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Abstract—Chip-embedded organic resonator is fabricated with
2,5-Bis(4-biphenylyl)thiophene (BP1T) crystals encapsulated with
polydimethylsiloxane (PDMS). Whispering gallery mode lasing is
demonstrated in these on-chip embedded crystalline microresonators, without decline in the spectral properties, and performance in comparison to the unencapsulated devices. The encapsulated lasers exhibit quality factor (Q) as high as 1066, and lasing
threshold is about 120 nJ (1.5 mJ/cm2 ). Meanwhile, with protection of the PDMS, operation lifetime of the laser is increased
from 2.1 × 106 to 4.6 × 106 pulses.
Index Terms—Microchip lasers, optical resonators, organic
semiconductors, Q-factor, whispering gallery modes (WGMs).

I. INTRODUCTION
HISPERING gallery mode (WGM) lasers have been
considered as important building blocks in large-scale
photonic integrated circuits (PICs), because they possess small
footprint, low mode volumes, as well as high quality factors [1]–
[3]. Organic semiconductors have shown great potential for such
kind of applications, because of their features such as low cost,
large gain cross sections [4]–[6]. Over the past decade, organic
WGM lasers in the form of microtoroids [7], [8], microspheres
[9], [10], microdisks [11], [12] or microring [13], have been
well demonstrated with high quality factor when isolated in air.
To integrate these organic microlaser into a PIC chip, such
resonators have to be coupled with passive components like
waveguide, or buried in a chip to construct complex photonic
circuits [2], [14]–[17]. As a light source in the chip, it requires
that the lasing performance of microlasers are stable and not
affected by the surroundings. The dilemma is that the properties of WGM laser is highly sensitive to the environmental
change. When integrated on chip, the organic laser often suffers from serious decline in performance, and even the lasing
modes disappear, because of the reduction in refractive index
contrast (Δn) to environmental medium. Thus, the development
of robust microlasers with adequate stability in spectral properties and performance is important for practical applications in
different working environment.
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Additionally, another important issue related to application
is the degradation of organic lasers in presence of oxygen and
water [18]–[20]. It is known that when exposed to air, organic
active materials would lead to rapid degradation under either
optical or electrical excitation. For these reasons, an appropriate encapsulation configuration for organic device protection is
needed to ensure practicable lifetimes.
In this paper, we present chip-embedded organic WGM optical microresonators, and successfully achieve highly stable
lasing emission with high performance. The comparison of
lasing properties demonstrate that the spectral properties of
microlasers are not deformed when they are encapsulated in
polydimethylsiloxane (PDMS). Furthermore, the operational
lifetime of lasers is doubly increased in comparison to the unencapsulated microlasers.
II. PROCEDURE FOR PAPER SUBMISSION
A. Device Fabrication
Shown in Fig. 1 is embedded microresonator configuration.
The optical gain material used in the experiment is the organic
single crystal of 2,5-Bis(4-biphenylyl)thiophene (BP1T), a representative of thiophene/phenylene co-oligomers (TPCOs) [21],
[22]. The circle microdisk resonator was fabricated by top-down
method combined with photolithography and reactive ion etching (RIE). Firstly, the slice-like BP1T single crystals were grown
in physical vapor transport quartz tube [23], and transferred onto
a cleaned silica substrate, which was spin-coated with photoresist (NOA 61) of 100 nm. Secondly, a thickness of 100 nm
polyvinyl alcohol (PVA) was spin-coated on the crystals, following a SU-8 2025 photoresist of 2 μm thickness. Thirdly,
desired patterns were transferred to the SU-8 photoresist layer
by a standard photolithography, and then the cured SU-8 photoresist served as mask during the RIE process. Finally, the
remaining PVA and SU-8 were removed from the crystal surface and PDMS with thickness of 20 μm is placed on the crystal
microdisk and cured in a nitrogen atmosphere on a hotplate at
90 °C for 4 h.
B. Laser Characterization
Micro-luminescence spectra were resolved by a home-build
micro-photoluminescence (μ-PL) system, with which individual BP1T microdisk resontators were investigated, as shown
in Fig. 1(b). The second harmonic of a regenerative amplifier
(Spitfire, Spectra Physics), which produced laser wavelength of
400 nm with a frequency of 1 kHz, was used as pump source.
The pump beam was focused onto the sample with a spot size
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Fig. 2. Measured spectra of the lasing emission of the laser at different pump
intensity. The inset (left) shows the enlarged spectrum at 130 and 175 nJ for
comparison, and the right illustrate nonlinear dependence of the emitted intensity
on the pump intensity, indicating a threshold of 120 nJ.

