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Organic Single-Crystalline Semiconductors
for Light-Emitting Applications: Recent Advances

and Developments

Ran Ding, Ming-Hui An, Jing Feng,* and Hong-Bo Sun*

Organic single-crystalline semiconductors (OSCSs), as a vital branch of
organic semiconductors, have recently attracted intense interest due to their
numerous advantages such as highly ordered structure, high carrier mobility,
high thermal stability, and low impurity levels, and they have worldwide use in
different kinds of applications. In particular, the nature of better luminescence
properties and remarkable charge-transport characteristics is a prerequisite
for light-emitting aspects. Here, a concise overview of the recent progress on
OSCSs research is provided, highlighting the prominent properties of OSCSs
which are pertinent to light-emitting behavior. Various crystal-growth
strategies are surveyed for the preparation of high-quality OSCSs via solution,
melting, and vapor phases. Two typical electrical-pumping light-emitting
devices, including organic light-emitting transistors and organic light-emitting
diodes, are summarized with recent advances and developments exhibiting

the latent potentialities of OSCSs in optoelectronics.

1. Introduction

The history of organic semiconductors dates back to the 1940s,
which represent a large class of organic solids containing small-
molecule compounds and polymers.I'-*l These materials have at-
tracted much applied and fundamental research, and they have
several promising advantages."* The facile low-temperature
processing, together with their mechanical flexibility, approaches
for flexible and foldable organic electronics.*!°! Also, their
solution-processing capability enables the realization of low-cost
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and large-area devices.'*l In partic-

ular, the easy strategies for material
synthesis allow appropriate structural
modifications to tune their solubility,
polarity, band structure, charge carrier
mobility, and so on.2®?!l Unlike their
inorganic counterparts with continuous
energy bands, organic semiconductors
possess discrete energy levels where
the occupied and unoccupied molecu-
lar orbitals are not closely packed. The
charge transfer in organic semiconduc-
tors strongly relies on the conductivity,
which is most relevant to the z-bonding
orbitals and quantum mechanical wave-
function overlapping, namely, the energy
levels of the highest occupied molecu-
lar orbital (HOMO) and the lowest un-
occupied molecular orbital (LUMO), and
the energy bandgap between them. To
date, a vast number of organic molecular and polymeric semi-
conductors has been designed and synthesized for their techno-
logical relevance and potential advantages as mentioned for next-
generation organic electronics.?2-24

Among them, organic single-crystalline semiconductors
(OSCSs) constructed by z-conjugated molecules in long-
range periodic order have emerged as a unique optoelectrical
material.>3% Their defined structures provide an opportunity
to investigate the impact of the basic molecular interactions on
the structure—property relationships and reveal fundamental
physics in organic semiconductors. Also, the additional features
of OSCSs, such as low impurity levels, high carrier mobility, and
high thermal stability, make them more attractive in the field of
optoelectronics. In early research, OSCSs served as a powerful
tool for evaluating the intrinsic charge-transport mechanisms
of organic semiconductors. The surface charge transport of
these materials was determined based on the technology of
field-effect transistors with recorded mobility reaching up to
43 cm? V1 7112539 Later, they have emerged as a hotspot in
the field of optically pumped lasers, which stemmed from the
discovery of amplified spontaneous emission (ASE) phenomena
and lasing oscillations.?®?32 Also, electroluminescent (EL)
devices based on organic semiconductors date back to 1963
when the first used materials were also OSCSs.’”) When search-
ing Web of Science with the term “organic single crystals,”
more than 41 000 publications can be found within the last half
century. This enthusiasm for the study of OSCSs has extended
the applications range to various high-performance and low-cost
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optoelectronic devices. A series of broad reviews highlighting
the most important progress obtained by OSCSs has finished in
different aspects including growth strategies, materials design,
and device applications.”>-3%] However, none of the reviews so far
has focused on the electrical-pumping light-emitting behavior,
which is not only scientifically important but also technologically
imperative for EL devices.

Here, we briefly outline the recent theoretical and experimen-
tal studies of the optoelectronic properties of OSCSs, especially
from the perspective of stacking modes, charge transport, lumi-
nescence, and anisotropy, which are the key points for their light-
emitting behaviors. A deeper understanding of these properties
is a benefit for the development of rational molecular design and
engineering strategies for performance optimization of OSCSs.
We then review the various crystal-growth strategies to prepare
high-quality OSCSs via solution, melting, and vapor phases,
which contributes much to the rapid development of OSCS-based
light-emitting devices. In addition, the recent progress with re-
gard to electrical-pumping light-emitting applications are sum-
marized including two typical OSCS-based devices, that is, or-
ganic light-emitting diodes (OLEDs) and organic light-emitting
transistors (OLETS). Finally, a brief outlook on the current chal-
lenges and future development opportunities of OSCSs for opto-
electronic applications is presented.

2. Optoelectronic Properties of OSCSs

2.1. Molecular Stacking Properties

In OSCSs, identical molecules stack regularly and compactly by
specific intermolecular interactions, which play a key role re-
garding the optical and electrical properties. As a prerequisite
for high-performance organic light-emitting devices, the mate-
rials must possess both better luminescence properties and op-
timal charge-transport characteristics. A rigorous description of
the principles of molecular packing mode is beneficial for under-
standing the structure—property relationship and development of
rational molecular design.

The excitonic interactions of neighboring molecules in the
aggregate state will strongly influence the material photophys-
ical properties.’® These exciton effects can be revealed using
the theory of molecular-exciton coupling originally developed
by Kasha and co-workers for understanding absorption and
fluorescence in aggregates of conjugated oligomers.}**! Tt is
proposed that these excitonic interactions are determined by
Coulombic coupling of the transition dipole densities which are
strongly associated with the spatial distribution of the constituent
molecules.*># The classification of H- versus J-aggregation has
been proved to be a key development in elucidating the rela-
tionship between morphology and photophysics. As depicted in
Figure 1a,b, molecular side-by-side orientations belong to H-
aggregation with a positive resonant excitonic coupling, whereas
head-to-tail orientations are J-aggregation and the couplings are
negative. The energy dispersion, E(k), corresponding to the low-
est vibronic band and the band curvature at k = 0, which is
positive for J-aggregates and negative for H-aggregates, are also
shown. In H-aggregates, the lowest-energy exciton lies at k = x,
where the exciton (k = 0) is optically forbidden, thereby prevent-
ing 0-0 emission. Phonons with wavevector g derive from the
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intramolecular vibrations with energy fw,. Arrows indicate the
emission pathways at low temperatures. As a result, blueshifted
absorption spectra and luminescence quenching will arise
from the rapid intraband relaxation in comparison to the iso-
lated monomer. Conversely, in J-aggregates, the Frenkel exciton
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Figure 1. a,b) Molecular orientations within conventional H-aggregates (a) and J-aggregates (b). The sign of the nearest-neighbor coupling J is deter-
mined by the through-space Coulombic coupling. Generally, side-by-side orientations lead to J > 0 and H-aggregation, whereas head-to-tail orientations
lead to J < 0 and J-aggregation. The band curvature at k = 0 is positive in H-aggregates and negative in |-aggregates. The energy dispersion E(k) corre-
sponding to the lowest vibronic band in each aggregate is shown. The phonons with wavevector g are derived from the intramolecular vibrations with
energy fiwy. The arrows indicate the emission pathways at low temperatures. a,b) Adapted with permission.[*6l Copyright 2016, American Chemical So-
ciety. c—f) Schematic images of four typical molecular packing modes of organic molecules in the solid state and the possible charge-transport pathways

in each case. c—f) Adapted with permission.>* Copyright 2013, Wiley-VCH.

(k = 0) at the bottom of the exciton band is optically allowed
from the ground state, giving rise to redshifted absorption spec-
tra and enhanced luminescence quantum yields because of
the strong 0-0 emission. In addition, the oscillator strength
can be concentrated in the lowest excited state, which will in-
crease the high emission efficiency and the possibility of sponta-
neous emission. Moreover, the excited-state radiative decay rate
is found to be enhanced in J-aggregation and suppressed in H-
aggregation. The impact of such excitonic interactions on the
material photophysics is related to the molecular dipole pack-
ing, which relies on both the molecular stacking mode and the
transition dipole orientation direction in molecules. However,
the widely existing H-aggregates in conjugated oligomer mate-
rials have constituted a major hindrance for light-emitting ap-
plications because of their mutually parallel molecular stacking
and the fixed molecular dipole direction along the molecular
long axes. Therefore, an appropriate molecular stacking mode
with weak molecular transition dipole interaction is a funda-
mental requirement for achieving organic semiconductors with
high luminescence efficiency. Theoretically speaking, the most
effective method to weaken the interdipole interaction is to in-
crease the spatial displacement of adjacent molecules. Four dif-
ferent molecular stacking modes have been attempted, includ-
ing the movements of one molecule along the chain-axis di-
rection, in-plane transverse axis, rotation around the molecular
long axis, and rotation around the stacking axis. Their energy-
splitting degree of molecular orbits has also been evaluated.[*” 8!
Among them, the rotation of one molecule around the stacking
axis is the most ideal way, and it is much easier for the excited-
state transition and beneficial to promote the emission efficiency.
It is supposed that the interdipole coupling can be neglected
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while the angle rotated up to 90°. Then, the aggregates will en-
dow with the same emission properties as isolated molecules in
solution.

It is noted that optimizing the charge-transfer integrals is an
effective strategy for improving charge-carrier transport due to
the enhanced electronic couplings between adjacent molecules,
which strongly depends on the molecular stacking mode such
as the degree of z-orbital overlaps, the z—x stacking distance,
and intermolecular interactions.*¥ According to the semiclassi-
cal theory formulated by Marcus to describe the charge transfer
rate kg%

472 1 A

kpp = — ———+texp | ———= 1
Tk \/4rky TA P < 4kBT> )
where t is the transfer integral, 4 is the reorganization energy, T
is the temperature, and h and k; are the Planck and Boltzmann
constants, respectively. This theoretical framework has been ex-
tensively applied in the exploration of the correlation of transfer
integral and molecular structures.*>? Based on this theory, a
large transfer integral seems to be of great benefit to the charge-
transfer rate, and thereby a high hopping carrier mobility in or-
ganic semiconductors. Itis predicted that large z—= stacking dis-
tance, big tilt angle, and even displacement along a molecule axis
will lead to a significant reduction of the transfer integral be-
cause of the decay of intermolecular interactions and electronic
coupling. Thus, appropriate molecular packing with optimal 7-
atomic-orbital overlap is the key point for efficient charge trans-
port and hence high-mobility OSCSs.

It is apparent that a summary of the relevant packing mo-
tifs in OSCSs is necessary for the overall understanding of

© 2019 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim



ADVANCED
SCIENCE NEWS

www.advancedsciencenews.com

molecular packing in the solid state, which falls into four typi-
cal types (Figure 1c—f).2* The first is the classical herringbone
packing motif without face-to-face overlap between neighboring
molecules (Figure 1c). In this type, the charge-transport property
is strongly determined by the aromatic edge-to-face interactions,
and the carrier-transporting path is associated with the relative
strength of transfer integrals. The second is the co-facial herring-
bone packing motif with face-to-face overlap between neighbor-
ing molecules (Figure 1d). The enhanced z—z overlap is favor-
able for charge transport around the adjacent molecules, making
a 2D charge-transport framework possible. The third is the 1D
lamellar packing motif, where the charges only hop along one
direction along with the z—z stacking, probably yielding a 1D
anisotropic electronic property (Figure le). The last type is the
lamellar packing motif with 2D z—r stacking (Figure 1f). Large
transfer integrals arising from the strong face-to-face interactions
will facilitate 2D transport pathways. Of course, from the theoret-
ical standpoint, the expected molecular packing mode for high-
performance charge-carrier transport is lamellar packing, due to
the strong intermolecular interactions for the enhanced transfer
integrals and realization of ideal 2D-network charge transport.
Tremendous research efforts focusing on modulating the molec-
ular packing modes have been made, such as choosing a high-
performance prototypical conjugated backbone, increasing the
z-stacking overlap via substituent modification, and even captur-
ing a 2D co-facial packing arrangement. However, to be honest,
the highest carrier mobility of the organic semiconductors is still
held by the herringbone packing motifs, whose representative
molecules are pentacene and rubrene. The circumstance should
be concerned that it is nearly impossible to accurately evaluate
the charge-transport properties only from the intrinsic molecu-
lar packing mode while neglecting other outer impacts, such as
molecular solid-state phases within the operating devices, the in-
terface effect, and the actual testing conditions.

