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High Mobility Organic Lasing Semiconductor with Crystallization-
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Dan Liu®, Qing Liao*, Qian Peng®, Haikuo Gao, Qi Sun, Jianbo De, Can Gao, Zhagen Miao,
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Abstract: The development of high mobility organic laser
semiconductors with strong emission is of great scientific and
technical importance, but challenging. Herein, we present
a high mobility organic laser semiconductor, 2,7-diphenyl-9H-
fluorene (LD-1) showing unique crystallization-enhanced
emission guided by elaborately modulating its crystal growth
process. The obtained one-dimensional nanowires of LD-
1 show outstanding integrated properties including: high
absolute  photoluminescence  quantum  yield (PLQY)
approaching 80 %, high charge carrier mobility of
0.08 cm?>V~'s™!, Fabry-Perot lasing characters with a low
threshold of 86 uJcm™ and a high-quality factor of = 2400.
Furthermore, electrically induced emission was obtained from
an individual LD-1 crystal nanowire-based light-emitting
transistor due to the recombination of holes and electrons
simultaneously injected into the nanowire, which provides
a good platform for the study of electrically pumped organic
lasers and other related ultrasmall integrated electrical-driven
photonic devices.

Growing interest is paid for organic solid-state lasers
(OSSLs) over the past years due to their unique features of
tunability, easy processing, good flexibility, large stimulated
emission cross-section, and wide-range lasing wavelength.[!
Currently, significant advances have been achieved for
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optically-pumped OSSLs with the improvement of their
properties and advanced applications.”) In contrast, the
development of electrically-pumped OSSLs remains very
challenging even it shows great potential applications in the
field of organic optoelectronics due to its low-cost, comfort-
able and integrated device structures.

One of the main challenges for realizing electrically-
driven OSSLs is the limitation of ideal organic semiconduc-
tors, which requires the integration of properties of high
mobility, strong solid-state emission and lasing.">*! However,
it has been proved that high mobility and strong solid-state
emission are mutually contradictory in one organic molecule.
Therefore, it is challenging to integrate excellent optical and
electronic properties in one organic semiconductor through
molecular design and aggregation modulation. Currently,
available high mobility organic semiconductors with highly
extended m-conjugation and strong intermolecular interac-
tions in aggregates usually exhibit very weak or even no
emission, vice versa.! Besides, there will be substantial
optical losses under electrical pumping associated with the
contacts and multiple annihilations induced by polarons and
excitons. In addition, triplet excitons formed under current
injection are usually not emissive or very weak in conven-
tional optically-pumped OSSLs due to the spin-forbidden
transition from triplet excited-states to the ground state.l!
Encouragingly, some exciting advances have been made
recently for the development of high mobility emissive and
lasing organic semiconductors, bringing new hope for this
field.®! However, the number of lasing materials with high
carrier mobility that have been reported are still very limited,
and a certain quenching of luminescence efficiency is usually
observed in most of them, especially in single-crystal states.”!
Single crystals have been identified as the best candidates for
electrically lasing because of their intrinsically superior
optoelectronic properties (high charge carrier mobility,
large refractive indices, low optical loss as well as crystal
giving rise to intrinsic resonators) and good stability tolerat-
ing large-density current.*® Therefore, it is urgently needed
to prepare highly luminescent organic single-crystal mediums
which are capable of high optical gain along with simulta-
neous high charge carrier mobility for electrically-stimulated
lasing.

Herein, we present a high mobility organic lasing semi-
conductor, 2,7-diphenyl-9H-fluorene (LD-1, chemical struc-
ture shown in inset of Figure 1a) featuring crystallization-
enhanced emission via elaborately modulating its crystal
growth. Like most of currently reported high mobility
emissive and lasing organic semiconductors,®! to achieve
the integrated electronic and optical properties, the carbon-
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Figure 1. a) PL spectra of LD-1 (1,,=320 nm, c=5x10"° M) in CHCl;/ethanol mixture with adding different
fractions ethanol from 0% to 90%. b) The one-dimensional nanowire crystals photographed by slow
evaporation under the illumination of a UV (365 nm) lamp (top), the bottom nanowire crystals obtained by
PVT under 330-380 nm light illumination. c¢) Molecular conformation in the diluted solution and one-
dimensional nanowire crystal. d) X-ray diffraction patterns of one-dimensional nanowire crystals through
different methods. e) TEM image of an individual crystal and its corresponding SAED patterns. f) The typical
herringbone packing adopted of the one-dimensional nanowire single crystal.

