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Optically Pumped Lasing from Single Crystals of a Cyano-
Substituted Thiophene/Phenylene Co-Oligomer

Hitoshi Mizuno,* Takuro Maeda, Hisao Yanagi, Hiroyuki Katsuki, Mauro Aresti,
Francesco Quochi, Michele Saba, Andrea Mura, Giovanni Bongiovanni, Fumio Sasaki,

and Shu Hotta

Since the first report on direct-current electroluminescence
(EL) from an anthracene crystal by M. Pope et al. in 1963, a
number of researches have been actively conducted to develop
organic light-emitting devices. After commercialization of
organic EL, organic semiconductor laser is going to be one
of future research targets. In order to realize an electrically
pumped organic laser, molecular materials with high car-
rier mobility, emission efficiency, and stability are required.
Although there are few organic materials satisfying all these
conditions, thiophene/phenylene co-oligomers (TPCOs)?
are most promising candidates owing to their robustness and
excellent semiconducting properties.>7] In particular, high
emission gain coefficients have been obtained based on the self-
waveguiding light confinement due to high refractive indices in
the TPCO crystals.®l Longitudinal multimode lasing has been
reported for several TPCOs by using a pair of parallel facets of
the crystal as a Fabry—Pérot (F-P) resonator.®l Moreover, spec-
trally narrowed emission has been observed from an organic
light-emitting field-effect transistor (FET) with a single-crystal
TPCO under AC gate operations.”’]

In order to achieve p-n junction type EL and FET devices,
crystallization of both p-and n-types is necessary. Most of the
TPCOs so far studied are p-type and are crystallized in thin
platelet morphology. For example, in the monoclinic crystal
of 2,5-bis(4-biphenylyl)thiophene (BP1T), the molecules
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align almost perpendicular to the crystal face.ll®!!l Since the
m-electronic transition dipole between the highest occupied
and lowest unoccupied molecular orbitals (HOMO and LUMO,
respectively) is parallel to the molecular axis, those monoclinic
crystals result in low-threshold lasing due to the effective stimu-
lated emission with the transverse magnetic (TM) mode.['?l By
introducing methoxy groups at the molecular terminal of BP1T,
2,5-bis(4’-methoxybiphenyl-4-yl)thiophene (BP1T-OMe) changes
to crystallize in an orthorhombic form in which all molecules
perfectly stand upright to the crystal face.'3] This upright ori-
entation is the most favorable for the TM-mode lasing in the
platelet crystal.

Besides such crystallographic modification, the substituents
into the TPCO molecule also change the p/n conduction types.
Introduction of electron-withdrawing groups at the molecular
terminal increases an electron-accepting nature resulting from
lowered 7 electronic energies. Yamao et al. have confirmed the
n-type conduction from a light-emitting FET device with vapor-
grown crystals of 1,4-bis{5-[4-(trifluoromethyl)phenyljthiophen-
2-yl}benzene (AC5-CF;).'1 By introducing trifluoromethyl
groups, the HOMO/LUMO energies of AC5-CF; are deepened
by 0.35 and 0.41 eV, respectively, in comparison to those of
unsubstituted AC5 as demonstrated by the density functional
theory (DFT) calculations.™ In this study, we chose substitu-
tion into BP1T with cyano groups which are stronger electron-
withdrawing than trifluoromethyl groups.['®1”) The HOMO and
LUMO energy levels of 2,5-bis(4’-cyanobiphenyl-4-yl)thiophene
(BP1T-CN)M are deepened by 0.48 and 0.65 eV, respectively with
respect to those of unsubstituted BP1T (Figure S1). In contrast
to the elevation of HOMO and LUMO energies by 0.20 and
0.19 eV, respectively, for the p-type BP1T-OMe, stronger n-type
conduction is expected for BP1T-CN. While optically pumped
lasing has been extensively investigated for p-type TPCO crys-
tals, '8 there is no report for those n-type TPCOs so far. Here
we investigated the optically pumped lasing from single crystals
of a new derivative of BP1T-CN.