In brief, molecular stacking with weak molecular transition
dipole interactions is favorable for high solid-state emission effi-
ciency, while strong intermolecular interactions and maximized
m-orbital overlap are beneficial for efficient charge-carrier trans-
port and high carrier mobility. It is apparent that one cannot have
it both ways due to the difficulty of realizing ideal J-aggregates
in practice, whereas H-aggregates usually stack in herringbone
or lamellar packing motifs. However, the actual molecular pack-
ing modes strongly rely on the molecular structures, such as the
molecular conjugated backbones, substituent characteristics, and
even subsequent crystal-growth processing conditions. There-
fore, rationally modifying the molecular structures is crucial for
realizing high-performance organic light-emitting semiconduc-
tor materials.

2.2. Charge-Transport Properties

It is proposed that OSCSs with highly ordered structures as well
as minimal traps and defects provide a useful tool for reveal-
ing the charge-transport mechanism in organic semiconductors.
They are commonly constructed from conjugated oligomers via
weak noncovalent bonds, which make the charge-transport prop-
erties quite distinct to their inorganic counterparts. Since the
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1960s, a series of theoretical and experimental studies has been
carried out to evaluate the charge-carrier transport mechanisms
based on OSCSs.53-%1 Tt is generally accepted that a term of band-
like motion is responsible for the charge-carrier transport in bulk,
ultrapure OSCSs at low temperature.

Time-of-flight (TOF) measurements established the bench-
mark for the charge-transport mechanisms in the early studies
using bulk ultrapure OSCSs at low carrier density. This method
was first introduced by Leblanc and Kepler using a pulsed laser
to irradiate one side of the OSCS for the photogenerated charge
carriers.’>>¥ Then, the drift mobility of the carriers () is driven
in the presence of an applied electric field across the OSCS layer
and can be expressed as

u=D!/Vt, 2)

The carrier drift time (t,) is evaluated by monitoring the pho-
tocurrent, and V and D are the applied voltage and crystal thick-
ness, respectively. By carrying out TOF experiments on naphtha-
lene crystals, Karl et al. observed rapid growth of the carrier mo-
bility with decreasing temperature and the strong dependence of
the electric field (Figure 2a).% In the temperature range of 150—
300 K, a power-law dependence of mobility on temperature was
obtained for holes, y o T", with n = —2.9. Accordingly, the band-
like transport mode is well suited for a consistent description of
the observed dependences, and a similar trend is obtained with
hole carriers, which confirms the band-like transport mode in
bulk crystals at around room temperature.

Organic field-effect transistors (OFETS) serving as a versa-
tile tool are constantly used to reveal charge-transport charac-
teristics of organic semiconductor materials. A typical OFET
device is constructed with four principal parts, including an
active semiconductor layer, a dielectric insulating layer, a gate
electrode, and a drain-source electrodes.’*%? According to
the different device structures, OFETs can be classified into
four common types: bottom-gate/top-contact (BGTC), bottom-
gate/bottom-contact (BGBC), top-gate/top-contact (TGTC), and
top-gate/bottom contact (TGBC), as shown in Figure 2b. In an
OSCS-based OFET, the OSCSs are placed to the drain—source
electrodes and separated from the gate electrode by the dielec-
tric insulating layer. The charge carriers will be injected into the
OSCS layer across the drain-source electrodes and will accumu-
late at the interface between the OSCS and the insulator layers
via a gate voltage. In particular, the accumulated charge carriers
can be governed by varying the gate voltage, giving rise to a vari-
ation of the conductivity of OFETs. The operation scheme of the
OSCS-based OFETSs can be described by the following equations:

I. The linear region with Vg < (Vgs — V). The drain current
(Ips) is defined as

w
Ing = T uG; (Vcs - Vth) Vbs 3)

II. The saturation region with V¢ > (Vos — Vy,). The drain cur-
rent is given by

w
Ipg = by uGCi(Vgs — Vth)2 (4)

© 2019 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim



ADVANCED
SCIENCE NEWS

www.advancedsciencenews.com

(a)

LI S I B B 0 B B B
L o i
300 |- a 4
e OO
u a vl E
F 3 600m Tt Ena ]
F 6o 1
100 = o, e
- wte, =
r . 3
r [ -
— K o 7
2 30_— . 7
|\|\E 3 n=-1.40 '. n=-290 E
S L ]
= r - ]
10 ® . =
n \ 4
3’:' -
F © E= 3kVicm -
[ 4 E=z SkVem :
1E o E=10kVem 3
E o E=12kV/cm 3
:l | I R | I N R |
3 10 30 100 300
(b) T{K)

www.lpr-journal.org

deep traps

100 150 200 250 300
T(K)

‘ Source ‘ Drain

Semiconductor

Dielectric

Gate

Bottom-gate/top-contact

Gate
Dielectric

Source

Semiconductor

Top-gate/top-contact

Semiconductor

Source
Dielectric

Gate

Bottom-gate/bottom-contact

Gate
Dielectric

Semiconductor

Top-gate/bottom-contact

Figure 2. a) The temperature dependence of electron and hole mobility in ultrapure naphthalene crystal tested using TOF measurements. Reproduced
with permission.[*3l Copyright 1985, The American Physical Society. b) Four common configurations for OFETs based on OSCSs. c) Field-effect mobility
and threshold voltage as a function of temperature examined on rubrene-crystal-based OFETs along the a- and b- axes. c) Reproduced with permission.[6%]

Copyright 2004, The American Physical Society.

In Equations (3) and (4), p is the field-effect mobility of the
OSCSs in the units of cm? V-1 571, G, is the capacitance per unit
area of the dielectric insulating layer, and L and W are the device
channel length and width, respectively. The V,; is the threshold
voltage, which can be derived from the plot of (|Ig ,|)"/* versus
Vs to Ing =0.

Particularly, charge transport in OFETS operates on the surface
of organic semiconductors, where field-induced charges move
along the interface between the organic layer and the dielectric
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insulating layer. It is suggested that the conducting channel is
within no more than a few molecular layers (1-10 nm).5’ In
this case, the density of field-induced carriers in OFETs may ex-
ceed that in bulk TOF experiments by many orders of magnitude.
The developed OSCS-based OFETs without influences of grain
boundaries, defects, and traps enable the observation of intrinsic
transport of field-induced charges on organic surfaces.

Using a rubrene-crystal-based OFET with air as the dielec-
tric layer, Podzorov et al. studied a temperature-dependence
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intrinsic polaronic transport on the surface of rubrene crystals.[%

The intrinsic transport regime on the surface of organic semi-
conductors, that is, polaronic band-like transport was identified
at high temperature (150-300 K), where the mobility increased
with the decreasing temperature (Figure 2c). However, at lower
temperatures (below 150 K), the mobility decreased exponentially
with cooling, indicating that the charge transport is dominated by
shallow traps that were probably induced by crystal defects like
impurities, structural disorders, or surface states.

Hall conductivity measurements offer another alternative for
the study of intrinsic transport on organic surfaces. The promi-
nent advantage of Hall measurements is that the carrier density
and mobility can be independently measured with a weak depen-
dence on the contact resistance. The Hall carrier density n,; and
the Hall mobility p; are evaluated as follows:

I
- B— 5

"H eUp, ©)
1 UL

m=5 v (%) ©

where the magnetic field is B, the four-probe voltage is V, and
the Hall voltage is Uy,. Typical dimensions of the structures are
the channel width W, the distance between the voltage contact in
four-probe L. Podzorov et al. reported the design of two types of
OFETs based on rubrene OSCSs to study the Hall effect in the
electric-field-induced accumulation layers on a crystal surface.l*!]
From the measurements, the Hall mobility was found to be an in-
trinsic, trap-free mobility, even if the charge transport is affected
by the trapping. Due to the zero momentum (almost no Lorentz
force), the charges trapped in the shallow traps do not contribute
to the Hall effect, and the Hall mobility increases with decreas-
ing temperature over the entire temperature range, which spans
the intrinsic and trap-dominated conduction regimes. Therefore,
charge transport on the surface of rubrene crystals occurs via
delocalized states over the whole temperature (150-300 K), sug-
gesting that the intrinsic charge transport is in fact band-like
transport.

Undeniably, OSCSs embody the optimal electrical characteris-
tics possible with organic materials due to their highly ordered
structure and minimal defects. The charge-carrier mobility is
one of the most important benchmarks for the performance of
organic semiconductor materials. The mobility in the units of
cm? V71 571 is the proportionality constant between the magni-
tude of the applied electric field and the velocity working on a
charge carrier, and largely determines the speed of an operating
device. The first report on mobility was recorded based on ul-
trapure bulk anthracene OSCSs in TOF experiments, and they
ranged about an order magnitude of 1 cm? V=1 571531 Also, the
maximum mobility was found to be over 400 cm? V-! s7! in
TOF measurements, which was obtained from naphthalene crys-
tals at a lower temperature of 10 K.’ Recently developed OSCS-
based OFETSs provide a powerful tool to investigate the field-effect
mobility of organic semiconductors. Rubrene is one of the most
representative semiconductor materials for OSCS-based OFETs,
and it turns out to be highly compatible with device fabrication,
building up a benchmark for the mobility values in all OFETs.
It is noteworthy that the performance of OFETs deeply relies on
the interactions between the semiconductor, gate dielectric, and
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electrodes. In particular, carrier trapping, charge doping, molec-
ular reorientation, and a range of possible effects normally occur
on the interface of semiconductor and dielectric layers to degrade
device performance. To avoid these interactions, Rogers and co-
workers fabricated an air-gap rubrene-based OFET with a thin
free-space gap as the gate dielectric instead of the conventional
solid dielectric layer to avoid any possible carrier traps, which ex-
hibited extremely good mobility of about 13 cm? V- s~1.16%] Later,
the application of novel double-gate transistors based on platelets
of rubrene single crystals allowed the realization of the highest
mobility of p-type carriers ~ 43 cm? V=1 s71.16% This type of OFET
consists of two gate dielectric layers: 9,10-diphenylanthracene
single crystal and surface-passivated silicon oxide. By varying the
gate voltages, the field-effect carriers can freely distribute inside
the organic semiconductor layer, endowing the device with highly
mobile carriers. The room-temperature mobility of carriers in
rubrene-based single-crystal OFETs exceeds ten times that mea-
sured in TOF experiments. Another typical material for OFETs is
pentacene, which has been studied since the 1980s. The highest-
mobility carrier transport performance can be captured at the
interface between pentacene crystals and quinone layers, which
reaches 3040 cm? V! s71.4 This remarkable performance of
OSCS-based OFETs contrasts sharply with organic thin-film tran-
sistors and is even comparable to that of amorphous silicon FETS.

In general, most organic semiconductors are p-type, and these
are mainly dominated by hole carriers due to the intrinsic
electron-donating nature of z-electrons on the molecular back-
bone. The lack of stable high-mobility n-type organic semicon-
ductors has impeded the progress of organic integrated elec-
tronic applications. In order to tackle this problem, scientists
attempt chemical modification of electron-withdrawing groups
on molecular terminals based on typical molecular frameworks
to produce n-type organic semiconductor materials. For exam-
ple, acene molecules and oligothiophene derivatives modified
by fluoro or fluoroalkyl substituents exhibit promising n-type
performance.[®>%% Fullerene and its derivatives provide a novel
molecular prototype for developing high-performance n-type ma-
terials, the mobility of which have been improved, approach-
ing 11 cm? V~! s7! based on their single crystals through a
droplet-pinned crystallization process.’”) However, the proper-
ties of these n-type materials still lag far behind the p-type coun-
terparts giving some major challenges, such as low charge-carrier
transport, ambient operation stability, poor solubility, and large
barriers for electron injection. Thus, numerous effective molec-
ular design strategies are still needed for the exploration of high-
performance n-type organic semiconductors.