carbon single bonds are incorporated in LD-1 compound
between the m-extended benzene unit and emissive fluorene
core for balanced modulation of optoelectronic properties.
Such kind of molecular structure may also provide the
possibility to further tune its emission property, and even
enhance the luminescence efficiency by rationally tuning the
molecular conformation adjusted by the twist angles of
carbon-carbon single bonds and molecular conjugation.”!
With these considerations in mind and by carrying out
comprehensive investigations, we successfully obtained well-
defined nanowire single crystals of LD-1, which demonstrate
crystallization-enhanced photoluminescence quantum yield
with a value approaching 80%. Moreover, the high carrier
mobility of 0.08 cm?V~'s™! and superior FP lasing characters
(low threshold of 86 uJcm™ and high-quality factor of
~2400) were also achieved for LD-1 nanowire crystals.
Thanks to its superior integrated optoelectronic properties,
light-emission transistor based an individual LD-1 crystal
nanowire exhibited typical electrically induced emission. This
work provides a new avenue for developing high mobility
lasing organic semiconductors with strong emission for
electrically-pumped laser and other related ultrasmall inte-
grated electrical-driven photonic devices.

To explore the appropriate aggregation condition of LD-
1 for crystalline-enhanced emission, we carried out a system-
atic investigation for assembling LD-1 molecule in different
solvents. Interestingly, by an intensive study, a gradually-
enhanced photoluminescence emission intensity was found
when poor solvent (H,O) was added into good tetrahydro-
furan (THF) solvent, or poor ethanol into trichloromethane

Angew. Chem. Int. Ed. 2021, 60, 2027420279

Communications

© 2021 Wiley-VCH GmbH

(CHCI;) and/or acetonitrile,
suggesting the phenomenon
of aggregation-induced
emission enhancement in
these conditions (Figure 1a,
Figure S1).1%! More impor-
tantly, guided by these
aggregation solution condi-
tions, well-defined one-
dimensional nanowire crys-
tals of LD-1 were obtained
from CHCl,/ethanol, THF/
H,O and acetonitrile/etha-
nol mixed solutions through
slow evaporation (top image
of Figure 1b, Figure S2).
The length of nanowire crys-
tals is in a range of 0.5 and
2.0mm. (Figure S3). The
top image in Figurelb
shows a fluorescent flower
composed of amounts of
LD-1 nanowire crystals writ-
ten with a brush on the
substrate. Strong blue-deep
emission with a PLQY value
of 80% was obtained for
this  fluorescent flower,
which shows an enhance-
ment of around 15% PLQY compared to that of dilute
solution (65 % ). Moreover, similar LD-1 nanowires could also
be obtained by physical vapor transport (PVT) technique by
modulating the growth temperature (bottom image in Fig-
ure 1b, Figure S4), demonstrating relatively small nanowire
sizes and more regular crystal shapes, which are of great
importance for superior optoelectronic properties in device
applications. Comprehensive characterizations confirmed
that all these LD-1 nanowire crystals have consistent molec-
ular packing as evidenced by the X-ray diffraction (XRD)
results and single crystal data (Figure 1c and d). It can be seen
from the single crystal data that the conformation torsion
angle between the benzene rotors and fluorene core in
nanowire crystals is obviously reduced from around 38° in
solution to 12-14° in crystal. These results suggest that the
LD-1 molecular structure is more rigid in nanowire crystals,
which in principle is beneficial for higher photoluminescence
emission due to the enhancement of radiation transition
rate.'!l Figure 1 e shows the transmission electron microscopy
(TEM) image and its corresponding selected area electron
diffraction (SAED) patterns. The diffraction peaks could be
well indexed according to the single crystal data (Table S1,
Figure S5).0'” The spots marked by the red triangle and yellow
circle were ascribed to the (100) and (010) crystal planes,
respectively by comparing the calculated interplanar distance
with dj00=820A and d=5.85 A, respectively. This
proves that LD-1 nanowires grow along the [010] direction,
which is corresponding to the strong molecular packing
direction in the herringbone structure, as shown in Figure 1 f.
This direction is also the beneficial charge transport direction
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in the following constructed electronic and electrolumines-
cent devices.

