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Whispering-gallery mode lasing from patterned molecular
single-crystalline microcavity array
Organic single-crystalline materials have attracted great attention for laser applications. However, the fabrication of laser
resonators and patterns of crystals is still an intractable problem. Organic single crystals have been limited to fundamental
property studies despite their superior photonic characteristics. In this work by Hong-Hua Fang et al. (p. 281–288), whispering-gallery mode (WGM) resonators of BP1T and BP2T crystalline materials have been fabricated through a combination
method with improved lithography and dry etching. Crystalline microresonators with different geometries over a large area
are top-down fabricated with submicrometer spatial resolution. WGM lasing oscillation from circular, hexagonal, pentagonal
and square resonators are deﬁnitively observed. The BP1T and BP2T crystals are characterized with high refractive index,
and stable lasing in aqueous solution is demonstrated besides in the air environment. It is expected that organic crystalline
materials would be used for the practical applications in a variety of organic electronic and optical devices.

Laser Photonics Rev. 7, No. 2, 281–288 (2013) / DOI 10.1002/lpor.201200072

LASER & PHOTONICS
REVIEWS

ORIGINAL
PAPER

Abstract Organic single-crystalline materials have attracted
great attention for laser applications. However, the fabrication of laser resonators and pattern of crystals are still intractable problems. Organic single crystals have been limited
to fundamental property studies despite their superior photonic
characteristics. In this work, whispering-gallery mode (WGM)
resonators of BP1T and BP2T crystalline materials have been
fabricated through a combination method with improved lithography and dry etching. Crystalline microresonators with different geometries over a large area are top-down fabricated with
submicrometer spatial resolution. WGM lasing oscillation from
circular, hexagonal, pentagonal and square resonators is deﬁnitively observed. The BP1T and BP2T crystals are characterized
with high refractive index, and stable lasing in aqueous solution
is demonstrated besides in the air environment. It is expected
that organic crystalline materials would be used for the practical applications in a variety of organic electronic and optical
devices.
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1. Introduction
Organic single crystals have excited great interest as active building materials for electronic and photonic devices
[1–5]. Compared to their inorganic counterparts, organic
materials offer several advantages, such as inherent compatibility with plastic substrates, ﬂexibility, and amenability to low-cost and low-temperature processing. Spectral
narrow emission or ampliﬁed spontaneous emission has
been observed in several organic crystals [6–11]. The ordered molecular packing, absence of grain boundaries and
minimized concentration of charge traps in crystals make
them superior in electronic properties (e.g. high mobility,
up to 20 cm2 V−1 s−1 ) over polymers, which could feed
renewed optimism that electrically pumped organic lasers
might prove feasible [12–14]. High-order molecule packing
and purity in crystals are also very favorable to the thermal
and photonic properties, e.g. excellent photostability, selfwaveguide and highly polarization states [8, 11]. Furthermore, refractive indices as high as 4.0 have been demonstrated in some crystals, such as thiophene/phenylene

co-oligomers [15]. Then, the optical functions can be made
ultracompact to miniaturize photonic devices, due to the
high refractive index of organic crystals. This is especially important for microphotonic components, such as
whispering-gallery mode (WGM) lasers, in which the light
is trapped due to total internal reﬂection at the interface
[16].
As essential components in photonic circles, WGM microresonators provide irreplaceable device geometry for realizing ultracompact laser source. They are in high demand
for many applications, such as sensing, ﬁltering, quantum
information processing, and on-chip photonics integration
[17–28]. In the past decade, organic semiconductor thinﬁlm WGM microcavities, such as microdisk, microcone,
and microrings have been developed for application in integrated photonic devices. However, compared to their thinﬁlm counterparts, organic semiconductor single-crystalline
microresonators have been produced and patterned with
limited success because of the difﬁculty in the device fabrication, which strongly relies on the availability of highquality single crystals of suitable dimensions and shape
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Scheme 1 (online color at: www.lpr-journal.org) Schematic illustration of organic crystal microdisk fabrication process. (a) The grown
thin-ﬁlm crystal is transferred onto the substrate. (b) Then the organic crystal was spin coated with polyvinyl alcohol (PVA) and SU-8
photoresist. (c) UV-exposure and development of SU-8 photoresist. (d) Optimized pattern transfer by reactive-ion etching (RIE). (e)
Remove the PVA and resist.

