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Abstract: Organic single crystals are of interest for optoelectronic applications due to their
highly ordered molecular stacking and small defect concentration, giving the possibility of high
mobility and luminescence efficiency. To achieve lasing in large flat single crystals, a simple
“pick and place” method of mounting organic single crystals onto distributed feedback gratings
is demonstrated. Efficient lasing was achieved with three kinds of active organic single crystals,
indicating the potential for broad application of our method for making single crystal lasers
using distributed feedback gratings. Detailed investigations of the anisotropic refractive index
and waveguide simulations further confirm that distributed feedback can provide efficient ways

of fabricating organic single crystal lasers.
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Organic m-conjugated materials offer a number of attractive properties for application as
miniature, visible solid-state lasers, including their versatility for color-tuning, low-cost, and
easy fabrication.['*) Organic n-conjugated polymers and dye molecules doped in matrices have
been the most widely studied gain materials for organic semiconductor lasers (OSLs).!!
Organic single crystals offer advantages over amorphous films of highly ordered molecular
stacking and low defect concentration, which give these materials high charge mobilities,

[7-9

efficient photoluminescence and good thermal stability.’”®! Consequently, they are now

emerging as favorable materials for a range of optoelectronic devices, such as OSLs, organic

s.10-151 n particular, their

field-effect transistors, and single crystal organic light-emitting diode
distinctive combination of optical and electrical properties mean that organic single crystals are
well placed to address key issues in realizing electrically pumped OSLs, including the need for
high density current injection and low optical losses from contacts.!%!7]

To realize lasing in organic single crystals, there is a need for suitable optical resonators.
Currently, most studies related to single crystal lasers are based on micro- or nanocrystals
whose flat end facets can act as resonant cavity mirrors for laser feedback.!'®") For example,
Zhao et al. have demonstrated that a 2,5-bis(4-biphenylyl)bithiophene (BP2T) hexagonal
microdisk constitutes a whispering-gallery-mode resonator, which can provide sufficient
feedback for laser oscillation.”!! Song et al. have demonstrated high quality perovskite
microcrystal lasers on silicon or gold gratings by positioning the microcrystals on the gratings
using a tapered fiber equipped with a 3D translation platform.?>?%! Distributed feedback (DFB)
gratings would be very attractive alternative structures for optical feedback as they enable a
compact resonator to be made with low threshold power density and precise wavelength
selection.?27] However, their implementation has proved problematic as it has not so far
proved possible to grow a single crystal directly on a grating. For sub-millimeter scale two-

dimensional (2D) single crystal sheets, several attempts have been made to achieve DFB laser

resonators by fabricating periodic grating structures in a photoresist layer above the crystal
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surface.l*®?°l Sun and co-authors have fabricated gratings directly into the crystal by ablating
the crystal surface using laser interference ablation, but damage to the crystals can arise if the
laser fluence is not controlled precisely during the procedure.>%3!]

In this paper we demonstrate a simple and efficient “pick and place” method to combine
wavelength scale DFB gratings with high-quality sheet-like organic single crystals. By
assembling flexible single crystal sheets on top of polymer gratings produced with ultraviolet

),22331 we fabricate single frequency lasers with emission

nanoimprint lithography (UV-NIL
wavelength controlled by the feedback gratings. The method was successfully applied to make
lasers from different sheet-like single crystal materials, and we relate the laser properties to the
optical constants of the birefringent crystals.

Highly emissive sheet-like BDPV2T single crystals (chemical structure in Figure 1a) were
prepared by the physical vapour transport (PVT) method.?#! Typical crystals (Figure 1b-c) had
dimensions of just under a millimeter in each horizontal direction, and 400 nm to several
micrometers in height. Upon optical excitation, the crystal emits a broad photoluminescence
(PL) spectrum centered at 533 nm as shown in Figure S1. On increasing the excitation energy,
the crystal shows a narrow amplified spontaneous emission (ASE) spectrum at 533 nm, which
means BDPV2T crystals are suitable to be used as a laser gain material. Gratings were
fabricated on glass substrates in the resist UVCur21 (Microresist Technologies) by ultraviolet
nanoimprint lithography (UV-NIL), and the grating period was selected to be 350 nm to give
second-order feedback close to the ASE peak wavelength. To attach the crystal to the grating,
an individual BDPV2T crystal was picked up by a fine brush and then carefully placed on the
grating structure on top of the glass substrate, as shown in Figure 1d. When one end of the
crystal touches the grating, it sticks to the grating, and the rest of the crystal is drawn to the
substrate by electrostatic attraction. Once the crystal sticks to the substrate, it is hard to sweep

the crystal away using the brush. The tilted scanning electron microscopy (SEM) images in

Figure le and 1f demonstrate that the single crystal thin layer attaches perfectly to the gratings
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with air gaps only between the adjacent ridges. After attaching the crystal to the grating, a thick
perfluoro(1-butenylvinylether) polymer (CYTOP) layer was spin coated on top of the sample,
which provides mechanical strength can act as an encapsulation layer to protect the crystals
from degradation. Figures 1b and 1c¢ show bright field and fluorescence images of an example
hexagonal BDPV2T crystal on a one-dimensional (1D) linear grating, visible as the 500 um by
500 pm deep orange square in Figure 1b.