OSCSs, with their inherently low density of traps, are expected
to realize ambipolar operation with relatively high mobility of
both carrier types for potential EL applications. However, most
OSCS-based OFETs show unipolar characteristics that are
dominated by hole transport. This is in contrast to the findings
obtained with photogenerated carriers containing both hole and
electron transport in TOF measurements. One of the important
key points for ambipolar operation is that there is an effective
injection of both type of carriers, especially for electrons, from
electrodes into the organic semiconductors. An important strat-
egy for obtaining ambipolar transport in OSCSs is using materi-
als with a slightly deeper LUMO level, allowing effective electron
injection. OFETs based on an oligoPPV derivative named
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Scheme 1. Molecular structures of typical semiconductor materials.

p-bis(p-styrylstyryl)benzene (P5V4) with a 3.1 eV LUMO
have been considered, and they exhibited obvious ambipo-
lar operation.l®! It was proposed that the device operation
mainly depends on the energy level alignment of the metal work
function and the organic semiconductor HOMO and LUMO
levels.®)) When the metal work function (Au or Ag metals) is
close to the HOMO level, hole injection is apt to occur and
induces the device‘s p-type operation. Conversely, n-type devices
emerge when the metal work function approaches the LUMO.
Ca is usually selected as a low-work-function metal to improve
electron injection, despite its instability toward the ambient
atmosphere. Therefore, an appropriate choice of electrode
materials is very crucial for two-type carrier injection to obtain
balanced ambipolar transport in OSCS-based devices.

2.3. Luminescence Properties
2.3.1. Molecules for Light-Emitting Crystals

An ideal conjugated backbone is a basic requirement for or-
ganic semiconductors containing both excellent carrier-transport
characteristics and remarkable luminescence properties. The typ-
ical molecules, rubrene and pentacene, with recorded mobil-
ity in their crystals as exemplified above only satisfy the for-
mer requirement. High emission efficiency is difficult to achieve
due to the luminescence quenching of luminophores at high
concentrations. So as to address this issue, recently developed
classes of materials fill a special optoelectronic niche, such as
oligothiophenes, oligophenylene, oligophenylenevinylene, dis-
tyrylbenzene derivatives, and thiophene/phenylene co-oligomers
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(TPCOs), which manifest high luminescence quantum yields,
stimulated emission, and even ASE in crystalline formation. ASE
is a process related to lasing. In the absence of an external feed-
back structure, photons that are spontaneously emitted from a
luminophore can still be amplified by stimulated emission while
they interact with other excited luminophores during waveguide
propagation in a gain material. To put it simply, intensive stimu-
lated emission triggering an avalanche of photons is interpreted
in terms of the ASE.

The ASE phenomenon was first observed from a mono-
lithic a-linked oligothiophene single crystal, a-octithiophene (a-
8T).I%% Molecular structures of typical semiconductor materi-
als are shown in Scheme 1. The linear a-8T molecules have
the quasi-planar all-trans conformation and are arranged with
a herringbone crystal packing. Under optical pumping, low-
threshold gain-narrowing, and dual-energy dependence of two
distinct emission peaks are achieved. The gain-narrowed peak
at 700 nm first appears at low pump energy with a linewidth of
~8 nm full width at half maximum (FWHM), while the emission
at 640 nm progressively emerges with increasing high pump en-
ergy. The two lines at 640 nm and 700 nm are in coincidence
with the photoluminescence (PL) spectrum, which corresponds
to the vibrational transitions. Similar phenomena have also been
observed in a-quaterthiophene («-4T) and a-sexithiophene (a-6T)
0SCSs."7I The corresponding two ASE emission peaks lie in
553 and 512 nm for a-4T and 645 and 595 nm for a-6T, respec-
tively. Although strong stimulated emission and high mobility
up to 0.1 cm? V! s7! have been discovered in oligothiophenes,
which are regarded as being able to bridge the gap between or-
ganic conjugated oligomers and organic lasers, however, the PL
efficiency is still less than 9% measured for a-4T, a-6T, and a-8T
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OSCSs. The origin is probably related to the strong intermolecu-
lar interactions in herringbone packing.”’!

In addition, oligophenylenes break the light-emission limit,
extending the wavelength to ultraviolet and sustain high lu-
minescence quantum yields in both solutions and solids as
reported.”58! The representative p-sexiphenyl (p-6P) oligomer
was widely investigated in needle-like crystals with a submilli
meter length, which were epitaxially grown on the cleaved (001)
face of a KCl substrate via vapor-deposition method."®””) Self-
waveguiding amplification of blue light emission from the p-6P
needle-like crystals with a narrowed spectrum at 427 nm was
characterized as ASE. This self-waveguided emission was con-
fined within the crystals and polarized parallel to the KCl surface
based on the uniaxially oriented transition dipoles. The maximal
emission intensity orientated parallel to the transition dipoles,
and the minimum intensity was obtained along the vertical di-
rection. This light emission was defined to be transverse-electric
(TE) modes according to the arrangement of molecular axes par-
allel to the crystal plane.

The phenylenevinylene (PPV) molecular motif is one of
the most widely known organic semiconductors because of
the inspiration of the first organic solid-state laser based on
MEH-PPV polymers.® Since then, its simple fragment, trans-
1,4-distyrylbenzene (DSB), has become an impressive small-
molecule emitter, with a relatively high luminescence quantum
yield over 65% in crystal.®3l As molecular design has progresses,
substituent effects on the basic of DSB molecular backbone are
validated in practice, which reveals the correlation of structure
and property. For instance, para- and ortho-methylated DSBs
(p-DSB and 0-DSB) are prepared to assess the impact of crys-
tal packing on optical characteristics.®¥ They are constructed in
different crystal structures, which are orthorhombic for p-DSB
and monolithic for o-DSB, while having the same ASE peak po-
sitioned at around 460 nm. Ma’s group has also made a great
progress over the past decade.®>%4 A twisted molecular configu-
ration of 2,5-diphenly-1,4-distyrylbenzene (cis-DPDSB) was syn-
thesized in order to weaken interdipole interactions in crystalline
formation.®”) Also, they recently reported cyano-substituted
oligo(p-phenylenevinylene) (CN-DPDSB) crystals with enhanced
luminescence efficiency of about 95% due to the enlarged molec-
ular distance by phenyl substituents.®’]

Another class of materials, TPCOs, targeting integration of
excellent electronic and optical functionalities has been devel-
oped based on the hybridization of thiophene and phenylene
at the molecular level. Over the past two decades, TPCOs have
spawned many subsets including phenyl-capped oligothio-
phenes, block and alternating co-oligomers, and thienyl-capped
oligophenylenes.*192l Among them, the various molecular
backbones can be shaped into bent, zigzag, pseudo-straight,
and bird’s wing shapes, etc., which are propitious to weaken
excitonic coupling and promote PL emission. Kanazawa et al.
have demonstrated a rather high fluorescent quantum efficiency
reaching 80% at 300 K in a,-di(biphenyl)-terthiophene (BP3T)
crystals.l'9 Another attractive feature of TPCO crystals is that the
strong intermolecular interaction exerted through the herring-
bone packing assembles the molecules into a monolithic slab-like
single crystal, where: i) the molecular long axes stand nearly
upright against the wide crystal plane, and ii) the molecular tran-
sition dipole moments lie along the long axis of the molecules,
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Figure 3. a—c) Fluorescence photographs of BP1T, AC5, and BP3T crys-
tals under UV-light irradiation. a—c) Reproduced with permission.2’l Copy-
right 2011, The Royal Society of Chemistry. d) A schematic illustra-
tion of the self-waveguided edge-emission from BP3T crystal, where the
molecules are stacked nearly upright to the crystal plane with their transi-
tion dipole moments parallel to the molecular long axis. Reproduced with
permission.l192 Copyright 2009 Wiley-VCH. e) Spectra of typical laser os-
cillation from TPCO crystals with a desired full-color emission and their
structural formulae. Reproduced with permission.[28 Copyright 2016, The
Author, published by John Wiley & Sons on behalf of Society of Chemical
Industry.

causing light emission in the direction perpendicular to the
molecular long axis. This crystallographic structure endows the
TPCOs with peculiar optoelectrical characteristics, such as high
carrier mobility, ASE, and laser oscillation.’®1%113] Owing to
the molecular upright alignment, the light is efficiently confined
inside the crystal and dominated at crystal edges. As shown in
Figure 3a—d, obvious edge emissions contrast with the complete
darkness interior of the crystal. Moreover, TPCO families pro-
vide a unique insight into the variation of backbone length and
composition, which trigger the tuning of emission color over the
whole visible range. Comparing 2,5-bis(4-biphenylyl)thiophene
(BP1T) and 1,4-bis(5-phenylthiophen-2-yl)benzene (ACS),
increasing the proportion of thiophene rings at a certain
ring number induces a successive redshift of emission. For
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constitutional isomers, BP3T with direct connection of the thio-
phene rings favors larger redshifts compared to the thiophenes
and phenylenes alternating case 2,5-bis[4-(50-phenylthiophen-
20-yl)phenyljthiophene (AC’7).% Through mutually arranging
the thiophenes and phenylenes within the molecules, the TPCOs
can realize a desired full-color emission (as shown in Figure 3e).
Besides the diversity of molecular backbones, a novel con-
cept of aggregation-induced enhanced emission (AIEE) is intro-
duced for the design of efficient fluorescent materials in the solid
state. These molecules usually possess twisted configurations
with lower emission efficiency in solution, but high efficiency in
the aggregate state. This phenomenon is attributed to the twisted
geometry, which weakens molecular interdipole interaction and
minimizes the likelihood of excimer formation in the crystal. In-
deed, high emission efficiency and strong stimulated emission
have been observed in AIEE OSCSs.""* 116 Another distinctive
strategy to tailor the optoelectrical properties of OSCSs is molec-
ular doping, in which small-molecule donor crystals doped with
appropriate luminophores are used, acting as acceptors for the
originally re-created exciton. Wang et al. demonstrated that they
have ever exploited molecular doping in pure DSB crystals.['”]
The improved crystal growth method allowed the incorporation
of tetracene or pentacene into the crystals at high concentration
reaching 10%. After doping, the emission shifted to the green
and the red spectrum with luminescence quantum yields of 74%
and 28% for tetracene and pentacene, respectively. Since then,
different host and guest molecules have been tried out, such as
P5V4 and BP3T, p-DSB and tetracene (or pentacene), anthracene
and tetracene.l''*121l The appearances including spectrally nar-
rowed emission, color-tunable emission, and improved external
EL quantum efficiency for light-emitting devices, demonstrate
the great potential of doped OSCSs for use in a wide variety of
high-performance optoelectronic applications.

2.3.2. Lasing Features from OSCSs

OSCSs have been recognized as the most promising candidate
for the application of electrically pumped organic lasers because
of their superior optoelectronic gain properties. Apart from or-
ganic gain media, an optical feedback structure remains an es-
sential prerequisite for such an application.?! In some cases,
the gain media itself is supplied with an optical resonator that
provides sufficiently optical feedback. The most prominent is
OSCSs whose coplanar crystal facets can constitute intrinsic
Fabry-Pérot (F-P) resonators. The crystal facets work as re-
flective mirrors with optically high flatness, which guarantees
strong self-cavity optical confinement in the crystal. Based on this
structure, the lasing oscillation was first discovered by Ichikawa
et al. in monolithic 5,5”-diphenyl-2,2":5',2":5”,2"":5" ,2"":5", 2"~
sexithiophene (P6T) crystals with a couple of F-P resonators pro-
viding a 2D self-cavity optical confinement.l'?”l A progression
of extremely narrow emission lines emerges at the wavelength
around 689 nm with a limited FWHM (=38 pm) of the individ-
ual sharp lines in an interval of 121 pm. By analyzing the spectro-
scopic characteristics based on different sizes of crystals, the rela-
tionship between the mode intervals (A1) and resonator lengths
(L) is clarified as below:

Adx A%/2L (7)
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where 4 is the center wavelength of the lasing oscillation. The in-
terval of the progressively structured emissions is inversely pro-
portional to the resonation length.

