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Abstract: We present the spectral modulation of an optofluidic microdisk device and investigate
the mechanism and characteristics of the microdisk laser in aqueous media. The optofluidic microdisk
device combines a solid-state dye-doped polymer microdisk with a microfluidic channel device,
whose optical field can interact with the aqueous media. Interesting phenomena, such as mode
splitting and single-mode lasing in the laser spectrum, can be observed in two coupled microdisks
under the pump laser. We modulated the spectra by changing the gap of the two coupled microdisks,
the refractive indices of the aqueous media, and the position of a pump light, namely, selective pumping
schemes. This optofluidic microlaser provides a method to modulate the laser spectra precisely
and flexibly, which will help to further understand spectral properties of coupled microcavity laser
systems and develop potential applications in photobiology and photomedicine.
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1. Introduction

Microcavity lasers based on whispering-gallery mode (WGM), possessing small size and strong
optical confinement, have been attracting great interest in fundamental research and for practical
applications [1-4]. Compared to the laser wavelength, the size of the microcavity is usually large enough
to cause multimode lasing, resulting in a noisy spectrum, which severely degrades the performance
of microlasers in applications such as optical communication and ultrasensitive optical sensors [5,6].
Coupled microcavity configuration is a compact and effective method to purify and regulate the laser
spectra of microcavities. For example, a single-mode laser can be realized, based on the Vernier effect,
in two coupled cavities with slightly different sizes [6-11]. Non-Hermitian optical systems, which have
emerged recently, for lasers are, in essence, open and non-conservative systems. This means the most
common gains and losses of physical quantities can be distributed differently with artificial purposes
in such coupled microcavities [12]. In particular, if the optical microcavity is tuned to the exceptional
point (EP) [13], where the resonance frequencies of the coupled modes coalesce both in their real
and imaginary parts and become degenerate, some unique phenomena appear, such as parity—time
(PT) symmetry breaking [14-18], chiral modes [19], and enhanced perturbation at higher-order
EPs [20,21]. Therefore, this principle provides an alternative approach to modulate the laser spectrum
by controlling the gain and loss elements. By managing the gain and loss distribution for the
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coupled modes in microcavities, some studies have successfully achieved single-mode lasing in WGM
microcavities [22-24].

One of the key points in such coupled microcavity systems is the flexible method for controlling
the system parameters, for example, the coupling strength between the coupled laser modes.
The coupling strength can be regulated by controlling the gap between different microcavities,
which is predetermined for the desired modes in the fabrication process, or precisely controlled by
the nano-positioning stages in real-time experiments [14,25]. However, these mechanisms all lack
efficiency and flexibility, and are sensitive to external noise sources, such as acoustic waves. Moreover,
the coupled cavities fabricated on chip have the fixed coupling gaps. They need a reliable and flexible
means for controlling the coupling strengths on chip. Optofluidic devices can integrate some functional
fluids into optical or photonics devices [26,27]. Such fluids usually have high transmittance and
tunable optical properties, e.g., the refractive index [28,29]. Because the optofluidic devices have
a good compatibility with aqueous media, they are widely used in biology and medical science [30-34].
Therefore, optofluidic devices have found great potential in on-chip microlaser systems for their
highly integrated level and, more importantly, the microlaser cavity is given a liquid environment,
which provides an additional means for tuning the microlaser.

In this study, solid-state dye-doped polymer microdisks are fabricated and integrated with
a microfluidic channel, in order to investigate the mechanism and characteristics of the microdisk laser
in aqueous media. Some phenomena, such as single-frequency laser and mode splitting in the coupled
microcavities, were studied theoretically and experimentally in aqueous media for the first time.
We observe that the resonance detuning of mode splitting is affected by changes in the gap between two
coupled microdisks. Mode splitting and single-mode lasing in the laser spectrum can also be modulated
by changing the refractive indices of the aqueous media and the position of the pump light. In addition,
the aqueous media not only have a spectral modulation function but also a mode purification ability
because they decrease the refractive index difference between the cavity and the background media,
which eliminates some high-order WGM with larger reflection angles at the cavity surface. The results
presented in this paper show that optofluidic microlasers possess potential for several promising
applications, such as tunable single-mode lasers on chip and bio-photonic sensors.

2. Coupled-Mode Analysis

The coupled-mode theory could be applied to analyze such a coupled-microdisk laser system.
We assume the two coupled modes in two respective cavities have amplitudes 4 and b. Considering the
sinusoidally varying fields in the time domain, e~*“!, 2 and b obey the coupled differential equation [20]:
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where g, and g, represent the gain (g > 0) or loss (g < 0) for modes a and b, respectively. x denotes
the coupling strength between the two microcavities. It leads to an eigenvalue problem: HyV, = w, Vy,
where the eigenvalue w, and eigenvector V,, satisfy V,, eiont = (a, b)T, and the Hamiltonian Hy of the

Ho = ( 8 K ) @)

Koigp
To determine the eigenfrequency, we solve the equation det(Hy — w,I) = 0 (where I is the identity
matrix), which results in two eigenfrequencies:
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The difference between the two eigenfrequencies is

Aw=wy —w- :2\/K2—(ga—gb)2/4, (4)

where AZ = (g — g») /2x is the normalization gain difference between the two modes. If the two
modes experience the same gain or loss, i.e., A§ = 0, the frequency difference equals 2x, which is
the well-known mode-splitting effect, as shown in Figure 1a. However, the two modes have different
gains or losses in more general situations. In particular, such frequency difference changes into a purely
imaginary number when Ag > 1. In this case, the difference between the two eigenfrequencies no longer
shows two different resonance wavelengths in the spectrum, but instead, introduces two modes with
different growth or decay rates, which often indicate different net gains in a laser system. Moreover,
at the threshold where A§ = 1 two eigenfrequencies coalesce to a single one, with w = i(g, + g5)/2.
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Figure 1. (a) Real and imaginary parts of Aw/2x as a function of Ag. The difference between
the eigenfrequencies changes from purely real to purely imaginary at Ag= 0. (b) Coupling coefficient K
as a function of refractive index under different gaps.