First, we characterized a crystal structure of BP1T-CN grown
from a vapor phase. A fluorescence micrograph of a representa-
tive BPIT-CN crystal is shown in Figure 1(a). The crystal is blue-
green-emitting with a fluorescence maximum at A = 500 nm
under ultraviolet (UV) excitation (Figure S2). As compared to
fluorescence images of typical p-type TPCO crystals (Figure S3),
remarkable differences appear in the BP1T-CN crystal: the crystal
shape is typically rod-like instead of thin plate-like. The emission
is enhanced at the both ends of the rod instead at all edges of the
thin plate. The fluorescence is radiated also from the top face of
the rod crystal (Figure 1(a)) whereas no fluorescence is seen in
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Figure 1. (a) A fluorescence micrograph of a rod-like crystal of BP1T-CN taken under ultraviolet
excitation (Ae = 365 nm) using a mercury lamp. (b) Three-dimensional molecular packing of
BP1T-CN crystal. (c) Crystal structure of BP1T-CN with projections on the ab-plane. (d) Crystal
structure of BP1T-CN with projections on the ac-plane. (e) Molecular packing projected on the
be-plane. (f) Enlarged structure showing atomic interactions between carbon and nitrogen of ~ ture. At low excitation densities, broad

the adjacent cyano groups.

the platelet face (Figure S3). In the typical TPCO crystals, the
molecules stand upright against the crystal plane. Light emis-
sion from the molecules propagates along the crystal waveguide,
and emits from the crystal edges (Figure S3). Those different
features in light emission are ascribed to a unique crystal struc-
ture of BPIT-CN as shown in Figure 1(b)—(f). X-ray diffraction
(XRD) analysis resulted in a triclinic form with P-1, a =3.84, b=
16.15,c=18.02 A, o0 =111.87, B=94.27, y=90.43°, Z=2 (CCDC
registration code 897042). This triclinic structure, which has
never been found for other TPCO crystals, is characterized by
the molecular alignment of BP1T-CN in the bc-plane as shown
in Figure 1(e). The bent-shaped molecules are intertwined each
other with the molecular planes lying in the bc-plane. This
peculiar packing is caused by Coulomb interaction between the
carbon and nitrogen atoms in the two cyano groups of the adja-
cent molecules as shown in Figure 1(f). In the unsubstituted
BPIT crystal, van der Waals interaction between r-electronic
molecular frameworks governs its thin plate-like morphology
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with standing packing in the ab-plane.?% By
contrast, the ab-plane of the rod-like BP1T-
CN crystal is formed by the obliquely lying
molecules which are piled up by van der
Waals interaction along the a-axis (Figure
1(c)). Consequently, the BP1T-CN crystal typi-
cally grows in rod-like morphology elongating
along the g-axis as shown in Figure 1(a). XRD
analysis determined that the top surface and
the side facets of the crystal are assigned to
the (025), (1-1-3) and (010) planes, respectively
(Figure S4).

According to the determined crystal
structure, the BP1T-CN molecular axes
in the rod-like crystal are tilting by 62.4°
against the crystal surface of the (025) plane
(Figure S4(b)). The resulting oblique orienta-
tion of the transition dipole causes fluores-
cence radiation from the top (025) surface.
This orientation seems to be unfavorable for
light confinement in the crystal cavity since
the emitted light is leaked from the top face.
However, the bright emission at the both
edges of the rod-like crystal indicates that the
rod-like crystal acts as an optical waveguide
along the a-axis. The transition dipoles piling
up with an angle of 70.4° against the ag-axis
(Figure 1(c)) is favorable for light propagation
along the rod axis. As a consequence, light
amplification occurs along the rod direction
(a-axis) with high stimulated emission rate
under inverted population generated by short
pulse excitation, as demonstrated below.

Figure 2(a) shows excitation density
dependence of photoluminescence (PL)
spectra taken from the short edges of the
rod-like BPI1T-CN crystal under optical
pumping (A, = 397 nm) at room tempera-