Fig. 1. (a) Schematic diagram of fabricated BP1T crystal microdisk without
and with PDMS encapsulation in a nitrogen atmosphere. Light is reflected at
the boundary between the high (n 1 ) and low (n 2 ) refractive index media due
to total internal reflection in WGM resonators. (b) Home-build μ-PL system.
(c) SEM image and fluorescence photograph of one fabricated BP1T crystal
microdisk.

around 100 μm, through an objective lens, to fully excite the
crystal microdisks. The emission light from the single crystal
was collected by the same objective, and then split into two parts:
one was detected by a spectrograph (grating: 1200/mm, Shamrock 303, Andor) and the other was imaged by a CCD camera.
The output power of the pump was controlled by neutral density
filter.
III. LASER CHARACTERISTICS
A. Laser Performance Comparison
The micro-photoluminescence spectra was firstly investigated in embedded crystalline microresonators. The powerdependent PL emission spectra for an embedded microresonator
is displayed in Fig. 2. For excitation intensity below 100 nJ
(1.2 mJ/cm2 ), the emission from the central region of the device is peaked at about 496 nm with a broad spectrum. As the
excitation intensity increases, sharp peaks located at around 
500 nm emerge from the emission spectrum, with rapid increase
in the emission intensity. A plot of intensity of peaks with excitation energy is shown in inset of Fig. 2. The threshold is extracted
from the change of slope in the pump intensity dependence, and
it is found to be 120 nJ (1.5 mJ/cm2 ), which is comparable
to the reported dye-doped microdisk laser operated in air [11].
Such a non-linear increase in emission intensity with regular
comb-like spectrum confirm that the lasing action with strong
optical resonate modes occurs in the embedded microcavity.
When the lasing spectrum at different pump pulse energy was

compared, it is interesting to note that the lasing modes slightly
blue-shifted (0.2 nm), as shown in Fig. 2. The possible reason
may be atrributed to the change of cavity size and the radiation
induced photo-oxidation [10].
In a WGM resonator, light inside the cavity is trapped due
to total internal reflection, and forms a closed light-propagating
loop in it. Thus, it demands that refractive index of resonator
materials must be higher than that of environmental medium.
Variation of refractive index contrast may impose a dramatic
effect on the Q-factors and lasing performance. High refractive
index contrast of the interface allows for strong feedback, while
low index contrast with the surrounding medium causes heavy
radiation loss. In order to evaluate the effect of package polymer (PDMS) on the lasing performance, the lasing properties
of bared microlasers were studied in comparison with the encapsulated one. Fig. 3 displays the collected laser spectra from
two different microlasers with same size. One is operated in air,
while the other is embedded into PDMS, whose refractive index
is about 1.42 [24]. Similar spectrum can be observed in these
two devices. In WGM, lasing peaks are separated from each
other, and the spectral spacing Δλ between two adjacent peaks
is given by the equation:
Δλ = λ2 /πneﬀ D

(1)

where neﬀ is the effective refractive index and D is the diameter
of the microdisk. From the experiments, it is easily found that
there exists slight difference in the spectral spacing. The Δλ for
the disk in the air is 0.95 nm, while for the encapsulated, it is
1.11 nm. According to Eq. (1), the calculated effective refractive
index for microdisk in air is about 4.92, which is higher than
that of most of the organic semiconductors. The effective index
decreases to 4.21 when it is embedded into PDMS, a value that
is still relatively high, which indicates why the lasing emission
still occurs though the environmental index is increased. Quality
factor (Q), an important parameter as a measure of energy losses
in optical resonators, is further studied. From the experiment, the
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(a)

(b)
Fig. 5. Evolution of the peak intensity with the repeated pulses number of
bare (black pentagram) and encapsulated (red squares) microdisk lasers. The
inset is the operational lifetime of bare and encapsulated microdisk lasers.

