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Organic fluorescent semiconductors are highly desired for the advancement of integrated
optoelectronic devices, such as organic light-emitting transistors (OLETSs), electrically pumped organic
lasers (EPOLs), and so on. Thanks to the joint efforts of chemists and materials scientists, rapid
developments of small-molecule organic fluorescent semiconductors have been witnessed in recent
years. The optoelectronic properties have been greatly improved and several small-molecule organic
fluorescent semiconductors with excellent comprehensive performances (mobility > 1.0 cm? vt st
and photoluminescence quantum vyield efficiency (PLQY) > 20%) have emerged. The material database
has also been greatly enriched in recent years including anthracene derivatives, fluorene derivatives,
thiophene/phenylene co-oligomers (TPCOs), distyrylbenzene derivatives, etc. Therefore, it is timely and
of great significance to summarize the recent advances in small-molecule organic fluorescent
semiconductors to offer some hints for researchers in this field. In this review, we first highlight the
aggregation structures, different types, recent research progress and design strategies of small-molecule
organic fluorescent semiconductors. Then, we will briefly introduce the recent achievements in
optoelectronic applications of small-molecule organic fluorescent semiconductors. Finally, we will give a
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conclusion and outlook about the challenges and opportunities for the future development of small-
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1. Introduction

Since A. J. Heeger, A. G. Macdiarmid and H. Shirakawa synthe-
sized the conductive polymer polyacetylene in 1977, revealing
the fact that “organic polymers can be electrically conductive
after proper doping”,' numerous researchers have devoted
their efforts to the development of organic semiconducting
materials®™* and organic conductive materials,® and the field of

“organic electronics” has also emerged. After decades of devel-
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opment, various high-performance organic semiconductors
have been reported, and the comprehensive properties of some
organic electronic materials have even exceeded those of poly-
crystalline silicon.*” Compared with their inorganic counter-
parts, organic semiconductors exhibit unique advantages,
including intrinsic flexibility, light weight, solution processing,
and good biocompatibility,® ! showing great potential in var-
ious applications, such as organic flexible displays,'* organic
circuits,”*'* organic sensors,'” and organic batteries.'®"”
Organic fluorescent semiconductors, ie. multifunctional
organic semiconductors with a combination of charge trans-
port and solid-state fluorescence, are the material basis of
organic optoelectronic integrated devices (OLETs, EPOLs,
organic flexible displays, etc.), which have attracted intensive
attention in recent years. Organic light-emitting transistors
(OLETs) are a kind of organic optoelectronic device that

J. Mater. Chem. C, 2024,12,13745-13761 | 13745


https://orcid.org/0000-0003-2015-7016
https://orcid.org/0000-0001-8399-3957
http://crossmark.crossref.org/dialog/?doi=10.1039/d4tc01801j&domain=pdf&date_stamp=2024-08-22
https://rsc.li/materials-c
https://doi.org/10.1039/d4tc01801j
https://rsc.66557.net/en/journals/journal/TC
https://rsc.66557.net/en/journals/journal/TC?issueid=TC012035

Published on 08 August 2024. Downloaded on 7/19/2025 4:53:23 PM.

Review

integrates the self-emission characteristics of organic light-
emitting diodes (OLEDs) and the switching function of organic
field-effect transistor (OFETs)."®'® On the one hand, it is an
important device element for the next generation of transfor-
mative flexible displays and new organic laser technology,
which is of great significance for the simplification of active
matrix displays and the realization of EPOLs.>>*' On the other
hand, high-performance organic single crystal light-emitting
transistors based on organic fluorescent semiconductors could
become the model device for us to directly observe and study
the charge transport and recombination process of organic
semiconductor carriers.>> However, although the first OLET
device was reported as early as 2003,>® the research and
application of OLETs have progressed very slowly. The design
and synthesis of such materials are facing great
challenges because of the contradictory requirements: high
mobility organic semiconductors usually require closely packed
molecules with strong intermolecular interactions, while
strong intermolecular interactions tend to quench solid-state
emission. For example, rubrene, as a star organic semi-
conductor molecule, has a single crystal mobility higher than
15 em® V™' s71,>**° but its crystal fluorescence quantum yield
is less than 1%; pentacene, as a classical transport material, has
very weak solid-state emission.”®*” Thanks to the cooperative
efforts devoted by chemists, materials scientists and theoretical
scientists, impressive achievements in small-molecule organic
fluorescent semiconductors have been made in recent years.
The comprehensive optoelectronic properties have improved
and several small-molecule organic fluorescent semiconductors
with excellent comprehensive performances (mobility >
1.0 cm® V' s7' and PLQY > 20%) have emerged. The material
database was also greatly enriched in recent years, with high-
performance molecular being comprehensively
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Scheme 1 Schematic illustration of recent advances in small-molecule
organic fluorescent semiconductors.
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studied, such as anthracene derivatives, fluorene derivatives,
TPCOs, distyrylbenzene derivatives, etc. Moreover, the struc-
ture-property relationship is also deeply investigated and effi-
cient molecular design strategy is proposed theoretically.
Several excellent reviews have also been reported, including
those outlining the key points of organic semiconductors for
electronics and photonics or organic light-emitting transistors,
and discussing the design strategies of organic emissive
semiconductors.?®! In this review, we will summarize the
recent advances in small-molecule organic fluorescent semi-
conductors: (i) comprehensively review the aggregation struc-
tures, different materials types, recent research progress and
design strategies of small-molecule organic fluorescent semi-
conductors; (ii) briefly summarize the recent achievements in
optoelectronic applications based on small-molecule organic
fluorescent semiconductors; and (iii) give a conclusion and
outlook about the challenges and opportunities for the devel-
opment of small-molecule organic fluorescent semiconductors
(Scheme 1).

2. Aggregation structures

In comparison with inorganic semiconductors that are formed
by atoms directly linked with covalent bonds, organic semi-
conductors composed of organic molecules are aggregated by
weak intermolecular interactions (Fig. 1a). The energy of weak
intermolecular interactions is usually small, so the interaction
type, intensity, and orientation can be adjusted by molecular
design, crystal engineering, etc., and thus organic semiconduc-
tors demonstrate specific molecular stacking together with
designed electrical or optical properties.** Generally, there are
four typical organic semiconductor stacking motifs (Fig. 1b): (i)
classical herringbone stacking, which mainly depends on the
C-H- - -m interactions between the edges and faces of the aro-
matic ring, where there is no n---m overlap between adjacent
molecules; (ii) coplanar herringbone stacking, which mainly
depends on the face-to-face interactions between adjacent
molecules; (iii) one-dimensional (1D) sliding stacking, in which
molecules are mainly stacked along the - - -m overlap direction;
and (iv) two-dimensional layered stacking, where strong
intermolecular interactions may produce two-dimensional
(2D) network charge transport characteristics.>® Theoretically,
the two key parameters of transfer integral and reorganization
energy determine the electrical properties of organic
semiconductors.*® Tight molecular stacking caused by strong
intermolecular interactions, appropriate electronic structure
and maximum orbital overlap are all very important to improve
the carrier transport in high-performance organic semiconduc-
tors through rational molecular design. Two-dimensional
layered stacking is believed to be the best molecular stacking
motif to achieve high mobility organic semiconductors, as in
the case of TIPS-PEN.?” For organic fluorescent semiconduc-
tors, the optical properties are also closely related to their
aggregation structures,”>*® which is generally discussed
according to the molecular exciton model, or in other words,

This journal is © The Royal Society of Chemistry 2024
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Fig. 1
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(@) Schematic illustration of the formation of a single crystal unit cell of representative inorganic semiconductors (silicon) and organic

semiconductors (pentacene). (b) The four classical packing motifs for organic semiconductors. (c) The energy splitting diagrams of organic aggregates.