The coupling strength x could be related to the coupling coefficient K; defined in the coupling

between two parallel waveguides:
KCLeff

- ngffZRR ! (5)

where L,y and 1,4 are the effective interaction length and effective index of the cavity modes, respectively,
and R is the radius of the microdisk. The coupling coefficient K; can be expressed by the overlap
integral between the two coupling modes:

iw e e 2 2
K = - (19> — n*)EgeEpdxdy, (6)

where E, and Ej are the normalized field distributions in the two respective cavities, and 1y and n are
the refractive indices for the microcavities and the background medium, respectively. The coupling
strength K in Equation (6) can be calculated numerically, and the relationships between the coupling
strength K and refractive index n under different gaps are shown in Figure 1b. K grows with an increase
in n, or with a decrease in the coupling gap. Because the increased n reduces the difference of the
refractive indices between the microdisk and background medium, more of the optical field will leak
into the coupling gap. This results in an improvement in the overlap between the optical fields in two
microdisks, and accordingly increases the value of K. Similarly, a smaller coupling gap also improves
the overlap of the optical fields and provides greater coupling strength.
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3. Optofluidic Microdisk Lasers

3.1. Fabrication of the Optofluidic Microdisk Device and Experimental Setup

The experimental setup of the optofluidic microcavity laser is shown in Figure 2a. The optofluidic
microdisk device consists of a microfluidic channel and solid-state dye-doped polymer microdisks as
shown in Figure 2b,c. Rhodamine B dye (RhB, CAS: 81-88-9, J&K Scientific Ltd., Beijing, China)-doped
SU-8 photoresist (SU-8 2002, MicroChem Corp. MA, USA) in a ratio of 1.5 mg:1 mL was used as gain
media and mixed by a magnetic stirrer for 2 h. During stirring, attention should be paid to shading
the photoresist, in order to avoid quality deterioration. A 2.4 um active layer of the gain media was
then deposited by a spin coater (Specialty Coating Systems Inc., Indianapolis, USA) onto a silicon wafer
with a 2 um thick thermal oxide layer. The geometric shapes of the single and coupled microdisks
were pre-designed on the chromium mask, and the gap between each pair of coupled microdisks was
increased from 0.2 to 1 um, and 0.1 pm for each pair. Therefore, the solid-state dye-doped polymer
microdisk arrays were fabricated via single-mask standard lithography (Karl Suss MJB 3 Mask Aligner,
SUSS MicroTec SE, Garching, Germany). The geometric sizes of the microdisks were measured via
scanning electron microscopy (SEM), as shown in Figure 2c and Figure S1 (details can be found in the
Supplementary Materials).
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Figure 2. (a) Experimental setup schematic of the optofluidic microcavity laser. (b) 3-D schematic
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of the optofluidic microdisk device. (c) Scanning electron microscope (SEM) image of typical coupled
microdisks. The scale bar is 10 um.

The optofluidic microdisk device consists of a microfluidic channel device and solid-state
dye-doped polymer microdisks (details can be found in Supplementary Materials). This microfluidic
channel is a device that combines a clean glass slide and patterned polydimethylsiloxane (PDMS) leaf.
The fabrication process of the optofluidic microdisk device is described in Figure S2 (in Supplementary
Materials). The shape of the glass mold was spliced with glass sheets, and the convex structure is shown
as in Figure S2a. After the PDMS leaf was formed from the glass mold, the inlet and outlet holes
were punched by a needle. The solid-state dye-doped polymer microdisks were sandwiched between
the microfluidic channel (PDMS leaf) and a glass slide, as shown in Figure S2d,e. Finally, an optofluidic
microdisk device, consisting of a microfluidic channel and solid-state dye-doped polymer microdisks,
was fabricated, as shown in Figure 2b and Figure S2e.

Thelaser spectra were measured using the experimental setup as shown in Figure 2a. The pump laser
was a picosecond pulse laser (532 nm, PL2143A, EKSPLA, Vilnius, Lithuanian), and the pulse duration
of the pump laser was 30 ps, with a repetition rate of 10 Hz. A monochromator (Acton SpectraPro 2750,
Princeton Instruments, NJ, USA) was employed to collect the laser spectra. The spectra were measured
by a monochromator with a 1200 grooves/mm grating and the spectral resolution was 0.01 nm. The size
of the pump laser was controlled via tunable beam-shaping optics (BSO), and the pump laser energy
was adjusted by a variable attenuator (VA). Firstly, the laser beam spot was coupled into the microscope
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system and further focused to nearly 50 yum under a 20x objective lens. Through the microscope with
a camera, the pump position of the laser beam spot was able to be marked on a screen. The microcavity
sample was then moved to the pump position using a 3-D stage. The output laser passed through
a Glan-Taylor prism (GTP) and was collected by an optical multi-channel fiber bundle (core diameter
400 um). The GTP was used as the polarization controller. The laser light was then coupled into
the input slit (30 um) of a monochromator (f = 0.75 m) and detected by an electron-multiplying charged
coupled device (EMCCD, DV401A, Andor iDus, OX, UK). Finally, the laser spectra were recorded
by a computer.