Scheme 1 depicts a schematic diagram for the fabrication
process of microdisk array. The microdisk array was fabri-
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[6, 29, 30]. Furthermore, the crystals are generally fragile
and delicate, and hence cannot be processed and simply
patterned as can inorganic semiconductors. Due to these
reasons, organic single-crystal devices have been traditionally limited to fundamental property studies despite their
superior photonic characteristics. To overcome these issues, it simultaneously requires both easy realization of
high-quality single-crystalline resonators and the patterning of these cavities over a large area with a high spatial
resolution at the submicrometer level.
In this work, we report the fabrication of large microdisk
arrays of single crystals and observed whispering-gallery
mode lasing from these microresonators. By using an improved lithography technique, patterned microresonators
with different geometry are top-down created. Whisperinggallery mode lasing oscillation is unambiguously observed
from circular, hexagonal, pentagonal and square resonators.
Size- and thickness-dependent investigations on the WGM
lasing characteristics are also carried out systematically.
Lasing features are not only dependent on the shape size,
but also the disk thickness. The investigated crystalline cavities are characterized with high refractive index, and lasing
in aqueous solution is also demonstrated in the air environment. To the best of our knowledge, this is the ﬁrst report
on whispering-gallery mode lasing from patterned organic
crystalline microresonators with a submicrometer spatial
resolution.

BP1T
Scheme 2 Chemical structure of BP2T and BP1T.

cated based on the crystalline thin ﬁlm, which is grown by
physical vapor transport in a ﬂowing stream of argon [31].
The BP2T and BP1T crystals (see its structural formula in
inset of Scheme 2), representative of thiophene/phenylene
co-oligomers (TPCOs), were chosen in the experiment, because of their excellent electronic and optical functionalities
[32–34]. The ﬂuorescence lifetime for BP1T and the BP2T
crystal is 0.77 ns and 1.14 ns, respectively, according to
the time-correlated single-photon counting measurement.
The quantum yield for BP1T and BP2T crystal, determined
with an integrating sphere, is 36% and 59%, respectively.
They have a large cross section of the order of 10−16 cm2
(see Supporting Information). The physical vapor transport
method enables us to grow high-quality large-size crystals.
The surface roughness for thin ﬁlm crystals is at the molecular level, and then the mechanical polishing process is
avoided. A protection layer polyvinyl alcohol (PVA) ﬁlm,
which is resistant to most organic solvents, is spin coated
on top of the thin crystalline before the fabrication process. We have patterned microdisks of various geometries
using a nonstandard photolithography. The soft-bake and
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Figure 1 (online color at: www.lprjournal.org) Patterned crystalline microdisk
array. Fluorescence photograph of circle
(a, c) BP2T and (b, d) BP1T microdisk. (e,
f) Fluorescence photograph of fabricated
polygon BP2T microdisk arrays, including
triangular, square, pentagonal, hexagonal
and star. (g) Scanning electron microscope image of individual polygon BP2T
microdisk.

postexposure bake temperatures were kept below 70 ◦ C in
order to avoid cracking, which may be induced by uneven
distribution of stress in a crystal during the bake process.
The microdisk pattern was then transferred to the crystal by
reactive-ion etching (RIE). The disks of photoresist act as
an etch mask during this dry-etch process. The remaining
resist was then wiped off with SU8 remover, and PVA protection layer on the crystal selectively dissolved in aqueous
solution.