Reproduced with permission.®> Copyright 2021, John Wiley and Sons.

based on the dipole-dipole interaction model. In theoretical
research, the aggregates are usually simplified as dimers to
discuss the effect of their transition dipoles on emission
features (Fig. 1c). For dimers, the interaction between the
excited states will generate two splitted energy level excited
states and there are three representative cases that need to be
discussed: (i) for H-aggregates, the dimers are face-to-face
paralleled, and the lower excited state corresponds to the
reversely parallel arrangement of the dipole or the wave func-
tions, resulting in the optical forbidden transition between the
lower excited state and the ground state. In this case, the total
transition dipole reaches the maximum, and the radiation
transition oscillator strength mainly concentrates on the higher
excited state. The absorption of H-aggregates is hypsochromi-
cally shifted compared with that of the single molecule. Accord-
ing to Kasha’s rule, the excited molecules need to relax to the
lowest vibrational energy level of the excited state before
transition to the ground state, so the H-aggregation is not
conducive to emission. It is the universal law that the strong
electronic coupling of H-aggregation will produce the large-
transfer integral and is favorable for charge transport which
will quench emission, except for the H-aggregation cases of
DBTVB?’ and Hex-4-TFPTA.*® (ii) For J-aggregates, the two
molecules of the dimer slip along the molecular long axis, the
radiation oscillator strength mainly concentrates on the lower
excited state and the optical transition is allowed, which results
in the red shift of the absorption compared with the single
molecule. There is certain displacement along the molecular

This journal is © The Royal Society of Chemistry 2024

long axis and thus interactions between dipoles are weakened,
and the lowest energy level transition is optically allowed. The
intermolecular interactions, though weakened to some extent
due to the molecular displacement, together with optically
allowed transition make J-aggregation an excellent aggregation
mode to achieve solid-state emission and charge transport
simultaneously, as exemplified in cases such as 2,6-DPA,*
2,6-DNA,*® and NBTA.*! (iii) For X-aggregates (or cross-dipole
stacking), one of the molecules rotates along its center and the
adjacent molecules stack parallel with a certain cross angle.
The interaction between the dimers decreases as the crossing
angle increases, and the energy level splitting degree of the
excited state also decreases. When the two molecules are
vertically stacked, the energy level splitting disappears. The
total transition dipoles correspond to the two excited states of
cross-stacked dimers and the transitions are optically allowed,
which favors emission.”>™** The chemical structures of
X-aggregates generally feature a m-conjugated central core and
large sterically hindered peripheral substituents. Due to the
special requirements of the molecular structure, organic fluor-
escent semiconductors with an X-aggregation mode are diffi-
cult to be designed and quite rare, except for the cases of TES-
DPA,** BDPVA,*® and PQ-4CIP.*® As a representative case of
X-aggregates, two types of C-H---m interactions (I and II)
with distinctive distance and orientation drive the adjacent
BDPVA molecules in the same molecular column to pack
rotationally along the b axis to avoid the steric effect, i.e., to
arrange in a cross-dipole stacking manner. Meanwhile, the
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adjacent molecular columns are connected by another class of
C-H---m interactions (III) between the peripheral groups to
form the molecular stacking network.

In addition to the dipole-dipole interaction model, quan-
tum chemists have also conducted investigations to gain
insights into the structure-property relationship of organic
fluorescent semiconductors.*””*® Liao et al. proposed the exci-
tonic effective mass (M.*) and charge effective mass (M.*) to
characterize the degree of luminescence quenching and the
ability of carrier transport and found that the C-H- - -m interac-
tions can induce heavy M.* and light M. * to balance emission
efficiency and carrier mobility. Shuai et al. proposed the four-
state model which consists of two local Frenkel excitons and
two intermolecular charge transfer (ICT) excitons aiming to
clarify the relationship between mobility and luminescence in
n-conjugated molecules, rendered a universal descriptor and
discussed the relationship between the descriptor and the
different packing structures.

3. Materials and properties

It is challenging to design molecules combining high carrier
mobility with efficient solid-state emission because compact
packing with strong and plentiful intermolecular interactions
usually not only gives rise to excellent charge transport proper-
ties but also quenches the solid-state emission. Thanks to the
joint efforts of chemists and materials scientists, great achieve-
ments in small-molecule organic fluorescent semiconductors
have been made in recent years. The optoelectronic properties
of organic fluorescent semiconductors have progressed and
dozens of small-molecule organic fluorescent semiconductors
with excellent comprehensive performances (¢ > 1.0 cm® V"' s,
PLQY > 20%, Fig. 2a) and diverse emission colours (Fig. 2b)
emerged. The material database was also greatly enriched in recent
years and excellent molecular systems, such as anthracene deriva-
tives, fluorene derivatives, TPCOs, distyrylbenzene derivatives, have
emerged, which will be discussed below.

3.1. Anthracene derivatives

Among various functional organic molecules, anthracene, with
three benzene rings linearly fused, is an organic molecule
with excellent solid-state emission properties. The PLQYs
of its single crystal, solution and powder are 64%, 28% and
18%, respectively.**”° In the pursuit of high-performance
anthracene-derived optoelectronic materials, the derivation of
anthracene mainly focuses on 2,6-positions and/or 9,10-
positions (Fig. 3a). As shown in Fig. 3b and c, the general
synthetic routes for anthracene derivatives mainly include
bromination and subsequent coupling reactions (Suzuki, Stille,
Sonogashira coupling, etc.). For a long time, the optical and
electrical properties of anthracene and its derivatives have been
separately studied. In the design of anthracene-derived organic
luminescent materials, research work mainly focuses on the
introduction of steric groups to peri/end sites of anthracene to
attenuate the intermolecular interactions to reduce exciton

13748 | J Mater. Chem. C, 2024,12,13745-13761

View Article Online

Journal of Materials Chemistry C

(@)

40 100
[ Ju(erystal) [ ]PLQY(crystal)

35 p(film) PLQY(film)

, [=_=] PLQY(powder) B -

30 m m

60

PLQY(%)

40

20

2,6-DPA
HPVAnt
2,6-DAN
2,6-DNA
DPPa
1,5-DAN
Ant-Th-Ph
BDBFAnt
TES-DPA
BPEA
NaAnt
TBU-DNA
Ant-ThPh
2,7-PyE
DP-BPEA
BPy2T
1,6-DTEP
B-CNDSB
PBNA
BDPV2T
Hex-4-TFPTA
BP3T
LD-2
DBTVB
2,7-DAF

0CABTLLOAIOEAI=0ADTOSCOOOO

Fig. 2 Summary of the charge carrier mobility (1), PLQY (a) and emission
colours (b) of high performance (umax > 1 cm? V-1 5% PLQY > 20%)
small-molecule organic fluorescent semiconductors.

