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ABSTRACT: The lack of design principle for developing high-
performance polymer materials displaying strong fluorescence and
high ambipolar charge mobilities limited their performance in
organic light-emitting transistors (OLETs), electrically pumped
organic laser, and other advanced electronic devices. A series of
semiladder polymers by copolymerization of weak acceptors (TPTQ
or TPTI) and weak donors (fluorene (F) or carbazole (C)) have
been developed for luminescent and charge transporting properties.
It was found that enhanced planarity, high crystallinity, and a delicate
balance in interchain aggregation obtained in the new copolymer,
TPTQ-F, contributed to high ambipolar charge mobilities and
photoluminescent quantum yield. TPTQ-F showed excellent
performance in solution-processed multilayered OLET devices with
an external quantum efficiency (EQE) of 5.3%.

■ INTRODUCTION

The unique photophysical properties of organic conjugated
polymers have been explored for electrical and optical devices
with performances comparable to traditionally silicon-based
semiconductors.1−5 These polymers are solution-processable,
enabling spin-coating, roll-to-roll processing, or inkjet-printing
in manufacturing. The resulting devices can also be flexible and
stretchable, ideal to prepare wearable electronic and bioelec-
tronic devices. The most successful applications of these
materials (both polymers and small conjugated molecules) are
in the development of organic light-emitting diodes (OLEDs),
creating a big impact in optical display.6,7

Organic light-emitting transistors (OLETs) combine the
advantages of logic function of organic field-effect transistors
(OFETs) and electroluminescent properties of OLEDs into a
single device.8−13 Therefore, OLETs provide a unique platform
to simultaneously investigate charge transporting and electro-
luminescent behaviors. OLETs can also be used in simplified
optical displays, electrically pumped organic laser, and so
on.14−21 An OLET material required not only high and
balanced ambipolar FET charge mobilities but also high
photoluminescent quantum yield (PLQY).
Though small-molecule based OLETs have recently

achieved high external quantum efficiency (EQE) and
electroluminescent intensity,22−28 polymer-based OLETs are
lagging behind.29−34 To achieve high-performance small-
molecule OLETs, one must consider the control of

intermolecular interaction, the crystal structure, and grain
boundary of crystalline to balance the charge transport and
fluorescence.35−38 For polymeric OLET materials, both the
interchain and intrachain interactions should be consid-
ered.2,39−42 One must design polymer structures with high
fluorescent and semiconductive properties in solid state. Good
solubility in common solvents is crucial, which requires
suitable alkyl side chains attached to the conjugated backbone.
Equally important is to balance high charge mobilities and
PLQY via control in the interchain π−π stacking distances.43,44

Moreover, the degree of energetic disorder and conformations
in polymer chains will significantly influence the PLQY in
solution and solid states.45 To achieve balanced electron and
hole injections, matched energy levels between OLET
materials and electrodes are prerequisite. The highest occupied
molecular orbital (HOMO) and the lowest unoccupied
molecular orbital (LUMO) energy levels are ideal when
close to the work-function (WF) of metal electrodes. It is
important to realize that it remains a great challenge to
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integrate all these desired properties in a single polymer
system.
We have synthesized a series of semiladder copolymers,

TPTI-CC, TPTI-F, TPTQ-C, and TPTQF-C (Figure 1a,b), by

copolymerization of weak acceptor monomer 4,10-bis(2-
butyloctyl)thieno[2′,3′:5,6]pyrido[3,4-g]thieno[3,2-c]-
isoquinoline-5,11-dione (TPTI) or 5,11-bis(2-butyloctyl)-
thieno[2′,3′:4,5]pyrido[2,3-g]thieno[3,2-c]quinoline-4,10-
dione (TPTQ) and weak donor monomer carbazole (C) or
fluorene (F).46−49 Among them, TPTI-F showed the highest
PLQY (Table S1) and impressive EQE (2.8%) in multilayered
OLET devices.47 However, theoretical calculation and experi-
ments indicated that TPTI-F exhibited highly twisted polymer
backbones, interchain H-aggregates, and amorphous micro-
structures. Though its PLQY of 59% was relatively high, only
unipolar charge mobility as low as 10−6 cm2 V−1 s−1 and small
Ion/off of 10

