonstrates narrowband lasing peaks. Instead of the di-
rectional output of a conventional laser, our waveguide struc-
ture dictates concentric-cone-like emission in the vertical
direction of its surface. We will demonstrate that the pump
threshold can be significantly reduced in the resonant cavity
whose dimension is far beyond the wavelength scale, if the spe-
cific symmetrical metal-cladding waveguide (SMCW) structure
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is introduced to enhance the interaction between the gain
medium and the resonant modes. This waveguide chip includes
a millimeter thick resonant cavity filled with an active medium,
which is possible to host thousands of guided modes. Among
them, the ultrahigh order modes (UOMs) excited at small in-
cident angle are especially important; its standing optical field
oscillates rapidly between the metallic coupling layer and sub-
strate, resulting in various interesting properties, such as strong
field enhancement effect, high sensitivity, and polarization
independence. These attributes motivate much of the research
on this structure, including precision metrology [17], biosens-
ing [18], and integrated optical components [19]. The recent
discovered intermode coupling effect, which is demonstrated
by a series of reflection cones, reveals the intrinsic energy shift
between the adjacent modes [20]. In this Letter, methylene
blue of low concentration was also adopted as an active medium
to reduce its fluorescent quenching effect. Exploiting a continu-
ous laser as the pump, the experimental threshold intensity of
methylene blue with a concentration of 2.57 * 10713 mol/ml
is merely 2.1 pW /cm?®. This demonstrates the potential appli-
cation of the SMCW structure as a low-threshold coherent
source, which fully benefits from the excellent optical parallel-
ism. Our chip is easy to produce at low cost and may open new
avenues for lab-on chip or optofluidics integration.

The SMCW structure includes an upper coupling metal
layer, a thick metal substrate and a millimeter scale guiding
layer. The metal claddings are symmetric, and the resonant cav-
ity is different from the conventional Fabry—Perot resonator in
many aspects. For example, the effective index of the guided
modes can approach zero, independent of the specific design
of the guiding layer. In contrast to the case reported in [21],
no propagating plasmon wave is involved in our devices, since
direct coupling from the free space without a high-index prism
is applied, as is shown in Fig. 1(b). In the guiding layer, the
resonant modes oscillate with high intensity due to the field
enhancement effect, and the numerical simulations verify that
the Poynting vector of the modes can be enhanced 60 times
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Fig. 1. Structure of a SMCW chip and the experimental setup.
(a) Schematic diagram of the SMCW chip. The thickness of the cou-
pling layer ranges from 30 to 50 nm, and the metal substrate is about
300 nm. The guiding layer which contains a channel is 1.1 mm thick.
(b) Excitation of UOMs via a free space coupling technique. Inset: the
photo of the waveguide chip. (c) Schematic of the experimental setup.
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more than the incident light [22]. Thus, the mode density
for photons in the resonant UOM is high. Since the guiding
layer is three orders of magnitude larger than the wavelength,
the transversal wave vector difference between two adjacent
modes is small due to the high mode density, which yields
the physics behind intermode coupling. On the other hand,
the FWHM of each resonant dip is extremely small, leading
to the high Q-factor. The theoretical prediction of the Q-factor
is of 10* orders. Besides the high Q-factor, the 8 value of our
waveguide chip structure is also high, despite the usual intu-
ition that a microcavity is indispensable to obtaining high f.
With increasing f3, the threshold in the pump intensity gradu-
ally decreases until a thresholdless laser is achieved in the f# = 1
limit, which corresponds to a closed cavity. For our SMCW
structure, the mode volume is not equal to the cavity volume,
so we calculate the volume of the guided mode analytically, and
a simple expression for f# is proposed. For a concrete example of
a simplified three-layered model, numerical simulations are
carried out to calculate the 8 value for different mode orders
m. The parameters are as follows: the wavelength is 473 nm,
the dielectric constant of the silver is 4, = -8.4 + 0.23, the
thickness of the coupling layer is 45 nm, and the thickness of
the guiding layer is 4 = 1 mm with a dielectric constant £, =
1.332. For m = 3373, the effective index of the mode is N~
1.064 + 2.492 % 10774, and the f3 value is found to be 0.1461.
For m = 4479, the effective index is N =~0.7007+
7.797 % 10774, and the § value equals to 0.1455. For compari-
son, the f§ value for a plane mirror Fabry—Perot configuration is
about 0.1. It is interesting to note that the f# value does not vary
much as the mode order changes, and its high value guarantees
that our structure would greatly reduce the threshold. Let us
discuss briefly the physics behind the reflection cones
[Fig. 2(a)], which are intimately related with the mechanism
of how the amplified coherent light is emitted from the reso-
nant cavity of the waveguide chip. When the incident laser
reaches the chip surface, its energy is coupled and stored in
the guided layer as guided modes. Since the upper metallic layer
is thin, all these UOMs are leaky modes. For a specific UOM
with a fixed transverse wave number, a concentric light cone
can be observed, as its energy converts back to freely propagat-
ing light though the leakage radiation from the coupling layer.
This is different from the specular reflection, which produces
only a bright spot on the screen. Intuitively, a collimated laser
beam can only excite one UOM with the same transverse wave
vector. However, the experimental results reveal a series of
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Fig. 2. Theory of SMCW and cavity modes in cavity. (a) Schematic
diagram of the reflected light cones formed by leakage radiation of the
UOMs, while the reflection law generates the specular reflected beam.
(b) Spectrum of cavity modes ranging from 560 to 564 nm of a specific
waveguide structure. The parameters are that the dielectric constant of
silver is Erg = -13.53 + 0.424, and the guiding layer is 1 mm thick
and with € = 2.3007.
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reflection cones, while each cone corresponds to a specific
UOM. Intuitively, a collimated laser beam can only excite
one UOM with the same transverse wave vector. However,
the experimental results reveal a series of reflection cones, while
each cone corresponds to a specific UOM. The physics behind
the results can be explained as follows: after the incident energy
was coupled and stored in the guiding layer, the leakage radi-
ation can take place via all the UOM channels, while each
mode leakage produces a reflection cone. The emission process
of the coherent light through the resonant cavity is very similar,
so a series of concentric cones of different wavelength can be
observed experimentally.

