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Herein, ultrathin crystals of 1,4-bis(4-methylstyryl)benzene (BSB-Me) with excellent mechanical
flexibility have been grown by physical vapor transport method and used as active materials in
distributed feedback laser devices. In order to maintain the excellent self-waveguide properties of
organic single crystals, we adopt a double-layered laser configuration and demonstrate lasing both from
one- and two-dimensional distributed feedback. The thin single crystals were further extended onto
mechanically bendable poly(ethylene terephthalate) (PET) substrates and presented a proof-of-concept
‘‘flexible’’ organic single-crystal DFB laser. The ‘‘flexible’’ single-crystal laser could be bent with a
radius less than 1 cm and recovers after more than 1000 bending cycles.

1. Introduction
Flexibility is one of the most important merits for organic
semiconductors compared to their inorganic counterparts, which
makes them promising candidates for flexible optoelectronics.1–10
Low molar mass organic semiconductors in single crystal form
exhibit unequalled performances in terms of carrier mobility and
device reproducibility in organic electronics with respect to their
amorphous counterpart. The long-range order and high chemical
purity in crystals make them intrinsically excellent in chargecarrier transport and photonic properties. The recent investigations on collective stimulated emission processes in organic
crystals have proven that these materials possess a high gain
coefficient, and the electromagnetic field within the crystals
shows self-waveguiding properties and well-defined polarization
states.11–17 On the other hand, organic crystals are built from
molecules connected by weak intermolecular interactions, which
may give rise to the diversities of organic crystal structures
(polymorphs and topologies) and variety in photoelectronic
properties.18 The carrier mobility and optical gain in crystals
have been significantly enhanced due to improved synthetic
methods and design of novel oligomers,19–25 and it may offer
renewed hope for electrically pumped laser action. The dilemma
is that highly crystalline order is favorable for high-performance
devices, while good flexibility typically originates from microscopic disorder.26 The organic bulk crystals are generally fragile
and delicate, which becomes a great limitation for their applications in flexible devices. On the other hand, single crystals of
nanometer size exhibit good flexibility27–29 and this may provide a

chance to use ultrathin film crystalline materials to fabricate
high-performance flexible photonic devices.
To achieve lasing, it is crucial to introduce optical feedback for
crystals. It is relatively easy to fabricate resonators in thin-film
devices, with many approaches already reported. However, it is a
challenge to fabricate a microstructure directly in crystals. To
introduce distributed feedback (DFB) resonators for organic
crystals, researchers have developed a laser interference ablation
method to fabricate microstructures in organic single crystals.30
In this ablation method, Bragg grating structures are written
directly into the crystal by a high power laser, so that the crystal
material acts as both a DFB resonator and gain medium. Since a
high power writing laser is used, it may introduce cracks and
photodegration in the crystal during the writing process.30–32
To overcome this problem and to maintain the intrinsic
properties and characteristics of organic single crystals, it is
necessary to fabricate as few microstructures directly in crystals
as possible. In this study, we adopted a novel simple fabrication
strategy for crystal lasers and demonstrated that it is possible to
design and fabricate a ‘‘flexible’’ single-crystalline distributed
feedback laser utilizing ultrathin crystals with a thickness of
hundreds nanometers. Second order one- and two-dimensional
photonic crystal resonators are easily constructed on these thin
film crystals. The ‘‘flexible’’ single-crystal laser could be bent with
a radius less than 1 cm and recovers after more than 1000
bending cycles.