3.2. Modulation of the Microdisk Laser in Aqueous Media

A single microdisk was firstly investigated and the appearance of the microdisk sample was
measured via SEM, as shown in Figure 3a. In this case, the diameter of the microdisk was set to 20.34 pm
and the thickness was 2.4 um, as measured using scanning electron microscopy (SEM) and a surface
profiler, respectively. Compared to air cladding, the microdisk surrounded by water represents a much
clearer spectrum. The water environment decreases the refractive index (RI) difference between
the microdisk and the background media, where high-order WGMs with larger reflection angles
at the cavity surface suffer from degradation of Q (quality) values and larger radiation losses. Therefore,
they have a higher laser threshold and only fundamental-order WGMs with high Q values will exist
in the laser spectra, which are shown in Figure 3b. The free spectral range (FSR) of this microdisk was
3.81 nm, agreeing well with the FSR calculated from FSR = Az/(ZanEﬁ) ~ 3.87 nm, where A = 615 nm,
ne = 1.53, and R = 10.17 um were the lasing wavelength, effective refractive index of the microdisk,
and radius of the microdisk, respectively. The laser spectra were relatively clear in a water environment,
which was conducive to sensing, single-frequency lasers, and other applications. Figure 3c,d show
the simulation results of the electric field distribution of a single microdisk using the finite element
method (FEM). To reduce consumption of computer memory, we divided the full 3-D model into
two 2-D models, as shown in the top view and side view in Figure 3c,d, respectively. The refractive
index of the microdisk in the simulation shown in Figure 3c was obtained by calculating the effective
index of the three-layer planar waveguide of water-SU8-5iO;. As shown in Figure 3d, the electric field
distribution in the cross section of the microdisk was calculated using an axially symmetric model [35].
All the simulation regions for the two 2-D models were surrounded by the perfect matching layer (PML)
to avoid reflecting from the boundary. The microdisk was immersed in water, and the polarization
of the fundamental-order-radial modes was transverse electric (TE) polarization.
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Figure 3. (a) SEM image of the microdisk. The scale baris 10 pm. (b) Laser spectra of a microdisk dipped
in water. The free spectral range (FSR) was 3.81 nm. (c) and (d) Field distributions of whispering-gallery
modes (WGMs) in fundamental-order-radial mode with transverse electric (TE) polarization in the
top view and side view. The direction indicated by the red arrow was the direction of electric field
propagation. Finite element method (FEM) simulations were performed with the same parameters
for the experimental data.
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The long-term stability of the microdisk laser was determined by pumping the microdisk every 20 s
over a period of 1800 s, with the laser spectra being collected simultaneously. As shown in Figure 4a,b,
the laser wavelength maintained the same position during this period. The standard deviation of the
curve in Figure 4b is 5.84 pm, which is much smaller than the resolution of the monochromator
(0.01 nm). These results indicate that an optofluidic microdisk laser does not have a large wavelength
shift over a long term and that the system stability is good enough for our next experiments.
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Figure 4. (a) Laser spectra of optofluidic microdisk laser at different times. (b) Measured wavelengths
of the lasers as a function of time. Standard deviation was 5.84 pm. (c) Laser spectra shifts when
the refractive index of the DMSO solution is slightly increased. (d) Mean wavelength shifts of the
lasers as a function of the refractive indices of DMSO solutions. Violet dots and pink line represent
the experimental data and FEM simulation data, respectively. Insert: fundamental-order-radial mode
with TE polarization.

The spectral modulation of the optofluidic microdisk laser can be achieved by changing
the refractive index of the external environment, similar to the method for measuring the bulk
refractive index sensitivity (S) of a sensor. Because this is an optofluidic device, it is essential
to first characterize the sensitivity according to the changes in the refractive index of the solvent
on the sensing surface [36]. In Figure 4c,d, the optofluidic microdisk laser was tested by flowing
progressively higher concentrations of dimethyl sulfoxide (DMSO, CAS: 67-68-5, Lingfeng Chemical
Reagent Co. Ltd., Shanghai, China) solutions over the sensing surface. The DMSO was diluted
with deionized water (DI water) into concentrations of 2%, 4%, 6%, 8%, and 10%. The refractive
indices of the DMSO solutions were proportional to the volume ratios of the DMSO (details can be
found in Supplementary Materials) [37]. Prior to use, the DI water and DMSO-water mixtures were
kept at room temperature for a longer period, to minimize temperature-induced spectrum changes.
A redshift of the wavelength in response to an increasing refractive index of the solution was observed
from the laser spectra measurement and can be explained by mA = 27mn.4 R (see details in Supplementary
Materials) [38]. Sexp and Sy, represent the S from the experiment and from the FEM simulation,
respectively. Sex, was obtained by directly measuring the wavelength shift, which was 18.14 nm/RIU.
The process of detecting the S of the microdisk was also simulated using FEM, based on a 2-D
axisymmetric model. Results show that the S, of the fundamental and second-order radial modes
with TE polarization were 18.12 and 28.90 nm/RIU, respectively, and that the S;,, of the fundamental and
second-order radial modes with transverse magnetic (TM) polarization were 22.98 and 37.65 nm/RIU,
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respectively. When the GTP was used to observe the experiment, the polarization state of the output
laser was determined to be TE polarization. Therefore, the S of the measured microdisk was determined
to be fundamental-order-radial mode with TE polarization.