Experiments are carried out to verify the above hypothesis.
The experimental setup [Fig. 1(c)] is similar to the one we used
to observe the reflection cones, except the dye solution, i.e., the
gain medium, is injected into the SMCW chip. A diode
pumped solid state CW laser of 15 mW with a wavelength
of 473 nm is used as the pump, while the wavelength is chosen
for better absorption of the methylene blue. Output emission is
collected with an optical fiber and sent to a spectrometer to
measure the wavelength of the coherent light emission. In order
to investigate the relation between light emission and UOM
coupling, a PC-controlled 6/26 goniometer is applied to
adjust the incident angle. An attenuator (GCM-09) was placed
in the optical path to control the laser intensity. A beam
splitter was used to divide the light beam into two parts,
while one part was measured by an optical power meter
(COHERENT FM 33-0506). The concentrations of active
solutions R6G and methylene blue are 3.615 * 10713 mol/ml
and 2.579 x 10713 mol/ml, respectively. As shown in Fig. 3,
coherent light emission of 570 nm was observed in the first
illustration via an R6G laser dye whose fluorescence spectra
range from 550 to 600 nm. The image on the screen shows
the existence of another series of red cones corresponding to
the coherent laser emission [Fig. 3(a)], whose emission process
is similar to the UOM leakage process, i.e., the energy converts
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Fig. 3. Experimental result of the R6G dye laser. (a) Image of the
concentric laser cones (red) and the leakage cones of the UOM:s (blue)
on the screen, where the white dashed line connects the incident
(right) and reflected (left) light spots. (b) Schematic of a specific laser
cone and a specific leakage cone of an UOM. (c) Emission spectrum
of the R6G sample, where the lasing wavelength is 570 nm.
(d) Threshold behavior of the dye laser of R6G, where the lasing
threshold is around 2.0 pW /cm?.
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back to free space via all the UOM channels. In the Figs. 3(a)
and 3(b), a transverse shift in the incident plane is discernable
between the blue cones’ axes and the red cones” axes. This im-
plies that the center of the coherent light emission is slightly
shifted in the guiding layer from the center of the UOMs
excited by the incidence.

The second experiment used methylene blue as gain
medium to study the relation between the coupling condition
and the lasing characteristics. Photoluminescence is performed
at various incident angles to tune the coherent light excitation
with respect to the UOM coupling efficiency. As shown in
Figs. 4(b)—4(d), two emission peaks of very narrow bandwidth
via methylene blue can be observed at the wavelength of 708.5
and 723.1 nm, respectively. By adjusting the incident angle, it
is found that the intensity of both the fluorescence and light
emission depends crucially on the coupling efficiency of the
UOM:s. In the case of best coupling (0 = 5.6°), the output in-
tensity is high while, at a very poor coupling condition
(@ = 6.2°), the light emission is almost indiscernible.

Measured at the optimized coupling condition of the
UOMs, the emission threshold behavior was also studied by
attenuating the pump intensity, while the other experimental
parameters remain unvaried. Figure 5 shows the measured
output intensity as a function of excitation pump density. It
is shown that the lasing pump threshold for methylene blue
is as low as 2.1 pW /cm?. A detailed calculation of coupling
efficiency of lasing is shown in Table 1.

Different from the usual strategy of using microcavity or
nanocavity structure, a novel low-threshold dye lasing based
on a millimeter scale resonant cavity was proposed. Taking ad-
vantage of the high Q and f value of the SMCW structure, the
experimental threshold was significantly reduced; a continuous
laser pump and active solution of extremely low concentration
are sufficient at room temperature. The coherent light emission
results in a series of concentric lasing cones, which is similar to
the leakage radiation of the UOMs. The output cones undergo
a transverse shift to the UOM leakage cones. In addition to an
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Fig. 4. (a) Fiber-optics probe of the spectrometer and the SMCW
chip are fixed on the 6/260 goniometer, whose rotation is controlled by
the PC. Inset: the cross section of the probe. (b)—(d) Emission spec-
trum of the methylene blue at different incident angles, i.e., different
coupling efficiencies of the UOMs. The incident angles are 5.6°, 5.8°,
and 6.2°, respectively.
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Fig. 5. Threshold behavior of a methylene blue dye laser.

Table 1. Calculated Results of Lasing Efficiency of
Methylene Blue

The intensity of input pumping (WW /cm?)

I 1.6 1.8 2.0 2.2 2.4 2.6 2.8 3.0

The intensity of output lasing peaks (WW /cm?)

I 0.021 0.023 0.028 0.030 0.035 0.039 0.045 0.048
The lasing efficiency of this process f = Toupuc/ Linpuc(%)

p 1.31 1.28 1.40 1.36 1.45 150 1.64 1.54

input

output

easy fabrication process, effective modulation can be achieved
by adjusting the coupling efficiency of UOMs. Given the
attributes mentioned above, our “macroscale” optofluidic res-
onant cavity structure may open up new prospects for many
fields such as optofluidics and biosensors.
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