2. Experiments
Crystal growth and preparation
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BSB-Me single crystals were grown from commercially available
material (Tokyo Chemical Industry Co., Ltd) in a horizontal
physical vapor transport apparatus. No further efforts were
made to purify the material. Neutral aluminum oxide and
organic materials were mixed uniformly with weight/weight
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ratios 5 : 1 through grinding and were subsequently put into a
quartz boat. The quartz boat loaded with the mixture was then
put into the center of a quartz tube, which was inserted into the
high temperature zone of the tube furnace. An initial sublimation
temperature of about 270  C was employed, while the deposition
zone temperature was set at 240  C. High purity nitrogen was
used as a carrier and to prevent the organic materials from being
oxidized. The morphology is highly dependent on the gas flow;
here, the gas flow rate was kept at 200 mL min1. The single
crystals were grown hanged inside the growth tubes.
Optical simulation
Home-generated finite-difference time domain (FDTD) codes
were used to calculate the distribution of the electromagnetic
field. Firstly, we used the transfer matrix method to obtain the
TM-polarized Eigen field distribution in the crystal waveguide,
which is set as the input source for the FDTD simulation. Then,
the periodic structure is modeled and a 10 000-steps FDTD
simulation is performed and l ¼ 490 nm.
Device fabrication
The high quality crystals were chosen and laminated on the
substrate, on which there is a layer of UV-curable adhesive NOA61
resist (100 nm thickness). The lamination processes of crystals
were performed cautiously to avoid formation of air bubbles
between crystal and substrate. The grating structures on top of this
crystal layer are fabricated using interference lithography and are
written directly into the positive photoresist (S1805). In the
experiment, a 266 nm continuous wave (CW) laser on (MBD 266,
Coherent) was employed as the coherent interference light source.
An electromechanical shutter controls the exposure time. The
samples were loaded on the stage and exposed to the pulsed
interference pattern. A beam expander was used in the experiment
so as to achieve uniform fluence in the central patterned area. After
explosion of the 266 nm laser, the photoresist was then developed
and grating structures form on the crystal surface.

compared with the body surface, indicating that the self-waveguided emission occurs in the crystals. The spectroscopic properties of BSB-Me crystal are illustrated in the Fig. 1c; there is a
strong absorption near 400 nm and the PL spectra is centered
around 490 nm. Rapid physical vapor growth conditions enabled
single crystals to grow as thin as 200 nm and as large as 0.5 cm 
0.5 cm in size. Interestingly, the grown crystals are nearly
transparent and flexible, as captured in Fig. 1b that illustrates a
thin crystal naturally ‘‘bending’’ at the tip of a tweezer. No
noticeable damage to the crystal occurred after severe bending.
The in situ manipulation of such an individual crystal gave direct
evidence of reversible bending of organic ultrathin film crystals.
The crystals with a thickness of hundreds nm have more excellent
flexibility and they can be bent and restored under interaction of
air flow. This particular attribute enables the high-quality single
crystals to conform to curvaceous substrates, thus allowing
bending experiments to be conducted. The flexibility in BSB-Me
crystals may be attributed to the weak intermolecular interactions in organic crystals, which is different from crystalline
inorganic semiconductors. A close analysis of the thin single
crystals shows a nearly defect-free surface morphology. The
AFM image of the surface morphology of single crystals shows
that it has small frequent surface steps. A surface scan over a
10 mm  10 mm area yielded only one surface step.
3.2. Design and fabrication of crystalline distributed feedback
resonators
In order to keep the naturally formed flat surface and maintain
the intrinsic properties and characteristics of the single crystals, a
double-layered DFB structure was adopted for the crystal lasers,

Lasing characteristics
Lasing characteristics were performed by irradiating the sample
with a pulsed laser. The second harmonic generation (400 nm)
of a regenerative amplifier (Spitfire, Spectra Physics, 1 KHz) was
used as the pump source. The spot size of the pump laser on the
samples was estimated to be about 1 mm in radius. A neutral
density filter was used to adjust the excitation intensities. The
emitted light was detected by the optical fiber and then dispersed
to the spectrometer connected with CCD. The photopumped
laser measurements were conducted under atmospheric conditions at room temperature.