3.3. Mode Splitting from the Coupled-Microdisk Laser in Aqueous Media

The method of purifying and adjusting the microcavity laser spectrum using the coupled
microcavity structure is compact and effective. Normally, a typical WGM propagates along a spherical
equatorial plane, whose evanescent field component allows interaction with the surrounding
environment. Therefore, when two WGM microcavities are close to each other, their WGMs can be
evanescently coupled and form mode splitting [31]. A large array of dye-doped polymer microlasers
can be fabricated in parallel via a single step of deep-ultraviolet (DUV) lithography [39]. The coupled
microdisks were investigated by immersing in water. At this time, the two modes experience the same
gain or loss (3, = gp), and the frequency difference equals 2x. Using the gap between the coupled
microdisk of 0.3 pm, the diameters of these two coupled microdisks were 19.71 and 19.63 pum, and their
SEM image is plotted in Figure 5a. Under evenly pumping schemes, as shown in the insert of Figure 5b,
the mode splitting of the laser spectrum can be observed. AA represents the distance between two laser
peaks under mode splitting and is 0.183 nm in this case. Figure 5c shows the field distributions of WGMs
with the fundamental-order-radial mode in a symmetric coupled-microdisk system. The wavelengths
of the supermodes are 620.619 and 620.437 nm, respectively. AA of the FEM simulation is 0.182 nm,
which is very close to the experimental result of 0.183 nm. Different gaps between coupled microdisks
were investigated under the same pumping conditions. Because the optical field decays exponentially
outside the microdisk, the coupling strengths x between the two cavities will decrease. AA will also
decrease, which is shown in Figure 5d. The experimental data and FEM simulation results were
well-fitted by the exponential function. As the gap exceeded 0.6 pm, the coupling strengths K of the
supermodes became weak and the A\ value stayed at a level of no more than a few dozen nanometers.
Because of the limited resolution of the monochromator, narrower mode splitting cannot be observed
in experiments.
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Figure 5. (a) SEM image of the coupled microdisks. Gap between two microdisks is approximately 0.3 um.

Scalebaris 10 um. (b) Laser spectra of coupled microdisks with 0.3 um gap. AAdenotes the distance between
two peaks of mode splitting. Insert: schematic of evenly pumping schemes. (c) Field distributions of WGMs
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with fundamental-order-radial mode. (d) AA of the experimental results and FEM simulations as
a function of the gap. Purple dots represent the experimentally detected data; cerulean dots and red
curves refer to the FEM simulation results and exponential fitting, respectively. FEM simulations were
performed with the same parameters for the experimental data.

Furthermore, when we change the refractive index of the aqueous medium #, it will also affect
the coupling strengths of the supermodes K. Here, we used coupled microdisks with a gap of 0.4 um.
As shown in Figure 6a, when the refractive index of the DMSO solution was changed, the resonance
detuning of the mode splitting was affected. Figure 6b shows that AA of the experimental data was
increased, which agreed well with the results of the FEM simulation. The increased background
refractive index n will extract a greater part of the optical field into the coupling gap, leading to enhanced
coupling strength and a larger difference in resonance frequencies of the coupled modes. The coupling
coefficient K is as a function of 1,4, which is given in Equation (5), and the experimental phenomenon
is consistent with the FEM results in Figure 1b.
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Figure 6. (a) Mode splitting in a coupled-microdisk resonator laser with resonance detuning.
(b) AA of the experimental data and FEM simulation, shown as a function of refractive index. Pink dots
represent the experimentally detected data, while the green curves represent the FEM simulation results.
FEM simulations were performed using the same parameters for the experimental data.

In order to increase the difference in the gains/losses between the two microcavities, we used
selective pumping schemes in which we changed the position of the pump beam spot gradually from
the left side of the coupled microdisks to the right side by 8 um per step. Figure 6 demonstrates
the laser spectra of coupled microdisks with a 0.3 pm gap, with the coupled microdisks immersed
in water. We focused on the wavelengths of the spectra from 612 to 615 nm, which are marked in red
in Figure 7a,c. The laser spectra in Figure 7a,c correspond to the pump positions plotted in Figure 7b,d.
The laser emerged when one of the coupled microdisks was pumped, and the splitting mode arose
when the coupled microdisks were evenly pumped. When the pump beam spot gradually moved to the
other side of the coupled microdisks, the splitting mode disappeared, and the laser finally vanished.
This result is due to the selective pumping process, which changed the gain/loss status between the two
coupled microdisks. The modulation gain branches of various supermodes will lead to a switchable
single-frequency laser or mode splitting [9]. When only one of the coupled microdisks is pumped,
the eigenfrequencies difference will become purely imaginary because in this case A§ is large enough
that the value under the square root in Equation (4) is smaller than zero. This will lead to the emission
of a single-mode laser when the other laser modes are also below the threshold. Under even pumping,
the gain difference between the two microcavities is very small and Aw is real, so it shows doublet
peaks in the laser spectrum, i.e., mode splitting.
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Figure 7. Laser spectra from different positions of the pump beam spot. (a) and (c) spectra during
the moving of the pump laser from left to right. (b) and (d) schematics of the position of the pump
beam spot.

