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1. Introduction

Organic solid state lasers have attracted considerable atten-
tions because they have the potential to be tunable, flexible, 
biocompatible, and easily integrated into plastic optoelec-
tronics.[1–8] Optically pumped laser has been reported in a very 
broad range of conjugated polymers and oligomers. However, 
for the electrically pumped organic lasers, there still exist many 
challenging problems to be resolved.[5,9–11] One is that the 
organic devices have been damaged before the injected current 
reaches the expected threshold current density (kA/cm2 range) 
for electrically driven lasing due to the low charge carrier 
mobilities of the disordered amorphous materials. In the view 
of carrier transport and charge injection, single crystalline 
organic semiconductors are recognized as potential building 
blocks for electrically pumped organic lasers. The long-range 
order and high chemical purity in crystals make them intrin-
sically excellent in charge-carrier transport properties, whose 
mobility could be significantly increased by three orders or 
more from their amorphous phase to the single-crystal phase 

without any serious luminescence effi-
ciency decrease.[12–15] Notable achieve-
ments on the amplified spontaneous 
emission (ASE) have been attained in 
a large number of crystalline mate-
rials.[16–22] For a laser device, resonator 
structure is necessary to apply the posi-
tive optical feedback, which may reduce 
the lasing threshold significantly. Within 
this framework, several attempts were 
made to construct a resonator for crystals. 
Examples include the use of naturally 
formed cleaved facet as Fabry-Pérot reso-
nator,[23–24] or the microcavities fabricated 
with electron-beam (EB) lithography and 

reactive ion etching.[25–27] With the help of these resonators, 
the lasing threshold could be reduced to half or a fifth of the 
values observed for the bulk crystals.

As counterpart of cavity resonators, diffractive resonators, 
such as distributed feedback (DFB),[28–32] are extensively inves-
tigated. They can be readily incorporated into planar organic 
semiconductor waveguides and allow surface emission. These 
kinds of resonators have witnessed the great success in the 
polymer materials. A variety of fabrication schemes have 
been demonstrated to construct the DFB cavities, such as UV 
embossing, nanoimprint lithography, soft lithography, liquid 
imprinting, micromolding. Unfortunately, most of these 
methods are limited to organic crystals, because they are gener-
ally sensitive to solvent and the fragility makes them difficult 
to handle. As a dry method, laser ablation has been reported 
to process the organic materials. Although it has been used to 
fabricate polymer/amorphous organic DFB lasers,[32–33] organic 
crystal DFB laser has not been reported, as far as we know.

In this work, we have achieved distributed feedback laser 
based on the organic single-crystalline thin film materials. 
Diffractive resonators in the high-quality thin film crystals 
could be easily fabricated with a one-step, noncontact, and dry 
method – ultraviolet (UV) laser interference ablation (LIA). 
Different periodic gratings with optical quality could be directly 
formed in the crystals by changing the incident angle of the 
interference beam. With the help of the right periodic structures, 
distributed feedback (DFB) resonators were constructed in the 
crystals to provide the feedback. In particular, we observed laser 
emission with threshold of Eth  25 J cm 2 in the distributed 
feedback resonators. More important, this method avoids both 
the dissolution of organic crystals and the need of good-quality 
end facets. This is a crucial aspect for future implementations 
of high-yield production.
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3. Results and Discussion

3.1. The Characteristic of Grown Thin-Film Crystals

Amongst organic molecular semiconductors thiophene/
phenylene co-oligomers are counted as promising materials 
because of their unique optoelectronic properties.[14,34–36]

Herein, crystals of a high hole mobility (0.66 cm2 V 1 s 1)
co-oligomers,[37] 2,2 -bithiophene,5,5 -bis([1,1 -biphenyl]-4-yl)
(BP2T, see its structural formula in inset of Figure 2a) was used. 
The single crystals were grown by physical vapor transport in a 
flowing stream of argon (Figure S1 in the Supporting Informa-
tion). This enabled the BP2T single crystals to grow as large as 
5 mm  5 mm with thickness varying from 200 nm to 10 m.
Figure 2a shows the photograph of a typical thin plate crystal 
under the daylight. The smooth surface morphology shown 
in the scanning electron microscopy (SEM) image (Figure 2c) 
suggests the high quality of grown crystals. The slab planes 
exhibit molecular-scale flatness with steps of about 2.58 nm 
(approximately 1 step per 2–5 m), as confirmed by atomic 
force microscope (AFM) observations presented in Figure 2d. 
This step size is about half the lattice constant (Figure 2e) of 
5.3 nm for c-axis of a BP2T crystal (i.e., the length of a single 
molecule). In the crystals of BP2T, molecules stand nearly per-
pendicular to the bottom crystal plane (i.e., the ab-plane), which 
was confirmed by the X-ray diffraction pattern (Figure S2 in the 
Supporting Information). According to the Bragg equation we 
can calculate that the thickness of one BP2T molecular layer 
is 2.54 nm, which corresponds to the height of one step in the 
AFM image. The emissions in the crystals, therefore, tend to be 
propagated as a waveguide mode along the slab crystal plane. 
As shown in the Figure 2b, orange fluorescence emitted only 
from the edges of the crystal without any emission from inside 
at all. This shows that the excellence of the waveguide proper-
ties of BP2T crystals. If the effective refractive index of the slab 
crystal is periodically modulated, both distributed feedback and 
output coupling of the waveguide mode could be supported by 
Bragg scattering, then distributed feedback lasing may occur 
from these structured crystals.

