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Abstract—Optical microcavities have been paid enormous at-
tentions as a basic integrated element in photonic devices includ-
ing micromodulators, microfilters, and microsensors. In particular,
the microcavities that can produce unidirectional and single-mode
lasing emissions are greatly demanded to meet the challenge of
integrating high-efficiency and high-sensitivity optical functional
systems. Herein, a three-dimensional polymer microlaser com-
posed of stacked circular-ring-shaped and spiral-ring-shaped mi-
crocavities is fabricated directly on a narrow bandpass filter sub-
strate by the femtosecond laser processing technique. The on-chip
polymer microlaser provides a room-temperature, low-threshold,
unidirectional, and single-mode laser output, resulting from the
coupling between the two stacked microcavities. The fabrication of
the on-chip low-threshold polymer microlaser opens up a possibil-
ity toward the integration of a variety of polymer microcavities for
organic optoelectronic devices.

Index Terms—Laser processing,
polymer, single mode, unidirectional.

microresonators, optical

1. INTRODUCTION

PTICAL microcavities that hold the major advantages of
O small volume and high-quality (Q) factor have been con-
sidered as important platforms for fundamental investigations of
light-matter interaction such as cavity opto-mechanics [1]-[3],
cavity quantum electrodynamics [4], [5] and quantum informa-
tion [6], [7]. They are also serving as elements of integrated
photonic devices for a broad spectrum of applications includ-
ing micro-modulators [8], [9], micro-filters [10], [11], micro-
sensors [12],[13] and so forth. Specially, the microcavities based
on Whispering-Gallery-Modes (WGMs) have been extensively
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investigated in recent years because of their ultra-low loss, ultra-
high Q factor and ultra-high sensitivity to surrounding materials
[14]-[18]. However, owing to the total internal reflection of
light at the rotational symmetrical interface [15], the WGMs
microcavities exhibit isotropic emissions in both the near and
far fields, leading to less efficiency for applications, for example,
in producing lasing emissions.

Recently, deformed microlasers (DMs) that can produce
highly directional emissions by breaking the rotational symme-
try of the WGMs microcavities have attracted a lot of interest
[19]-[27]. Among various types of DMs, spiral-shaped micro-
laser has been paid special attention owing to its ability of pro-
ducing unidirectional radiation without significant spoiling of
the Q factor [26], [27]. On the other hand, when compared with
multi-mode microlasers, single-mode ones are more desirable
in many applications [28]-[31]. Therefore, several efforts have
been made to design special microcavity structures for produc-
ing both unidirectional and single-mode radiation. For instance,
Huang et al. showed a GalnAsP/InP single-mode semiconduc-
tor microlaser structured with a circular microcavity connected
to a bus waveguide [32]. Wu et al. reported on unidirectional
single-frequency lasing emission from a microcavity composed
of a circular and a spiral rings with organic-inorganic hybrid
materials [33].

Nevertheless, previous studies regarding the unidirectional
and single-mode micro-lasers have been mainly performed with
semiconductor and organic materials by using conventional pla-
nar photolithography technique limiting the design freedom.
Therefore, three dimensional (3D) fabrication techniques allow
to go one step further in optimizing towards high-efficiency
single mode and uni-directional micro-laser devices. Owing to
the intrinsic 3D prototyping capability with nanoscale spatial
resolution, femtosecond laser processing (FLP) technique has
shown to enable fabrication of a variety of micro-devices such
as micro-optics, micro-mechanic and micro-fluidic devices [34].
In addition, this technique allows in situ fabrication in principle
without the need for spin coating, which may be an advan-
tage in case only single chips and not wafers are available (e.g.
for prototyping). Recently, femtosecond laser direct writing of
polymer microcavities with either unidirectional multi-modes
or isotropic single-mode emissions was also reported recently
[35], [36]. However, supporting pedestals beneath the cavities
lead to difficulties in fabrication of some special types of micro
structures such as ring-shaped cavity, as well as in connection of
the microcavity to other optical elements. In addition, collapses
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Fig. 1. Schematic diagrams of the (a) FLP and (b) optical measurement setups.

of the non-supporting microcavity edge unavoidably occur dur-
ing the long-term usage of the device.