To deeply investigate the photoluminescence enhance-
ment mechanism of LD-1 nanowires, we performed further
detailed photophysical studies experimentally and theoret-
ically. Compared to that of LD-1 in solution, an obvious red-
shift photoluminescence emission with the strongest peak
from 397 nm to 409 nm was observed (Figure S6a), which is
consistent with the extended molecular conjugation. The
time-resolved peak fluorescence was also accomplished (Fig-
ure S6b). According to the k.= ®g/t,, equation, the calcu-
lated radiative decay rate (k,=4.26x10%s™") of nanowire
crystals is enhanced, while the non-radiative deactivation rate
(k,) is reduced compared to that of LD-1 in solution,®!
suggesting the potential emission enhancement for LD-
1 nanowires. More deep theoretical calculation further
confirmed this point. As shown in Figure 2a, it can be seen
that the largest contributions to the reorganization energy
from one low frequency mode and several high frequency
modes in solution. Their frequencies and reorganization
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energies are 47.09 cm/429.41 cm ™, 1693 cm/301.26 cm ™,
and 1701.37 cm '/1054.41 cm™', respectively. In contrast,
there are three dominant high frequency modes
(1334.65 cm'/225.07 cm™', 1698.55 cm'/459.38 cm™', and
1709.29 cm~'/443.65 cm™') in nanowire crystals. The decrease
of total reorganization energy from 433 meV to 378 meV in
crystal is caused by the restriction of rotational, stretching
vibrations, and twisting from the displacement vectors, which
leads to the reduction of the non-radiative rate as indicated in
Figure 2b. And it is well consistent with that of experimental
values. Moreover, the 0-0 band transition is very weak in
solution and it only manifests the 0-1 transition of mode 3
(w=5248cm™), 4 (w=62.43cm™"), 88 (w=1382.94cm™"),
103 (0 =1701.37 cm™') and 0-8 transition of mode 2 (w=
47.09 cm™"), which suggests that exciton coupling show little
effect on the efficiency of luminescence (Figure S7). The
emission enhancement of LD-1 nanowire crystals is mainly
attributed to the extended m-conjugation of molecules with
the reduction of non-radiative rate and weak exciton coupling
effect. Figure 2c shows a well-separated four-energy level

required by population inversion in

crystals. The photon is pumped to the

first singlet excited state S; (v.=1)
from the ground state S, (v,=0).
Then, the molecule will loosen rapidly
to the S, (v, =0). Population inversion
and the lasing action can be easily
realized at the v, =0 and v, =1 states.
And a large emission oscillator
strength (f,,) of 1.66, high PLQY,
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803 wJcm 2, respectively. Besides, the
optical gain of 30 cm™' and the loss of
10.6 cm™! were also demonstrated for
such crystals. Figure 3a displays the
high-resolution PL spectra of an indi-
vidual LD-1 nanowire crystal evolved
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Figure 2. a) Reorganization energy (1) based on the potential surface in solution and crystal, as
well as their contributed vibration modes. b) Calculated non-radiative rate vs energy difference AE
in solution and crystal. c) Organic four-level system with vertical vibronic transitions energy and

corresponding oscillator strength.

www.angewandte.org

© 2021 Wiley-VCH GmbH

. k=7.68%108s energy. When the pump density
- exceeds the lasing threshold, a series
Sy of sharp peaks on the broad sponta-

vg=1 neous spectrum were observed with
v4=0 the spectral peak centered at about

390 nm, indicating the generation of
lasing characteristic. As plotted in
Figure 3b, the PL peak intensity
increased nonlinearly above lasing
threshold (E,,) of 86 uwJcm™, which
is identified as the excitation density

Angew. Chem. Int. Ed. 2021, 60, 2027420279


http://www.angewandte.org

GDCh
~~—

Communications

(op

[ SVAVAVAVINAYANAVANS -

Ew= 86 pd cm®

PL intensity (a.u.)
0 ©
Bg

384 387 390 393 396 399 402 405
Wavelength (nm)

C
Ak390= 1.13 L=14 pm
2
‘®
C
g A)\,:;go: 0.51 L= 30 pm
(0]
=
©
&) AAsg0= 0.36 L= 50 um
386 388 390 392 394

Wavelength (nm)

Integrated Intensity

P,=0.76+0.16
100 150 200 250

Pump intensity (uJ cm®)

0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08
1/L (um™

Figure 3. a) High-resolution PL spectrums of the one-dimensional nanowire crystal under different pump densities at 390 nm. Inset: illustrate

a typical optical-ray analysis within FP microcavity. b) PL integrated area of the 390 nm as a function of pump density for a one-dimensional
nanowire crystal. c) The laser spectra of three different lengths for one-dimensional nanowire crystals above the threshold. d) The mode spacing
AA relationship with the 1/L of the one-dimensional nanowire crystals. Inset: Two strong deep-blue impressive spots at both one-dimensional
nanowire crystal ends. And optical mode simulation result for a one-dimensional nanowire crystal with L=15 um (4=390 nm), Q=2212.

along with the behavior changing. Meanwhile, two strong
deep-blue impressive spots at the ends of a single nanowire
are also observed (inset of Figure 3d), which is a peculiarity of
Fabry-Perot (FP) optical micro-resonator comprising two
parallel facets of the nanowire crystal sides for lasing.