Next, the sample was excited by a Q-switched diode pumped solid state laser at 355 nm with 1
ns pulse duration and 100 Hz repetition rate. The pump spot of diameter 380 um was aligned
and focused on the region of the crystal directly above the grating using a spherical lens, and
the pump energy was adjusted with a neutral density filter. All the measurements were
conducted under ambient conditions at room temperature. Emission spectra are shown in
Figure 2a for a range of pump energies (see Figure S3 for a semi-log plot). At low pump energy,
the emission spectrum was broad, attributed to the steady state fluorescence from the BDPV2T
crystal. For a pump density above 122 uJ cm™, a small peak appeared in the spectrum at 559
nm. On further increasing the pump energy, this peak grew to dominate the spectrum with a
linewidth of only 0.08 nm (limited by the resolution of the spectrometer), exhibiting an obvious
single mode lasing peak. Figure 2b shows the evolution of the laser output as a function of input
pump energy. A clear threshold was observed at 122 pJ cm™, above which the output intensity
grew steeply. The threshold density compared with other single crystal lasers is summarized in
Table S2.5% The threshold of our single crystal lasers is higher than the lasers based on n-
conjugated polymers,*>] and we attribute this to the relatively large crystal thickness used. For
example, the thickness of the crystal used in the experiment in Figure 2 was 637 nm, which is
thicker than typical polymer film lasers reported in the literature which commonly have gain
layers of 100 - 200 nm thickness. The larger thickness of the crystal may lead to higher threshold

in several ways. The first is that most of the excitation light is absorbed in the first 100 nm of
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the thick crystal so that only a small part of the total crystal thickness can produce gain.
Secondly, the overlap between the waveguide modes of the crystal and the grating may be
weaker than the case of a thin polymer film. Finally, the larger thickness can lead to multiple
waveguide modes and hence generate mode competition between modes.

To see how many transverse modes are supported in the single crystal sample, angle-resolved
PL was measured under excitation from a continuous wave (CW) He-Cd laser at 442 nm. To
isolate the transverse electric (TE) modes from transverse magnetic (TM) modes (Figure S4),
a linear polarizer was aligned parallel to the grating grooves and placed between the sample
and the detector. As shown in Figure 3a, at normal incidence (0°), an intense intersection at
559 nm corresponding to the lasing peak wavelength can be clearly observed. In addition, there
is another intersection at 634 nm and an indistinct one at 713 nm. The intersection at 713 nm is
hard to see because it is far in the tail of the PL spectrum of BDPV2T. The strongest TE mode
at 559 nm is located in the PL region, thus leading to single mode lasing.

In order to simulate the effective indices of each transverse mode, the in-plane refractive index
of the crystal must be known. The anisotropy of molecular packing in the single crystal means
that we have to consider its birefringent characteristics when measuring the refractive index. A
homemade Fourier imaging microscope equipped with a linear polarizer was used to determine

36-38] Figure 3b shows a microscope image of the hexagonal

the refractive indices of the crystal.!
BDPV2T crystal used for this measurement; the thickness of the crystal was 2480 nm as shown
in Figure S5. The crystal in-plane b-axis and c-axis, which can be easily distinguished from the
crystal symmetry, were carefully aligned with the linear polarizer during the measurement.
When the crystal is illuminated at normal incidence by white light from a lamp, the light
reflected between the crystal top and bottom surfaces travel different distances depending on
the polarisation and form the thin film interference fringes as shown in Figure S6a and Figure

Sé6b, which are along the c-axis and b-axis, respectively. The group indices at specific

wavelengths were calculated as shown in Figure S7 (black squares for c-axis and red circles
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for b-axis). Fitting these data points to Equation S2, parameters A, B, and C were obtained. The
resulting phase refractive indices as a function of wavelength described by the Sellmeier
dispersion (Equation S1) is shown in Figure 3c. The refractive index along the c-axis is much
higher than that along the b-axis, which results from the compact molecular n-r stacking and
intermolecular interactions along the c-axis of BDPV2T crystals as shown in Figure S8.4 The
anisotropic molecular packing could also induce anisotropy in optical properties. As shown in
Figure S9 and S10, the angle-dependence of emission polarization was measured from an
individual crystal using a linear polarizer. The emission showed strongest intensity with the
polarizer parallel to crystal c-axis, indicating the efficient light coupling with molecular dipoles
in this direction.