www.lpr-journal.org

The fabricated crystal microdisk arrays, imaged using
a ﬂuorescence microscope, are shown in Fig. 1. From these
images, it can be seen that ordered arrays of semiconductor
features with different sizes and shapes, such as circles,
hexagons, pentagons, squares, etc., can be obtained over
relatively large areas. The magniﬁed images in the insets
show that the patterned ﬁlms have well-deﬁned edges and
are located on a clean background. Under UV excitation,
bright lights are clearly observed at edge of disks, indicating
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Figure 2 (online color at: www.lprjournal.org) Lasing characteristics of
circular microdisks. (a) The PL spectrum
recorded at different pump energy for a
BP2T circle microdisk. (b) Superlinear
dependence of the emitted intensity of one
selected WGM lasing peak on the pump
intensity. (c) The PL spectrum recorded at
different pump energy for a BP1T circle
microdisk. (d) Superlinear dependence of
the emitted intensity on the pump intensity.

that the PL emission can be conﬁned and waveguided in
the disks. This method is reproducible with high yield at
least for BP1T and BP2T crystals, which is very important
for future integrated photonics applications. The shape and
number of disks is dependent on the size of the used crystal
and deﬁned pattern of mask. SEM images of individual
polygonal microdisks (triangular, square, pentagonal and
hexagonal structures) also demonstrate well-deﬁned shape.

2.2. Lasing characteristics of circle microdisks
To investigate the optical properties of patterned microdisk
arrays, photoluminescence from disks was studied one by
one (see Supporting Information). Figure 2a depicts the
μ-PL spectra from a BP2T circle disk (images attached in
inset of Fig. 2a). It can be seen that the PL intensity increases with increasing pump energy of the incident laser,
and sharp peaks located at around 525 nm emerge from the
emission spectrum when the pump power exceeds a certain
value (32 nJ). The evolution from spontaneous to stimulated emission can be seen very clearly. As input power
further increased, the lasing mode becomes stable. In our
experiment, single lasing mode was not observed. A possible reason may that the pump power is varied too fast to
resolve the change from single lasing mode to multimode.
A plot of PL intensity of the peak with excitation density is shown in Fig. 2b. Such a nonlinear increase of the
emission intensity further indicates a lasing phenomenon in
the microcrystal disk. A similar spectrum was observed in
the BP1T microdisk as shown in Fig. 2c, and its threshold
is about 88 nJ. To form a stable oscillation in the cavity
and make light waves strengthened due to interference, the
phase change for the light going a round-trip in the cavity should be an integer multiple of 2π, i.e., the resonance
condition [35]:
n L = mλ
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(1)

where n, L are the phase refractive index of the crystal and
round-trip distance, respectively, and m is the order of the
mode (an integer). Restricted by the condition, only certain
frequencies of light are ultimately chosen and enhanced by
the cavity. To analyze the laser spectrum we recall that the
spectral spacing λ between adjacent laser modes is given
by the following relation:
λ =

λ2
,
ng L

(2)

where ng is the group refractive index that is expressed as
follows:


λdn
ng = n 1 −
.
(3)
ndλ
The lasing peaks spacing λ of the emission lines in
Fig. 3a is about 1.05 nm. Since the fundamental WGM
modes are located nearby the circumference of the cavity,
L ≈ πD is used as an approximation in circular disks. Using the emission line at 526.1 nm and a diameter, D of
19 μm, we get from Eq. ((2)) a group refractive index, ng
(526.1 nm) ≈ 4.42, which is exceptionally high among organic semiconductor, and comparable to the results of other
TPCO crystals [15]. The wavelength dependence of ng can
be determined, which then allows us to calculate the phase
refractive index n (see Fig. S2b, Supporting Information).
The corresponding mode numbers are indexed as 313–319
(Fig. 3a), matching well with the measured lasing peaks.
The measured group refractive index for BP1T near 500 nm
is above 4.9, and the phase refractive index is also as high
as 2.9.
The characteristics of the WGM lasing action dependent on the geometry size in circular disks were investigated by examining the mode spacing (E). The mode
spacing is shown in Fig. 3b, gradually decreasing with
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increasing disk size. It is found that the experimentally
measured mode spacing is proportional to the reciprocal
diameter of a circle. In order to get a clearer picture of
the mode spacing dependence on the disk diameter, the
resonant energy of WGM cavities as a function of mode
number m is presented in Fig. 3c. The mode spacing is the
spatial distance between lasing peaks (big symbols), which
regularly decreases with increasing m, corresponding to
the increase of microdisk size. A larger diameter leads to
higher interference orders observed in the spectra in the
same spectral range. Considering the measurement error
of the diameter and the resolution of spectrometer (about
0.06 nm), the calculated value (line–symbols) is in good accordance with the experimental data, which implies that the
lasing mechanism from the circle disks is indeed ascribed
to WGM.
The Q factor is another important parameter to describe
a laser cavity, which is typically used to evaluate the capability of a cavity to store energy. In practice, the Q is
determined by 1/Q = 1/Qabs + 1/Qscat + 1/Qcav. The ﬁrst
term Qabs is associated with absorption and bulk Rayleigh
scattering in the material constituting the microresonator;
Qscat describes the losses due to light scattering by surface
roughness; and the last term Qcav represents radiative (curvature) losses. It is therefore understood that the Q factor
of a WGM resonator is sensitively affected by its surface
roughness and shape deformation. From the experiment,
the Q factor for the circle disk in Fig. 3a is estimated to
be ∼2030 according to the spectral parameters Q = λ/δλ,
where λ is the peak wavelength and the δλ is the line with of
the peak, respectively. There is still much scope to improve
the Q factor to further lower the lasing threshold.
The lasing spectrum was further investigated from circular disks with different thickness. When the thickness
was less than 500 nm, as mentioned above, lasing oscillation occurred mainly at the region of 520–530 nm (deﬁned
as the blue region). When the larger thickness crystals are
used in the experiment, the lasing emission in the region
around 565 nm appears (deﬁned as the red region). Spectra at different pump level for microdisks with thicknesses
of 1 μm and 1.5 μm, are shown in Figs 4a and b, respectively. The lasing modes in the red region are apparent when
a high thickness disk is investigated, and the threshold is
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Figure 3 (online color at: www.lprjournal.org) Mode analysis of circle BP2T
microdisks. (a) Lasing spectrum at 34.1
nJ, and calculated WGM lasing mode
numbers. (b) The mode spacing as a
function of reciprocal of circle disk size. (c)
Lasing resonant energy (large symbols)
and theoretical ﬁt (line-dot), determined
from Eq. ((1)).
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Figure 4 (online color at: www.lpr-journal.org) Lasing spectrum
from microdisks with different thickness. (a) Lasing spectra of
BP2T circle disk (∼ 20 μm diameter) under different pump energy
with thickness about 1 μm. (b) Lasing spectra of BP2T circular
disk under different pump energy with thickness about 1.5 μm.

even lower than that of blue region, as shown in Figure 4b.
However, these red region lasing modes disappear when
the pump energy is further raised. This behavior is very
similar with ampliﬁed spontaneous emission of BP2T crystal (see Fig. S4, Supporting Information). “two-color” ASE
occurs when suitable thickness crystals and pump power
are employed. This may be ascribed to the reabsorption by
ground-state molecules. For the thick crystals or disks, the
large reabsorption effect increased the lasing threshold in
the blue region (0–1 transitions), leading to higher threshold
than those of the red region (0–2 transitions). However, the
gain in the blue region increases rapidly as the pump level
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is elevated. This leads to the lasing spectrum in the blue
region emerging, and red lasing lines being suppressed. It
should be noted that the mode spacing (in the form of λ)
in the red region is much larger than that in the blue region
(Fig. S2a, Supporting Information), which is attributed to
the dispersion of refractive indices.
The fabrication of microstructures in crystalline materials and patterning of the device is one of prerequisite
conditions for practical applications. The present results
clearly show that microdisk arrays with large area could
be fabricated with an optimized optical lithography and reactive ion etching processes, and stable lasing oscillation
was ﬁrst demonstrated from single-crystalline microcavities. It is expected that this method is not only suitable
for microlaser array fabrication, but also compatible electronic devices, such as patterned organic ﬁeld-effect transistors (OFETs) for active matrix display and sensor arrays
[36, 37].