3. Results and discussion
3.1.

Large-size ultrathin flexible crystalline material

We choose 1,4-bis(4-methylstyryl)benzene (BSB-Me) as the
active materials. Fig. 1a shows the chemical structure of BSB-Me
and fluorescence photograph of a typical single crystal under the
UV light. The edges of the crystal give stronger emission as
24140 | J. Mater. Chem., 2012, 22, 24139–24144

Fig. 1 (a) A fluorescence photograph of BSB-Me crystal under UV light
irradiation. Inset: the chemical structure of BSB-Me. (b) A BSB-Me single
crystal under the daylight. These thin crystals are nearly transparent and
flexible, as captured in the image that shows a thin crystal naturally
‘‘bending’’ by a tweezer. This particular attribute enables the high-quality
single crystals to conform to curvaceous substrates, thus allowing bending
experiments to be conducted. (c) The absorption (left curve) and the
photoluminescence spectra of BSB-Me crystal (right curve).
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Fig. 2 (a) The design of the crystal distributed feedback waveguide laser.
(b) The Eigen modes (electric field energy) of the DFB design with the
grating fabricated on top of the continuous crystal waveguide.

Fig. 4 (a) Iridescence color caused by the diffraction of the fabricated
grating could be observed from a sample device. (b) The SEM image of a
side view of the device with one-dimensional (1D) grating. (c) A photograph of an experimental flexible single-crystal laser device. UV illumination is used to show the devices fluorescence. (d) AFM images of a one
dimensional DFB structures. The period is about 330 nm, the modulated
depth is more than 100 nm.

Fig. 3 The fabrication process of the crystal DFB laser. (a) Laminate the
grown crystal onto the substrate. (b) Spin-coat the photoresist onto the
crystal layer. (c) Laser interference pattern the resist. (d) Development of
the photoresist. (e) A schematic illustration of a flexible crystal laser
device.

as shown in Fig. 2a. It is composed of a Bragg grating layer and
an active waveguide layer of thin crystal. An optical simulation
was performed to calculate the field intensity inside the model
structure. To introduce efficient feedback, it is important to
ensure optical coupling between the crystal waveguide and
photoresist diffractive grating. In the simulation, monochromatic light (l ¼ 490 nm) was injected into the crystal.
Theoretical simulation indicates that the field distribution of the
Eigen mode is confined almost completely in the active waveguide layer, as shown in Fig. 2b. The light travelled back and
forth in the crystal. This implies efficient utilization of the active
volume and efficient extraction of the pump energy, as well as
oscillation modes. In contrast to the previous work, a nondestructive machining process of the organic crystal is employed
in this configuration. It doesn’t need to fabricate gratings in
crystals. It could keep the naturally formed flat surface and
maintain the intrinsic properties and characteristics of the single
crystals. It is expected to provide high-quality active waveguide,
which favors homogeneous, stable and strong confinement of the
oscillation modes in the microcavity formed by the DFB-waveguide mechanism. Moreover, it is much easier to fabricate
grating structures in commercial photoresists than in organic
This journal is ª The Royal Society of Chemistry 2012

Fig. 5 (a) Output intensity as a function of the pump fluence, indicating
a pump threshold of about 18 mJ cm2. The inset shows photographs of
an operating BSB-Me crystal one-dimensional DFB laser. (b) The lightemission spectrum from BSB-ME in the presence of ASE and laser action
from three different DFB grating periodicities.
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the mechanical flexibility of the crystal devices. The cross-section
of a one-dimensional DFB laser structure is shown in Fig. 4b.
The SEM image confirmed that the double-layered structure was
composed of a Bragg grating and a crystal layer as active media.
Fig. 4d shows the atomic force microscopy (AFM) images of the
one dimensional DFB structures, which have a period of about
330 nm. The modulation depth is approximately 100 nm. The
value of the modulation depth is directly related to the thickness
of the photoresist film, determined by the spin-coating speed, and
exposure time on the resist.

3.3.