Notably, the refractive index along the c-axis is greater than 2 across the wavelength region
measured, and above 2.2 at the ASE peak. A high refractive index is desirable since the
waveguide mode profile in multilayer structures tends to be confined more in the high refractive
index region. Therefore, in the case of TE modes based on the 1D linear grating, where the light
oscillates in the plane of the crystal and parallel to the grating grooves, it may be preferable to
align the c-axis of the BDPV2T crystal to be parallel with the grating grooves to access the
maximum refractive index and strongest light-matter coupling in the gain layer. To test this
hypothesis, the lasing properties were investigated as a function of the alignment of the grating
grooves with the crystallographic c-axis. As shown in Figure S11, as the angle between c-axis
and grating grooves is decreased, the emission spectra of the single crystal lasers exhibit a red-
shift and the threshold is reduced, due to the increasing refractive index and oscillator strength
parallel to the grooves of the linear grating. Waveguide simulations were conducted with finite
element modelling (FEM; COMSOL Multiphysics software) using the wavelength obtained
from the angle-resolved PL spectra in Figure 3a and the refractive index along the c-axis in
Figure 3c. As shown in Figure 3d, 3e, 3f, the waveguide supports three TE waveguide modes

which are mainly confined in the crystal layer, and the effective indices estimated from FEM
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(Table S3) agree well with the effective indices calculated from the Bragg condition A=nesA,
where A is the grating period of 350 nm. These identify that the laser emission originates from
feedback of the TE2 mode.

To investigate the repeatability of laser operation across the area of a single crystal laser,
different regions on the same sample were pumped selectively, and the corresponding lasing
spectra were recorded as shown in Figure S13. The lasing wavelength from different regions
are very consistent with variations of less than 0.5 nm. Furthermore, the wavelength
controllability of the lasers was explored using gratings of different periods. As shown in
Figure S14, the peak wavelength of the crystal laser is 558 nm for a grating period of 350 nm,
and shifts to 530 nm for a shorter (340 nm) period grating. A series of BDPV2T crystals of
different thickness (from 468 nm to 2 pm) were measured and found to show laser action. As
shown in Figure S15, the lasing thresholds increase with increasing crystal thickness. By
solving the Helmholtz wave equation for a three-layer waveguide at 533 nm (ASE peak of
BDPV2T crystal) using the index of the crystal c-axis, the thickness of the gain layer which can
support only one transverse mode is found to be between 22 nm and 186 nm. Therefore,
BDPV2T crystals of thickness in this range should have the most effective waveguiding and
the lowest threshold. Crystals with thickness larger than 186 nm can support more than one
waveguide mode, therefore, mode competition may occur which may contribute to a higher
lasing threshold.

The organic single crystals used for the experiment were carefully selected for several attributes.
Firstly, all the crystals were obtained from the PVT method so that they are of high quality with
smooth surfaces. Secondly, the crystals are slightly flexible which is needed to enable good
attachment of the crystals to the gratings. Finally, they all exhibit ASE under pulsed optical
pumping. To test the generality of the fabrication method, two other sheet-like organic single

crystal materials were also demonstrated using the “pick and place” method. DSB-Me (Figure
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4a) is a widely studied material **! with an ASE peak at 482 nm as shown in Figure S1. Good-
quality 2D single crystals (inset in Figure 4b) prepared by the PVT method were attached to
290 nm period 1D linear gratings using the method described in Figure 1d. Narrow lasing
spectra centered at 480 nm were successfully observed for pump energies exceeding a lasing
threshold of 107 uJ cm™ as shown in Figure 4a, 4b. A typical n-type thiophene/phenyl oligomer
P2T-CF5 (chemical structure in Figure 4c) which has an electronic mobility up to 0.18 cm? V!
s in its thin film ™% was also tested. The green emitting 2D single crystals with ASE peak at
551 nm were assembled with 340 nm period 1D linear gratings. As shown in Figure 4c, 4d,
when pumped by the 355 nm pulsed laser, the P2T-CF3 crystal showed a narrow DFB lasing
peak at 560 nm with an excitation threshold of 240 pJ cm™.