quenching and further to promote emission.>® For anthracene-
based organic field-effect semiconductors, considering the moder-
ate conjugated area of anthracene, researchers generally introduce
conjugated groups at 2,6-positions and/or 9,10-positions of anthra-
cene to increase the effective conjugated area and the packing
density of the molecule, thereby increasing its charge transport
properties.*>*%*> For example, Meng et al. synthesized DPVAnt by
introducing the styryl group at the 2,6-positions of anthracene and
the thin film and single crystal mobilities of which were 1.3
and 4.2 cm®* V' s, respectively. BPEA was designed by introdu-
cing the phenylethynyl group at 9,10-positions, and its o-phase
single crystal mobility reached 0.64 cm> V™' s™>* which was
higher than the mobility of the anthracene single crystal itself of
0.02 em” V' s7%.% In 2012, Perepichka et al designed and
synthesized 2-(4-hexylstyryl) anthracene (HPVAnt),>® exhibiting
PLQYs of 70% and 55% for the crystalline and solution states,
respectively. Compared with other high-mobility acene-based
organic semiconductors, such as tetracene, rubrene and pentacene,
the better solid-state emission of HPVAnt is due to the fact that its
S, state energy (S; = 2.94-3.15 eV) is less than twice the T state (T; =
1.77 eV), thus resulting in the cessation of the singlet-fission
process, which tends to cause solid-state fluorescence quenching.
Due to the compact herringbone stacking feature of HPVAnt
molecules, in which the anthracene cores of adjacent molecules
are arranged perpendicularly to the long axis, the mobility of the

This journal is © The Royal Society of Chemistry 2024


https://doi.org/10.1039/d4tc01801j

Published on 08 August 2024. Downloaded on 7/19/2025 4:53:23 PM.

Journal of Materials Chemistry C

View Article Online

Review

@ O CeH1s O
o
DPA%®

anthracene?®50 HPVANt®®

~N

oo X
S
2,6-DAN®
2,6-DNA%

2,7-DAN®?

TBU-DNA%®

4'-C4-DNADI®

-

“‘4“0‘/‘”“‘N‘/
T U &
2,6-DPSANtS”

1,5-DAN®

Ant-Th-Ph%®
M
0 OOOL
BPTA'™2 O

Ant-ThPh®®

OOOifjgcb

DPEA®®

BDPVA*

FlAm"s

P arOn S
0y A

H C e
O 1,5-DPSANt™” O I

(b) o
ol O == OO
HoN CuBrp, THF Er
o}

oo
Ar
Coo™
AT
"
AT

Suzuki/Still'Sonogashira coupling reactions

Br

(©)
Bry Suzuki/Stil/Sonogashira coupling reactions
E—
Br

Ar
Ar
o Q Il
. N Il
Ar Ar

Fig. 3 (a) Chemical structures of anthracene and representative anthracene-derived organic fluorescent semiconductors. (b) General synthetic route to
2,6-substituted anthracene derivatives. (c) General synthetic route to 9,10- substituted anthracene derivatives.

thin film and single crystal field-effect transistors based on HPVAnt
reached 1.5 cm® V' s 'and 2.6 cm”® V! 57, respectively. Subse-
quently, three organic molecules, 2,6-DPSAnt, 1,5-DPSAnt and 9,10-
DPSAnt, were designed by introducing the 4-pentylstyryl group at
the 2,6-positions, 1,5-positions and 9,10-positions of anthracene,
and substitution site effects of anthracene derivatives on the
fluorescence properties and charge transport properties were also
studied.”” The single crystal structure reveals that there is certain
twisted angle between the styrene group and the anthracene core:
2,6-DPSANnt (15°) < 1,5-DPSAnt (30°) < 9,10-DPSAnt (60°). The
smaller twisted angle makes 2,6-DPSAnt still maintain herringbone
stacking and relatively stronger intermolecular interactions, while
1,5-DPSAnt and 9,10-DPSAnt exhibit one-dimensional stacking. The
larger slip leads to no n-n overlap between anthracene cores. This
stacking motif leads to the result that 2,6-DSPAnt demonstrates
the best thin film charge transport performance with a gy of
0.75 cm® V' 57!, while 9,10-DPSAnt has no charge transport ability
due to weak intermolecular interactions and poor film formation.
In terms of luminous efficiency, the order is 1,5-DPSAnt (4-9%) <
2,6-DPSAnt (14%) < 9,10-DPSAnt (18-22%). The results indicate
that it is easier to achieve a balance between high mobility and
strong solid-state emission by conjugation extension at the 2,6-
positions of anthracene. Enlightened by these results, by introdu-
cing a phenyl group at the 2,6-positions of anthracene with the
carbon-carbon single bond, Hu et al. reported a high mobility
organic fluorescent semiconductor, 2,6-diphenylanthracene (2,6-
DPA).*>*® There is a slight twisted angle (~20°) between the

This journal is © The Royal Society of Chemistry 2024

benzene ring and the anthracene core of 2,6-DPA, and the mole-
cules adopt a herringbone stacking mode. The large redshift of the
absorption spectrum in the aggregated state in contrast with the
solution state indicates its J-aggregation mode. According to the
dipole-dipole interaction model, such kind of aggregation mode
can effectively reduce the quenching of fluorescence, which further
leads to the higher luminescence quantum yield of 2,6-DPA (single
crystal, PLQY = 41.2%). The tight herringbone stacking and the
multiple C-H- - -w interactions between adjacent 2,6-DPA molecules
are responsible for the record high single crystal mobility of
34 em® V7' s7" along the b axis and 23 em® V' s~ along the ¢
axis were achieved. Later, 2,6-DNA was developed by further aro-
matic extension at the 2,6-positions of anthracene, and also
displayed classical herringbone packing and J-aggregation modes,
with a pima (single crystal) of up to 12.3 em> V' s and a PLQY of
29.2% for single crystals.*® By introducing tert-butyl to the terminal
site of 2,6-DNA, the high performance organic fluorescent semi-
conductor, TBU-DNA, was also acquired.’® The suitable size of
the terminal substituted group triggers the unique “slipped
herringbone packing” of TBU-DNA, which further leads to the
integrated high single crystal charge transport mobility (tmax =
5.0cm? V' s ") and enhanced solid-state emission (single crystals,
PLQY = 74.9%). By introducing naphthalene monoimide (NMI)
acceptors at 2,6-positions of anthracene, 4’-C4-DNADI was recently
reported, manifesting the electron transport characteristics (single
crystal device, ¢ = 0.02 cm® V" s~ ") together with hot-exciton
induced delayed fluorescence (PLQY = 26%).”° Meng et al. also

J. Mater. Chem. C, 2024,12,13745-13761 | 13749


https://doi.org/10.1039/d4tc01801j

Published on 08 August 2024. Downloaded on 7/19/2025 4:53:23 PM.