After that, numerous OSCSs with well-defined polygons have
been reported with the same phenomenon. Especially in TPCOs,
their peculiar crystallographic structures are responsible for it, in
which molecules stand nearly upright against the crystal plane
giving rise to a parallel propagated light emission and subse-
quent edge emission.*>110123-128] Moreover, the regular molec-
ular alignment induces a large optical gain along the direction
parallel to the crystal plane, which is favorable for the amplifi-
cation of propagated self-waveguided light between a pair of pla-
nar crystal facets. For example, 5,5'-bis(4’-methoxybiphenyl-4-yl)-
2,2"-bithiophene (BP2T-OMe) crystal in orthorhombic form was
reported with lasing oscillation appearing at 520-530 nm.['1% The
lasing spectrum in Figure 4 shows a series of narrowed modes
resolved with a mode interval of 16 cm™' and FWHM of about
4 cm™! above the lasing threshold. A high net gain coefficient
of 50 cm™! was estimated, which is pertinent to the lasing oscil-
lation. Another intriguing configuration of OSCSs for F-P res-
onators is based on their low-dimensional nanostructures, such
as nanofibers or nanowires. In this arrangement, the nanostruc-
tures are integrated with optical waveguides and reflective mir-
rors at the same time. Since the emersion of stimulated emission
in p-6P nanowire crystals, spectrally narrowed emission includ-
ing random lasing and F-P modes lasing have been observed
based on a number of designed 1D nanostructures.'2-131 [n-
terestingly, a hollow rectangular optical microresonator based
on tetra(4-pyridyl)porphyrin (H2TPyP)-RMTs crystal was recently
developed with nearly 90° bending corners and submicrometer
wall thicknesses.!'3!l A vibronic lasing action was interpreted to
contain two kinds of cavity mode: one is the F-P mode oriented
to the tube growth direction, and the other is the rectangular ring
mode self-waveguided alongside sharp bends.

OSCSs with high thermal stability and relatively high melt-
ing points make them compatible with modern semiconductor
processes. Therefore, other types of optical feedback structures
can be integrated into these OSCSs, such as distributed feed-
back (DFB) structures and whispering-gallery-mode (WGM) res-
onators. The DFB structures have become one of the most pop-
ular configurations for organic lasers since the early 2000s.5Y In
these, light will get scattered by a periodic corrugation while prop-
agating in a slab waveguided media, and then combine through
constructive interference. When the period of the corrugations
meets the requirement of Bragg scattering, the light in a certain
wavelength can acquire optical feedback for laser action which
should satisfy the Bragg expression®:

2ngA = mi 8)

where 4 is the lasing wavelength, A is the periodicity of the corru-
gation, and m is the order of Bragg reflection. Here the n4 is the
effective refractive index of the waveguide, which reflects average
refractive indices of the geometry.

The fabrication strategies are restricted in the case of
OSCSs due to their fragile nature. However, numerous efforts
have been devoted to building up DFB structures on crys-
tals. Fang et al. have attempted the laser interference ablation
method to engrave diffraction-grating structures directly on the
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Figure 4. a) Fluorescence photograph of BP2T-OMe crystal under the UV light irradiation. b) Schematic diagram of the optical measurement with a
stripe-shaped excitation beam irradiated on the crystal surface. c) PL spectra as a function of excitation density. d) Excitation density dependence of
lasing oscillation spectra in the 0—1 band. a—d) Reproduced with permission.[''l Copyright 2012, Wiley-VCH.

2,5-bis(4-biphenyl)bithiophene (BP2T) crystal surface.’3? The
crystals provide both gain medium and feedback structure. Ob-
vious narrowed emission lines emerge at 565 nm with FWHM
of 1.5 nm. The lasing threshold in DFB resonators is sufficiently
reduced to be 25 pJ cm~2 compared to the ASE value of BP2T crys-
tal. It is mentioned that the ablation process induces defects in
the material, which will act as exciton traps. Therefore, the non-
destructive laser interference lithography method was applied for
OSCS-based DFB lasers.[133134 External feedback structures are
supplied by a corrugation of positive photoresist, which provides
the optical feedback required for the OSCSs lasing. By replacing
a plastic substrate, flexible DFB lasers based on OSCSs can be
achieved with highly mechanical robustness. Recently, Hotta and
co-workers focused on the focused ion beam (FIB) technique for
the fabrication of the DFB-cavity structure.l'* Laterally emitted
light occurring from the weak excitation was demonstrated with
angle-dependence.

Another attractive optical feedback structure investigated fre-
quently is WGM resonators, which utilize multiple total-internal
reflections trapped within a sphere or ring of gain media with
a large refractive index for lasing operation. OSCSs are ideally
suited for this geometry, owing to their excellent optoelectrical
performance, especially higher refractive index. Through com-
plex semiconductor processes of photolithography and reactive-
ion etching techniques, Fang et al. successfully realized micro-
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sized patterned disks and polygons based on slab BP1T and
BP2T OSCSs.'* Strong WGM lasing oscillation can be unam-
biguously observed from both circles and polygonal microdisks
with lots of eigenmodes satisfying the condition of total internal
bounce reflections at the microcavity walls (Figure 5). The large
refractive index of the crystal (phase refractive index ~ 2.9) and
rather high Q-factor for microdisk cavity were also estimated ac-
cording to the oscillating spectra. These results provide a new
variable to consider in the quest for integrating photonic inte-
grated circuits and enabling widespread applications.

2.4. Anisotropic Properties

In addition, OSCSs with well-defined molecular alignment in-
evitably confront structural anisotropy, which results in their
anisotropic properties, and this is particularly the case with car-
rier transport and optical constants. As mentioned above, the
intermolecular transfer integrals that significantly depend on
the crystallographic direction are responsible for the anisotropic
characteristic of the charge-carrier mobility. It is suggested
that the largest transfer integral is along the direction with
the strongest 7—r overlap between adjacent molecules leading
to the highest mobility. A pronounced anisotropy of mobility
was first substantiated based on bulk oligomer crystals in TOF
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Figure 5. a) The WGM lasing spectra of a circle microdisk recorded at different pump energies. b) Superlinear dependence of the emitted intensity
of one selected WGM lasing peak on the pump intensity for circle microdisk. ) Lasing spectra and images from polygon microdisk resonators. a—c)

Reproduced with permission.['3¢] Copyright 2012, Wiley-VCH.

measurements.) Since the invention of OFETS, the exploration

of field-effect charge transport on the surface of organic semi-
conductors has just been started. Rubrene crystals have served as
a prototype to investigate the anisotropy of surface conductivity
in different OSCS-based OFETs.'*”] The representative work was
the one carried out by Sundar et al. with lamination of rubrene
crystals against a transistor stamp. In this work, the mobility
was tested in the range of 360° by rotating the laminated crystal
(Figure 6). The largest mobility variation happened along the
crystallographic a and b axis by a ratio p,/p, of two. The co-
facial orientation of molecules stacking along b axis facilitates
the charge transport compared with the one along the other di-
rection. In addition, a few crystals have been demonstrated with
two- and even 3D charge-transport anisotropy.'**14% The poly-
morphism of OSCSs provides a good platform for this investiga-
tion of 3D nature. This crystal phase transition can be ascribed
to weak interactions between adjacent molecules and nonrigid
structural properties. He et al. measured the 3D anisotropic mo-
bility for OFETS for the first time by controlling the crystal growth
conditions for suitable dimensions and orientation. Two types
of morphological crystals were used in this work, one a 2D hexag-
onal microplate, and the other with 2D microrods.

Another attractive anisotropic property related to crystal
molecular arrangement is polarized emission. This feature is
usually observed from linear conjugated molecules with uniax-
ially orientated packing in the crystals. The angle-dependent po-
larization of PL emission can be collected by rotating a linear
polarizer. Normally, the emissions are strongly polarized along
the molecular long axis, which corresponds to the orientation of
transition dipoles. In addition, the maximum and minimum PL
intensity are suggested to be along with two perpendicular polar-
ization directions. The 1,4-bis(a-cyano-4-diphenylaminostyryl)-
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2,5-diphenyl benzene (CNDPASDB) crystals were recently re-
ported to have uniaxial orientation.B®!*l The crystal structure
revealed that all of the CNDPASDB molecules stack parallel to
each other with an identical conformation and orientation in
the crystal. The high polarization contrast of about 0.93 indi-
cated a nearly linearly polarized emission. Moreover, the same
phenomenon and even polarized spectrally narrowed emission
have also been discovered in TPCO crystals as a consequence of
their nearly upright configuration of molecules against the crystal
plane. 76142144

Additionally, the strongly anisotropic structures of OSCSs also
rule their refractive indices in high anisotropy. Hotta and co-
workers built up a scenario to determine the refractive index of
an OSCS in its lasing oscillation wavenumbers. As the paral-
lel crystal facets function as F-P resonators, quite narrow emis-
sion lines will be generated from the interference of intense
forward and backward electromagnetic waves. The refractive in-
dex can be estimated on the basis of the mode intervals of the
well-resolved longitudinal multimodes, according to the follow-
ing expression(125126145.146];

n= 1/2LAv 9)

where n is treated as the effective refractive index or group re-
fractive index, L is the distance of the parallel crystal facets, and
Av corresponds to the adjacent mode interval. The ACS5 crystals
in hexagonal configuration have ever been selected for the inves-
tigation of anisotropic refractive indices (Figure 7a—d).'>] These
hexagonal crystals comprise three pairs of parallel facets along
different lattice planes. After the crystals are photopumped with a
thin laser stripe, longitudinal multimode lasing oscillations take
place separately between the three parallel facets. The refractive
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Figure 6. a) Schematic view of a rubrene-crystal-based OFET by lamination. b) Molecular and crystallographic structures of rubrene. c) Polar plot of
mobility rotated at different angle directions of rubrene crystal. d) Four-probe conductivity as a function of gate voltage along the b- and a-axes of rubrene
crystal. a—d) Reproduced with permission.['3”] Copyright 2004, American Association for the Advancement of Science (AAAS).
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Figure7. a) Image of a hexagon ACS5 crystal. b) Schematic diagram of the optical measurement setup. c) Excitation density dependence of spectral profiles
of the laser oscillation. The inset shows the correlation between the integrated emission intensity and pump energy. d) Spectral profile captured at an
incident pump energy of 880 ) cm™2 per pulse. a—d) Reproduced with permission.[?%] Copyright 2008, American Institute of Physics. e) Wavelength
dependence of the group refractive indices of the BP1T, AC5, and AC'7 crystals. f) Calculated dispersion curves of the phase refractive indices. e,f)
Reproduced with permission.[*3] Copyright 2011, American Institute of Physics.
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indexes can be estimated from the three lattice planes, with an
average value of 4.0. This refractive index is regarded as the value
related to the direction perpendicular to the crystal bottom plane
according to their highly polarized electromagnetic waves. As for
the indices parallel to the crystal plane, polarized emission is
measured on account of their molecular upright features. Then,
anisotropic refractive indices along the three mutually orthogo-
nal directions can be determined. The broadband PL spectrum
allows the dispersion of group and phase refractive indices as a
consequence of the wavelengths to be assessed by analyzing the
fringe spacing over a wide range, as shown in Figure 7e,f, with
various TPCO crystals. The OSCSs turned out to be anisotropic
dielectric media with the relatively large refractive index leading
to ease in light amplification, which renders them great candi-
dates for organic solid-state lasers.

3. Crystal Growth Strategies for OSCSs

Owing to their desirable optoelectronic properties, high-quality
organic single-crystalline materials are extensively required in
optoelectrical functional devices. Unlike their inorganic counter-
parts, organic semiconductor materials have obvious advantages,
such as low sublimation temperature and low melting point,
which are convenient for low-temperature processing. Over the
past few decades, tremendous progress has been made in devel-
oping strategies for crystal growth of OSCSs into highly ordered
structures and with minimized impurities, which can be divided
into three aspects, including the solution-processing method,
the melt-recrystallization method, and the vapor-processing
method.