In the current study, we demonstrate, by using the FLP tech-
nique, the 3D fabrication of a polymer microlaser directly lo-
cated on a 532 nm narrow band-pass filter substrate, which
serves as a stable working platform. The 3D on-chip microlaser
is composed of two stacked microcavities with circular-ring and
spiral-ring shapes, which produces a unidirectional and single-
mode output with a lasing threshold of 60 £ J/cm? at room tem-
perature. We verify that a coupling occurs between the stacked
microcavities by comparing lasing spectra and thresholds of
different shapes of microcavities, and find that the circular-
ring-shaped microcavity works as an oscillator, and the spiral-
ring-shaped microcavity serves as a mode selector and a launch
port. The realization of the functional coupled polymer micro-
lasers without supporting pedestals provides a step towards the
fabrication of organic integrated photonic devices by the FLP
technique.

II. EXPERIMENTS

The schematic diagram of the experimental FLP setup is
shown in Fig. 1(a). Pulses from a Ti:Sapphire femtosecond os-
cillator (Tsunami, Spectra Physics) with a central wavelength of
800 nm, a pulse width of 120 fs and a repetition rate of 76 MHz
were focused into the sample (see below) by an oil-immersion
objective lens (NA =1.35, 100x). The scattered light from the
sample was collected by alens (L1: f =5 cm) and senttoa CCD
for monitoring the processing process. A set of two galvanome-
ter mirrors in the laser propagation path and a piezoelectric stage
under the substrate was used to control the position of the laser
focal spot in the sample along the horizontal and vertical di-
rections, respectively. The laser power before the objective lens
was fixed to be 7.0 mW, controlled by a variable neutral filter,
and the exposure time at each focusing spot was 1 ms.

The microlasers were fabricated by the FLP technique via
two-photon polymerization of dye-doped (RhB) negative pho-
toresist (SU-8 polymer). The viscous photoresist SU-8 (Mi-
croChem Corp.) was mixed with laser dye (RhB, 1.4 wt%),
which serves as the gain medium. The mixture was dissolved in
cyclopentanone. The solution was tipped on the NBF substrate
(Fushen Guangdian Comp.), which was cleaned in sequence
with acetone, ethanol and deionized water. The sample on the
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Fig. 2. (a-e) Top-view SEM micrographs for the microlasers fabricated on a
NBF substrate with the shapes of (i) circular disk, (ii) circular ring, (iii) spiral
ring, (iv) spiral ring stacked on circular ring, and (v) spiral ring stacked on
circular disk. The diameter of the circular disk and circular ring is ~30.2 um
and the hole in the circular ring has a diameter of ~12.1 gm. The diameter of the
spiral-ring is ~24.0 pm and the inner diameter of the spiral-ring is ~18.1 ym
with the notch size of ~1.0 pm. (a-e) have the same scale bar of 10 pm. (f)
Tilt-view magnified SEM micrograph of the circular ring in (d). The thickness
of all the fabricated cavities is ~2.5 pm.

substrate was soft-baked at 95 °C on a hot-pot for 2 hours, and
then processed by femtosecond laser direct writing. After the
sample was processed, it was post-baked at 95 °C for 15 minutes,
and then rinsed in acetone to remove the unsolidified photore-
sist, and as a result the fabricated microcavities were left on the
substrate. Because the scanning speed and the laser power of the
femtosecond laser were fixed during the fabrication, the solidi-
fied material should have the same refractive index everywhere
in the developed devices.