3.2. Fabrication of Grating on the Crystals

For the fabrication of grating on the crystal surface, the primary 
laser beam (355 nm) was split into two coherent light beams. 
Interference between the beams formed a grating pattern 
(Figure 1) on the crystal surface. The period (d) of the grating 
pattern is determined by the wavelength ( ) of the light and 
the half angle ( ) between the two incident beams through the 
relationship d /2sin ( ). During laser interference patterning, 
the high-energy nanosecond laser selectively ablates the crystal 
surface. The crystal located at the bright fringes of the interfer-
ence pattern is “vaporized” and removed, while the materials 
at the dark fringes remains unchanged, forming the grating 
structures on the crystal surface. Figure 3a, b shows the scan-
ning electron microscopy (SEM) images of cross section of an 
ablated crystal after direct laser interference ablation. The sur-
face ablation depth ( h) was approximately 230 nm, that is, 

2. Experimental Design

Figure 1 shows the experimental setup for the fabricating the 
DFB structures. Firstly, UV-curable adhesive NOA61 resist 
was spin-coated to form about 100 nm thickness film on the 
cleaned substrate. Then, the grown crystal plates were trans-
ferred from the quartz tube onto the substrate. The crystals 
were then adhered onto the substrate under the UV irradiation. 
After that, the prepared samples were exposed to the interfer-
ence pattern of high power laser and their surfaces were struc-
tured by two-beam laser interference patterning to achieve 
line-like patterns on the surface. Their depth and periodicity 
are controlled by the laser fluence and the angle between the 
interfering laser beams. Under the UV excitation, the fluores-
cence from the crystals is waveguided in the higher refractive 
index organic thin film crystals and gets scattered by the peri-
odic corrugations. If the period of the corrugations is suitable, 
the scattered light from each corrugation can combine through 
constructive interference to create a “Bragg scattered” wave that 
also propagates within the film but in a different direction. The 
DFB lasing occurs when the wavelength  of the light satisfies 
the Bragg expression,[4]

2ne f f m (1)

where  is the periodicity of the grating, m is the order 
bragg refection, 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 can be calculated 
through a solution of the Helmholtz wave equation for a planar 
multilayer structure.

Figure 1. Schematics of experimental setup for the laser interference abla-
tion (LIA). A 10 ns pulsed Nd:YAG laser (Quanta-Ray, Spectra Physics) 
with wavelength of 355 nm is used as the laser source. The primary laser 
beam was split into two coherent light beams (beams 1 and 2). The inter-
ference between beam 1 and 2 formed a grating pattern on the crystal 
surface. The main fabrication process for the crystals include: growth of 
thin film single crystal, transfer the crystals onto the substrate, LIA.
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much deeper than that of conventional DFB gratings fabricated 
on the polymers.

Experiments show that the pulse energy must exceed a cer-
tain threshold to achieve the removal of the materials at the 
bright interference fringes. Variations of the laser-beam inten-
sity and processing time will result in change of the duty circle 
and depth of the gratings (Figure S3 in Supporting Informa-
tion). Figure 3c shows an AFM image of the grating structure 
(period of about 800 nm). The modulation depth is deeper than 
200 nm. The modulation depth could be controlled by adjusting 
the laser-beam intensity. Figure 3d shows the ablation depth as 
a function of the laser fluence. Each data point was obtained by 
averaging the ablation depth over the whole measurement area 
(5 m  5 m). The insets show three profiles of the patterned 
BP2T crystal, which can be found that the higher the laser flu-
ence, the smaller the width, as well as the depth. It should be 
noted that the ablation threshold is dependent on the crystal-
lographic orientation. For example, the threshold is below 
0.26 W/cm2 when grating vector is parallel to the a-axis, while 
the threshold is much higher than this value. By controlling the 
laser fluence and processing time, well structured gratings can 
be produced.