emission bands appear around A = 500 and

530 nm which are assigned to vibrational
sidebands of the 0-1 and 0-2 progressions, respectively.'!
Due to the antiparallel exciton coupling between the adja-
cent molecules piled up along the a-axis, the lowest 0-0 tran-
sition is forbidden as same as other TPCO crystals.'!] With
increasing excitation density up to 109 pJ/cm?, the 0-1 band
intensity increases linearly as shown in Figure 2(b). At an exci-
tation density above a threshold of 138 pJ/cm?, the spectrum
changes to a typical feature of amplified spontaneous emis-
sion (ASE). The 0-1 emission is amplified into a gain-narrowed
band with a full width at half maximum (FWHM) of ~7 nm
and its intensity is nonlinearly increased. In order to under-
stand the origin of higher threshold than other organic mate-
rials,?22 an absorption cross-section (Figure S2(b)) was esti-
mated by the following relationship and absorption spectrum
(Figure S2(a)): 7= nod (t: optical density, n: molecular density,
o: absorption cross-section, d: crystal thickness). Although the
in-plane long molecular axis of the BP1T-CN allows for effi-
cient optical excitation, the effective absorption cross-section

Adv. Optical Mater. 2014, 2, 529-534
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Figure 2. (a) Excitation density dependence of PL spectra of the BPTTCN
rod-like crystal measured with a spectral resolution of 0.8-0.9 nm. (b)
Excitation density dependence of the integrated 0-1 band intensity. (c)
Excitation density dependence of the 0-1 band PL spectra measured with
a spectral resolution of 0.2-0.3 nm.

per molecule at the pumping wavelength (<107 cm?) is
smaller than the values (1077-107'¢ ¢m?) reported for other
organic materials.?3?* The smaller ¢ gave rise to the higher
threshold. Figure 2(c) shows excitation density dependence of
the 0-1 band PL spectra measured with a spectral resolution
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of 0.2-0.3 nm. As the excitation density is increased above the
threshold, laser oscillations appear at the 0-1 band. These lon-
gitudinal multimodes are ascribed to the F-P resonation in the
rod-like crystal cavity with the mirror facets in the rod ends.
This F-P lasing was stably observed without quenching in air
at room temperature. We calculated a group refractive index
ngy of the BP1T-CN crystal according to the relationship, n, =
1/2LAv, where L is the distance between a pair of the parallel
facets, and Av is the frequency interval of the lasing modes. n,
of ~4.18 was obtained by substituting Av = 27.8 cm™ evaluated
from the Fourier transform of Figure 2(c) and L = 43 pm of the
crystal shown in Figure 1(a). The Q factor estimated from the
Av and the FWHM of the lasing peak is ~1860. These param-
eters of n, and Q factor demonstrate that the BP1T-CN crystal
is an excellent gain medium as similar as other TPCO crystals.

To evaluate a performance as laser media of the rod crystal,
we determined the net gain coefficient of the 0-1 band emission
along the rod axis direction by a variable stripe length method
(Figure S5). The 0-1 emission intensity as a function of excita-
tion length was fitted according to the equation, I = I, [e8-1]/g,
where I, is the intensity of spontaneous emission, g is the net
gain coefficient, and ! is the excitation stripe length. The net
gain coefficient of the 0-1 band is determined to be 40 cm™ at
an excitation density of 236 pJ/cm?. This value is considerably
larger than that of other oligomer materials.[?"?°l This high net
gain coefficient is attributed to the efficient stimulated emis-
sion based on the one-dimensional stacking of the BP1T-CN
molecules along the g-axis of the rod-like crystal.

Figure 3 shows the lasing spectra from other BP1T-CN crys-
tals with different crystal size and morphology. Lasing spec-
trum in Figure 3(a) was taken from a rod-like crystal with a
smaller size (L ~ 20 pm) at an excitation density of 264 pJ/cm?
(lasing threshold Iy, = 132 pJ/cm?). Since the mode interval of
the laser oscillation is inversely proportional to the resonator
lengths, Av (=50.2 cm™) became larger than that in Figure 2(c),
resulting in a decrease of number of modes. Besides the rod-
like morphology, BP1T-CN was also grown in a platelet-like
crystal with a lozenge or parallelogram as shown in the inset
of Figure 3(b). The crystal surface with the quasi-lozenge
shape was assigned to the (001) plane according to the XRD
measurements (Figure S6). In this quasi-lozenge crystal, the
molecular axis is tilting by 22.0° against the crystal surface of
the (001) plane (Figure S6(b)). This slightly tilted orientation of
the molecules seems to be suitable for surface-emitting. How-
ever, this crystal also exhibited in-plane lasing as shown in the
spectrum, while surface-emitting laser was not achieved. The
in-plane lasing threshold Iy, and Q factor are 178 pJ/cm? and
~910, respectively. Taking into account of Av of 66.6 cm™ and
L of 17 pm, ny of ~4.42 is obtained. This n, value is compa-
rably large as similar as that observed for the rod-like crystal.
As a consequence, the closely packed stacking along the g-axis
enhances the in-plane lasing rather than the surface emitting
lasing.