As shown in Figure 3¢, the association between the mode
spacing (AA) and optical path length (L =21) of LD-1 nano-
wire crystal was further described by AL=A1%(L[n—A(dn/
dA)]), where 4 is the light of wavelength, [n—A(dn/dA)] is the
group refractive index.”® For instance, A13,=1.13, 0.51,
and 0.36 nm for length L =14, 30, and 50 pm, respectively.
The 44 gradually decreases and reveals more modes with the
increase of the L. A plot of 1/L versus the A4 (Figure 3d). It is
noticed that the best-fit line (black line) is linear, which
verifies that (FP) resonator along the nanowire direction.
Additionally, the simulation of 2D electric field distribution of
the nanowire crystal along the cross-section verifies that the
FP resonator with the high-quality factor (Q) of 2212. This
simulated result is also consistent with the high experimental
0 value of 2400 according to the following expression: Q =1/
A, where A is the lasing peak of 390 nm, A/, is a full-width at
half maximum (FWHM) of the lasing peak of 0.16 nm.!**

According to the atomic force microscope (AFM) mea-
surement, the crystal thickness is ~400 nm with a smooth
surface, demonstrating the high-quality of micro/nanometer-
sized crystals (Figure S9). To investigate the charge transport
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property, we further fabricated an organic field-effect tran-
sistor (OFET) based on an individual LD-1 nanowire crystal
(Figure S10). Efficient charge transport with carrier mobility
of around 0.08 cm?V~'s™! was obtained along the long axis of
nanowire according to the transfer curves of LD-1-based
OFETs (Figure S11), which is the tight molecular packing
direction in crystal (as shown in Figure 1f). All the above
results demonstrate that LD-1 nanowire crystals are superior
high mobility lasing organic semiconductors with strong
emission. So that, OLETs were successfully constructed
based on an individual LD-1 nanowire (Figure 4a). OLET is
an ideal device platform for the exploration of electrically-
pumped organic lasers due to its intrinsic current amplifica-
tion characteristic under the gate modulation as well as the
possibility of reducing the optical losses and achieving much
higher efficiency in such a lateral device configuration. For
LD-1 based OLET, to ensure efficient holes and electrons
simultaneously inject into the conducting channel for radical
recombination emission, an asymmetric OLET device geom-
etry was conducted with the low-work function electrode of
Al/Cs,CO; for electron injection and high-work function
electrode of Au/MoO; for hole injection, respectively (Fig-
ure 4b). Under the modulation of source-drain and gate
voltages, typical electrically-driven emission was obtained
within the LD-1 nanowire (Figure 4c and Figure S12). The
electroluminescence spectrum of LD-1-based OLET is also
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Figure 4. a) One-dimensional nanowire single crystal-based OLETs. b) Energy levels of Al/Cs,CO;, LD-

1 and Au/MoO; in a single crystal OLET device. c) Optical image of a typical one-dimensional nanowire
of the OLET device. Color-coded image for a one-dimensional nanowire single crystal-based OLET
extracted from light emission captured by CCD camera. d) EL, PL spectra and their corresponding CIE
1931 coordinates of one-dimensional nanowire single crystal-based OLET, and the EL curve was slightly

smoothed.

well-identical with that of photoluminescence spectrum with
the strongest peak at around 421 nm (Figure 4d), which is
a kind of unique deep-blue emission."” Such kind of LD-
1 nanowire-OLET provides a good platform for potential
study of electrically pumped organic lasers and other related
ultrasmall integrated electrical-driven photonic devices.!"”!

In conclusion, a kind of high mobility organic laser
semiconductor of LD-1 with strong emission in its nanowire
crystals is demonstrated by carefully modulating its molecule
aggregation conditions. Comprehensive experimental and
theoretical results confirm that LD-1 nanowire crystals
possess a very high PLQY value approaching 80 %, efficient
charge carrier mobility and superior FP lasing characters.
Combined these good optoelectronic properties, OLET based
on an individual LD-1 nanowire crystal was successfully
constructed, which gives typical electrically-driven deep-blue
emission due to the recombination of holes and electrons
simultaneously injected into the nanowire. Such research
concept could be extended to other m-conjugated organic
molecules for superior integrated optoelectronic properties.
In addition, this work also provides a new avenue for
developing high-performance organic laser semiconductors
and other related ultrasmall integrated electrical-driven
photonic devices.
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