The morphology of the fabricated microcavities were imaged
by using a scanning electron microscope (JEOL JSM-7500F),
and the lasing properties of the fabricated microcavities were
measured by using a home-built micro-photoluminescence (-
PL) system (see Fig. 1(b)). A picosecond frequency-doubled
532 nm, 15 ps, 50 KHz Nd:YLF laser (Amberpico-Q-2000,
Guoke) was adopted to pump the microcavities. The pump laser
beam was focused on the microcavities by an objective lens
(NA =0.25, 10x), and an electric shutter was inserted into the
pump laser beam to keep the exposure time of the pump laser
on the sample at 20 ms, in order to avoid the bleaching effect of
laser dye molecules. The lasing spectra and the far-field intensity
distributions of the microlasers were measured by a spectrome-
ter (SR-3031-A, Andor), and a rotary stage and a 3D stage were
employed to precisely control the position and the orientation
of the fabricated microcavity. A CCD camera was used to mon-
itor the pumping process in the p-PL system. The 3D FDTD
simulation was carried out using commercial FDTD Solutions
software. To simplify the simulation, the cavities simulated were
free suspended in air. A short pulse was first launched into the
cavity, and fast Fourier transfer calculation was performed to
obtain the resonant spectrum of the cavity long after the pulse
ceased. The far-field intensity angular distribution was calcu-
lated by exciting single resonant mode.

III. RESULTS AND DISCUSSION

We carried out 3D finite-difference time-domain simula-
tion, which shows that the coupling between the stacked
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Fig. 3. (a)—(c) Room-temperature spectra of the microcavities (i-iii) obtained

with three different pump laser energy densities, and (d)—(f) lasing signal
intensity versus pump energy density obtained from the microlasers with (a),
(d) structure (i), (b), (e) structure (ii), and (c), (f) structure (iii). All the cavities
were pumped by a Nd:YLF picosecond laser with 532 nm, 15 ps, 50 kHz.

microcavities can occur, resulting in single-mode unidirectional
laser output. We will introduce the simulation in details later to
interpret the experimental results observed below.

In the experiments, we first fabricated several different struc-
tures of single polymer microcavities directly on a 532 nm NBF
substrate with the FLP technique (for details, see Experiments).
Shown in Fig. 2(a)-(c) are the top-view scanning electron
microscope (SEM) micrographs for the structures of (i)
circular-disk, (ii) circular-ring and (iii) spiral-ring microcavities,
respectively. We refer to these three structures with labels (i),
(i1) and (iii) for further discussion. Both the microcavities (i)
and (ii) have an outer diameter of ~30.2 um. The inner di-
ameter of the microcavity (ii) is ~12.1 pm. The microcavity
(iii) is fabricated according to the defined profile of (1, ) as
r(¢) = 191 + e¢/(27) in a polar coordinate with e = 0.083
being the deformation parameter and 7y =12 pmt being the
radius at ¢ = 0. As a result, the notch size is ~1.0 ym. The
inner diameter of the spiral ring structure (iii) is ~18.1 pm.
The thickness of all the fabricated microcavities is ~2.5 pum,
as shown in Fig. 2(f) with a magnified SEM micrograph. It is
clearly shown that the fabricated microcavity is directly sitting
on the substrate without a supporting pillar beneath.

In order to realize a low-threshold, unidirectional and single-
mode lasing output, integrated microcavities with a spiral-ring-
shaped microcavity stacked respectively on a circular-ring-
shaped microcavity (Fig. 2(d)) and on a circular-disk-shaped
microcavity (Fig. 2(f)) were also fabricated. For comparison,
the on-chip circular- and circular-ring-shaped disks in Fig. 2(d)
and (e) have the same sizes as those shown in Fig. 2(a) and
(b). We refer to these two structures with labels (iv) and (V)
for further discussion. In both the stacked microlasers, the on-
top microcavity was designed to be tangent with the bottom
microcavity to ensure efficient coupling between the top and
bottom cavities. The larger circumference difference in the top
and bottom cavities ensures the operation of single mode output
as explained later.

2333

1.0
0.8

5

m,0.6F

2 2

[

2 0.4} (nJlcm?)

@

£ L. v TN
0.2k 70 * LN A

%810 620 630 640 650
Wavelenghth [nm]
(a)

101 330_..?._ 30 .
< N7
0.8 * [y ¢
5 { e S
s 06f zrol L3 .so /
.-aé" 04l 240" ; ' 120 y
g 210150
= 0.2} s
.0 40 60 80 100
Pump energy density [|.|.J|fcl112]
(b)

Fig. 4. (a) Room-temperature spectra of the microcavity (iv) obtained with
three different pump laser energy densities, and (b) lasing threshold obtained
from the microcavity (iv). Inset in (b): Far-field angular-dependent intensity
distribution of the unidirectional lasing emission with a far field divergence of
about 20°.