2.3. WGM lasing from polygonal
microresonators
Polygon cavities have recently attracted much attention due
to their potential application in photonic integrated circuits
and optical interconnects [38, 39]. Polygon cavities may
found applications for direction laser source in photonic
integrated circuits. The optical properties from polygonal
cavities made of BP2T single crystal are further investigated. Lasing oscillations are unambiguously observed in
the regular polygonal cavity based on the BP2T crystals, as
shown in Fig. 5. These organic crystal microlasers with regular polygonal geometries may be attractive as a coherent
light source for miniaturized photonic circuits. It is noted
that lasing modes remain located around the region of 520–
530 nm, though cavities with different geometries were excited. It is reasonable that lasing occurs in the section with
high gain. In a polygonal resonator, the light travels around
due to total internal reﬂection at the resonator boundary, as
schematically shown in the insets of Figs. 5a–c for hexagonal, pentagonal and square resonators, respectively. WGMs
supported by a polygonal microcavity are intrinsically of
multimode. In other words, there exist many eigenmodes
satisfying the condition of total internal bounce reﬂections
at the cavity walls, as seen in circular disks. The experimentally determined λ is 0.62 nm for a hexagonal disk
and mode numbers are shown in Fig. 5a. The theoretical
free spectral range (0.63 nm) is ﬁt well with the experimental data, which conﬁrms the WGM lasing mechanism. The
theoretical free spectral ranges for a pentagon and a square
approximate to the experimental values, considering the
resolution of the spectrometer and measurement error, as
shown in Figs. 5b and c. The lasing spectrum for a hexagonal resonator is the sharpest among the polygonal cavities,
corresponding to the highest Q factor. The experimental
Q factor increases with the increase in the cavity polygonal order. It should be noted that no lasing oscillation was
observed in star and triangular geometries.
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Figure 5 (online color at: www.lpr-journal.org) Lasing spectra
from polygon resonators, (a) hexagonal, (b) pentagonal and (c)
square microcavities. The corresponding PL images microdisk
are shown in the inset of ﬁgures.

2.4. Crystalline microresonators in aqueous
solution
The BP2T and BP1T microdisks under UV laser excitation
show whispering-gallery modes in the air, and the lasing
spectra mentioned above are recorded in the air. Moreover,
we found that the WGM lasing oscillations survive well
in aqueous solution. We record the spectra of a circle microdisk in air and water, respectively (Fig. 6b), with the
schematic diagrams showing the difference in the environments (Fig. 6a). Lasing oscillation is also observed in the
aqueous environment. To the best of our knowledge, laser
action of an organic microcavity has not yet been demonstrated in water. WGM optical microcavities trap light via
the total internal reﬂection at the circular boundary formed
between the dielectric cavity and surroundings. With the
increase of the refractive index of the surrounding medium,
the reﬂectivity at the boundary between the active materials
and the medium will decrease, which leads to a smaller Q
and conﬁnement (F) factor, and results in a extremely high
WGM lasing threshold, even the disappearance of lasing
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Figure 6 (online color at: www.lpr-journal.org) (a) Schematic diagram for the lasing measurement in air and water solution. (b)
Measured spectra of the lasing emission from BP2T crystal microcircle disk (D ∼ 20 mm) in different environments, air and
aqueous solution. (c) Output intensity as a function of the pump
energy.

oscillation. Figure 6c plots the emission intensity with the
change of excitation density for two measurements. The
discrepancy in the spectrum and threshold is not apparent,
which may arise from the high refractive index of BP2T
crystal as mentioned above.

3. Conclusions
In summary, we have fabricated monolithic smallmolecular single-crystalline microlaser arrays with large
area on a chip, and laser oscillation was demonstrated in
these crystal microcavities. The crystal microlaser may provide an important new feature for chips: feasible plastic
devices. These results are promising in view of developing innovative organic lasers and as base components in
integrated microphotonics.
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