Review

synthesized 2,6-bis(dibenzo[b,d]furan-3-yl)anthracene (BDBFAnt) by
introducing dibenzo[b,d]furan-3-yl at the 2,6-positions of anthra-
cene, exhibiting a mobility of 3.0 cm® V"' s™* and a PLQY of 49%
for its film.®" Anthracene derivatives with the 2-(anthracen-2-yl)
group as the substituent were also reported, among which the
naphthalene-cored anthracene derivative, 2,6-DAN, exhibited the
highest single crystal mobility of 19 cm> V™" s™* and fluorescence
emission efficiency of 37.09% (crystal powder).®>®* By introducing
the conjugated unit at the 2-position of anthracene, asymmetric
anthracene derivatives are also investigated.”*”® Meng et al.
designed and synthesized two similar molecules, 2-fluorenyl-2-
anthracene (FlAnt) and 2-anthryl-2-anthracence (2A), both of
which show similar classical herringbone packing mode.®®
The thin film mobility of FlAnt and 2A reaches 0.22 cm®> V™' s™*
and 3.19 cm® V' s, respectively, together with thin film emission
efficiencies of 15.7% and 13.9%. To study the impact of different
conjugated ways on the optoelectronic properties, 2-(anthracen-2-
yl)-5-phenylthiophene (Ant-Th-Ph) and 2-(anthracen-2-yl)benzo
[p]thiophene and (Ant-ThPh) were designed. High single crystal
mobilities of 1.1 em® V' 5" and 4.7 ecm® V' s~ were obtained
together with strong emission efficiencies of 36.52% and 33.32%
for single crystals.®® In addition to modification at the 2,6-positions
of anthracene, the introduction of specific functional groups at the
9,10-positions of anthracene was also studied. Tian et al. designed
and synthesized the butterfly-shaped molecule, 9,10-bis(2,2-
diphenylvinyl)anthracene (BDPVA), the solid-state emission effi-
ciency of which reaches 60% for single crystals.”> OLETs based
on the BDPVA single crystal showed ambipolar transport mobilities
of up, = 0.08 ecm® V™' 57" and . = 0.06 cm® V™' 577, respectively.”*
9,10-Bis([N,N-diphenyl]-4’-phenylethynyljanthracene (TPA-An) and
9,10-bis([1,3’-diphenyl]-5’-phenylethynyl)anthracene (TBA-An) were
further synthesized,”” exhibiting remarkably high emission effi-
ciencies of 98% and 99% at room temperature for single crystals,
which are the highest PLQY values reported for small-molecule
organic fluorescent semiconductors to date. Considerably
high hole mobilities of 0.45 and 0.15 cm® V' s™* were also
respectively achieved for TPA-An and TBA-An-based transistors for
single crystal transistors. Deriving at 2,6- and 9,10-positions of
anthracene simultaneously have been extensively studied by
researchers as well. (2,6-Diphenylanthracene-9,10-diyl)bis(ethyne-
2,1-diyl)bis(triethylsilane) (TES-DPA) was also designed by incorpor-
ating an enlarged m-conjugation group along the long axis and
bulky substitution at the short axis, demonstrating X-aggregation in
the solid-state with a PLQY of up to 77.3% and a charge transport
single crystal mobility of 1.47 em* V™' s™".** 2,6-Diphenyl-9,10-
diphenylalkynylanthracene (DP-BPEA) was developed by introdu-
cing phenyl groups at the 2,6-positions of anthracene and benzyne
groups at the 9,10-positions of anthracene.”® The molecules adopt a
coplanar herringbone packing mode with an effective conjugated
area of about one benzene between the parallel molecules, showing
a maximum single crystal mobility of 1.37 cm* V' s and a
fluorescence quantum yield of 32% for single crystals. Generally,
derivation at the 2,6-positions of anthracene avoid the steric
hindrance effect between the substituent and the central anthra-
cene core, maintaining a good planarity of the molecule and
effectively extend the m-conjugation to the greatest extent. In the
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case of derivation at the 9,10-positions of anthracene, the introduc-
tion of aromatic groups at the 9,10-positions of anthracene with a
“carbon-carbon double/triple bond bridge” is a feasible way for -
conjugation expansion, while introducing aromatic groups at the
9,10-positions through the carbon-carbon single bond will produce
large steric hindrance between the substituent group and the
anthracene core, which leads to the large torsion angle between
the substituent and the anthracene core, and is disadvantageous
for the n-conjugation extension and charge transport.

3.2. Fluorene-derivatives

Fluorene is an excellent building block for the design of organic
luminescent materials, especially for wide bandgap organic
semiconductors.”* Research on fluorene-derived organic semi-
conductors can be dated back to long time ago. Representative
small-molecule fluorene-derived organic fluorescent semicon-
ductors are demonstrated in Fig. 4. In 2001, Bao et al. reported
the electrical properties of FTTF and DH-FTTF by linking
bithiophene with fluorene, showing the highest thin film
mobility of 0.11 cm® V' s™* for DH-FTTF.”” Later, they devel-
oped a series of terminal alkyl substituted FTTFs, the thin
film hole mobilities of which are in the range of 0.012-
0.184 cm® V' s71.7%7% A series of fluorene-phenylene oligo-
mers were also reported, showing high ionization potentials
and excellent chemical stability, among which DHFBBF demon-
strated the highest mobility up to 0.32 ecm> V™" s~ for thin film
OFETs.*® Wang et al. conducted a systematic study on the
synthesis and properties of 2,6-substituted indenofluorene
derivatives, among which the thiophene substituted
indenofluorene (DTIF) demonstrated a thin film mobility of
0.012 cm® V' s ! and a quantum efficiency of 24.5% for the
film deposited at room temperature.®"®> Kazlauskas et al.
designed several new bifluorene compounds (BF-a, BF-t, BF-e,
and BF-s), showing a low nonradiative decay rate, high PLQY
(72-82%) and short lifetime for single crystals.** Huang et al.
also reported a carbazole-end-capped ladder-type oligo-(p-
phenylene) based hybrid oligomer, DCz-LPh5. The hole mobi-
lity of the DCz-LPh5 thin film was 0.001 cm® V™' s7'3
determined by the space-charge limited current (SCLC)
method. A PLQY value of 25% was obtained for the DCz-
LPh5 film. Later in 2021, they reported a wide bandgap organic
fluorescent semiconductor, 2,2-bi(9,9’-dimethylfluorene) (BMeF),*>
exhibiting crystallization-enhanced emission behavior with a high
PLQY of up to 75% and a considerable charge transport mobility of
0.18 cm* V' s7* for the nanocrystal. Low threshold dual-color
lasing behavior from ultraviolet (392 nm) to deep-blue (415 nm)
was also demonstrated for BMeF. Dong et al. reported a series of
fluorene-derived organic fluorescent semiconductors by introdu-
cing the aryl group at the 2,7-positions of fluorene.”****” 2,7-
diphenyl-9H-fluorene (LD-1) demonstrated integrated optoelectro-
nic properties with a relatively high mobility of 0.25 cm* V' s7*
and an excellent PLQY of 60.3% for single crystals.®® 2,7-Di(2-
naphthyl}-9H-fluorene (LD-2) was also designed by replacing the
benzene unit with a naphthalene unit at the 2,7-positions of
the fluorene core, showing a higher single crystal mobility of
2.7 em®* V' 57! and a PLQY of 64%, which might be attributed

This journal is © The Royal Society of Chemistry 2024
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Fig. 4 Chemical structures of fluorene and representative fluorene-
derived organic fluorescent semiconductors.