With the optical measurement setup described in Experi-
ments, we collected the emission spectra from the single micro-
cavity from side, as shown in Fig. 3(a)—(c). The peaks appearing
on the broad emission spectrum clearly indicate the occurrence
of lasing actions in these single microcavities with Rhodamine
B (RhB) dye as the gain medium. Multi-modes lasing from
635 nm to 650 nm oscillates within the microcavity (i), but less
laser modes are observed for the microcavities (ii) and (iii).
However, it should be pointed out that under the same optical
excitation, no lasing action can be observed with those micro-
cavities fabricated directly on a glass substrate (not shown). The
NBF substrate prevents leakage of the optical emissions into the
substrate in the spectral range of laser dye, but has a high trans-
mission for the pumping light at 532 nm to avoid the possible
interaction of the pump laser with the substrate surface as well
the influence on the fabricated microcavities.

We also measured the laser intensity as a function of the
pump energy density for the three microcavities (i-iii), in order
to examine the lasing thresholds of different microcavities. As
shown in Fig. 3(d)—(f), the measured data (solid rectangles)
for the spectral modes of the three microcavities (i-iii) at 640.7,
640.5,and 617.1 nm can be well fitted by two linear curves (solid
lines), from which the lasing thresholds are determined to be
~57,47 and 110 pJ/cm?. Other modes in Fig. 3(a) and (b) show
similar input-output characteristics. It can also be seen from
Fig. 3(c) that the spiral-ring-shaped microcavity shows a single-
mode laser output due to the small mode volume, but the lasing
threshold (110 pJ/cm?) of this microlaser is much larger than
the circular (57 pJ/cm?) and circular-ring (47 pJ/cm?) shaped
WGM ones.
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Fig. 5. (a) Room-temperature spectra of the microcavity (v) obtained with
three different pump laser energy densities. Inset in (a): SEM micrograph of
the tilted microlaser shows the tangent point of the two spiral and circular
shaped disks. (b) Lasing threshold obtained from the microlaser (v). Inset in
(b): Far-field angular-dependent intensity distribution of the lasing emission.

The emission spectra of the stacked polymer microlasers with
the structures (iv and v) were also measured. A strong las-
ing peak at the wavelength of ~641.1 nm surrounding with
suppressed small peaks can be clearly seen in Fig. 4(a) for
the structure (iv) showing the single-mode laser output can be
achieved by this microlaser. The reproducibility of single-mode
lasing output from such microcavities was verified by fabricat-
ing different samples and observing their lasing spectra. The
lasing intensity measured as a function of the pump energy den-
sity at room temperature is shown in Fig. 4(b), giving a lasing
threshold of ~60 pJ/cm?. This result agrees well with the one
(48 11 J/em?) reported for a planer ring-spiral microlaser [33].
We also measured the angular dependence of the single-mode
emission, as plotted in a polar coordinate in the inset of Fig. 4(b),
from which it can been seen that the stacked microlaser exhibits
a good unidirectional radiation emitted from the notch with a far
field divergence of about 20° (Note that the zero degree refers to
the direction facing the notch section of the on-top spiral-shaped
microcavity).

It can be noted that the lasing threshold of the microlaser is
comparable to those obtained from the single circular or circular-
ring microlasers, but about half as that obtained from the single
spiral-ring microlaser. It can also be seen that the unidirectional
emission shown in the inset of Fig. 4(b) has the same feature as
that of the spiral-shaped microcavity [36], However, the laser
mode wavelength shown in Fig. 4(a) is totally different from
the single spiral-shaped microcavity (see Fig. 3(c)), but in the
lasing spectral range of the circular disk or circular ring on the
long wavelength side (see Fig. 3(a) and (b)). Therefore, most
likely, the on-chip circular-ring-shaped microcavity works as
an oscillator that provides the WGM lasing emissions with a
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Fig. 6. (a) FDTD simulation results. The red curve and black curve represent
the spectra of electromagnetic field resulted from a ring cavity and a cavity with
spiral ring stacked on circular ring, respectively. The inset illustrates the far-field
intensity angular distribution of the mode at 594.6 nm from the stacked cavity.
(b) and (c) are the mode intensity distributions in underneath circular-ring cavity
and the top spiral-ring cavity, respectively. The scale bar is 5 pm.