3.4. Single-Frequency Lasing from the Coupled Microdisk in Aqueous Media

Because of their high beam quality and spectral purity, lasers with a single-frequency laser emission
feature are indispensable to many scientific and industrial applications, such as laser spectroscopy,
laser metrology, and biomolecular sensing [5,6,39]. Normally, WGM lasers are usually multimode
because of the lack of mode selection [9,40]. Methods such as microcavity size reduction, Vernier effect,
and PT symmetry effect of coupled microcavities are possible strategies to realize single-frequency
laser [9,14,40—42]. These methods need to control the gap size or thermal modulation of the two
microcavities in order to control the coupling strength between them, which often requires a complex
implementation system and results in low accuracy.

The results of the previous section indicate that selective pumping schemes would change
the spectrum of the coupled microdisks. In order to overcome the major drawback of a single-microcavity
resonator laser, which essentially involves multimode laser emission, we used selective pumping
schemes in a coupled-microdisk system, in order to realize a single-frequency laser emission.
The coupled-microdisk resonator was dipped in water. In this case, the gap of the coupled microdisks
was 0.5 pm. The position of the pump laser was “left pumping”, and the simulated mode field of the
single-frequency laser is plotted in the inserts of Figure 8b. In the range 580-610 nm (much larger than
one FSR and covers the tuning range of RhB in the ethanol solvent), only one laser peak has been collected
by the spectrometer. Therefore, it is determined to be a single-frequency laser. The single-frequency laser
spectra of the coupled microdisks at different pumping intensities are plotted in Figure 8a. The central
wavelength of the single-frequency laser was 594.39 nm. When the pump laser energy was below
the threshold, the spectrum was actually the fluorescence, which increases slowly with the pump energy.
Moreover, the fluorescence efficiency of the gain media was very low. When the pump laser energy was
higher than the laser threshold, the laser intensity will increase with the pump energy with a higher
slope efficiency. On the curve in Figure 8b, there is a sudden change point (laser threshold) between
the fluorescence and laser as the pump energy increases. The corresponding laser threshold curve
shows that the laser threshold was 83.88 pJ/mm?, as shown in Figure 8b. Selective breaking of PT
symmetry can systematically improve the effective amplification of single-mode operation [23].



Nanomaterials 2019, 9, 1439 10 of 13

(a)260 ——os75 0w ' ' ' Abhsl o w T —
130 y H
of WL‘W ] L 7
110 |/——0.717 pW i 2014 u @ |
~ of MMWWWM 1=
5 1 1 1 1 1 : g
< 81 —oezaw = Z st Q J
= ‘FMWWW»\WW z
? or ] g s
ey yn T —— ' —— g10F  Left pumping &, .
£ 5
g 0f 1 sl o 9 @ |
71 02 1w : | ' ' . e 9
1 1 1 | N 0 - 1 1 1 1 I 1 1 |
80 585 590 595 60O 605 610 02 03 04 05 06 07 08
Wavelength (nm) Pump energy (LW)

Figure 8. (a) Single-frequency emissions of the coupled microdisks under different pump energies.
Insert: the energy of the pump laser. (b) Lasing intensity as a function of the pump energy intensity
extracted from (a). Lasing threshold is approximately 0.60 uW (84.88 uJ/mm?2) in a water environment.
Insert: the position of the pump laser and the mode field of the single-frequency laser.

An interesting phenomenon was observed when we changed the surrounding refractive index
of the single-frequency laser. Another coupled-microdisk resonator was dipped in water under
left pumping, with the gap at 0.6 um. As shown in Figure 9a, the wavelength of the original
single-frequency laser was 606.994 nm. With the increase in the liquid refractive index, the wavelength
of the single-frequency laser gradually shifted to longer wavelengths, and the intensity decreased.
Another hopped laser mode occurred at 603.131 nm. If the liquid refractive index is further increased,
the original laser will disappear and only one laser peak can be seen in the spectrum. Figure 9c shows
that In(Iopped/loriginal) changed linearly with the liquid refractive index. Here, lyigina and Ingppeq are
the light intensity of the original laser line and the hopped laser line, respectively. The hopped laser
mode resulted from the slightly asymmetric structure of the coupled microdisks, which responded
slightly differently to the change in the surrounding refractive index [30]. Therefore, the wavelength
shifts of the coupled-microdisk resonances did not shift synchronously. Furthermore, the slight change
of refractive index will also change the coupling efficiency of two coupled microdisks. As shown
in Figure 9b,c, the wavelength shift sensitivities (Soyigina and Spoppes) were 14.04 and 14.65 nm/RIU,
respectively, and the sensitivity of the intensity change (S;) was 149.87 RITU~!. Considering standard
deviation (0 = 10 a.u.) of the background signal intensity as the lowest detectable lasing intensity;,
the detection limit of S; was 5.34 x 10~ RIU, based on the equation in a previous article [30].
The resolution of the monochromator can reach 0.01 nm. The detection limits of Syigina and Spepped
were 7.12 X 10* and 6.83 x 10~ RIU, respectively. These results indicate that S; was 13 times more
sensitive compared with S,yiginas and Spopped- Because of the Vernier effect, the coupling of the WGMs
in the two resonators can produce a large amplification sensitivity. It was noted that the attenuation
of light intensity was due to the bleaching of dye, caused by long-time laser pumping. The relative
intensities of the original and hopped laser peaks were not affected.
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Figure 9. (a) Single-frequency emissions of the coupled-microdisk resonator laser. (b) Wavelength shifts
of single-frequency lasers as a function of refractive index. (c) Intensity ratio [In(Inopped/loriginar)] of the
two lasing modes, as a function of refractive index. Insert: spectra at the two refractive indices values
are given.