to the large intermolecular transfer integrals together with a fast
radiative transition rate.*” 2,7-Di(2-anthryl)}-9H-fluorene (2,7-DAF)
was also reported, exhibiting a high single crystal carrier mobility of
2.16 cm® V' 57" and strong excimer emission with a PLQY of
47.4% for single crystals.>” Overall, in seeking for high performance
organic fluorescent semiconductors, the derivation on fluorene
mainly focuses on the aromatic extension at the 2,7-positions to
enhance the effective conjugation area for efficient charge trans-
port; however, the reaction activity on the 9-position should not be
neglected from the perspective of material stability.***° For exam-
ple, compared with biphenyl substituted thieno[3,2-b]thiophene
(BPTT), bis(9H-fluorene-2-yl) substituted thieno[3,2-b]thiophene
(BFTT) showed poor UV stability due to the keto-defect formation
in fluorene units via photooxidative reactions.*

3.3. TPCOs

Thiophene/phenylene co-oligomers (TPCOs) are a class of
organic molecules for which several numbers of thiophene
rings and benzene rings are linked by a carbon-carbon single
bond. TPCOs can be facilely synthesized by organosynthetic
routes such as Suzuki coupling or Grignard coupling (Fig. 5a).
The molecular shapes (bent, straight, and zig-zag) and the
optoelectronic features (emission color, efficiency, mobility,
carrier polarity, etc.) of TPCOs depend on the arrangement
and numbers of thiophene rings and benzene rings or chemical
modification at the molecular terminals.”*> The fluorescence
emission of the TPCO crystal covers the entire visible wave-
length range from blue to red. The reported TPCOs are shown

This journal is © The Royal Society of Chemistry 2024

View Article Online

Review

(||
| |
I |

] l

R—C O Or
X =Br; Y=2nCl;
R = (CH,)sCH;, OCHj, CF.

s Oy

AC5-CF3%

X = Br[ZnCl); Y = B(OH), [Br, I};
R = (CH,);CHy, OCH;, CN, CF;

(b)

/\ CFj.
o Q O O v @

ACT®

‘M%

/\
AC5® BP1T-OMe® O e
()
BP1Te O O O Bp:n% O O
/ \

S e |
peres L/

CFs

BP2T®

PeT®®

Fig. 5 (a) General synthetic pathways to terminal substituted TPCOs (left:
3-block coupling; right: 2-block coupling). Reproduced with permission.®?
Copyright 2009, John Wiley and Sons. (b) Chemical structures of TPCOs-
based organic fluorescent semiconductors.

in Fig. 5b. TPCOs, including AC5, AC5-CF3, AC7, BP1T, BP2T,
BP1T-OMe, BP3T, P5T, and P6T, all exhibit emissive character-
istics and typical p-type charge transport characteristic.”®™° As
the superstar among TPCOs, BP3T is a kind of highly lumines-
cent material. As early as 2006, Ichikawa et al. obtained high
quality BP3T crystals by an epitaxial growth method on the KC1
(001) surface and found that the crystals showed a herringbone
stacking mode. The PLQY obtained for BP3T at 300 K was as
high as 80% and the crystals also demonstrated a self-resonant
cavity laser effect.'°”'° Ichikawa et al. first reported a BP3T
unipolar monocrystalline transistor with a charge mobility of
0.29 cm® V! 57" with a symmetric gold electrode.'®® By using
asymmetric electrodes, obvious bipolar transport was obtained,
and the hole and electron single crystal mobilities reached
1.64 cm®> V' s and 0.17 em® V™' 577, respectively.'?

3.4. Distyrylbenzene-derivatives

Distyrylbenzene derivatives are another excellent molecular
platform to achieve high performance organic fluorescent
semiconductors (Fig. 6).>*'°*'° park et al discovered the
aggregation-induced fluorescence enhancement behavior of 1-
cyano-trans-1,2-bis-(4’-methylbiphenyl)-ethylene (CN-MBE) and
regulated the assembly morphology, luminescence color, and
amplified self-emission of such kinds of materials by modulat-
ing the molecular design and assembly conditions.'''"
Yasuda et al. reported the charge transport properties of 1,4-
bis(4-methylstyryl)benzene (4MSB) and 1,4-bis(2-methylstyryl)
benzene (2MSB)."** A high hole mobility of 0.13 cm* V"' s~*
was achieved for the 4MSB film due to the densely packed
submicronsized grains with a high degree of molecular order.
Adachi et al. reported BSB-Me with high PLQYs of 89% and
54%, respectively, for single crystals and thin films."** Ma et al.
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reported 1,4-bis(2-cyano-2-phenylethenyl)benzene (B-CNDSB),
the strong n-n interaction and intermolecular hydrogen
bonding of which induce the formation of herringbone stacked
two-dimensional lamellar crystals.'”” B-CNDSB exhibits aggre-
gation induced emission (AIE) behavior with the PLQY of B-
CNDSB crystals reaching 70%. The ultrahigh solid-state
emission might be ascribed to the planarity of the molecule
and the J-aggregated mode. A cyano-substituted styrene deriva-
tive, (22,2'Z)-3,3’-(naphthalene-2,6-diyl)bis(2-(thiophen-3-yl)-
acrylonitrile) (NBTA), via the Knoevenagel reaction was also
reported.*’ Three kinds of non-covalent interactions, namely,
 (3.369 A), hydrogen bond C-H---N (2.611 A), and S-- &
(2.994 A) interactions, existed in the single crystal structure.
The molecules stacked in a coplanar structure with a
slipped angle of 45°, showing a typical J-aggregation mode. A
considerable PLQY of 37% was obtained for NBTA crystals
Hole and electron mobilities of 0.05 and 0.40 cm® V™"
were achieved for NBTA crystal-based OLET devices. Later,
they reported (2Z,2'2)-3,3’-(1,4-phenylene)bis(2-(naphthalen-2-
yl)acrylonitrile) (PBNA),'°® for which cyano groups form multi-
ple hydrogen bonds perpendicular to a linear-shape aromatic
skeleton, where the energy of hydrogen bonds and n-m inter-
actions were obviously stronger than the van der Waals forces
along other directions. The stereohindrance effect originating
from the naphthalene core prevents the dipole-dipole inter-
action, accompanied by the reduction of the nonradiative rate
due to strong intermolecular interactions, which is in favor of a
high emission efficiency up to 82% in crystals. The hole and
electron mobilities of PBNA-based single crystal OLETS
achieved 0.18 and 2.71 cm”® V' 577, respectively. Park et al.
developed a m-extended dicyanodistyrylbenzene molecule, Hex-
4-TFPTA, the appropriate molecular stacking and highly
allowed S; — S, transition bring about a good balance between
electron transport mobility (thin film, g = 1.0 cm> V' s77)
and deep red-emissive characteristics with a thin film
PLQY of 28%.>® By combining the high optical-gain of the
oligomeric phenylene vinylene core-moiety with aromatic
bithiophene end-groups, Fu et al. reported 1,4-dimethoxy-2,5-
di[bithiophenestyryl]benzene (TPDSB). TPDSB molecules in
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one-dimensional microwires (1D-MWSs) stack into roll =-
stacks, while in two-dimensional microdisks (2D-MDs) they
exhibit slip m-stacks. The two polymorphs exhibited distinct
emission laser gain (1D-MWs: yellow-emissive Fabry-Perot
(FP); 2D-MDs: red-emissive whispering mode (WGM) microla-
sers) and charge transport characteristics (1D-MWs: 1.45 X
107* em® V' s7' and 2D-MDs: 1.20 x 10 > em®* V' s71).1%