Fig. 3. (a) Laser spectra from two different microlasers (in air and encapsulated with PDMS) with same size. (b) Emission intensity versus pump energy
for the encapsulated and encapsulated laser.

in lasing threshold can be attributed to the smaller microdisk
cavity volume and the roughness of the microdisk. A smaller
diameter provides less spatial overlap between the WGM
and the BP1T gain medium, resulting in more light leakage
(optical loss) from the cavity. Similarly, the surface roughness
of the microdisk is another important factor affecting the lasing threshold. The increase in the environmental index lead to
decrease index contrast. It is normal to expect that the lasing
threshold for the embedded lasers is higher than that of unencapsulated, because of increased light loss due to lowered index
contrast. Fortunately, the lasing threshold is within reasonable
range. As shown in Figs. 3(b) and 4, it is about 1.5 times higher
for a microdisk with D  14 μm in threshold.

B. Device Photostability

Fig. 4. Threshold comparison before (red circles) and after embedding (black
squares) for different size crystal lasers.

Q factor is estimated to be  1171 for microdisk in air, according
to the definition Q = λ/δλ, where λ is the peak wavelength and δλ
is the linewidth of the peak. The Q factor remains as high as 1066
after the encapsulation. It means that the light can be effectively
trapped in single crystal cavity, and the WGM is well supported
in cavity, though the index contrast is lowered. Meanwhile, there
is no evidence of the difference in slope efficiency between the
two lasers, as shown in Fig. 3(b).
In order to obtain more information about the lasing characteristics from the WGM cavity, a size-dependent lasing measurement was carried out on individual microdisks embedded
and non-embedded, as summarized in Fig. 4. It is noted that,
in both cases, the lasing threshold decreases with the increase
in diameter of the microdisk, and the experimental data can
be approximately fitted to a 1/D2 function [25]. The increase

As important photonic chip materials, the coverage of PDMS
is expected to isolate the crystal resonator from the corrosion
of oxygen and water. In order to assess the performance of
the role of PDMS encapsulation, the operational lifetime of
the BP1T microdisks was further tested, operating above the
lasing threshold at about 1.5 Pth . The emission was recorded
as a function of time, while keeping the pump energy constant.
Fig. 5 shows a typical evolution of the peak intensity with the repeated pulses number (1000 pulses in one second) form 18 μm
microdisks. The unencapsulated microdisk lasers operated in
air over 2 × 106 excitation pulses in average, corresponding to
0.5 h at 1 KHz, before decaying to 1/e of their initial emission
intensity. Upon encapsulating, the laser operation time was increased to 4.6 × 106 excitation pulses, corresponding to more
than 1.25 h, a value two times longer than that of bared lasers.
For the microdisk with 14–20 μm, we have observed similar improvement (around 2 times) in operational lifetime. This
demonstrates the effectiveness of the encapsulation provided
by the cover of PDMS. Taking into account the intensity of
the employed excitation intensity, the estimated overall device
operational lifetime could be further prolonged by optimizing
the pump power to close to laser threshold.
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IV. CONCLUSION
In summary, we have microfabricated on-chip microresonators of single crystals embedded in PDMS, and successfully
achieved WGM lasing. The lasing performance of microdisk
was very stable and not heavily affected by the cover medium
of PDMS. The operational lifetime of encapsulated lasers increase by two times upon continuous pumping at excitation
intensity above lasing threshold. These results suggest that the
crystal microlasers show great potential as application for light
sources in photonic chip.
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