4. Conclusions

In this study, the spectral characteristics of coupled microdisks in aqueous media were examined.
The spectral characteristics and modulation mechanism of mode splitting and single-frequency lasers
from coupled microdisks were investigated. The resonance detuning of mode splitting was studied by
changing the gap between two microdisks, the refractive index of the aqueous media, and the position
of the pump laser, namely, selective pumping schemes. The variation of the single-frequency laser was
studied by changing the intensity of the pump light and the refractive index of the aqueous media.
For single-frequency lasers, the sensitivity can be amplified by changing the light intensity for sensing.
The results of this study will help to deepen the understanding of the spectral characteristics and
the modulation mechanism of microcavity lasers. Such optofluidic microcavity lasers have broad
application prospects in tunable single-mode on-chip lasers and biosensors.

Supplementary Materials: The following are available online at http://www.mdpi.com/2079-4991/9/10/1439/s1,
Figure S1. 3-D schematic of the solid-state dye-doped polymer microdisks. Figure S2. 3-D schematic diagram
shows the fabrication process of the optofluidic microdisk device.

Author Contributions: X.W. originally conceived the idea. Z.G., C.Z. and L.C. fabricated the devices. Z.G., S.L.
and J.H. finished the experiment. Z.G., H.W. and X.W. wrote the manuscript. Z.G. and Y.Z. carried out SEM
measurements. Z.G. and H.W. carried out the COMSOL Multiphysics. All authors discussed the progress of the
research and reviewed the manuscript.

Funding: This research was funded by Special Project of National Key Technology R & D Program of the Ministry
of Science and Technology of China, grant number 2016YFC0201401; Shanghai Science and Technology Committee
Grant, grant number 18]C1411500; National Natural Science Foundation of China (NSFC), grant number 61805112;
National Key Basic Research Program of China (Program 973), grant number 2015CB352006; Natural Science
Foundation of Jiangsu Province, grant number BK20181003.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Yang,S.; Wang, Y,; Sun, H. Advances and Prospects for Whispering Gallery Mode Microcavities. Adv. Opt. Mater.
2015, 3, 1136-1162. [CrossRef]

2. Helbo, B,; Kristensen, A.; Menon, A. A micro-cavity fluidic dye laser. ]. Micromech. Microeng. 2003, 13, 307-311.
[CrossRef]


http://www.mdpi.com/2079-4991/9/10/1439/s1
http://dx.doi.org/10.1002/adom.201500232
http://dx.doi.org/10.1088/0960-1317/13/2/320

Nanomaterials 2019, 9, 1439 12 of 13

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

Shopova, S.I; Zhou, H.; Fan, X.; Zhang, P. Optofluidic ring resonator based dye laser. Appl. Phys. Lett. 2007,
90, 221101. [CrossRef]

Vahala, K.J. Optical microcavities. Nature 2003, 424, 839-846. [CrossRef] [PubMed]

Gu, F; Xie, F; Lin, X,; Linghu, S.; Fang, W.; Zeng, H.; Tong, L.; Zhuang, S. Single whispering-gallery mode
lasing in polymer bottle microresonators via spatial pump engineering. Light. Sci. Appl. 2017, 6, e17061.
[CrossRef] [PubMed]

Shang, L.; Liu, L.; Xu, L. Single-frequency coupled asymmetric microcavity laser. Opt. Lett. 2008, 33, 1150-1152.
[CrossRef] [PubMed]

Arbabi, A.; Kang, YM,; Lu, C.-Y.; Chow, E.; Goddard, L.L. Realization of a narrowband single wavelength
microring mirror. Appl. Phys. Lett. 2011, 99, 91105. [CrossRef]

Li, M.; Zhang, N.; Wang, K.; Li, J.; Xiao, S.; Song, Q. Inversed Vernier effect based single-mode laser emission
in coupled microdisks. Sci. Rep. 2015, 5, 13682. [CrossRef]

Wang, H.; Liu, S.; Chen, L.; Shen, D.; Wu, X. Dual-wavelength single-frequency laser emission in asymmetric
coupled microdisks. Sci. Rep. 2016, 6, 38053. [CrossRef]

Zhang, X.; Li, H.; Tu, X,; Wu, X.; Liu, L.; Xu, L. Suppression and hopping of whispering gallery modes
in multiple-ring-coupled microcavity lasers. J. Opt. Soc. Am. B 2011, 28, 483. [CrossRef]

Wu, X,; Sun, Y; Suter, J.D.; Fan, X. Single mode coupled optofluidic ring resonator dye lasers. Appl. Phys. Lett.
2009, 94, 241109. [CrossRef]

Miri, M.-A.; Alu, A. Exceptional points in optics and photonics. Science 2019, 363, eaar7709. [CrossRef]
[PubMed]

Brandstetter, M.; Liertzer, M.; Deutsch, C.; Klang, P.; Schoberl, J.; Tiireci, H.E.; Strasser, G.; Unterrainer, K.;
Rotter, S. Reversing the pump dependence of a laser at an exceptional point. Nat. Commun. 2014, 5, 4034.
[CrossRef] [PubMed]

Chang, L,; Jiang, X.; Hua, S.; Yang, C.; Wen, | ; Jiang, L.; Li, G.; Wang, G.; Xiao, M. Parity—time symmetry
and variable optical isolation in active—passive-coupled microresonators. Nat. Photon. 2014, 8, 524-529.
[CrossRef]