3.5. Others

In addition to the above four common types of organic fluor-
escent semiconductors, there are also other kinds of molecular
structures that achieve both efficient charge transport and
solid-state emission (Fig. 7). Bisri et al. synthesized TPPy with
a PLQY of up to 68% for single crystals and TPPy-based single
crystal light-emitting devices with asymmetric electrodes show
a hole mobility as high as 0.34 cm® V' s7' and an electron
mobility of 7.7 x 107> em® V™' s71."'° Zhang et al. reported two
pyrene derivatives (1,6-PyE and 2,7-PyE) by incorporating f-
styrene units into the pyrene core to modulate the intermole-
cular interactions. The maximum hole mobility of 2,7-PyE films
reaches 1.66 cm® V™" s~', which is higher than that of 1,6-PyE,
with PLQYs of 28.8% and 27.4%, respectively, for 1,6-PyE and
2,7-PyE crystals.'*® Hong et al. synthesized the thermally stable
compound DBP with a thin film mobility of 0.21 cm”> V™*

and pure blue emission with main peak at 470 nm.""” Jin et al.
reported 2-positional pyrene end-capped oligothiophene cool-
igomers, BPynT (n = 1, 2, 3), among which BPy2T demonstrated
a highest single crystal field-effect mobility of 3.3 cm®> V™' s *
and a PLQY value of 32% with green emission in the crystalline
state.'™ Due to the small atomic radius and larger
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Fig. 7 Chemical structures of other organic fluorescent semiconductors
reported.
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electronegativity of oxygen than sulfur, increased intermolecu-
lar molecular orbital overlap and superior charge transport are
expected for furan-based organic semiconductors.''® Materials
containing furan groups also show great potential as high
performance organic fluorescent semiconductors, especially
for their unique optoelectronic features: a wide energy gap
originated from the weaker aromaticity of furan rings than
thiophene rings, an intense photoluminescence characteristic,
and mechanofluorochromism."*®"*® Takimiya et al. designed
BNF with g =0.1em?*V ' s™'and g =4 x 10> em? Vv~ s~ for
single crystal light-emitting transistors, PLQY = 72% (single
crystals)."*" BPFT showed bipolar characteristics with a hole
mobility of up to 0.27 cm® V-' s7* and an electron mobility of
1.3 x 10 em?® V! s for single crystals.’®* Due to the unique
flat and curved structures, the PLQY of BPFT single crystals was
as high as 51%. Adachi et al. developed BPTA, BPTN and
BPTB with anthracene, naphthalene and phenyl groups as
the conjugated core, respectively. Among them, BPTA has a
higher mobility (single crystals, u, = 0.14 cm® V' 7%, . =
0.19 cm® V' s71), but the weaker emission with a PLQY of 31%
for crystals. The hole and electron mobility of BPTB and BPTN
is an order of magnitude lower than that of BPTA, which show
much stronger emission with PLQYs reaching 87% and 56%,
respectively, for BPTB and BPTN single crystals.'*® Tian et al.
designed BDPV2T with a linear n-conjugated bithiophene back-
bone, exhibiting high carrier mobility (single crystal, pmax =
1.0 cm® V' s7") and solid-state emission. The PLQY of BDPV2T
crystals is as high as 30%, which is higher than that of solution
(11%), indicating its aggregation enhanced emission
properties."* Hu et al. synthesized phenanthrene derivatives
(DPPa) with a single crystal mobility of up to 1.6 ecm* V- ' s *
and a single crystal PLQY of up to 37.13%.'*® The results
showed that phenanthrene derivatives can be comparable with
their anthracene isomers. Fu et al designed 4,4’-bis(2-
dibenzothiophenyl-vinyl)-biphenyl (DBTVB) and prepared its
herringbone packed ultra-thin single crystal microplate, which
achieved balanced mobilities of y, = 3.55 + 0.5 and p. = 2.37 +
0.5 cm® V™' s, a high solid-state emission efficiency of 85%,
and striking low-threshold laser characteristics.>” Theoretical
and experimental studies revealed that strong electron coupling
and small reorganization energy ensure efficient charge trans-
port, while exciton vibration effects and negligible n-n
orbital overlaps lead to the strong emission of H-aggregates.
Dibenzothiophene sulfone-based blue-emissive organic semi-
conductors (DNaDBSOs) were also reported, which demon-
strated superior solid-state PLQYs of 46-67% (powder) and
ambipolar-transporting properties.’*® Ma et al. developed a
series of 2-phenylbenzo[g]furo[2,3-b]quinoxaline derivatives
and revealed that benzyl substituted benzo[g]furo[2,3-b]qui-
noxaline demonstrated the best integrated optoelectronic prop-
erties due to the better crystallinity and continuity of the
film."®” By replacing the anthracene core with benzo[1,2-b:4,5-
b’]dithiophene, 4,8-DTEBDT and 2,6-DTEBDT were reported,
exhibiting single crystal charge carrier mobilities of up to 0.25
and 0.06 cm> V" s, together with single crystal PLQYs of 51%
and 45%, respectively.'?®
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4. Optoelectronic applications

Organic fluorescent semiconductors, as a unique class of
organic materials, have found their special application scenar-
ios in organic optoelectronics. Up to now, high performance
organic fluorescent semiconductors have achieved successful
application progress in devices such as OLETs, OLEDs, and
organic lasers, which we will briefly discuss in the following.