3.3. Optical Properties of Crystal Gratings

In order to study the ablation effect on the optical properties 
of the crystals, the absorption spectra and photoluminescence 
quantum yield (QY) the crystals before and after ablation 
processes were comparably investigated. The results of the 
absorbance measurements are presented in the Supporting 
Information, Figure S6. Using fluence 0.3 W/cm2, no signifi-
cant absorption changes are detected. The QY for the ablated 

and unablated crystals, determined with an integrating sphere, 
are 55% and 59%, respectively. Considering the measurement 
error, it shows that no evident decrease in QY during the abla-
tion process. Thus we conclude that the optical properties of 
the crystal are not significantly harmed by the ablation process. 
Figure 4a shows the spectrum detected at normal to the 
waveguide plane of the crystal with and without the fabricated 
gratings. It is clear that the presence of the grating structure 
drastically modifies the spontaneous emission. Bragg-scattered 
spontaneous emission from the BP2T crystal waveguide appears 
as two relatively narrow features in the output spectrum below 
threshold when collecting light scattered at the angle of normal 
incidence. The dip corresponds to the optical stop band of the 
one dimensional grating.

A He-Ne laser (633 nm) was employed to irradiate the grating 
(period 800 nm, depth 200nm). Its wavelength does not exhibit 
any absorption. The incident angle of the beam was adjusted to 
have the maximum intensity of the first diffracted line. Figure 4b 
present the diffraction pattern when illuminated under the 
He–Ne laser. Two diffraction orders (0 and 1) can be clearly 
seen on the screen. The zero-order transmitted (I0) and the 
first-order diffracted (I1) lines of the reading beam, were used 
for the calculation of the diffraction efficiency (DE), DE I1/I0.
The sinusoidal phase grating model was adopted for the theo-
retical diffraction efficiency analysis.[38] The experimental DE is 
about 27%, which is about 80% of that of theory value (33.8%). 
Under the white illumination, we can see the white spot in the 
centre of the screen which corresponds to image of the grating 
in zero order of spectrum (Figure 4c). Diffracted color patterns 
are formed on the left and right, corresponding to a spectral 
composition of the light. These excellent diffraction proper-
ties demonstrates the optical-quality of the fabricated gratings, 
showing great potential for high quality DFB lasers.

Figure 2. a) Global view of a BP2T single crystal under the daylight. Inset: chemical structure of BP2T. b) Fluorescence photograph of BP2T crystal 
under the UV light irradiation. c) Scanning electron microscope image of BP2T crystal. The ab-plane parallels the substrate plane. d) The surface profile 
investigated by the AFM; and their cross-section analyses. e) Crystal packing of BP2T.
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ne f f (sin sin ) l 0 1 2 (2)

Combination of Equation (1) and (2) yields an expression for :[39]

sin
2l
m 1 2 2 (3)

Here, l is the diffracted order and m is the order bragg 
refection. The observed emissions in the Figure 5b (at an angle 
of 30  normal to the plane of the waveguide) is consistent with 
the lasing beam l  1 or 3.

4. Conclusions

In summary, we have fabricated high quality distributed feed-
back resonators in organic single-crystalline thin film materials 
for the first time. Strong lasing emissions have been observed 

3.4. Lasing Performance

The device (crystal thickness 1 m, modulation depth 115 nm, 
period 640 nm) was excited by the 400 nm femtosecond pump 
beam and the emission was collected by an optical fiber con-
nected to a spectrograph (Figure 5a). The emission spectra 
were then recorded as a function of increasing pump power. 
As the excitation pump energy is increased above a critical 
threshold, strong yellow–green emission consisting of two arc 
lines can be observed. Figure 5b shows photographs of one 
of the arc lines emitted from the device, which is at an angle 
of 30  normal to the plane of the crystal. Most of the laser 
energy is focused in the center area of the spot. The wave-
length emission is centered at 565 nm with full width at half 
maximum (FWHM) of 1.5 nm (Figure 6a). PL intensity of 
emission of a device as a function of the incident laser energy 
intensity is shown in Figure 6b. The threshold is determined 
to 25 J/cm2, which is 3 times lower than that ( 75 J/cm2) of 
unablated crystal, and more lower that the uniformly ablated 
crystal (described in the Supporting Information, Figure S7).

To further confirm that it is DFB lasing, we have calculated 
the Bragg diffraction wavelength Bragg. The refractive indices 
of BP2T thin crystals are estimated on the basis of both 
the thin-film interference in the reflectance spectrum and 
crystal thickness (details can be found in Figure S4 and S5, 
Supporting Information). The calculation of neff is based on 
three-layer planar waveguide model, in which ncrystal  1.80, 
nNOA61  1.56, nquartz  1.46, nair  1. We obtain neff  1.73 at 
565 nm for TE1 mode and the m  4. This was in good agree-
ment with the observed  lasing wavelength, considering meas-
urement error of the refractive indices and the thickness of 
the crystal layer.