Peng, B.; Ozdemir, S.K.; Lei, F.; Monifi, F; Gianfreda, M.; Long, G.L.; Fan, S.; Nori, E; Bender, C.M.; Yang, L.
Parity-time-symmetric whispering-gallery microcavities. Nat. Phys. 2014, 10, 394-398. [CrossRef]

Gao, Z.; Fryslie, S.T.M.; Thompson, B.]J.; Carney, P.S.; Choquette, K.D. Parity-time symmetry in coherently
coupled vertical cavity laser arrays. Optica 2017, 4, 323. [CrossRef]

Regensburger, A.; Bersch, C.; Miri, M.-A.; Onishchukov, G.; Christodoulides, D.N.; Peschel, U. Parity-time synthetic
photonic lattices. Nature 2012, 488, 167-171. [CrossRef]

Guo, A,; Salamo, G.J.; Duchesne, D.; Morandotti, R.; Volatier-Ravat, M.; Aimez, V.; Siviloglou, G.A;
Christodoulides, D.N. Observation of PT-Symmetry Breaking in Complex Optical Potentials. Phys. Rev. Lett.
2009, 103, 093902. [CrossRef]

Peng, B.; Ozdemir, SK,; Liertzer, M.; Chen, W.; Kramer, J.; Yilmaz, H.; Wiersig, J.; Rotter, S.; Yang, L. Chiral
modes and directional lasing at exceptional points. Proc. Natl. Acad. Sci. USA 2016, 113, 6845-6850. [CrossRef]
Hodaei, H.; Hassan, A.U.; Wittek, S.; Garcia-Gracia, H.; El-Ganainy, R.; Christodoulides, D.N.; Khajavikhan, M.
Enhanced sensitivity at higher-order exceptional points. Nature 2017, 548, 187-191. [CrossRef]

Chen, W.; Ozdemir, S.K.; Zhao, G.; Wiersig, J.; Yang, L. Exceptional points enhance sensing in an optical
microcavity. Nature 2017, 548, 192-196. [CrossRef] [PubMed]

Wu, X,; Li, H.; Liu, L.; Xu, L. Unidirectional single-frequency lasing from a ring-spiral coupled microcavity
laser. Appl. Phys. Lett. 2008, 93, 81105. [CrossRef]

Hodaei, H.; Miri, M.-A.; Heinrich, M.; Christodoulides, D.N.; Khajavikhan, M. Parity-time-symmetric
microring lasers. Science 2014, 346, 975-978. [CrossRef] [PubMed]

Feng, L.; Wong, Z.].; Ma, R.-M.; Wang, Y.; Zhang, X. Single-mode laser by parity-time symmetry breaking.
Science 2014, 346, 972-975. [CrossRef] [PubMed]

Yang, C.; Jiang, X.; Hua, Q.; Hua, S.; Chen, Y.; Ma, J.; Xiao, M. Realization of controllable photonic molecule
based on three ultrahigh-Q microtoroid cavities. Laser Photon. Rev. 2017, 11, 1600178. [CrossRef]

Chen, Y;; Lei, L.; Zhang, K,; Shi, J.; Wang, L.; Li, H.; Zhang, X M.; Wang, Y.; Chan, H.L.W. Optofluidic microcavities:
Dye-lasers and biosensors. Biomicrofluidics 2010, 4, 043002. [CrossRef]

Lu, Q.; Chen, X; Fu, L.; Xie, S.; Wu, X. On-Chip Real-Time Chemical Sensors Based on Water-Immersion-Objective
Pumped Whispering-Gallery-Mode Microdisk Laser. Nanomaterials 2019, 9, 479. [CrossRef]


http://dx.doi.org/10.1063/1.2743884
http://dx.doi.org/10.1038/nature01939
http://www.ncbi.nlm.nih.gov/pubmed/12917698
http://dx.doi.org/10.1038/lsa.2017.61
http://www.ncbi.nlm.nih.gov/pubmed/30167203
http://dx.doi.org/10.1364/OL.33.001150
http://www.ncbi.nlm.nih.gov/pubmed/18483542
http://dx.doi.org/10.1063/1.3633111
http://dx.doi.org/10.1038/srep13682
http://dx.doi.org/10.1038/srep38053
http://dx.doi.org/10.1364/JOSAB.28.000483
http://dx.doi.org/10.1063/1.3156861
http://dx.doi.org/10.1126/science.aar7709
http://www.ncbi.nlm.nih.gov/pubmed/30606818
http://dx.doi.org/10.1038/ncomms5034
http://www.ncbi.nlm.nih.gov/pubmed/24925314
http://dx.doi.org/10.1038/nphoton.2014.133
http://dx.doi.org/10.1038/nphys2927
http://dx.doi.org/10.1364/OPTICA.4.000323
http://dx.doi.org/10.1038/nature11298
http://dx.doi.org/10.1103/PhysRevLett.103.093902
http://dx.doi.org/10.1073/pnas.1603318113
http://dx.doi.org/10.1038/nature23280
http://dx.doi.org/10.1038/nature23281
http://www.ncbi.nlm.nih.gov/pubmed/28796206
http://dx.doi.org/10.1063/1.2961025
http://dx.doi.org/10.1126/science.1258480
http://www.ncbi.nlm.nih.gov/pubmed/25414308
http://dx.doi.org/10.1126/science.1258479
http://www.ncbi.nlm.nih.gov/pubmed/25414307
http://dx.doi.org/10.1002/lpor.201600178
http://dx.doi.org/10.1063/1.3499949
http://dx.doi.org/10.3390/nano9030479