4.1. OLETs

An OLET is a kind of integrated optoelectronic device that
combines the light-emitting characteristics of OLEDs and the
switching function of OFETSs. It is the smallest component that
may be integrated with the OLED and OFET. The achievement
of high-performance OLETs is of great significance to reduce
the size of organic circuits and the final realization of electri-
cally pumped organic lasers. High mobility emissive organic
semiconductors are the cornerstone for high performance
OLETs, especially for single component OLETs. An ideal
OLET requires an active layer with high mobility, strong lumi-
nescence, and balanced carrier transport. Since the first OLET
with tetracene thin films as the active layer reported in 2003,
OLETs have witnessed significant achievements in terms of
device efficiency, current density, luminance, emission colour
diversity, and so on.>® Adachi et al. reported the ambipolar
single crystal OLET based on BSB-Me with almost equal elec-
tron and hole mobilities (~0.005 cm> V' s~ 1), and the external
quantum efficiency (EQE) was roughly estimated to be 0.2%."%*
Takenobu et al constructed high performance OLETs
based on the BP3T single crystal. By the insertion of CaF
as an electron-injection buffer layer and introduction of a
current-confinement architecture, the EQE reached ~1%
and the maximum current density is enhanced to 33 kA cm ™2
(Fig. 8a)."*° Ma et al. reported a series of OLETs with oligostyr-
enes as the active layer. For instance, the OLET device based on
PBNA exhibited brilliant blue emission, reaching an EQE of
3.63%, which is one of the highest values for single component
OLETs at that time (Fig. 8b).'°® Hu et al. conducted compre-
hensive studies on OLETs with anthracene derivatives as active
layers. For example, OLETs based on 2,6-DPA and 2,6-DNA
achieved good ambipolar charge transport with spatially con-
trolled light emission across the channel (Fig. 8c). High EQE
values (2,6-DPA: 1.61% and 2,6-DNA: 1.75%), brightness (2,6-
DPA: 1210 cd m~? and 2,6-DNA: 3180 cd m™?) and current
density (2,6-DPA: 1.3 kA cm ™ ? and 2,6-DNA: 8.4 kA cm™ %) were
also achieved.'®® Furthermore, by adjusting the dopant ratio, a
large color gamut as high as 59% National Television System
Committee standard together with a high current density of
326.4 kA cm~ > were achieved for the OLETs based on molecular
doped organic active layers, indicating great potential in dis-
plays and related optoelectronic applications.’** Except for the
enhancements of the overall performances of OLETS, functio-
nalized OLETs based on organic fluorescent semiconductors
were also investigated, which might bring more possibilities for
the future application of OLETs. For example, Samori et al.
constructed optically switchable OLETs by blending emissive
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Fig. 8 Representative applications in OLETs. (a) Design principle for an improved organic single-crystal light emitting transistor with extremely high
current density and current-density dependence of the integrated intensity of the luminescence spectra (top) and external quantum efficiency (bottom)
in the ambipolar BP3T-OLETs. Reproduced with permission.*?° Copyright 2012, John Wiley and Sons. (b) Device structure of PBNA-based single crystal
OLETs, photographs of the green crystal under natural light (upper) and electrical driving (lower) in OLETs, and the EQE, PCE, and irradiation power
changes as a function of current density. Reproduced with permission.°® Copyright 2021, American Chemical Society. (c) A series of color-coded images
for 2,6-DPA and 2,6-DNA-based OLETs extracted from light emission captured by CCD operating under forward and backward, and EQE versus V for
2,6-DPA-OLET and 2,6-DNA-OLET within both p- and n-channel regions. Reproduced with permission.**® Copyright 2019, John Wiley and Sons. (d)
Emitting pattern created and erased within single OLETs. Reproduced with permission.*? Copyright 2019, Springer Nature. (e) Schematic of the imaging
system with DPA-OPLET as the light source and the images of imaging by DPA-OPLET with polarization angles of 0° (left pictures) and 90° (right
pictures). Reproduced with permission.*** Copyright 2023, John Wiley and Sons.

semiconductors (F8, F8T2, and MDMO-PPV) with photochro-
mic diarylethenes (DAEs), achieving reversible modulation of
charge transport and electroluminescence of three primary
colours in the same device (Fig. 8d)."**> Taking advantage of
the anisotropy of organic semiconductor single crystals, polar-
ized OLETs based on 2,6-DPA were successfully constructed,
demonstrating a degree of polarization comparable to comple-
tely linearly polarized light (Fig. 8e).'*

13754 | J Mater. Chem. C, 2024,12,13745-13761

4.2. OLEDs

Since Tang et al. reported the first heterojunction-structured
OLED in 1987 and greatly lowered the operating voltage of
OLEDs, OLEDs have shown great application prospects in the
field of organic displays and lighting due to their advantages of
flexibility, lightness and self-emission, etc."**”**® During the
past few decades, organic light-emitting diodes have witnessed
great progress in terms of material structure diversity,
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luminous mechanism, device performance, and device stabi-
lity. Generally, OLEDs are sandwich-like structures composed
of an anode, an organic emissive functional layer, and a metal
cathode. In practical applications, considering device struc-
tures (top emission/bottom emission) and different features
of the organic emissive layer, functional layers, such as elec-
tron/hole injection/transporting layer, electron/hole blocking
layer, etc., are usually introduced to improve the optoelectronic
performance of the device. Organic fluorescent semiconduc-
tors, serving as a unique class of luminescent materials, also
demonstrate their application potential in OLEDs as the active
emissive layer, especially in the fabrication of single crystal
OLEDs with high mobility or high current density, which we
will discuss several representative examples below.

2,6-DPA, which not only exhibits ultrahigh carrier mobility,
but also demonstrates strong solid-state emission with a
PLQY of 41.2% for single crystals. As a luminescent molecule,
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2,6-DPA-based OLEDs emit pure blue emission with a bright-
ness of up to 6627 cd m~> and a turn on voltage of 2.8 V
(Fig. 9a). The 2,6-DPA-based OLED arrays could be successfully
driven by 2,6-DPA-based transistors, suggesting the great appli-
cation potential of 2,6-DPA in organic active displays.*® High
mobility white emissive organic semiconductors were also
achieved by doping a small amount of FlAnt in 2A (Fig. 9b).%°
Because of the similar molecular and crystal stacking structures
of FlAnt and 2A, a small amount of FlAnt doping in 2A (u =
2.98 ecm® V' s7') did not significantly reduce the mobility of
thin film devices (1 = 1.56 cm® V' s7') but efficiently modu-
lated the emission color. OLEDs based on mixtures (FlAnt: 2A =
1:9) exhibited a low turn on voltage of 3 V, a high brightness of
2560 cd m 2 and an EQE of 0.16% at a drive voltage of 10 V. The
CIE coordinates move from blue-green emission of 2A (0.1,
0.29) to pure white emission (0.33, 0.34) for the mixtures upon
driving voltage modulation.
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characteristics of the OLEDs and EL spectra operated at different voltages. Reproduced with permission.>® Copyright 2015, Springer Nature. (b) EL spectra
in OLEDs based on FlAnt, 2A, and mixturel/9, EL spectra of mixturel/9 at 4 and 8.5 V and CIE coordinates at different driving voltages in OLED devices
based on mixture1/9. Reproduced with permission.®® Copyright 2016, John Wiley and Sons. (c) Chemical structures and top-view photographs of BSB-
Me, BSB-Me:Te, and BSB-Me:Pe organic crystals under UV-light irradiation, EL performance of BSB-Me, BSB-Me:Te, and BSB-Me:Pe single-crystal-
based OLEDs and corresponding 1931 CIE coordinate diagrams of blue, green, and red light emission with CIE coordinates of (0.56, 0.31), (0.23, 0.59), and
(0.08, 0.36), respectively. Reproduced with permission.**” Copyright 2017, John Wiley and Sons.
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Due to the advantages of fewer grain boundaries, long-range
highly ordered molecular stacking, and low defect density,
organic semiconductor single crystals generally present better
optoelectronic properties (mobility, emission efficiency, exciton
diffusion length, etc.) than the polycrystalline or amorphous
counterpart. The research on single crystal OLEDs can be dated
back to 1963, when Pope et al. prepared OLEDs using the bulk
anthracene single crystal and two silver paste electrodes and
achieved electroluminescence at an extremely high voltage of
400 V and low 100 pA cm ™2 was achieved.'®® Later, Hotta et al.
constructed low driven voltage single crystal OLEDs based on
the needle-like BP2T single crystal."** Compared with tradi-
tional OLED devices, OLED devices based on the organic
semiconductor single crystal are expected to effectively improve
the carrier mobility and the current density. Furthermore,
owing to the intrinsic anisotropy of the single crystal, high-
efficiency polarized emission might be achieved from single
crystal OLEDs."*® Therefore, except for the conventional OLED
with the thin film organic active layer, high performance
organic fluorescent semiconductors were also intensively
applied in single crystal OLEDs. Using pure blue emissive
single crystal BSB-Me as the host molecule and tetraphene
(Te) and pentaphene (Pe) as the guest molecules, high perfor-
mance single crystal OLEDs were achieved (Fig. 9¢)."*” Through
dipole-dipole interactions, effective energy transfer occurred
from BSB-Me as the donor to Te or Pe as the acceptor, and three
primary electroluminescence emissions were realized. The
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single crystal OLEDs achieve 820 cd m~> and 0.9 cd A™",
respectively, which is one of the highest performances for
organic single crystal OLEDs at that time. An ambipolar organic
single crystal OLED was successfully developed by growing
mixed crystals of n-type material BTPB (u. = 1.83 cm®> V' s77)
and p-type material BSB-Me (u, = 0.12 cm® V' s~ ')."*! By
adjusting the mixing ratio of BSB-Me and BTPB, the mobility of
holes and electrons could be controlled to be well balanced.
The maximum brightness of the mixed ambipolar crystal OLED
is greatly increased from 132 cd m ™2 of the unipolar crystal to
1116 cd m 2. The efficiency of the ambipolar single crystal
OLED also exhibits three times enhancement compared with
that of the unipolar single crystal OLEDs. In a mixture ratio of
1:1:10 (pentaphene:BTPB:BSB-Me) doped single -crystal
OLEDs, after optimization, the maximum brightness, current
efficiency and EQE achieved 5467 c¢d m 2, 2.82 c¢d A~ and
1.64%, which are among the best performances for single
crystal OLEDs at that time. For single crystal OLEDs, it is not
only the optical and electrical properties of the material that
affect the comprehensive performance of the device, the crystal-
lization characteristics, or whether it is possible to prepare
large-area high-quality organic semiconductor single crystals
for device fabrication, is also one of the important factors that
determine device behavior. Besides, up to now, most high-
performance single crystal OLEDs are based on organic fluor-
escent lamellar single crystal semiconductors, after solving the
problems such as how to obtain high-quality (lamellar) single