To gain further insight into the excited-state dynamics of the
platelet crystal of BPIT-CN in the lasing regime, pump-probe
differential transmission (AT/T) spectroscopy?®?’! was per-
formed. The pump-probe spectroscopy is a technique of the
high resolution time-resolved optical measurements using a
pulsed laser. In the AT/T, the AT equals to T'-T, where T and
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Figure 3. (a) Lasing spectrum of BP1T-CN rod-like crystal. (b) Lasing
spectrum of BP1T-CN platelet-like crystal. These spectra were measured
with a spectral resolution of 0.2-0.3 nm. The insets show the fluorescence
micrographs of rod-like crystal and platelet-like crystal, respectively.

T' are the transmittance before optical excitation and at a time
delay At after excitation, respectively. Immediately after photo-
excitation, the AT/T spectrum probed at an excitation density
of 303 pJ/cm? (above the threshold) exhibits a positive (AT/T
> 0) band extending from ~470 nm to ~500 nm. Two main
photoinduced absorption bands (PA, AT/T < 0) appeared at
440-450 nm and 660 nm, respectively (Figure 4). The peak of
positive band at ~490 nm coincides with the ASE peak observed
in the emission spectrum. Thus, the peak located at ~490 nm
is attributed to stimulated emission of primary photoexcitations
(singlet excitons). Stimulated emission is short-lived: the AT/T
signal at 490 nm crosses zero value after a time of the order of
10 ps, turning negative thereafter. Such very short optical gain
lifetime, which is actually shortened with increasing excitation
density (inset of Figure 4(c)), is traced back to the high stimu-
lated emission rate promptly sustained by singlet excitons in the
regime of ASE emission. A first transient in the AT/T response
with a ~30—40 ps characteristic time is fully ascribed to singlet
excitons. This transient results probably from a combination of
stimulated emission and singlet-singlet annihilation processes
and is characterized by rather complementary dynamics at 490
and 650 nm. These results suggest that singlet excitons give rise
not only to stimulated emission right below the ground-state
absorption onset (Figure S2), but also to excited-state absorption
at longer wavelengths. Figure 4(d) shows the PL time traces of
the 0-1 emission band measured at 20 and 296 pJ/cm?. At 20
pJ/cm? well below the threshold, the time decay profile is char-
acterized by spontaneous decay with a lifetime of 900 ps. The
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Figure 4. (a) ASE spectrum measured at an excitation density of
229 p)/cm?. (b) AT/T spectra for various pump-probe delays measured
at an excitation density of 303 pJ/cm?. (c) AT/T time traces of compo-
nents of 440, 490 and 650 nm in AT/T spectra. The inset shows the exci-
tation density dependence of zero crossing (AT/T = 0) time (indicated by
the arrow) at the ASE peak wavelength (490 nm). (d) PL time traces of
0-1 emission band measured at 20 and 296 pJ/cm?.

profile at 20 pJ/cm? is dominated by a monomolecular process.
At 296 pJ/cm? above the threshold, the profile is characterized
by two components of 100 ps and 700 ps. Above the threshold,
nonlinear processes dominate the singlet recombination
dynamics in the ASE regime. Upon completion of the initial
transient, long-lived PA features are characterized by a narrow
band peaked at 440 nm. A broad band peaked at 650 nm is
slightly blueshifted with respect to the PA band observed right
after photoexcitation, and the PA band became a rather spec-
trally flat signal. The lifetime of component of 650 nm is much
longer than the examined probe delay range (450 ps). This long-
lived PA bands are tentatively assigned to a combination of
populations of triplet exciton and polaron states. The PA signal
at 440 nm practically shows a prompt response to the pump
pulses, hinting possible ultrafast dissociation of a population of

Adv. Optical Mater. 2014, 2, 529-534
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singlet excitons into polaron pairs (with consequent ultrafast tri-
plet formation) via singlet-singlet annihilation, or as an extrinsic
process assisted by crystal structure disorder.’]

