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Photonic-Molecule Single-Mode Laser
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Abstract—We report in this letter the fabrication of
edge-alignment-coupled whispering gallery mode photonic-
molecule microdisk by femtosecond laser direct writing of
dye-doped resins, which results in single-mode lasing output.
Under picosecond laser pumping, the excited energy is distributed
at the disk periphery and the coupling happens at the overlapping
edge of two disks. As a result of mode coupling through Vernier
effect, single-mode lasing is achieved in two-microdisk and
three-microdisk coupled lasers of various sizes. The effect in the
coupled system is confirmed by numerical simulation. This letter
may open up a new avenue to the 3-D integrated optoelectronics.

Index Terms— Whispering gallery mode (WGM), microcavity,
single mode lasing, Vernier effect.

I. INTRODUCTION

HEN light travels at the periphery of a cavity by total
Winternal reflection (TIR), standing wave oscillation can
be formed when the optical path meets an integer multiple
of the wavelength. It results in equally spaced discrete
resonant mode which is usually called whispering gallery
mode (WGM) [1]-[6]. WGM microcavities such as microdisk,
microring and microtoroid have attracted much attention in
applications of biosensing [7], microlaser [8], nonlinear
optics [9] in the last decades because of their small mode
volume and ultrahigh quality factor (Q-factor) that can be
up to 10'°. Since single-mode microcavity lasers have great
potential applications in optical communication, biochemical
sensing, spectroscopy etc. [10], many methods have been pro-
posed to achieve single mode lasing. For example, one efficient
way is to reduce the size of the cavity so that the free spectral
range (FSR) can be increased significantly. However, this
results in the low Q-factor [11] making it impractical for many
applications that require high Q factors such as optical storage,
high speed all optical switches, electro-optic modulator. The
alternative method to generate the single-mode lasing is to
employ coupled WGM microcavities [12]-[14]. For instance,
the coupled fiber lasers [14]-[16] with single-mode output
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Fig. 1. The structure of the polymer PM single-mode laser. (a) The schematic
diagram of the two microdisks coupled laser. (b) The principle of the single-
mode laser with Vernier effect. (c) Three lasers are shown. By simply changing
a small smout of size, temperature etc, the lasing wavelength can be modulated
in a wide range.

have been demonstrated. However the coupled fiber lasers have
a large mode volume and footprint. In this Letter, we report
realization of single-mode polymer photonic-molecule (PM)
microdisk laser fabricated by femtosecond laser direct
writing (FSLDW) via two-photon photopolymerization of
Rhodamine B (RhB) doped epoxy-based negative resin SU-8.

II. THEORY AND EXPERIMENTS

For a single disk (e.g. diskl or disk2) shown in Fig. 1(a),
many WGMs with different azimuthal numbers can be excited
at the periphery of the disk (see Fig. 1(b)). Since disks with
different diameters have different FSR, if two disks with
different diameters are stacked together with edge alignment
(see disk12), the stacked disk12 may lead to the resonance of
some lasing modes to achieve single-mode lasing (Fig. 1(b)).
When the free spectral range (FSR) of the small and the
large disks are FSR; and FSR; respectively, the FSR for the
PM laser (FSR12) can be calculated as FSRj = N{FSR; =
N>FSR;, where N; and N, are co-prime integers [14].
Therefore, these two coupled disks with different FSRs
would suppress some resonances and make the effective
FSR greatly increased, which has been described as the
Vernier effect [12], [14]. With increased FSR, the coupled
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Fig. 2. Two microdisks coupled laser and three microdisks PM laser.
(a) and (b) are optical microscopic images. (c¢) and (d) are SEM image
respectively. The scale bars of (a)-(d) are 10 um. (e) The spectrum of a
three microdisks PM laser. (f) The spectrum of a single microdisk laser.
(g) Schematic of femtosecond (fs) laser direct writing system. (h) Picosecond
(ps) pumping and signal analysis system.

disks can exhibit single mode lasing in the gain region.
In particular, slight variation of the cavity parameters such as
the diameter, the reflective index of the surrounding medium
can lead to a huge change in the on-resonance wavelength as
shown in Fig. 1(c). This is extremely useful in the integrated
optoelectronics.