maximum brightness and current efficiency of BSB-Me:Pe crystals, how to avoid crystal damage during device
(a) (b) .
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Fig. 10 Representative applications in lasers. (a) Current-dependent spectral evolution, measured in real time. Reproduced with permission.1®

3

Copyright 2009, John Wiley and Sons. (b) High-resolution PL spectra of a hexagonal microplate at different pump densities of 400 nm femtosecond
excitation lasers, integrated intensity of the peak at 469 nm as a function of pump density and corresponding PL decay at 469 nm below and above the
lasing threshold. Reproduced with permission.>” Copyright 2022, American Chemical Society. (c) High-resolution lasing spectra of the LD-1 crystal at 390
and 410 nm at different pump densities, and the corresponding integrated area of the peak (410 nm, 390 nm) as a function of the pump density.
Reproduced with permission.8® Copyright 2020, American Chemical Society.
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construction, and how to achieve good contact and efficient
charge injection between the electrodes and the single crystal,
etc., we believe the possibility of the realization of single crystal
OLEDs based on phosphorescence and (MR-)thermally acti-
vated delayed fluorescence (TADF) materials.'?>**>%3

4.3. Organic lasers

Except for the applications in OLETs, OLEDs and organic fluorescent
semiconductors with lasing characteristics are also candidates for the
study of electrically pumped organic lasers (EPOLs), which show
great promise in smart display technologies and related optoelec-
tronic circuits."** Up to now, organic semiconductor-based electri-
cally pumped organic lasers (EPOLs) were still in the infancy stage,
and the reported studies of organic semiconductors lasers were
based on a light pumped mode, among which we will summarize
several representative exemplifications below.

Hotta et al. reported the narrowed emission spectra from
the AC5 crystal with its full width at half maximum down
to ~6 nm, and the maximum net optical gain coefficient is
as high as 75 cm™!, suggesting its potential lasing
characteristics.’*®> Because of a drain current increase in the
ambipolar regime, spectral narrowing was also observed for the
BP3T single crystal OLET (Fig. 10a)."* It should also be noted
that similar lasing characteristics were also observed in other
TPCOs, such as BP2T-OMe,'** BP1T-CN,**® etc. The edge emis-
sion of the BDPV2T crystals is brighter than their main body,
indicating excellent optical waveguide emission in the solid-
state, which is a prerequisite for generating photoamplification
and initiating laser light. The amplified spontaneous emission
(ASE) properties of the BDPV2T crystals were characterized
using a pulsed laser of 355 nm as an excitation source, exhibit-
ing a threshold of 80 uJ cm™2, an optical amplification thresh-
old as low as 8 kW cm™?, and an optical net gain as high as
70 cm ™', which is attributed to the high solid-state PLQY and good
crystal quality.™ Clear whispering-gallery-mode (WGM) lasing
characteristics can be observed from the hexagonal DBTVB micro-
crystals upon 400 nm femtosecond laser excitation (Fig. 10b).””
With the increase of the laser pump density (P), the top of the 0-1
jump appears as a set of sharp peaks near 469 nm, showing an
ultralow threshold at Py, = 5.95 pj cm ™2 The photoluminescence
decay time of the DBTVB crystals shortens to less than 20 ps as the
pump intensity increases from P = 0.7 Py, to P = 1.3 Py, indicating
the presence of an excited emission process. The single crystal of
LD-1 exhibits lasing thresholds of 71 and 53 pJ cm ™ at emission
peaks of 390 nm and 410 nm, and high quality factors (Q) of ~3100
and ~2700 (Fig. 10c).*® LD-2 was also reported for low-threshold
lasers with a higher single crystal charge transport mobility
(2.7 em® V' s71), low-threshold lasing properties of 9.43 J cm™>
and 9.93 pJ ecm > at emission peaks of 420 nm and 443 nm, and
high Q values of 2131 and 1684.%

5. Conclusions

In this review, the recent advances in small molecule organic
fluorescent semiconductors are briefly summarized from the

This journal is © The Royal Society of Chemistry 2024
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aspects of the aggregation structures, the structures and
properties of the materials, and the related optoelectronic
applications. As a special class of organic functional materials,
organic fluorescent semiconductors are the material basis
for organic integrated optoelectronic device and are crucial
for the final realization of EPOLs. Though impressive progress
has been achieved in recent years, there still remain several
challenges below:

(i) From the perspective of electrical properties, although
various material structures with considerably high optoelectro-
nic properties have been developed, the design and synthesis of
n-type and ‘“truly ambipolar”, especially air stable n-type and
“truly ambipolar” without the usage of active metal electrodes,
organic fluorescent semiconductors are needed, which are of
great significance for the final application of organic fluores-
cent semiconductor-based optoelectronic devices.

(i) From the perspective of optical properties, red-emissive
organic semiconductors are highly demanded for the construction
of full color displays. Among the reported single component
organic fluorescent semiconductors, the main emission peaks
range from ~400 nm to ~680 nm, with the emission colors
changing from blue-violet to orange-red; however, few molecules
demonstrate pure red emission, yet red color is one of the three
basic colors for full color displays. Therefore, high performance
red-emissive organic semiconductors are highly desired.
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