The existence of a long-lived PA signal spectrally overlapped
with optical gain is expected to be the main factor limiting the
lasing performance of BPI1T-CN crystals in the nanosecond
pulsed regime, where the pump pulse duration is compa-
rable to or longer than the excited-state lifetime. Nevertheless,
the overall optical gain performance in the ultrafast pumping
regime is insensitive to long-lived PA and can be assessed on
the simple basis of the prompt stimulated emission. For a
nominal crystal thickness of 3 pm used in this pump-probe
experiment, a AT/T signal value of ~0.025 (linearly interpo-
lated at the ASE threshold) allows to estimate material gain
to be ~80 cm™! in the upright direction (a-axis). Given that the
threshold net gain in the crystal waveguide is zero, and further
assuming that optical gain is fully confined within the crystal,
optical propagation losses in the BP1T-CN crystal are inferred
to lie in the 80 cm™! range. Consequently, the waveguide gain of
40 cm ™ obtained at the excitation density of 236 pJ/cm? in the
rod crystal (Figure S5) results in the material gain of ~120 cm™!
This high gain performance of the BP1T-CN crystal could be
more efficiently utilized by improving the cavity structure and
reducing the optical loss towards electrically pumped lasing.

In conclusion, we observed room temperature lasing from
single crystals of BP1T-CN. High group refractive index n, (4.18-
4.98) and high Q factor (910-1860) resulted in an efficient stim-
ulated emission in the crystal cavity. Moreover, it was concluded
that the extraordinary high material gain and high stimulated
emission rate contributed to the lasing by means of pump-probe
measurements. These results suggest that the BP1T-CN crystal
has a promising potential as functional organic laser media.

Experimental Section

Sample Preparation: The synthesis and purification methods of
BP1T-CN were carried out according to the published literature M.
Crystallization of BPTT-CN was carried out by the following procedure.
5mg of BP1T-CN powder was placed in a glass tube and purged with
N, gas at pressure of 170 mmHg. By heating at 330 °C for 30 h in a
tube oven (Shibata GTO-350), rod-like crystals were obtained. The
convection by the temperature gradient that arose from bottom to top
of the glass tube gave rise to crystal nucleation sticking on the upper
part of the glass tube wall. We selected a single crystal using a tungsten
needle and attached it to a glass substrate to carry out the optical
measurements. Fluorescence image of single-crystal BP1T-CN was
taken under ultraviolet excitation (A, = 365 nm) by using a fluorescence
microscope (Olympus BX-51) with a 40x objective lens and a CCD
camera (OLYMPUS DP21).

X-ray Diffraction (XRD): XRD analysis of the single crystal was carried out
in the range of 260 up to 50.7° at =150 £ 1 °C by using a RINT-TTRII/NM
(Rigaku). The Mo-Ko radiation (A=0.71075 A) was used as the x-ray source.

Optical Measurements: We used a fluorescence spectrophotometer
(JASCO FP-750) and a UV-VIS spectrophotometer (JASCO V-530) for
absorption and PL measurements, respectively. For ASE and lasing
measurements, the excitation beam (30 pm x 40 pm) was incident with
an angle of 20° against the crystal plane. The light emitted from the
crystal edges was collected with a CCD spectrometer (Roper Scientific
ST-133 series). In the optical gain measurements, the integrated
intensity of the 0-1 band ASE was measured as a function of excitation
stripe lengths (0-800 pm). In the pump-probe measurements, a Ti:S
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femtosecond pulsed laser (Quantronix Integra A, = 784 nm, 1 kHz,
~100 fs duration, 1.5 mJ output energy) was used as an optical source.
The second harmonic of the output generated by a BBO crystal was
used as an excitation light. A white laser beam generated by focusing the
output of the Ti:S laser onto a 4 mm thick sapphire plate was used as a
probe light for transient transmission spectroscopy.

Supporting Information

Supporting Information is available from the Wiley Online Library
or from the author. CCDC-897042 contains the supplementary
crystallographic data for this paper. These data can be obtained free of
charge from The Cambridge Crystallographic Data Centre via www.ccdc.
cam.ac.uk/data_request/cif.
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