1 were achieved in single-layered FET devices due
to the poor planarity and weak crystallinity.
To optimize both the PLQY and FET properties, we

synthesized a new semiladder copolymer TPTQ-F. The TPTQ
ladder structure exhibits a highly planar backbone and larger

electron affinity in comparison with TPTI,48,49 which will
contribute to more ordered intermolecular stacking and lower
LUMO energy levels in TPTQ-F. Indeed, TPTQ-F exhibited
enhanced planarity, deeper LUMO energy levels, interchain J-
aggregates, and high crystallinity with face-on orientation.
Moreover, the delicate balance in interchain π−π distance (4.0
Å) contributes to a high PLQY of 77% and ambipolar charge
mobilities of 1.26 × 10−3 cm2 V−1 s−1 and 3.53 × 10−4 cm2 V−1

s−1 for hole and electron, respectively. These improvements
lead to multilayered OLET devices with an EQE of 5.3% and
EL intensity of 414 nW.

■ RESULTS AND DISCUSSION

The TPTQ dibromide (Br-TPTQ-Br) monomer and fluorene
(F) monomer containing bis(pinacolato)diboron (BPin)
moieties (BPin-F-BPin) were synthesized according to the
reported procedure.46,49 The semiladder copolymer, TPTQ-F,
was synthesized via Suzuki-coupling polymerization as shown
in Figure 1b. The yellow-green solid of TPTQ-F was obtained
in a yield of 80% after Soxhlet extraction and reprecipitation of
the chloroform fraction in methanol. The characterization by
1H nuclear magnetic resonance (NMR) and elemental analysis
for TPTQ-F, as summarized in Supporting Information,
supported the structure as proposed. TPTQ-F exhibited
moderate molecular weights (Mw = 55 172; Mn = 36 012)
and narrow polydispersity indices (PDI) of 1.53 (Table 1).
Thermogravimetric analysis (TGA) showed high thermal
stability with a decomposition temperature, Td, of 350 °C.
Differential scanning calorimetry (DSC) analysis as shown in
Figure S1 (red line) indicated a glass transition temperature
(Tg) of around 160 °C. TPTQ-F was soluble in common
organic solvents such as toluene, p-xylene, or chlorobenzene.
As shown in Figure 1c, Figure S2, and Figure S3, the

chemical modification of acceptor monomer (TPTQ vs TPTI)
influenced the charge distribution, energy levels, and
copolymer backbones. With carbonyl group attached to
thiophen ring (from TPTI to TPTQ), the calculated LUMO
energy levels were shifted downward from −1.63 eV (TPTI) to
−2.18 eV (TPTQ) (B3LYP method, 6-31g** basis set),
indicating a stronger electron-withdrawing capability of TPTQ
(Figure S2). Both cyclic voltammetry (CV) results and the
calculated LUMO and HOMO energy levels were decreased
simultaneously in TPTQ-F (CV, − 3.38 eV/−5.76 eV; DFT,
− 2.46 eV/−5.21 eV) in comparison with TPTI-F (CV, − 3.15
eV/−5.48 eV; DFT, −2.25 eV/−4.93 eV), as shown in Table 1
and Figure 2. The low-lying LUMO (−3.38 eV) and high-lying
HOMO (−5.76 eV) energy levels in TPTQ-F thin films
benefit ambipolar charge transport. Different from TPTI-F
with twisted polymer backbone that impedes charge transport
(Figure 1c), the enhanced planarity in TPTQ-F benefits tight
and ordered molecular stacking and facilitates charge trans-
porting.
The concentration dependent UV−vis absorption spectra of

TPTQ-F were shown in Figure 3a. All the spectra in tested

Figure 1. (a) Chemical structures of previously developed semiladder
type copolymers TPTI-CC, TPTQ-C, and TPTQF-C in our groups.
(b) Synthesis of semiladder type copolymer TPTQ-F and the
chemical structure of TPTI-F. (c) Optimized molecular structures of
the two semiladder polymers (top, TPTQ-F; bottom, TPTI-F) using
DFT calculation (four repeating units, B3LYP method, 6-31g** basis
set).