The fabricated devices by FSLDW are shown in Fig. 2.
The FsLDW fabrication process has been described
elsewhere [17]-[20]. Briefly, pulses from a femtosecond
laser oscillator (from Tsunami, Spectra Physics) with a
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central wavelength at 790 nm, a pulse width of 120 fs, and
a repetition rate of 80 MHz were tightly focused by a high
numerical aperture (NA = 1.35) 100x oil objective into
epoxy-based negative resin SU-8 2025 (MicroChem) doped
with Rhodamine B (RhB) with a concentration of ~1 wt%.
Before the fabrication, a soft-bake step was applied to the
material for 2 hours at 95 °C in an oven. The laser focal spot
was scanned point by point with the lateral dimensions by a
two-galvano-mirror set and the lengthwise dimension by a
piezo stage as shown in Fig.2 (g). Two-photon polymerization
that guarantees the precision of the micro-nano-structure
occurred at the focal spot. Laser power of 8-12 mW and
exposure duration of 300 us were adopted. After the
fabrication, the resin was post-baked for 30 minutes at 95 °C,
and finally developed in the acetone for 3 minutes.

Fig. 2 shows the top-view optical microscopic images
and the side-view scanning electron microscope (SEM)
images with different structures of two stacked microdisks
(Figs. 2(a) and 2(c)) and three stacked microdisks
(Figs. 2(b) and 2(d)). A cone-shape pedestal was fabricated to
support the coupled disks in air making the reflective index
difference between the PM disks and the surrounding medium
large enough to support WGM lasing. As an example, the
spectrum of three stacked microdisks with the diameters of
24 pum, 30 gm and 24 um respectively is shown in Fig. 2(e),
which obviously gives rise to single mode lasing, resulting
from mode coupling between the microdisks (see later).
To compare, the spectrum of a single disk with a diameter
of 30 um is shown in Fig. 2(f), in which more than eight
modes from the cavity are generated.

It should be pointed out that the femtosecond laser direct
writing technique was also used previously to fabricate micro-
cavities [19], [20]. However, previous studies only focus on
the fabrications of active single microdisk with multimode
lasing [19] or of deformed passive single micordisk without
lasing output [20]. Therefore, the coupled microdisks shown
here provides insight into the understanding of the couping of
multicavities by characterizing the single mode output of the
microcavities fabricated by femtosecond laser direct writing.

III. RESULTS AND DISSCUSSION

The Rhodamine B doped SU-8 has a wide absorption band
from 520 to 580 nm and an emission band in the spectral
range of 580-700 nm. Therefore, in this work, the coupled
WGM microcavities were pumped from the top by a 532 nm
(frequency doubled from a 1064 nm laser) picosecond (ps)
laser with a pulse width of 15 ps, and a repetition rate
of 50 KHz. A shutter with an opening time of 20 ms and
a separation time of 1 minute is added in the light path in
order to avoid the degradation of RhB doped in the microdisk.
As a result, no degradation of the microcvatiy is observe
under such experimental condition. In order to make a nearly
homogeneous distribution of the intensity of the pump laser
on the microcavities, a focal spot size of ~200 um, which
is much larger than the microcavities, was used. A lens with
a focal length of 50 mm was put beside the microcavtiy at
200 mm (see Fig. 2(h)). The emission light was collected by
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Fig. 3. The lasing spectrum of the single-mode PM laser. (a) The emission
spectrum of two coupled microdisk lasers with diameter of 18 ym and 30 xm.
The inset shows the light output versus the pumping intensity. (b) Spectrum
with more modes is shown, indicating the Vernier effect.

a spectrometer equipped with a CCD (Charge coupled device)
camera by setting the probe at the focus of the RhB dyes
fluorescence.

Fig. 3(a) shows the spectra of a two stacked microdisks
obtained with different power density. The diameters of two
disks are 18 gum and 30 um, respectively. It can be seen
from Fig. 3(a) that when the power density is relatively
low (i.e., 7.3 W/em?, 10.8 W/cmz), only weak fluorescence
exists. When the power density increases to a certain value
(i.e., at ~13 W/cm? for this specific structure), the lasing peak
at ~ 642 nm appears. As the power density further increases,
the laser output increases rapidly, showing the lasing action.
According to the Gauss fitting for the lasing line at 642 nm, the
FWHM (full width at half maximum) of the lasing wavelength
is only 0.25 nm, which corresponds to a Q-factor of 2600,
which is far less than the actual value since the FWHM
of the lasing line is comparable to the spectral resolution
(~0.2 nm) of the spectrum that is determined by a He-Ne laser.
Therefore the Q-factor of our device is much larger than
that (a few hundreds) in the small disk in [11]. Furthermore,
it can be clearly seen from Fig. 3(a) that the spectrum shows a
single-mode lasing line with other modes suppressed greatly as
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compared with the spectrum shown in Fig. 2(e) reflecting the
Vernier effect. Coupling strength is an important parameter
for achievement of single-mode lasing. A systematic study
on the effects of different disk parameters such as diameters,
thickness, and relative positioning on the coupling strength
will be conducted in the future.