The lasing wave are simultaneously diffracted by the grating, 
where the outcoupled angle of lasing wavelength is defined:

Figure 3. a) Image of thin film crystals fabricated with 800 nm period 
grating. b) Enlarged SEM image of side view. c) AFM images for the 
topographies of laser interference ablation of BP2T crystals with laser 
fluences 0.4 Wcm 2. d) The ablation depth as a function of laser fluence. 
The insets are AFM profile images for representative data points.

Figure 4. a) The absorption (Abs), photoluminescence spectra (PL), 
Bragg-scattered spontaneous emission (with grating) and amplified 
spontaneous emission (ASE) spectra of BP2T crystals. The photolumi-
nescence spectra and the Bragg-scattered spontaneous emission are 
detected at an angle normal to the plane of crystals. The FWHM for ASE 
spectrum is 9 nm. Inset: Iridescence color caused by the diffraction of 
the fabricated grating (800 nm period) in the crystal. Diffraction patterns 
of the prepared grating (800 nm period) irradiated by He-Ne laser beam 
(b) and white light (c).
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from these devices. The lasing threshold in DFB resonators is 
reduced by a factor of 3 in comparison with the ASE threshold 
value of the BP2T film. The laser interference ablation method 
proved a dry, low-cost and single-step technique, consisting of 
short-time exposure of high power laser, enables mass fabrica-
tion of high quality single-crystal lasers based on DFB mecha-
nisms for active photonic devices. The combination of high 
gain and high mobility organic crystals with laser interference 
ablation techniques is a promising approach to organic semi-
conductor lasers.

5. Experimental Section
Crystal Growth and Preparation: The materials of BP2T were purchased 

from Lumtec Corp., and was used without further purified. The single 
crystals were grown in a horizontal physical vapor transport apparatus. 
A quartz boat loaded with the BP2T powder was put into the center of 
a quartz tube, which was inserted into the high temperature zone of the 
tube furnace. An initial sublimation temperature at about 380 C was 
employed, while deposition temperature was set at 340 C. High-purity 
nitrogen was adopted as carrier and to prevent the organic materials 
from being oxidized, and the gas flowing rate was kept at 100 mL/min. 
The grown single crystals were hanged inside the growth tubes, and 
could be taken out with tweezers easily. Then the high quality crystals 
were chosen and adhered onto the substrate on which there is a layer of 
UV-curable adhesive NOA61 resist ( 100 nm thickness).

Laser Inference Ablation: In the experiment, A Nd-YAG nanosecond-
pulsed laser (Quanta-Ray Lab, Spectra Physics) was employed as the 
coherent light source for the interference ablation. 355 nm radiations 
were used, which is the third harmonic of its fundamental wavelength 
(1064 nm). The laser power could be adjusted through the controller of 
the laser and is monitored by a high damage threshold power meter. An 
electromechanical shutter controls the exposure time. The samples were 
loaded on the stage and exposed to the pulsed interference pattern. All 
the experiments are performed in an ambient atmosphere environment. 
A beam expander was used in the experiment so as to achieve uniform 
fluence in the central patterned area.

Lasing Characteristics: The second harmonic generation (400nm) of a 
regenerative amplifier (Spitfire, Spectra Physics) 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. The pump pulse energy is controlled by 
sending the laser beam through an attenuator wheel. The emitted light 
was detected by the optical fiber and then dispersed to the spectrometer 
connected with CCD.

Instrumentation: SEM images were obtained from a Jeol-7500F 
microscope. Samples were coated with approximately 5–10 nm of 
gold before imaging. The film thicknesses for BP2T crystals were 
measured using a profilometer (Dektak 150), atomic force microscope 
(Nanoscope IIIa scanning probe microscope and Nanonavi), and the 
previously described SEM instrument. X-ray diffraction was carried 
out on a Rigaku R-AXIS RAPID diffractometer (D/max-rA, using Cu 
K  radiation of wavelength 1.542 Å). Optical absorption data were 

Figure 5. a) Experimental setup used for characterization of organic single 
crystal lasers. Inset: AFM images of the DFB and the sketch of directions 
of out-of-plane scattering for DFB structures of m  4. b) Photographs of 
the operating single crystal laser based on 1D DFB structure.
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collected with a Shimadzu UV-3600 spectrophotometer equipped with 
an integrating sphere (in order to eliminate the scattering effect). The 
photoluminescence quantum yields of the crystals were measured in an 
integrated sphere.

Supporting Information
Supporting Information is available from the Wiley Online Library or 
from the author.
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