Table 1. Chemical Properties of TPTQ-F

HOMO (eV) LUMO (eV) Eg
b (eV) Eg

film (eV) Eg
solution (eV) PLQY (%) Mw Mn PDI Td (°C)

e

TPTQ-F −5.76a −3.38c 2.75 2.38d 2.45 77 55172 36012 1.53 350
−5.21b −2.46b

aCalculated from oxidation onset of CV spectra. bCalculated from DFT. cELUMO = EHOMO + Eg
film. dBandgap (Eg) calculated from the onset of the

film absorption spectra. eTGA data showing the temperature for onset of 5% mass loss.
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concentration range kept the same line shapes with two main
sharp peaks at 452 and 484 nm, respectively. Slight red shifts to
460 and 496 nm were observed in thin films respectively. The
red shifts in TPTQ-F films were expected due to increased
interchain interaction in the solid state, which behaved more
like the formation of J-aggregates, in contrast to H-aggregates
in TPTI-F as revealed in our previous work.47 The emission

spectrum of the TPTQ-F film exhibited two main peaks at 507
and 544 nm and a shoulder peak around 588 nm (Figure 3b),
which were slightly red-shifted from that of dilute solution
(494 nm, 531 nm, and 573 nm), different from excimer formed
in TPTI-F films.
Although the I0−0/I0−1 ratio decreased as concentration

increased, the 0−0 transition was still the dominant emission
peak. This was in contrast to that of TPTI-F, indicating the
formation of J-aggregates in TPTQ-F.39,41 To further confirm
the aggregate modes in TPTQ-F, temperature dependent
fluorescence spectra were performed as shown in Figure S4
and Table S2. TPTQ-F exhibited a decreased I0−0/I0−1 ratio
from 2.53 to 2.38 when the solution temperature increased
from −9 to 20 °C which was consistent with J-aggregation.39

Both thin-film absorption and fluorescent spectra of TPTQ-F
behaved very similarly to that of dilute solution and showed no
significant red-shift or broadening. It implied that a low degree
of energetic disorder and linear conformations existed in both
thin-films and solutions, which avoided strong interchain
aggregates and benefited fluorescence.45 Time-resolved fluo-
rescence decay measurements indicated that polymer TPTQ-F
exhibited the fluorescence lifetime (τ) of 0.615 ns with a single
exponential decay curve (Table S3). TPTQ-F with enhanced
planarity and J-aggregates showed higher PLQY (77%) than
that of the analogous TPTI-F (59%), which makes this new
polymer more promising in OLETs.
Single-layered thin-film OFET devices of TPTQ-F were

prepared with gold (Au) as source and drain electrodes in the
configuration of bottom gate top contact (BGTC) as depicted
in Figure S5. After spin-coating TPTQ-F chloroform solutions
on octadecyltrichlorosilane (OTS) modified silicon nitride
(Si3N4), the thin films were thermal-annealed (TA) at a series
of temperatures from 100 to 190 °C in glovebox. As shown in
Figure S5b, TPTQ-F exhibited p-channel dominant transfer
curves with weak electron transport response. The hole
mobilities of TPTQ-F thin films were increased with TA
temperature from 100 to 120 °C and then decreased gradually
to 160 °C (Figure 4a, blue line). When heating to 190 °C, the
charge mobility was decreased near 2 orders of magnitude.
TPTQ-F showed average hole mobility (μh) of 1.49 × 10−3

cm2 V−1 s−1 and Ion/off of 10
4 at an optimized temperature of

120 °C (Table S4 and Figure S5b). These results are much
improved from that of TPTI-F (μe = 1.8 × 10−6 cm2 V−1 s−1,
Ion/off of 10

1) and the other previously reported semiladder
polymers46,47 (Table 2 and Table S4). As found in atomic
force microscopy (AFM) height images, the morphologies of
TPTQ-F thin films were significantly changed after heating

Figure 2. (a) Cyclic voltammetry (CV) curve of TPTQ-F film in
acetonitrile solution (0.1 M Bu4NPF6, as electrolyte) at room
temperature (vs Fc/Fc+). (b) Energy diagram of TPTQ-F and TPTI-
F, where DFT calculation results are in light gray and CV results for
TPTI-F and TPTQ-F are in orange and green, respectively.