3.1. Solution-Processing Method

Analogous to most crystal growth, the solution-processing
method is the most typical and convenient method to prepare
OSCSs. Most organic materials are soluble in common organic
solvents, such as dichloromethane, chloroform, toluene, and
tetrahydrofuran. This ensures some unstable large-molecular-
weight materials can use their solubility for crystallization.'*’]
Solvent evaporation is one of the simplest ways to grow OSCSs in
the liquid phase, and usually uses an oversaturated precursor so-
lution containing an enormous amount of organic material. Fol-
lowing the slow evaporation of the solvent, the organic molecules
precipitate to form nuclei and gradually grow into large crys-
tals. This crystallization process basically relies on molecular
self-assembly, which usually adopts typical noncovalent inter-
molecular interactions between neighboring molecules, such as
hydrogen bonds, z—x stacking, and dipole—dipole interactions.
However, in this method, it will consume extra time of about sev-
eral days or even weeks to obtain large-size crystals. Alternatively,
a fast method to obtain OSCSs is the slow-cooling method, where
a hot or oversaturated solution cools down to the room tempera-
ture with crystal nuclei formation and consequent crystal growth.
However, there is a prerequisite for the organic material, whose
solubility is moderate at room temperature but changes consid-
erably with temperature.
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Besides these traditional crystal-growth methods, several novel
smart approaches have been developed to grow high-quality
OSCSs. Self-assembling submicrometer OSCSs can be per-
formed through a solvent-exchange method in the liquid phase
due to the strong intermolecular interactions (Figure 8a). The
organic molecules are dissolved in a good solvent and then
transferred into a poor solvent with limited solubility. The poor
solvent makes a great contribution to this self-assembly pro-
cess because of the minimum interaction between the material
and the solvent. For example, self-assembled single-crystalline
nanobelts of propoxyethyl-PTCDI can be grown based on this
method using chloroform as the high-solubility solvent and
methanol as the low-solubility solvent.'*8141 Another simple and
fast method should be mentioned: the drop-casting method, that
is, pouring a saturated precursor solution onto a substrate with
gradual evaporation (Figure 8b). After that, the solution will reach
oversaturation and induce nuclei formation and growth of large
crystals due to self-assembly. This method was first tried by Mas-
torrent et al. and later extended to various organic semiconduc-
tors such as tetrathiafulvalene (TTF) derivatives and even some
n-type materials.>¢133] The popularity of this method can be
ascribed to the simple set-up that allows fine control over the pro-
cessing factors, including solvent, concentration, and tempera-
ture, to obtain OSCSs with different morphologies. Another alter-
native is the dip-coating method which can grow microstructured
OSCSs with aligned features. During the dip-coating process, a
substrate is dipped into a precursor solvent and lifted out of the
solvent at a controlled speed. Then continuous self-assembled
microstructured OSCSs with the alignment of ordered arrays
are obtained in the upward lift direction. Jang et al. produced
self-aligned, highly crystalline soluble acene crystal arrays over
large areas based on the dip-coating method, which exhibit excel-
lent field-effect mobility on OFETs.' In particular, the shape
and thickness of the formed microstructures can be changed
under various conditions, including lifting speed, solution, and
environment.

Alignment or patterning of self-assembled OSCSs is also in-
vestigated in the liquid phase, which is usually aided by ex-
ternal forces to guide the process, such as templates or wet-
tability. Templates are used as a mold to print aligned and
patterned OSCSs in the same framework of the template.’>]
The main motivating force for the solution flow among the
templates is the capillary force, which can control the posi-
tion and orientation of the alignment/patterning of OSCSs.
Elastomeric poly(dimethylsiloxane) (PDMS) with periodic struc-
tures is frequently employed as the template due to its ease
of functionalization and molding. By a predeveloped PDMS
stamp with defined 1D features, Cavallini and co-workers could
achieve oriented, size-defined stripes of different types of or-
ganic semiconductors across the channel of the transistors to
yield OFETs.1%6157] Meanwhile, substrate wettability has also
been used to control the growth location of aligned/patterned
OSCSs. A substrate surface treated with alkyl or fluoroalkyl
groups exhibits a nonwettable property with poor solvent resid-
ual affinity, whereas those modified by phenyl groups display fa-
vorable surface for deposition of organic materials in the liquid
phase. Optionally the substrate can be functionalized by various
species of self-assembled monolayers (SAMs) such as 1,1,1,3,3,3-
hexamethyldisilazane (HMDS), phenyltrichlorosilane (PTS), and
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Figure 8. a) Schematic diagram of a typical solvent-exchange method by injecting good solvent onto the poor solvent. b) Schematic diagram of the drop-
casting method by pouring a saturated precursor solution on substrates for crystal nuclei formation. a,b) Reproduced with permission.l?! Copyright
2017, The Royal Society of Chemistry. c) Schematic diagram and photograph of the liquid-phase-growth apparatus equipped with a thermal radiator.
Reproduced with permission.!’> Copyright 2007, The American Chemical Society. d) Schematic diagram of a constant-volume decreasing-temperature
method for crystal growth and an enlarged photograph of a fluorescent crystal floating on the solution. Reproduced with permission.[8% Copyright 2011,

Elsevier B.V.

octadecyltrichlorosilane (OTS). Bao et al. demonstrated that they
utilize a substrate with patterned wettability to produce pattern-
ing of aligned OSCS nanowire arrays.'>® The substrate was pre-
treated by OTS carried through a shadow-masked ultraviolet irra-
diation. During the process, aligned organic nanostructures were
grown on the patterned wettable regions by controlling the shape
and movement of the solution contact lines.

It is suggested that a straightforward way for device applica-
tion is to adopt a monolithic single crystal. When monolithic
crystal is obtained as a free-standing thin film, it is more con-
venient to be laminated on the surface of the device substrate.
Yamao et al. recently designed an apparatus equipped with a
thermal radiator to realize high-quality monolithic OSCSs in
the liquid phase (Figure 8c).'>”) With the help of the radia-
tor, the silicon substrate could be cooled locally upon the radi-
ator in the solvent. Then the organic materials spontaneously
self-assembled onto the substrate through recrystallization and
ended up as thin OSCSs with well-defined polygons adhering
to the substrate. While exclusively choosing a silicon substrate
with an oxide layer, the OSCSs on the substrate can directly
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serve for device construction, like OFETs. In order to precip-
itate large crystals in the liquid phase, they also tried an im-
proved solution-processed method, named the constant-volume
decreasing-temperature method (Figure 8d).'®" Based on this
method, several crystal nuclei were selected and transferred
into a preprepared low-oversaturated solution. Together with the
growth of the nuclei, the solution became less oversaturated lead-
ing to a decrease of the driving force for the crystal growth. To
continue the crystal growth, the low-oversaturated solution was
kept by adding source powders. Finally, well-defined hexagon TP-
COs crystals can be obtained with a large size of millimeters by
applying this method.

For the solution-processing method, it is often the case that
it is difficult to fully dissolve organic molecules with a long z-
conjugated system in the solvent. In view of the kinetics of crystal-
lization, the solvent molecules may also intercalate into the crys-
tal lattice during the growth process. This detrimental effect will
deviate the crystal lattice from its perfect crystal structure; thereby
adversely influence the intrinsic optoelectronic and physiochem-
ical properties.?
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3.2. Melt-Recrystallization Method

Another strategy is the melt-recrystallization method, which is
normally carried out by directly heating the organic materials
to a certain temperature, and their subsequent recrystallization.
Mostly, technology for recrystallization from melting requires
organic materials possessing a well-defined melting point and
high thermal stability.'*”] This is not often the case with organic
molecules, which usually have a strong tendency to evaporate or
decompose during the melting process. In the early stage, con-
ventional zone-melting methods (Bridgman, Stockbarger, and
Czochralski methods) were sought for organic crystal growth,
but they are suitable for only few materials due to the demand
for low vapor pressure and ease in large quantity.'*”) However,
melt-recrystallization is having great developments over these
two decades; among them, melting materials into desired de-
vice configurations for practical applications is the most attrac-
tive. Figi et al. have utilized melt-recrystallization, in which the
liquid of the melted organic material flowed into predefined
channels by capillary force and crystallized upon cooling.[161-163]
This method can give rise to the fabrication of high-quality elec-
trooptic organic single-crystalline devices, such as optical waveg-
uides, phase modulators, and microring resonators. After that,
the melt-recrystallization method was applied to various con-
jugated semiconductor oligomers such as p-nP (n = 4-6), an-
thracene, BP1T, and AC5.°%1%4 The melt-recrystallized materials
maintained highly ordered molecular alignments, and there-
fore exhibited good photoluminescent characteristics. Thanks to
the high photoexcited emission yields and ASE properties of
TPCO, BP1T was selected to construct microdisk and micror-
ing cavities for lasers by using electron-beam lithography and
melt-recrystallization.l'>16] These microdisks and microrings
presented obvious lasing emission in WGM and reduced las-
ing threshold, which was ascribed to WGM confinement in the
narrow waveguide. Recently, Adachi et al. demonstrated an im-
proved melt-processing method to prepare single-crystal films
based on an oligo(p-phenylene vinylene) derivative substituted
at both ends with pyrene moieties. By accurate control of the
melting temperature, the recrystallization of the compound en-
abled the formation of large single-crystal monodomains in thin
films, which exhibited a substantial enhancement of both charge-
carrier mobility and photophysical properties.['®’]

This melt-recrystallization method was further elaborated by
Bi et al. in such a way that growth of Alq, nano/microcrystals was
carried out aided by using a piece of double-filmed equipment
where two Alg; films were stacked together and horizontally
placed into a small chamber under a nitrogen atmosphere.'8l
This equipment could sufficiently suppress the evaporation of
Alq; molecules at high temperature. After being placed inside a
sand bath and heated for 45 min, Alq, nano/microcrystals could
be controllably obtained on the glass substrates (Figure 9a). To the
researchers’ surprise, the formation of Alq; nano/microcrystals
could be changed from mer- to fac- with tunable color emission
by increasing the melting temperature. Despite recrystallization,
melting can lead to a change of crystalline phase. The same phe-
nomenon was also observed from other organic materials whose
molecules can form different luminescent polymorphs by tuning
the molecular assembly structures in crystals through the melt-
ing process. (169170

Laser Photonics Rev. 2019, 13, 1900009

1900009 (15 of 29)

www.lpr-journal.org

In addition, this method is expected to complement other com-
plicated industrial processes for the fabrication of functional elec-
tronic devices. Inoue et al. demonstrated that they integrated a
thermal pressing method with melt-recrystallization to fabrica-
tion OFETs on a plastic film.['”! The semiconductor material with
a low melting point could be melted and compressed with pres-
sure to gain a thin active layer. This process proceeded at around
the melting point without chemical reaction of the material. The
final flexible OFETs showed good transistor performance and
structural bending stability. Moreover, high-performance OFETs
with high-quality crystalline rubrene patterns could be realized
by combining the melt-recrystallization and a lift-off process
(Figure 9b)."7Z During the melting process for the crystalliza-
tion, a prepatterned PDMS stamp was used and pressed onto the
rubrene film at high temperature. After removal of the PDMS
stamp, crystalline rubrene wires with a submicrometer spatial
resolution were maintained on the substrate. OFETs made of
the rubrene submicrometer wires exhibited saturation mobili-
ties of as high as 4.5 cm? V~! s7! at ambient conditions. There-
fore, this solvent-free method demonstrates great potential for
simple and cost-effective fabrication of OSCSs for functional
devices.

3.3. Vapor-Processing Method

In terms of the vapor-processing method, it is the most frequently
used method for the growth of high-quality OSCSs. Most organic
materials have sufficient vapor pressure and relatively low melt-
ing points, which ensures success in vapor-processing crystal
growth. Additionally, there are no solvents or impurities involved
in the vapor process. This makes the resulting crystals normally
enjoy much better crystal quality than those produced from the
solution-processing method.

After Karl first introduced the physical vapor transport (PVT)
method to grow centimeter-sized anthracene OSCSs, Laudise
et al. constructed a more convenient and easily controllable hor-
izontal apparatus for growth of OSCSs on its basis.'73174 Af-
ter that, this apparatus was expanded following the successful
growth of high-quality oligothiophene, pentacene, copper ph-
thalocyanine, and anthracene OSCSs. The variety of strategies
based on the PVT method generally fall into two major systems:
open systems and closed systems.['*”] Briefly speaking, the open
and closed systems include, respectively, an inert gas or a closed
environment. In the open system, the inert gas functions not
only as a carrier gas that transfers the organic molecules but
also as a protective gas that prevents oxidation during the crystal-
growth process. The source material is placed inside a horizon-
tal glass tube in the region of higher temperature (Figure 9c-1).
With the help of inert gas, the sublimated organic molecules can
be transferred to a lower temperature region where the crystal
growth occurs within a narrow temperature range, and the sub-
mitted molecules with high kinetic energy will incorporate into
the crystal lattice by the intermolecular interactions during the
crystallization process. The grown crystals are usually hanging
inside the tube wall, which makes them much easier to extract for
their practical application (Figure 9c-2). High-purity hydrogen,
argon, and nitrogen gases are usually chosen as the gas agent.
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Figure 9. a-1) Schematic of fabrication process for preparation of mer-Alq; and fac-Alq; nano-/microcrystals by the melt-recrystallization method. a-2,a-
3) Fluorescence microscopy photographs of mer-Alq; and fac-Alq; nano-/microcrystals, respectively. The inset is a clear view of one single microcrystal
of each. a) Reproduced with permission.['%81 Copyright 2010, Wiley-VCH. b-1) Schematic of PDMS lift-off fabrication process for an array of crystalline
rubrene microwires by melt-recrystallization method. b-2,b-3) SEM and optical images of the array of crystalline rubrene microwires. b) Reproduced with
permission.l'”2 Copyright 2011, American Chemical Society. c-1) Schematics of the conventional crystal growth apparatus by physical vapor transport
method, and the temperature gradient. c-2) Schematic section view inside the quartz growth tube. c-3) Schematics of a unique crystal growth apparatus
with a couple of vertical hot-plates by the physical-vapor-transport method. c-1,c-2) Reproduced with permission.8%l Copyright 2008, The Royal Society

of Chemistry. c-3) Reproduced with permission.[73] Copyright 2009, Elsevier B.V.