Fig. 6 (a) Laser action from a two-dimensional DFB structure. The
inset shows AFM images of two dimensional DFB structures. (b) Output
intensity as a function of the pump fluence, indicating a pump threshold
of about 10 mJ cm2.

crystals; the structural parameters of the grating can be
controlled and characterized precisely and independently on the
species of crystal.
Fig. 3 illustrates the fabrication process of the crystal DFB
laser. Firstly, UV-curable adhesive NOA61 resist was spincoated to form about 50 nm thick film on the cleaned substrate.
Then, the grown thin crystals were transferred from the quartz
tube and laminated onto the substrates. The crystals were then
adhered to the substrate under UV irradiation and spin-coated
with 140 nm S1805 (Shipley). After that, the prepared samples
were exposed to the interference pattern of two-beam laser
interference. Here, a 266 nm continuous wave (CW) laser with
power 1 W was used and the exposure time was set at 50 ms. The
corrugation is ultimately defined after development of the
photoresist. Using this holographic exposure technique, highly
uniform one-dimensional (1D) sinusoidal intensity profiles can
be generated. Two-dimensional (2D) patterns are achieved if the
sample is rotated 90 between two subsequent exposures. A
‘‘flexible’’ laser device could be fabricated on mechanically flexible substrates. Poly(ethylene terephthalate) (PET) with a
thickness of 0.5 mm was employed as a flexible substrate.
A photograph of a fabricated flexible DFB structure mounted
on a glass tube is exhibited in Fig. 4a, where iridescent color
caused by the diffraction from the grating region could be clearly
observed. The photograph in the inset of Fig. 4c demonstrates
24142 | J. Mater. Chem., 2012, 22, 24139–24144

Lasing performance

The periods of grating structures were selected for second order
operation. They were carefully chosen so that feedback could be
achieved at wavelengths within the gain region. Laser pulses at
400 nm, second harmonic generation from a Ti:sapphire amplifier, were used as pump light source. The pump pulses are incident onto the sample at an angle of about 20 after being focused
by a lens with a focal length of 400 mm. The spot size of the pump
laser on the polymer film is estimated to be about 1 mm in radius.
Our investigation of the organic single crystals laser begins by
examining the performance of thin, single crystals on flat
substrates. For a typical sample, the emission intensity of a onedimensional DFB laser as a function of the pump fluence is
depicted in Fig. 5a. A pump threshold of about 18 mJ cm2,
corresponding to a single pulse energy of about 35 nJ was found.
It is very similar to the results reported by Namdas.33 Considering that the S1805 has an absorbance at 400 nm, there is still
space for reducing the pump threshold through taking advantage
of the resist without absorption at the pump wavelength. To
further reduce the lasing threshold and improve the lasing
performance is a central issue in future work. The inset of Fig. 5a
shows the photograph of the lasing action from one dimensional
laser devices. The spectra of the laser emission from three
different samples are illustrated in Fig. 5b, along with amplified
spontaneous emission from the BSB-Me crystal. The lasing
emissions have a bandwidth of about 2 nm at the full width at
half maximum (FWHM). In comparison with DFB lasers
fabricated by other methods, the line width is relatively wide. It
may arise from a relative weak optical coupling between the
active crystal waveguide and photoresist diffractive gratings.29
The wavelength corresponds to the second order Bragg distributed feedback. The spectral position of laser line is determined by
the Bragg expression:34
mlBragg ¼ 2neffL