Figure 3. Concentration-dependent (mg/mL) UV−vis absorption (a)
and photoluminescence (b) spectra of TPTQ-F. The insets are the
optical images of TPTQ-F in CHCl3 solution under ambient
condition or UV light.

Figure 4. (a) DSC analysis (red line, the second heating scan) and average thin-film FET hole mobilities changes with thermal-annealing
temperatures (blue line) for TPTQ-F. AFM images (area, 1 × 1 μm2) of TPTQ-F thin films thermal-annealing at (b) 120 °C, (c) 160 °C, and (d)
190 °C.
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from 120 °C (Figure 4b) to 160 °C (Figure 4c, Tg as shown in
DSC analysis) and 190 °C (Figure 4d). The RMS roughness
was increased from 0.81 nm to 1.1 nm and 1.5 nm with
thermal annealing temperatures at 120 °C, 160 °C, and 190 °C
respectively. Figure 4b exhibited uniform and continuous
domain distributions, as well as highly ordered crystallinity,
which was consistent with the highest charge mobility achieved
at 120 °C. After heating to Tg (160 °C) and higher
temperature, 190 °C, the morphologies became more
disordered and nonuniform, which impeded charge transport.

To get further insight into the microstructures and explore
how the intermolecular interaction influenced the charge
transport and fluorescence, grazing-incidence wide-angle X-ray
scattering (GIWAXS) was performed as shown in Figure 5a−c.
TPTQ-F thin films showed not uniformly distributed
scattering ring with more intensity in the vertical direction,
and this was attributed to a typical face-on orientation.43 In
contrast to weak crystallinity in amorphous TPTI-F, stronger
scattering intensity, decreased lamellar stacking distance (11.7
Å in TPTQ-F and 14.6 Å in TPTI-F), and π−π stacking

Table 2. Summary of Microstructures and Electrical and Optical Properties of Semiladder Polymers Developed in Our Groups

polymer
dπ−π
(Å)

scattering intensity
(π−π)

dLamellar
(Å) crystallinity aggregate modes

charge mobilities
(cm2 V−1 s−1)a

PLQY
(%) ref

TPTI-CC 3.6 17.9 21.9 amorphous interchain J- 3.1 × 10−4 23 47
TPTQ-C 3.8 39.2 19.4 amorphous intrachain H- 6.9 × 10−5 30 46
TPTQF-C 3.9 14.1 24.5 amorphous intrachain H- 5.2 × 10−6 50 46
TPTQ-F 4.0 181 11.7 strong crystalline interchain J- 3.0 × 10−3 77 b
TPTI-F 4.1 35 14.6 amorphous interchain H- (excimer) 1.8 × 10−6 59 47

aThe highest value of single-layered FET’s charge mobility. bThis work.

Figure 5. 2D GIWAXS image of (a) TPTQ-F with thermal-annealing temperature at 120 °C. 1D GIWAXS linecut along in-plane (b) and out-of-
plane (c) directions. (d) π−π stacking scattering intensity, PLQY, and FET charge mobilities of TPTI and TPTQ based semiladder polymers
change with π−π stacking distance.