By properly adjusting the gas flow, the sublimation, deposition,
and crystal growth can be controlled accordingly, even achiev-
ing centimeter-sized crystals in several hours. In order to pre-
pare high-quality crystals, the temperature gradient is suggested
to be sufficiently small (about 5-10 °C cm™!), and the sublima-
tion temperature is set close to the melting point of the materials.
For the closed system, the source materials are usually sealed in-
side an apparatus under vacuum or gas conditions. The growth
can desirably be tuned by carefully regulating the growth tem-
perature and controlling the gas pressure. Ichikawa et al. pro-
posed a crystal-growth method based on a symmetric sealed glass
tube that was placed on a uniformly heated hot plate.'® The
tube was evacuated and then filled with argon gas. The presence
of the environmental gas will encourage the convective transfer
of the molecules. By controlling the hot plate, the gas pressure
and temperature of the tube can be suitably regulated. Under
these conditions, molecules can be slowly transported from the
bottom to the top of the tube by convection and consequently
crystallize into fine crystals on the top of the tube. A serious of
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thiophene/phenylene co-oligomers OSCSs can be realized based
on this method.

Some other modifications of the PVT method also play a key
role in crystal growth. Yamao et al. reported a homemade appara-
tus that was constructed by a couple of vertical hot-plates in close
proximity, within 1 mm (Figure 9¢-3).'7%! The narrow space sur-
rounded by the hot-plates gives rise to crystal growth at the ther-
modynamic equilibrium. The lower plate was heated to sublime
the source material, whereas the upper plate served as a receiving
substrate. This crystal growth was routinely performed in an in-
ert gas environment and the temperature of the lower plate was
regulated to 5-10 °C higher than that of the upper plate, which
ensured that the crystals would grow on the target substrate with
well-defined polygons structure. If the substrate is changed to a
silicon wafer covered with insulating silicon oxide, the resulting
devices can directly be used for transistors. Taking consideration
of the nucleation control, Yang et al. imported an inorganic adsor-
bent into the source materials to lower the sublimation temper-
ature, slow the weight-loss process, and regulate the degree of
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Figure 10. a) Schematic of fabrication process for preparation of patterned OSCS arrays by physical vapor transport method. b) Images of patterned
OSCS arrays of different materials (pentacene, rubrene, and fullerene Cgp). a,b) Reproduced with permission.['”] Copyright 2006, Springer Nature.

molecular vapor saturation.'’? Large-size thin-film OSCS with
high quality can be prepared by this improved PVT method. Re-
cently, researchers also attempted using the molecular doping
technique for crystal growth by the PVT method.[''7-121l The guest
molecules could be doped into the host crystals by reasonable ma-
terial selection and appropriate growth conditions. Then the ini-
tial properties of the host crystals were changed according to the
guest molecules, including color-emission, charge mobility, and
crystal structure. Large arrays of OSCSs have also been fabricated
via the PVT method, where a patterned octadecyltriethoxysilane
(OTS)-stamped substrate was employed to control over the nu-
cleation of vapor-grown OSCSs (Figure 10).177) Tt is suggested
that the restricted crystal nucleation at the OTS-stamped regions
stems from the high roughness of the thick OTS films as well as
the use of a rather high-temperature substrate. Over the last two
decades, this PVT method has been applied to a wide range of
conjugated semiconductor oligomers for preparing OSCSs with
sizes of several millimeters to micrometers and of optically high
transparency.

Another option for fabricating OSCSs is the vapor-deposition
method, in which usually a heating process is used to produce
a molecular vapor, and then the vapor directly deposits to a re-
ceiver for crystal growth. Early in 2001, by a combination of
careful substrate preparation and surface energy control, single-
crystalline pentacene thin films with about 0.1 mm grain sizes

Laser Photonics Rev. 2019, 13, 1900009

1900009 (17 of 29)

could be grown from a quartz crucible heated over 250 °C in
an ultrahigh-vacuum environment.'’#7’l Among organic semi-
conductors, pentacene stands out as a model molecule due to
its ability to form well-ordered films. However, this method
is not applicable to all organic materials, and normally forms
amorphous organic thin films. In order to carry out assembly
and alignment of OSCSs, templates or external forces are usu-
ally exploited to assist this crystal-growth process. For example,
Al O, templates with a nanopore diameter of about 200 nm
were used to fabricate rubrene nanowire arrays via the vapor-
deposition method.!8% In a home-made furnace, rubrene powder
was sandwiched between two Al,O, templates, and then vapor-
ized and directly smeared into the Al,O, templates. The growth
processes happened at 300 °C with an inert gas. After the removal
of the Al,O, template, homogeneous arraying single-crystalline
rubrene nanowires were obtained with a diameter of around
200 nm. And Takeyama et al. also proposed a new vacuum vapor-
deposition method with an ionic liquid, and demonstrated that
single-crystalline pentacene can be easily grabbed.81:182] In this
process, pentacene was deposited at a low temperature directly
into an ionic-liquid droplet, and nucleated in the ionic-liquid
droplet to form plate-shaped crystals in the single-crystal phase.
An adsorbent was also used in the vapor-deposition method. The
mixture of Alq,/absorbent was proposed for the fabrication of
single-crystalline nanowires.[33) When heated to the deposition
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Figure 11. a) A schematic diagram of a conventional organic light-
emitting diode (OLED). b) A schematic diagram of an ambipolar organic
light-emitting transistor (OLET). a,b) Adapted with permission.['3l Copy-
right 2018, Wiley-VCH.

temperature, the Alq; sublimes to bring an appropriate degree
of saturation via the adsorption—desorption equilibrium, which
in turn results in the highly uniform formation of small Alg,
crystal nuclei on the substrates. The subsequent Alq, vapor can
be adsorbed onto the nuclei by intermolecular interactions, lead-
ing to the uniform growth of Alq; in 1D. Considering the molec-
ular stacking interactions, 3D vertically aligned ribbon-like mi-
crostructured 2,7-dioctyl[1]benzothieno[3,2-b][1]benzothiophene
(C8-BTBT) thin films can be achieved via an oblique-angle vapor-
deposition method.'®! By varying the deposition angle, the
C8-BTBT molecules tend to crystallize along the direction of in-
termolecular interactions, such as enhanced out-of-plane z—=x
stacking and van der Waals interactions. All these attempts ex-
hibit that the vapor-processed method represents a promising en-
try for the fabrication of high-quality OSCSs, which guarantees
better performance of the functional optoelectrical devices.

4. Light-Emitting Devices of OSCSs

4.1. Organic Light-Emitting Diodes

OLEDs have been developing rapidly over the past several
decades, and a handful of product offerings are already on
the market with remarkable performance, such as high lumi-
nous efficiency, low power consumption, fast response speed,
and mechanical flexibility. A basic OLED consists of a thin or-
ganic compound layer that emits light in response to an elec-
tric current applied within two adjacent electrodes (Figure 11a).
In general, amorphous/polycrystalline semiconductors are usu-
ally used for the emissive EL layer; however, they seem un-
able to tolerate high current densities as a result of their low
charge carrier mobility, low purity, and massive carrier defects.
OSCS materials have been identified as possible candidates for
light-emitting operation due to their numerous advantages as
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mentioned above. However, reports on crystal-based OLEDs are
fairly scant because of several existing problems that still limit
the device performance.

Efforts have been devoted to applying OSCSs in OLED technol-
ogy since 1963 by using bulk anthracene crystals.?”! The crystals
were prepared by a primitive method with a thickness of more
than 10 pm. Electroluminescence was only observed while the
applied voltage reached up to 400 V, and the current density near
the electrodes was reported to be about 100 pA cm~2. These poor
results failed to live up to expectations of OSCSs for organiclasers
compared to their inorganic counterparts. The second report on
crystal-based OLEDs was published after a long interval of about
forty years, in 2002. Epitaxially oriented needle-like BP2T crys-
tals grown on KCI substrates were used to construct an organic
heterostructure by covering a p-6P layer which is beneficial for
confining charge carriers confined in the low-dimensional struc-
ture with a narrow energy gap.'® After depositing an Al cath-
ode on one side, the device was wet-transferred onto indium tin
oxide (ITO) glass as an anode. At low driving voltage, homo-
geneous blue light emission first emitted from the p-6P layer
where the carrier recombination occurred. With an increase in
voltage, the EL band shifted to green emission, corresponding to
the BP2T needle crystals, which suggested that the combination
region was confined inside the low-dimensional structures. How-
ever, the obtained EL pattern mismatched the crystal needle-like
geometry, which can be ascribed to light scattering or imperfec-
tion of the interfacial contacts. Due to the different strategies for
crystal growth, the morphology of the crystals, like size and thick-
ness, is difficult to control. Yee et al. came out with an interesting
idea wherein a microtome was used to slice a perylene crystal
that was embedded in epoxy resin to less than 5 pm, which em-
bedded in epoxy (Figure 12a).%¢ Then the electrodes were ther-
mally deposited on both sides of the exposed cross sections of the
crystal slice, which constructed a sandwich-type device. Although
an intense EL intensity and a high current quantum efficiency
were obtained, the injection current density remained less than
0.4 A cm™? and the present crystal thickness was still restricted
by the microtome allowance (Figure 12b). Also, this method is
not suitable for all kinds of crystals, whose fragile feature is the
technological challenge for device fabrication.

Later, a typical method named the laminating method was at-
tempted for the fabrication of crystal-based OLEDs. At first, a
metal electrode with optimal work function was prepared on a
clean substrate. Then a well-grown crystal was transferred to lam-
inate onto the electrode and spontaneously bonded via a weak
van der Waals force. Finally, another electrode was thermally de-
posited on the fixed crystal through a shadow mask. In the early
work by Ichikawa et al., ambipolar transport was observed for
BP3T-crystal-based OLEDs when Li/Al and Au were selected as
the cathode and anode, respectively.” From the device, a maxi-
mum current density of 15 A cm~2 was achieved under continu-
ous electric driving, which affirmed the tolerance of crystal-based
devices for intense current driving. After that, this method was
followed by other group members. A strong green-edge emis-
sion was obtained based on a high-performance 1,4-bis(2-cyano-
2-phenylethenyl)benzene (BCPEB) crystal with a high PL quan-
tum efficiency of 75% and mobility over 0.01 cm? V™! s7! for
two-type carriers.’¥”l A special impact on the current-voltage
characteristics was exhibited for crystal-based OLEDs with LiF /Al
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Figure 12. a) Schematic of perylene crystal-based OLEDs with crystal em-
bedded in the epoxy. b) Response profile of injection current density and
EL emission. The inset shows the EL emission of perylene-crystal-based
OLEDs. a,b) Reproduced with permission.!'! Copyright 2006, American
Institute of Physics. c) The current-density—voltage—luminance character-
istics of p-DSB- (or CH;-P3V2)-crystal-based OLEDs. Inset: PL of crystal,
EL spectra, and light-emitting image of a crystal-based OLED. Reproduced
with permission.['88 Copyright 2010, American Institute of Physics.

as the cathode in comparison to those with only an Al cath-
ode, which suggests the importance of optimizing the energy
levels between the organic crystalline semiconductors and the
Fermi level of the metals. Then, an extremely low driving volt-
age of 2 V with a rapid increase in the current density was
realized by engaging a p-DSB crystal with a thickness of only
240 nm (Figure 12¢).'® The thickness of the final crystal-based
OLED was equal to the conventional thin-film OLED. A double-
heterostructure crystal-based OLED was also achieved by adopt-
ing two stacked crystals, one p-type crystal and another n-type
crystal, as the active emissive layer to balance hole and electron
transport.'®] Although the total thickness of the heterostruc-
tured OLED was above 1.4 pm, a low onset of EL was observed
at around 5 V with a maximum external quantum efficiency of
about 0.025%. This value was almost one order of magnitude
higher than that of the single-layered device, but still unaccept-
ably low compared to thin-film devices. The poor contact via weak
van der Waals forces between the electrodes and crystals was sug-
gested as being the major problem for efficient carrier injection
and this impedes the use of crystals for practical applications.