(1)

where L is the periodicity of the grating, m is the order of the
diffraction and neff is the effective refractive index of the waveguide, which is a geometrical average of the refractive indices of
the layers of the waveguide and is calculated through a solution of
the Helmholtz wave equation for a planar multilayer structure. It
should be noted that the period of these three samples are both
330 nm. Since the thickness of the grown crystal is difficult to
control, this parameter along with neff for different devices varies
from one to another, and then there is a shift of the laser line.
Two-dimensional (2D) grating patterns could be achieved by
using twice-holographic exposure to fabricate a two-dimensional
This journal is ª The Royal Society of Chemistry 2012
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Fig. 7 Measured spectra of the lasing emission at flat (a) and bending state (b). (c) Normalized output intensity as a function of the number of bending
cycles. The flexible device can be bent to a radius of less than 1 cm and relaxed to be flat. After more than 800 bending cycles, the intensity shows no
evident decrease. The inset shows a schematic illustration of the mechanical stability test of the flexible organic laser devices that was carried out by
repeatedly bending the devices with a bending radius of 12.5 mm.

distributed feedback laser. Fig. 6a shows a typical emission
spectra with a laser line width of 0.9 nm from a 2D DFB laser.
The inset of Fig. 6a illustrates an AFM image of highly uniform
2D crossed grating structures. The dependence of the peak
output intensity on the pump pulse energy indicates a laser
threshold of about 10 mJ cm2, which is slightly lower than the
value of the 1D structure. This may be attributed to the stronger
photon confinement within the guiding gain region provided by
the 2D structure.35
3.4.

Mechanical properties on flexible substrate

We then extended our analysis of thin single crystal lasers onto
mechanically flexible substrates to yield conceptual devices that
illustrate potential use in practical flexible devices. The bending
measurements were performed by attaching the flexible devices
onto curved cylinders. The device can be bent to a radius of less
than 1 cm and re-released to be flat. The normalized spectra of
the lasing emission at flat and bending state (R  1.25 cm) are
shown in the Fig. 7a and b, respectively. Remarkably, the bended
device exhibits a broadened spectra and less lasing efficiency
during the bending state, which may arise from the bending loss.
A mechanical stability test of the flexible organic laser devices
was carried out by repeatedly bending the devices with a bending
This journal is ª The Royal Society of Chemistry 2012

radius of 12.5 mm. Interestingly, the lasing intensity and the
spectra recover after releasing the flexible substrate from a
bending state. The normalized output intensity as a function of
the number of bending cycles is shown in Fig. 7c. After more
than 800 bending cycles, the lasing shows no evident decease in
intensity. A noticeable fracture in the crystal after the bending
test was excluded, since the fracture may become a scattering
centre of light and reduce lasing intensity. These results evidently
demonstrate the durability to flexing and imply that lasers
fabricated from BSB-Me thin single crystals may have potential
use in applications where ruggedness and mechanical flexibility
are a requirement.
The lasing lifetime performance, when operating above the
lasing threshold at room temperature and in an ambient atmosphere, was further tested. This has been studied by recording the
DFB intensity as a function of number of pump pulses, at
constant pump energy above the threshold at the same spot of
the film. Fig. 8a shows the evolution of the laser emission spectrum when pumped continuously for 2.0  107 pulses above the
threshold. The peak intensity evolution is plotted in Fig. 8b. The
device lifetime, defined as the photo-stability 1/e-life (s1/e), i.e.,
the number of pump pulses at which the emitted laser intensity
decays to 1/e of its maximum value, exceeds 1.3  107 pulses. The
grating layer on the top may help to improve the stability, which
J. Mater. Chem., 2012, 22, 24139–24144 | 24143
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Fig. 8 (a) A photostability test for an operating 1D DFB crystal laser,
(a) spectral evolution and (b) peak intensity as a function of the number
of pump pulses.

could work as an encapsulating layer protecting the underneath
of the BSB-Me crystal from photo-degradation.

4. Conclusions
In summary, we have reported flexible organic crystal distributed
feedback laser based on the BSB-Me thin organic crystals. The
two-layered structures enable us to construct the distributed
feedback laser facilely and avoid ablation of the organic crystal.
These devices function well after mild mechanical tensile strain.
These results are promising in view of developing innovative lowcost, flexible and photostable crystal lasers and, therefore, open
up a large number of novel applications.
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