low lasing threshold, and then the laser modes are coupled to
the on-top spiral-ring-shaped microcavity that serves as a mode
selector and a launch port to emit the single-mode unidirectional
radiation from the notch. In this case, small cavity volume of
the oscillator is critical to realize single mode output.

In Fig. 5(a), the emission spectrum of the stacked micro-
cavity (v) is demonstrated, from which multiple peaks can
be observed. The measurement of the lasing threshold for the
641.0-nm laser mode at room temperature (Fig. 5(b)) gives a
value of ~72 1 J/em?. The other laser mode at 639.0 nm shows
a similar input-output characteristic, resulting in a lasing thresh-
old of ~68 1 J/cm?. The angular dependence measurement is
presented in the inset of Fig. 5(b), and the far-field intensity
distribution of the lasing mode at 641.6 nm also exhibits a uni-
directional emission property.

Since the microcavity (i) can produce more lasing modes (see
Fig. 3(a) and (b)). Therefore, it is possible for the microlaser (v)
to generate a multiple-modes laser output if the on-top mode se-
lector couldn’t filter out all the other modes. As expected, it can
be seen in Fig. 5(a) that double peaks appear. In addition, the
far-field angular intensity distribution (Fig. 5(b)) shows very
similar pattern as the one shown in Fig. 4(b). This may in-
dicate the directionality of the laser output mainly depending
on the property of the on-top spiral-ring-shaped microcavity.
That is, the on-chip circular-shaped microcavity generates the
lasing modes that are coupled to the on-top spiral-ring-shaped
microcavity to produce unidirectional radiation from the notch.

To verify the coupling, in the 3D FDTD simulations we dupli-
cated the structures in our simulation, but proportionally shrunk
the dimension of the cavity to half in the simulation due to
limited computational power. Though the chaotic nature of the
stacked cavities makes tracking certain optical modes and in-
vestigating how they evolve with thickness or relative displace-
ment very difficult, especially for large cavities, the simulation
results successfully mimic our experimental ones. As shown in
Fig. 6(a), for a ring cavity, multiple sharp peaks can be found
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in the spectral range from 590 nm to 600 nm, which indicates
the existence of many high-Q modes. However, when a spiral-
shaped cavity was placed on the top of the ring cavity, the break-
ing of rotational symmetry destroyed most high-Q WGMs, and
only one high peak at 594.6 nm can be seen within this wave-
length range. Far-field intensity angular distribution was also
calculated for this high-Q mode and plotted as inset in Fig. 6(a),
which illustrated single directional output. The mode intensity
distributions of the plans in circular-ring cavity (Fig. 6(b)) and in
spiral-ring cavity (Fig. 6(c)) validate our hypothesis. The inten-
sity profile in circular-ring microcavity shows WGM like shape,
indicating a high-Q mode at 594.6 nm; while the strong asymme-
try distribution in spiral-ring cavity disclose the non-resonance
at 594.6 nm. Generally, in such case, the energy coupled from
circular-ring cavity to the spiral-ring cavity will dissipate due
to the boundary scattering, so that high-Q properties of WGMs
in circular-ring microcavity cannot be maintained. However, in
some circumstance, as shown in Fig. 6(c), the light may couple
back to the circular-ring cavity along the circumference, with
very small proportion emitted directionally at the notch region.
Thus the mode quality is preserved, and single directional out-
put is achieved. Though the simulated structure is not exactly
the same as experimental one, these results clearly demonstrate
the high possibility of single-mode lasing with unidirectional
output from such stacked cavity, which helps the interpretation
of the cavity emission performance observed in Figs. 3-5.