In conclusion, we have successfully developed a simple method through “pick and place” to
fabricate DFB lasers from submillimeter-scale 2D organic single crystals. Narrow single
frequency laser emission with reasonable excitation thresholds from three different gain crystals
BDPV2T, DSB-Me, and P2T-CF3, demonstrated the broad applicability of the method to make
organic single crystal DFB lasers. Detailed investigations of the operation of BDPV2T crystal
lasers identified that the laser emission occurs from distributed feedback of the TE2 waveguide
mode. More importantly, it may be a stepping stone to realizing electrically pumped lasers from
organic single crystals which can combine high charge-carrier mobility with high luminescence

efficiency.

Experimental Section

Materials: Three organic fluorescent materials were used as the gain media, with the synthetic
route shown in Scheme S1 (Supplementary information). The compound BDPV2T was
synthesized in two steps with a yield of 70%. 2,2’-Bithiophene (1) was reacted with n-
butyllithium and dimethyl formamide to give 5,5’-diformyl-2,2’-bithiophene (2), and then 2

was reacted with diphenylmethane (3) to obtain BDPV2T.’) Compound DSB-Me was
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synthesized in two steps with a yield of 90%. 1,4-Bis(chloromethyl)benzene (4) was reacted
with triethyl phosphite to give tetraethyl 1,4-phenylenebis(methylene)diphosphonate (5), then
5 was reacted with 4-methylbenzaldehyde (6) and potassium tert-butoxide to obtain DSB-Me.
Compound P2T-CF; was synthesized according to the reported literature.*!

Crystal growth: All the materials were purified by vacuum sublimation before crystal growth.
High-quality sheet-like crystals were obtained by the physical vapor transport (PVT) method.
In the PVT process, the materials were sublimed at a temperature higher than the melting point
at 1 atm, and the material vapor was transferred by argon to cool down at crystallization
temperatures and assemble to single crystals.

Grating manufacture: UV-NIL was used to fabricate the DFB gratings according to our
previously reported works.!*>3¥ The gratings were made on an EVG 620 photomask aligner
with custom NIL tooling. A soft nanostructured stamp was made by curing a soft UV-curable
perfluoropolyether film on the glass substrate with a silicon master structure. Soft-stamps with
0.2 mm thickness were attached to the glass using the adhesion layer 3-(trimethoxysilyl)propyl
acrylate. The UV-NIL process begins by loading the soft stamp to the EVG 620 machine. A
UVCur21 polymer film on a glass substrate, pre-treated with mr-APS1 adhesion layer, was also
placed inside the EVG 620 to contact the soft stamp. Under vacuum and a constant pressure of
950 mbar, UV irradiation was applied to cross-link and harden the UVCur21. After separating
the stamp from the substrate, a copy of the silicon master strucutre was left on the UVCur21

layer, which can be used for DFB lasers.
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Supporting Information is available from the Wiley Online Library or from the author. The data
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Figure 1. (a) Chemical structure of BDPV2T molecule. (b) Bright field image and (c)
fluorescence image of an individual BDPV2T crystal on UV-NIL grating. (d) Schematic
diagram of the sample fabrication. (e) 45° tilted and (f) 30° tilted SEM images of an individual
BDPV2T crystal on top of 350 nm period linear gratings.
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Figure 2. (a) Emission spectra of the single crystal laser on 350 nm grating. The spectra are
shown for a pump energy below, at, and well above the lasing threshold. (b) Input-output
characteristics of the same sample.
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Figure 3. (a) Angle-resolved PL of TE modes. The sample was excited by a 442 nm CW laser,
and the excitation energy is below the lasing threshold. (b) Microscope image of crystal used
for refractive index measurement. (c) Phase refractive indices of BDPV2T crystal along the c-
axis and the b-axis as a function of wavelength. Waveguide simulation of (d) TEO, (e) TE1, and
(f) TE2 modes using FEM. The thickness of the total UVCur21 layer is 140 nm, the depth of
the grating is 130 nm (Fig. S12), the grating period is 350 nm with the duty-cycle of 70%, and

the thickness of the crystal is 637 nm.
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Figure 4. (a) Lasing spectra and (b) input-output characteristics of DSB-Me crystal on the 290
nm 1D linear gratings. (c¢) Lasing spectra and (d) input-output characteristics of P2T-CFj; crystal
on the 340 nm 1D linear gratings. Insets in b and d show fluorescence microscopy images of
the respective sample.

16



WILEY-VCH

A simple “pick and place” method of mounting organic single crystals onto distributed feedback
gratings is demonstrated to achieve lasing in large flat single crystals. Efficient lasing with sharp
and narrow peaks are achieved with three kinds of active organic single crystals, indicating the
broad applicability of our method for making single crystal lasers using distributed feedback
gratings.
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