To show the effect of the parameters of the fabricated
microcavity on the lasing mode, we plot in Fig. 3(b) a multi-
modes lasing spectrum obtained from a two stacked disks
with the diameters of 36 um and 60 um. It can be seen
from Fig. 3(b) that the peak intensities at 639.1 nm and
645.3 nm are stronger. This indicates that with the mode
coupling and competition, modes at 639.1 nm and 645.3 nm
are on resonance simultaneously for both disks. As a result, the
FSRy; is about 6.2 nm which is five times larger than that of
FSR; with the disk diameter of 60 xm, and three times larger
than that of FSR, with the disk diameter of 36 um. That is,
FSR> = 5*FSR| = 3*FSR;. The result is in good agreement
with the Vernier effect theory mentioned earlier, and further
confirms that the coupling of the disks with Vernier effect
leads to single mode lasing. Actually, the FSR of the stacked
microdisks can also be affected by the disk materials with
different refractive indices. For example, for the two stacked
disks with FSRi, = N{FSR; = N»FSR;, FSR1 or FSR2
is determined by the refractive indices of different materials
according to FSR = lz/AneffL, where A is the lasing
wavelength, L is the perimeter of the disk and An,rr = n1—ns
is the effective refractive index of the disk. Therefore, it can
be seen that the FSR of the coupled disks will be affected
by both the diameter of the disks and the refractive index of
the disk materials. The output laser intensity of the coupled
disks also depends on the materials of the disks since different
materials will give rise to different loss efficiencies due to, for
example, different absorption or scattering.

It is known that finite difference time domain (FDTD)
method can be ultilized to simulate the on-resonance
wavelength, Q-factor, field distribution of any sophisticated
structure, and thus we investigate the Vernier effect of
two stacked disks (see the inset of Fig. 4(a)) by using
FDTD method with Rsoft FULLWAVE. The spectrum
analysis was performed by Pade approximation with Baker’s
algorithm [21], [22]. The diameters of the two microdisks
in the simulation are 24 um and 30 um, respectively. The
thicknesses of both microdisks are 1 um. The xy plane is
parallel to the surfaces of microdisks and the (0 0 0) position
is set to be the center of the 30 xm microdisk located at the
bottom (lower disk). Fig. 4(a) shows the simulated spectrum
of the structure. For the wavelength at 622 nm that is on
resonance with low loss, the energy in the upper disk and lower
disk are mainly distributed at the periphery of the disks as
shown in Fig. 4(b) and (c) respectively. The single mode filed
distribution shown in Fig. 4b is inhomogeneous and it extends
to the radial direction. This is the result of the superposition
of multiple angular components caused by the asymmetric
structure of the coupled microcavity. Fig. 4(d) shows the sec-
tional view of energy distributions from the two disks with the
cutting line (dash line) as shown in the inset of Fig. 4(a). It can
be seen that at the overlapping edge (x =0 um,y = —15 um)
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Fig. 4. The simulation of the single-mode laser. (a) The simulated spectrum
of the laser shows single mode lasing. The inset shows the simulated structure.
The electromagnetic field distribution in the smaller disk (b) and the larger
disk (c) is shown. (d) is the electromagnetic field distribution of the section
perpendicular to the disk. The axis units in (b)-(d) are xm.

of the two disks the energy has a strong distribution resulting
from the coupling between two disks. Only a few frequencies
can be on resonance in the coupled cavity (Fig. 4(a)) and
with proper parameters single mode lasing can be achieved.

IV. CONCLUSION

In summary, we demonstrated the single-mode lasing
from coupled WGM microdisks fabricated by the
FsLDW technique. The realization of single-mode polymer
PM microlaser was ascribed to the Vernier effect. The devices
are only dozens of micrometers in lateral dimensions and
several micrometers in longitudinal dimension. The fabricated
size of the micro-devices could even be smaller depending
on the designs, which guarantees the application of integrated
optoelectronics.
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