Based on the WGMs theory, the free spectral range (FSR)
can be estimated based on the relation AL = A?/(nnd) with
A being the emission wavelength, n being the refractive index
and d being the diameter. Thus, the FSR of the microlasers with
the structures (i) and (ii) is calculated to be ~2.55 nm at the
wavelength of 640.7 nm with the effective refractive index [35].
This agrees well with the measured FSRs for the microcavities
(1) (~2.52 nm) and (ii) (~2.55 nm), showing the WGMs features
of these two microcavities. It can also be seen from Fig. 3(a) and
(b) that as the volume decreases, the number of the WGMs is
significantly reduced, providing a way to produce single-mode
laser output. However, the rotational symmetry of the WGMs
microlasers results in isotropic emissions in both the near and
far fields.

We calculated the Q factors according to the relation of
Q = v/év, where v = ¢/X is the frequency of the lasing
emission and dv is the full width at half maximum (FWHM)
of the lasing line frequency, respectively. Since the measured
linewidths result from the stimulated emission of the active mi-
crocavities, the Q factors might be overestimated due to the
spectral narrowing effect. Therefore, the linewidths measured
with the pump powers right below the lasing threshold were
used for estimating the Q-factors, in order to minimize the ef-
fect of spectral narrowing. As a result, the measured spectral
linewidths for the microcavities (i-v) are 0.29, 0.28, 0.34, 0.28,
and 0.29, respectively. We also consider the instrumental broad-
ening effect of the spectrometer. Since the linewidth of a HeNe
laser is typically 1 GHz or less, we measured the spectral line of
the HeNe laser at 632 nm, which gives a value of 0.28 nm. There-
fore, the instrumental broadening is determined to be ~0.27 nm.
That is, the measured profile of the HeNe laser line reflects the
instrumental broadening of the spectrometer. By deconvoluting
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TABLE I
LASING MODE AND CORRESPONDING Q VALUES AND THRESHOLDS FOR THE
MICROCAVITIES WITH THE FIVE STRUCTURES

Structure  Lasing mode Q value Lasing threshold
@) 640.7 nm 6.2 x 10° 57 pl/em?
(ii) 640.5 nm 6.0 x 10° 47 pl/em?
(iii) 617.1 nm 4.6 x 10° 110 pJ/em?
(iv) 641.6 nm 6.1 x 10° 72 pllem?
) 641.1 nm 7.3 x 10° 60 1J/cm?

(i): Circle disk; (ii): circle ring; (iii): spiral ring; (iv): spiral
ring stacked on the circle ring; (v): spiral ring stacked on the
circle disk.

the experimental curves with the instrumental broadening pro-
file, the O values are estimated to be ~6.2 x 10?, 6.0 x 103, 4.6
x 10%,6.1 x 103, and 7.3 x 10?, respectively. In Table I, we list
the measured Q values and lasing thresholds of the microcavi-
ties (i-v). The relative large laser threshold for the structure (iii)
may result from the relatively low Q factor of this microcavity
when compared with those of the microlasers (i and ii).

IV. CONCLUSION

In summary, we have fabricated a 3D on-chip coupled poly-
mer microlaser by the FLP technique via two-photon polymer-
ization, and demonstrated that the microlaser enables operation
of unidirectional and single-mode laser output with a low las-
ing threshold at room temperature. The coupling between the
on-chip circular-ring microcavity and on-top spiral-ring micro-
cavity in the microlaser was verified by comparing the laser
spectra, lasing thresholds, and Q factors of a variety of differ-
ent structured microlasers. It was found that the circular-ring
microcavity serves as an oscillator to provide the low-threshold
WGMs lasing emissions, and the spiral-ring microcavity works
as a mode filter and output port. The demonstration of the func-
tional integrated polymer microlasers fabricated by the FLP
technique provides an important step towards integrated organic
photonic microdevices. However, it is clear that much additional
effort is needed for practical applications of these devices, such
as integrating these devices with optical waveguides and other
components, and developing certain compact and inexpensive
diode lasers for pumping source.
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