In order to address this issue, a smart technique of template
stripping was carried out by Ding et al. in which the anode
and cathode can be directly deposited onto either side of the
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crystals by thermal evaporation.[8? The schematics of the fabrica-
tion process on the basis of the template stripping technique are
presented in Figure 13a. The OSCSs grown by PVT were trans-
ferred onto an OTS-modified Si/SiO, substrate (step 1). A thick
Au anode was thermally deposited onto the crystals via a shadow
mask (step 2). Then a droplet of photoresist polymer was drop-
cast onto the device surface and compressed by a piece of glass
(step 3). The polymer will spread to the edges of the glass and fi-
nally cover the whole device (step 4). After exposure to UV-light,
the photoresist was cured and peeled off from the Si/SiO, sub-
strate, so that the device could be transferred to the glass sub-
strate (step 5). In the end, the Ca/Ag cathode was evaporated onto
the opposite side of the crystal (step 6). The compact contact be-
tween the crystal and the electrodes ensures an efficient and uni-
form carrier injection.

This technique was first tried using TPCO crystals with spe-
cial emissive characteristics of strong light confinement and self-
waveguided edge emission stemming from their nature of molec-
ular upright alignment.l"®1%% Homogeneous light-emission with
sparkling stripes at the device edges was observed from both
BP2T- and BP3T-crystal-based OLEDs, which emitted green and
yellow-green light, respectively. By analyzing the obtained EL
spectra, a giant polarization splitting was found by rotating a po-
larizer in front of the devices. The polarized EL spectra oriented
parallel to the crystal a-axis or b-axis corresponded to TM or TE
polarization, respectively, where the electric and magnetic com-
ponents are perpendicular to the crystal ab-plane. It was sug-
gested that this appearance originates from the anisotropic mi-
crocavity, which was established by sandwiching crystals between
two metallic electrodes. The optical anisotropy endows the crys-
tal with a birefringence along different crystal axes. For example,
the anisotropic refractive indices of the BP3T crystal along the a-
axis and b-axis are estimated to be 1.84 and 1.63, respectively. The
big discrepancy of refractive indices enables BP3T-crystal-based
OLEDs to have a larger polarization splitting between the TE and
TM polarization. Then the color-tunable light-emission can be al-
tered from yellow-green (without a polarizer) to green (TE mode),
and yellow (TM mode). This mechanism was also clarified ac-
cording to the angle-resolved and polarization-angle-resolved EL
spectra which were in coincidence with the theoretical calcula-
tions by the transfer matrix method. The color-tunable polarized
EL behavior from the crystal-based OLEDs paves the way for 3D
displays.

However, the dominant edge emission from TPCO-crystal-
based OLEDs results in a low external EL quantum efficiency
of around 0.001%. The alternative, surface emission, is one of
the most efficient ways to promote device performance. Here, p-
DSB-crystal-based OLEDs exhibited a strong and homogeneous
surface emission because of the inclined molecules with re-
spect to the crystal plane.l'®) A pretty strong blue emission can
be observed from the whole active area, whereas the EL spec-
trum mismatched the PL one, which was ascribed to the mi-
crocavity constructed between the metallic electrodes as well.
It was proposed that the resonant wavelength in this microcav-
ity device is determined by the total optical length of the cavity,
which corresponds to the thickness of the crystals. For the op-
erating devices, the onset voltage of 14 V was still quite higher
and unacceptable. Then double-layered crystal-based OLEDs
with a molybdenum oxide (MoO;) layer were introduced as an
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Figure 13. a) Schematic of the fabrication process of crystal-based OLEDs on the basis of the template-stripping technique. b) Schematic of the mul-
tilayered structure of crystal-based OLEDs. c) The energy level diagram of the multilayered device. a—c) Reproduced with permission.[¥2l Copyright
2017, Wiley-VCH. d) Photographs of the operating crystal-based OLEDs with different color emissions: 1) blue, 2) green, 3) red, and 4) white. d-1-d-3)
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anodic buffer layer to lower the carrier-injection barrier.’! As
reported, the turn-on voltage of the AC5-crystal-based OLEDs de-
creased to 5 V, which was rather low and comparable with tra-
ditional amorphous thin-film devices. However, the balance of
hole and electron injection and transport is the key issue for
high-performance devices. Multilayered-structure crystal-based
OLEDs containing one anodic buffer layer and another electron-
transport layer constitute a major step toward balanced carrier in-
jection and transport (Figure 13D).'"2 MoO, with a HOMO level
of 5.3 eV has been identified as a sufficient anodic buffer layer to
further enhance the hole injection and modify the work function
of the anodic metal layer. Moreover, the choice of materials for
increasing electron transport is also very crucial, in particular,
for conjugated semiconductors with a wide bandgap, so an obvi-
ous energy level mismatch between the electrodes and the LUMO
level. The expectant material of 2,2'2"-(1,3,5-benzinetriyl)-tris(1-
phenyl-1-H-benzimidazole) (TPBi) was usually used in conven-
tional OLEDs, which works as both electron-transporting layer
and hole-blocking layer. Then the multilayered-structure crystal-
based OLEDs exhibit a remarkable performance by employing
MoO, and TPBi as interface-modified materials to enhance car-
rier injection and improve charge carrier balance (Figure 13c).
The thickness of the emissive layer is another important factor
that influences the device performance.¥? As the thinner emis-
sive layer leads to higher exciton recombination efficiency, the
crystal should be grown as thin as possible, which is better for
exciton confinement.
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As mentioned above, the molecular-doping technique is able
to tailor the optoelectrical properties of OSCSs. Tetracene and
pentacene were chosen as dopant molecules in p-DSB crystals,
which can change the original blue emission to pure green and
red colors at a high doping concentration of 8%.Y Besides the
capability of turning colors, the dopant molecules can also act
as electron- and hole-trapping sites for exciton recombination.
Then, EL emission of three primary colors (RGB) was first ob-
served from these crystal-based OLEDs with extremely high lu-
minance and current efficiency of 820 cd cm=2 and 0.9 ¢d A™!
(Figure 13d-1-3). The efficient energy transfer from the donor
p-DSB molecules to the tetracene and pentacene acceptors can-
not be neglected for its contribution to the improvement in
luminance and efficiency. Later, by precisely controlling the dop-
ing concentration of pentacene in p-DSB crystals, white emis-
sive crystals were successfully realized with an equal PL inten-
sity of blue and red emissive wavelengths. White-light-emitting
crystal-based OLEDs built upon the multilayered structure were
also demonstrated, with a maximum luminance and current ef-
ficiency of 1100 cd cm™2 and 0.91 c¢d A~! based on these white
crystals (Figure 13d-4).1'%194 The discovery of the substitutional
doping mechanism was clarified by using polarized PL spectra
measurement and first-principles calculations, which provided
a microscopic picture of the stacking modes between the donor
and acceptor molecules. These results demonstrate the great
potential of OSCS-based OLEDs for a wide practical application
of high-performance organic optoelectronic devices.
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4.2. Organic Light-Emitting Transistors

Since the observation of laser oscillation in OSCSs, electrically
pumped organic solid-state lasers based on these materials have
been pursued in a novel field of optoelectronic devices, namely
organic light-emitting field-effect transistors (Figure 11b). Their
planar device geometry, embodying the integration of a luminous
source and a processing switch, offers remarkable advantages
over OLEDs. As the function of an OFET, the dielectric insulator
acting as a capacitor offers a great capability of high current den-
sity in the semiconductor layer with high mobility, which is only
proportional to the applied gate voltage. During the device oper-
ation, the gate voltage plays a vital role in controlling the carrier
balance over the insulator/semiconductor interface for acquiring
high exciton density. Furthermore, the varying gate voltage
provides additional access to control the exciton recombination
region in the active channel away from the metal electrodes.
Therefore, the exciton-quenching process, pertinent to the
device configuration, can be minimized. This behavior provides
a strong probability for the quest of high emission efficiency, as
well as light amplification in organic light-emitting devices.
After the first OLET was demonstrated based on the deposited
tetracene film, plenty of organic semiconductors have been em-
ployed in this type of optoelectronic device for light emission.[**’]
Among them, OSCSs are particularly outstanding for their highly
ordered alignment of molecules, which closely interact with one
another, being responsible for the high carrier mobility.*! Ini-
tially, the crystal-based OLETSs were reported to operate in a typical
unipolar mode where only holes accumulated and transported,
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forming a p-type conducting channel. The light is merely emit-
ted at the interface between a crystal and one electrode where
the combination occurs with poor electron injection. The induced
carrier imbalance and exciton quenching at metal electrodes will
seriously affect the consequent emission efficiency.

To avoid these apparent deficiencies, Yamao et al. put forward a
novel method, named “alternating-current gate voltage” (ACGV)
in which alternating-current voltages were applied to the gate
electrode for promoting carrier injection from both drain and
source electrodes, even though the device was in a symmetric
metal electrode configuration with high work function.'¥7-1%1 A
schematic of the operational principle of the BP1T-crystal-based
OLET is shown in Figure 14a,b. This operation is supposed to
start with a hole-dominated period in the conducting channel,
which is in no pinch-off. As switching the gate bias polarity to
positive, electrons are injected from the opposite electrode and
the pinch-off sets in. Along with hole depletion, exciton recombi-
nation and light emission occur. The time-resolved spectra indi-
cate that the emission is strongly related to the phase-resolved
gate bias (Figure 14c). At low frequencies, the OLETs emitted
light only at the negative gate bias with a blink-like emission.
However, at high frequencies, another stronger continuous emis-
sion arose in the hole-depleting region while the gate bias swept
from negative to positive. This ACGV method is attractive for its
ability to inspect the detailed operation of the carrier injection
and transport in organic semiconductors. When the sinusoidal
wave gate bias was replaced by a square-wave bias, the emission
intensity was increased by almost one order of magnitude.’*! By
making use of a BP1T hexagonal crystal, a spectrally narrowed

© 2019 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim



ADVANCED
SCIENCE NEWS

www.advancedsciencenews.com

(a) (P_) o Vac_l.uinll__e\iel
I LUMO

24eV 3.66 eV

516V 54ev e
EFl [HOMO

Au Tetracene Mg

Magnesium

Figure 15. a) Schematic diagram of a tetracene-crystal-based OLET with
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tetracene in relation to the work functions of gold and magnesium. c)
Light-emitting images of a tetracene-single-crystal transistor under light
and in the dark. a—c) Reproduced with permission.?% Copyright 2007,
Wiley-VCH.

emission was achieved with a spectral line at 491.5 nm and an
FWHM of about 1.1 nm, which was probably associated with the
laser oscillation in the crystal cavity.

Another feasible strategy is ambipolar charge transport, prefer-
ably with an asymmetric electrode configuration in OLETs. It
is noteworthy to mention that the energy-level match between
the Fermi level of the electrodes and the HOMO/LUMO levels
of the organic semiconductors should be considered in the se-
lection of metallic materials. Standard metals with high work
function (Au or Ag) are used for hole injection, while low-work-
function metals (Al, Mg/Ag, or Ca/Ag) are general for electron
injection despite their instability toward the atmosphere. This
work was initiated by Takahashi et al., who fabricated the first
ambipolar OLETs based on tetracene crystals using Mg—Au asym-
metrical electrodes (Figure 15).2° Ambipolar operation and
visible green-light emission was observed from tetracene-crystal-
based devices. Shifting the recombination region along the con-
ducting channel was also examined by varying the gate voltages.
In this device configuration, the thin poly(methyl methacrylate)
(PMMA) layer inserted between crystal and SiO, layers seems
to play a significant role in the device performance. It is sug-
gested that proper treatment with PMMA is a benefit to mini-
mize electron traps and promote electron transport.?!l Also, a
deeper investigation of these crystal-based OLETs reveals an ab-
sence of roll-off behavior in external EL quantum efficiency up
to a current density in the several hundred A cm™ range, while
conventional OLEDs always have a roll-off before 1 A cm=2.1202
Since then, these OLETs have risen to be a hotspot in the field of
optoelectronic devices.