Nanomaterials 2019, 9, 1439 13 of 13

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

Ren, L.; Wu, X;; Li, M,; Zhang, X.; Liu, L.; Xu, L. Ultrasensitive label-free coupled optofluidic ring laser sensor.
Opt. Lett. 2012, 37, 3873-3875. [CrossRef]

Zhang, X.; Ren, L.; Wu, X;; Li, H,; Liu, L.; Xu, L. Coupled optofluidic ring laser for ultrahigh-sensitive sensing.
Opt. Express 2011, 19, 22242-22247. [CrossRef]

Li, H.; Shang, L.; Tu, X.; Liu, L.; Xu, L. Coupling Variation Induced Ultrasensitive Label-Free Biosensing
by Using Single Mode Coupled Microcavity Laser. ]. Am. Chem. Soc. 2009, 131, 16612-16613. [CrossRef]
Li, M.; Wu, X,; Liu, L.; Fan, X.; Xu, L. Self-Referencing Optofluidic Ring Resonator Sensor for Highly Sensitive
Biomolecular Detection. Anal. Chem. 2013, 85, 9328-9332. [CrossRef] [PubMed]

Testa, G.; Persichetti, G.; Bernini, R. Liquid Core ARROW Waveguides: A Promising Photonic Structure
for Integrated Optofluidic Microsensors. Micromachines 2016, 7, 47. [CrossRef]

Wu, X.;; Oo, MK K,; Reddy, K.; Chen, Q.; Sun, Y.;; Fan, X. Optofluidic laser for dual-mode sensitive
biomolecular detection with a large dynamic range. Nat. Commun. 2014, 5, 3779. [CrossRef] [PubMed]
Wu, X.; Chen, Q.; Sun, Y.; Fan, X. Bio-inspired optofluidic lasers with luciferin. Appl. Phys. Lett. 2013,
102, 203706. [CrossRef]

Oxborrow, M. Traceable 2-D finite element simulation of the whispering gallery modes of axisymmetric
elec- tromagnetic resonators. IEEE Trans. Microw. Theory Tech. 2007, 55, 1209-1218. [CrossRef]

Guo, Y.; Ye, ].Y,; Divin, C.; Huang, B.; Thomas, T.P; Baker, ].].R.; Norris, T.B.; Baker, ].R. Real-Time Biomolecular
Binding Detection Using a Sensitive Photonic Crystal Biosensor. Anal. Chem. 2010, 82, 5211-5218. [CrossRef]
[PubMed]

Aminabhavi, TM. Use of mixing rules in the analysis of data for binary liquid mixtures. J. Chem. Eng. Data
1984, 29, 54-55. [CrossRef]

Chandrahalim, H.; Fan, X. Reconfigurable Solid-state Dye-doped Polymer Ring Resonator Lasers. Sci. Rep.
2015, 5, 18310. [CrossRef]

Zhu, H.; White, LM.; Suter, ].D.; Dale, P.S.; Fan, X. Analysis of biomolecule detection with optofluidic ring
resonator sensors. Opt. Express 2007, 15, 9139-9146. [CrossRef] [PubMed]

Xie, F; Yao, N.; Fang, W.; Wang, H.; Gu, F; Zhuang, S. Single-mode lasing via loss engineering
in fiber-taper-coupled polymer bottle microresonators. Photon Res. 2017, 5, B29. [CrossRef]

Grossmann, T.; Wienhold, T.; Bog, U.; Beck, T.; Friedmann, C.; Kalt, H.; Mappes, T. Polymeric photonic
molecule super-mode lasers on silicon. Light. Sci. Appl. 2013, 2, e82. [CrossRef]

Ta, V.D.; Chen, R.; Sun, H. Coupled polymer microfiber lasers for single mode operation and enhanced
refractive index sensing. Adv. Opt. Mater. 2014, 2, 220-225. [CrossRef]

@ © 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http://creativecommons.org/licenses/by/4.0/).


http://dx.doi.org/10.1364/OL.37.003873
http://dx.doi.org/10.1364/OE.19.022242
http://dx.doi.org/10.1021/ja9055728
http://dx.doi.org/10.1021/ac402174x
http://www.ncbi.nlm.nih.gov/pubmed/23992426
http://dx.doi.org/10.3390/mi7030047
http://dx.doi.org/10.1038/ncomms4779
http://www.ncbi.nlm.nih.gov/pubmed/24781061
http://dx.doi.org/10.1063/1.4807837
http://dx.doi.org/10.1109/TMTT.2007.897850
http://dx.doi.org/10.1021/ac100576y
http://www.ncbi.nlm.nih.gov/pubmed/20486666
http://dx.doi.org/10.1021/je00035a018
http://dx.doi.org/10.1038/srep18310
http://dx.doi.org/10.1364/OE.15.009139
http://www.ncbi.nlm.nih.gov/pubmed/19547254
http://dx.doi.org/10.1364/PRJ.5.000B29
http://dx.doi.org/10.1038/lsa.2013.38
http://dx.doi.org/10.1002/adom.201300433
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Coupled-Mode Analysis 
	Optofluidic Microdisk Lasers 
	Fabrication of the Optofluidic Microdisk Device and Experimental Setup 
	Modulation of the Microdisk Laser in Aqueous Media 
	Mode Splitting from the Coupled-Microdisk Laser in Aqueous Media 
	Single-Frequency Lasing from the Coupled Microdisk in Aqueous Media 

	Conclusions 
	References