Upon this device configuration, many intriguing properties
have been explored. For example, ambipolar operation with an
apparent blue EL emission was observed from p-DSB-crystal-
based OLETs in Ca—Au asymmetrical electrodes, demonstrat-
ing a nearly equal electron and hole mobility.?%l The promis-
ing laser medium of BP3T crystals was usually employed
in ambipolar OLETs for their high-mobility values for holes
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(mp > 1 cm? V71 s71) and electrons (p, > 1 cm? V7! s71) with
superior luminescence efficiency of up to 80% (Figure 16).1%
It is crucial for TPCO crystals that the molecular feature, stand-
ing nearly upright against the crystal plane, decides the prin-
cipal directions of both the charge transport and light propa-
gation, which coincides with the laterally spreading directions
of the face-to-face molecular arrangement. Then, an intense
light-confined edge emission with a polarization behavior and
some signature of current-density-dependent spectral evolution
can be observed from the TPCO-crystal-based OLETs.[100:102112]
Moreover, the recombination zone width is another impor-
tant parameter of ambipolar OLETS, especially for display and
lighting applications. During the measurements in various
OSCS-based ambipolar OLETS, the recombination zone width is
verified to be device-dependent, and it is proportional to the size
of the area where there is no carrier accumulation in the vicinity
of the recombination zone along with the transistor conducting
channel.204

In addition, numerous strategies have been attempted to im-
prove the device performance of these crystal-based OLETs.
Kajiwara et al. designed a bilayer-crystal OFET with a p-type
crystal and an n-type crystal constructing a p-n junction.?%!
The two crystals of BP1T and 4-bis{5-[4-(trifluoromethyl)phenyl]
thiophen-2-yl}benzene (AC5-CF,) were laminated together on
top of the gate insulator layer (Figure 17). This device, working
under an AC-gate-bias operation, can supply excess holes and
electrons from both p-type and n-type crystals, which gives rise
to efficient recombination at the contact interface. As a conse-
quence, brighter emission can be obtained with a maximum ex-
ternal EL quantum efficiency reaching 0.045%. In order to facil-
itate carrier injection, inserting a buffer layer between crystals
and electrodes is a useful alternative. Metal oxides (like MoO,)
have been extensively investigated as a strong electron-accepting
agent, which can significantly reduce the barrier for hole injec-
tion between the metal electrode and an organic layer without
effects on carrier mobility. After introducing a MoO,, layer to am-
bipolar crystal-based OLETSs, the formed highly conductive layer
allows a high carrier density (>100 A cm™2) in the recombina-
tion zone, resulting in excellent ambipolar operation.[82%] A sig-
nificant decrease of hole accumulation threshold voltage was re-
ported in an OLET based on P5V4 crystals with an Au/MoO,
layer. A similar phenomenon was observed by the insertion
of alkali halide CsF layer to BP3T-crystal-based OLETs with
ease of electron injection.?””! Later, Yamada et al. proposed a
novel OLET architecture where an aluminum-doped zinc ox-
ide (AZO) layer was inserted between the crystal and the gate
insulator. This metal oxide layer can offer an abundance of
electrons, which assists the device with a large current den-
sity and an intense emission.?® Molecular doping technology
is also exploited to improve EL performance. OLETs based on
tetracene-doped p-distyrylbenzene (P3V2) crystals revealed di-
rect carrier recombination on the tetracene molecules, which
can enhance the external EL quantum efficiency under am-
bipolar operation.8) After that, BP3T-doped P5V4 crystals with
evident ASE behavior were also used in OLET devices; nev-
ertheless, no current-driven spectrally narrowed emission was
attained.!"!?

The aim to realize spectrally narrowed emissions in OLETs
cannot do without the incorporation of resonators to improve
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the optical outcoupling of the emission. DFB structures are one
of the most frequently used resonators for their compatibility
with the fabrication of OLETs. Diffraction gratings can be in-
tegrated into different parts of the device via diverse manu-
facturing technology. Okada et al. nanoimprinted a 2D diffrac-
tion grating structure on photoresist polymer film working as
the gate insulator, together with the SiO, layer.?® The grat-
ing photoresist film comprises a triangular lattice of circular
air holes which contributes much to the current-injected spec-
trally narrowed emissions with an FWHM down to 3.0 nm.
Due to the strong self-waveguide effect of TPCO crystals, emis-
sions tend to be propagated along the slab crystal plane. If a
diffraction grating is located at the pathway of light propaga-
tion, a coupling between the waveguide and the DFB is expected.
Recently, Yamao demonstrated a 2,5-bis[4-(5’-phenylthiophen-2’-
yl)phenyljthiophene (AC’7)-crystal-based OLET equipped with
1D diffraction-grating structure, aside from the conducting chan-
nel zone.?!% They engraved grating patterns on the surface of
a Si0, insulation layer using a FIB apparatus. With the device
operating under square-wave alternating gate voltages, current-
injected spectrally narrowed emission was observed as a domi-
nant line at 556.3 nm with an FWHM 2.05 nm. Another option
is to fabricate the grating structure directly on the crystal sur-
face. Maruyama et al. improved the soft ultraviolet-nanoimprint
lithography method, which enabled 1D grating patterns on BP3T
crystals.?!l Apparent resonant effects that stemmed from the
gratings were observed in both PL and EL spectra.

Apart from the incorporation of diffraction gratings, an F-P
cavity formed by the crystal parallel facets was recently loaded
by Bisri et al., acting as a resonator to the OLETs.?'2 Two BP3T
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crystals were laminated together, which looked like a couple, as
shown in Figure 18a. In this structure, the upper crystal worked
as a feedback resonator due to the parallel facets and the lower
one supported as an active conducting channel in OLETs for ex-
citon recombination. Then, the optical directional coupling can
be realized due to the perfect self-waveguide characteristic of the
BP3T crystals within the optical feedback resonator. This crystal
system was verified to reduce the threshold energy for spectral
narrowing and nonlinear intensity increment of the PL emission.
When applied to the OLET device, a current-driven spectrally nar-
rowed emission exhibiting a threshold tendency was successfully
achieved. On the other hand, the current density is another im-
portant factor for electrically pumped lasers, which should be
sufficient for lasing population-inversion in the semiconductor
materials. In order to increase the current density, a current-
confinement structure was adapted in the OLET devices in which
the conducting channel parallel to the channel width was laser-
etched with a small region (Figure 18D).2%”] The confinement re-
gion was approximately two orders of magnitude smaller than
the original, leading to an increment of current density with over
100 times. As a consequence of this structure, the light emission
of the laser-etched BP3T-crystal-based OLETs was dramatically
increased with a maximum value of current density estimated to
be about 33 kA cm~2. All of these aforementioned findings have
demonstrated that crystal-based OLETS are a promising candi-
date to push the performance limit of organic light-emitting de-
vices for an electrically pumped organic laser.

5. Conclusion and Outlook

Despite the recent tremendous progress made in OSCS materi-
als and devices for light-emitting applications, there still remain
challenges lying ahead for crystal-based light-emitting OLETs
and OLEDs in order for commercialization. Over the past few
years, different kinds of physicochemical approaches and syn-
thesis strategies have been successfully developed to produce
high-quality crystal materials. However, the performance of the
OSCS-based light-emitting devices is still below that of the
amorphous-materials-based organic devices. There are still a lot
of problems rendering OSCS-based devices impractical for ap-
plications. Many efforts are still required to seek novel materials
that possess better luminescence properties coexisting with re-
markable carrier transport characteristics. Most currently avail-
able high-mobility OSCSs show weak or even no emission.?!l
Therefore, the optimization of material optical properties is cru-
cial for high-performance light-emitting devices. It is suggested
to harness materials that generate more singlet excitons with
a minimum path of triplet exciton creation. In addition, the
utilization of an alternate in the triplet exciton state is proba-
bly a good option. Although the optimization of optical proper-
ties is ongoing all the time, the transport characteristics, espe-
cially balanced carrier transport, have not been improved with
a sufficient research effort. For light-emitting devices, balanced
hole and electron transport is most important for exciton forma-
tion and recombination, which is the key point for the device
external quantum efficiency. Thus, the rational combination of
high mobility and high optical properties by molecular design is
necessary.
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Although current organic light-emitting devices based on
amorphous films are being adopted in industry, progress into
OSCS-based devices has significantly lagged behind due to lim-
itations in materials and device fabrication technology. Their
intrinsic properties of fragility, softness, and solubility in or-
ganic solvents present an obstacle to device integration, espe-
cially incorporation with the high-resolution photolithography
technique. In our previous work, a simple and nondestructive
method of template stripping was applied to realize OSCS-based
OLEDs with compact contact between crystal and electrodes and
to obtain uniform light emission of devices.'¥1%% This method
not only solves the contact problem between the crystal and the
electrodes, but also treats the crystal in a friendly way. Therefore,
rational device fabrication technology needs to be significantly
improved for high-integration industrial applications.

The stacking mode plays a pivotal role on the performance
of the crystals themselves on the impact of strong intermolec-
ular interactions. A deeper understanding of the molecular ar-
rangement dealing with crystal engineering is beneficial for
molecule design and synthesis guidance. Chemical modification
by introducing appropriate substituents is an effective way to
not only change the nature of molecules but also control the
molecular alignment. For example, the 2,5-bis(40-cyanobiphenyl-
4-yl)thiophene (BP1T-CN) crystal, whose molecules are aligned
in a horizontal direction to the bottom crystal plane, is a promis-
ing candidate for light-emitting devices with evident surface
emission.[2627)

Although there are continued advances in crystal-growth
strategies, a strategy for controllable crystal thickness and sur-
face area is still lacking. The crystal thickness is limited to be
above tens of nanometers, which cannot reach the expectations
for light-emitting devices compared to the conventional ones
based on amorphous materials. Moreover, it is worth noting
that the performance of a device is indispensable with the thick-
ness, which will strongly influence the device threshold and ef-
ficiency. On the other hand, large-area crystals are essential for
practical industrial applications, such as patterned crystal-based
OLETs and OLED device arrays for achieving large areas of dis-
play and illumination. As was mentioned above, all three crystal-
growth methods have the potential for the development of large-
area crystals. However, to date, the research on this field is slow
going, and there remain some challenges.*>*? In the solution-
processing method, if the material in-plane intermolecular in-
teractions are much stronger than the out-of-plane ones, it is
possible to self-assemble the molecules into large-area crystals
due to the strong dominating intermolecular interactions. To pro-
duce large-area crystals from solution, it is necessary to decrease
the crystallization speed so that a self-assembly process can
be achieved. However, this usually requires a time-consuming
process, which may take several days, weeks, or even months,
depending on the type of materials. The melt-recrystallization
method is believed to be the most convenient method for achiev-
ing large-area crystals, which is only confined by the amount of
materials and the container size. However, the major problem
of the melt-recrystallization method is the high growth temper-
ature, which may induce instability of organic semiconductors
with oxidation or decomposition. Therefore, the number of re-
ported organic semiconductors suitable for melt-recrystallization
is still limited. Among the aforementioned methods, the
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vapor-processing method is widely adopted for the growth of
large-area crystals. However, in order to get large crystal sizes,
many complicated growth factors need to be considered, includ-
ing the source and sublimation temperature, the crystallization
area condition, the gas flow, and the temperature gradient, and so
forth. Thus, more endeavors for crystal-growth are needed, which
are quite pertinent to practical applications and toward boosting
the development of OSCS-based devices.

Besides the discovery of laser oscillation and spectrally nar-
rowed emissions in OSCSs, the aim for light amplification upon
electrically driven devices is paramount. OLETs utilizing OSCSs
as active layers are still the most promising device configuration
in this aspect. Notable approaches have been made through con-
trolling the recombination size, operating the device by AC cur-
rent, and adding modified layers. Even incorporation of different
optical resonators to lower the lasing threshold, several more or-
ders of magnitude exciton density are still required to be achieved
for realizing lasing behavior. However, the shortage of electrically
driven organic lasers will keep on encouraging scientists and in-
spire them with novel ideas to overcome this challenge.

In summary, we have reviewed recent progress on OSCSs in-
cluding the intrinsic properties affecting light-emitting behavior,
crystal-growth strategies to prepare high-quality OSCSs via so-
lution, melting, and vapor phases, and two major applications,
OLEDs and OLETs. The prominent advantages of OSCSs allow
the potential for these crystalline materials to go beyond the de-
velopment of amorphous ones and garner industrial interest.
The prerequisites for light-emitting applications are chiefly lumi-
nescence properties and charge-transport characteristics where
in-depth understanding and thorough investigation are needed.
Buoyed by the excellent achievements, it is reasonable to expect
that OSCSs will make great progress in future optoelectronic
applications.
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