Figure 6. (a) Energy diagram of the different layers. (b) Device configuration of multilayered OLETs. (c) Photoluminescent and
electroluminescent spectra of TPTQ-F. (d) EL images of TPTQ-F multilayered OLET devices with increasing gate voltages (VDS = 100 V). The
channel length (L) of the devices is 50 μm, and the channel width (W) is 18.2 mm.
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distances (4.0 Å in TPTQ-F and 4.1 Å in TPTI-F) were found
in TPTQ-F thin films as shown in 1D GIWAXS linecut (Figure
5c) and Table 2. It demonstrated enhanced crystallinity and
more ordered molecular stacking in TPTQ-F, which was
consistent with its more planar molecular backbone and
interchain J-aggregations. Interestingly, we achieved enhance-
ment in charge carriers mobilities without sacrificing the PLQY
in TPTQ-F. It was still the highest among all the semiladder
polymers we developed (Figure 5d and Table 2). This can be
attributed to the subtle enlargement in interchain π−π spacing
(>3.9 Å) in TPTQ-F, which can retain delicate fluorescent
aggregates. This is consistent with the analysis of UV−vis
absorption and fluorescence spectra.44,45

Meanwhile, it indicates that the more planar linear
conjugated polymer backbone with enhanced crystallinity
and decreased lamellar stacking distances in TPTQ-F plays a
positive role in charge transport as shown by comparison with
the other four semiladder copolymers. The high PLQY and
charge mobilities achieved in TPTQ-F should make it a
promising candidate in solution-processed polymer OLETs.
From the energy level diagram (Figure 6a), the LUMO

energy level of TPTQ-F was aligned too high relative to work
function of Au (5.1 eV) and resulted in an electron injection
barrier as large as 1.7 eV, which impeded the electron transport
in TPTQ-F as shown in Figure S5. With the aid of a
polyelectrolyte, PFN+BIm4

− as electron injection layer,30 much
balanced ambipolar transport behavior with average μh of 1.26
× 10−3 cm2 V−1 s−1 and electron mobility (μe) of 3.53 × 10−4

cm2 V−1 s−1 was achieved in double layered OFET devices
(Table S4 and Figure S6). Besides, Ion/off of 10

4 and 103 and
threshold voltages (VT) of 14.0 V and −4.0 V were obtained in
p-channel and n-channel, respectively. However, due to the
moderate charge mobilities, the double-layered OFET devices
of TPTQ-F showed no detectable electroluminescence in
BGTC configuration with symmetric Au drain and source
electrodes.
In order to simultaneously reduce the charge injection

barrier and increase charge mobilities, we used multilayered
OLETs (Si3N4/OTS/DPP-DTT/emissive layer/DFH-4T/
PFN+BIm4

−/Au) to investigate the electroluminescent proper-
ties of TPTQ-F (Figure 6b).27,30,46 The PFN+BIm4

− with
unique ionic effect30 and DFH-4T50,51 with high electron
mobilities were inserted between Au and the emissive layer to
decrease the electron injection barrier. The DFH-4T acted as
an efficient electron transporting layer. As shown in Figure 6a,
the LUMO (−3.3 eV) of DFH-4T aligned closely with the
LUMO (−3.4 eV) of TPTQ-F, while HOMO (−6.3 eV) was

much deeper than that of TPTQ-F (−5.8 eV). Thus, the
injection of electron from DFH-4T to TPTQ-F was accessible
and DFH-4T acted as a hole blocking layer. DPP-DTT with
high hole mobilities and moderate electron mobilities was
inserted between the gate electrode and the emissive layer as
another charge transporting layer.52 The HOMO (−5.2 eV)
and LUMO (−3.5 eV) of DPP-DTT matched well with that of
the TPTQ-F, which should facilitate hole or electron transport
from DPP-DTT back to the emissive layer. Notably, the device
fabrication was enabled by solution-processing as shown in
detail in the Supporting Information. More than 10 OLET
devices were fabricated and tested for TPTQ-F. As shown in
Figure 6d, yellow-green electroluminescence was observed in
multilayered OLETs of TPTQ-F. The intensity of electro-
luminescence increased, and the emission zone became much
broader and shifted away from electrodes with increased gate
voltages. The EL spectrum of TPTQ-F showed two main peaks
at 511 nm (0−0) and 543 nm (0−1), which were similar to
those of PL spectrum of thin films (Figure 6c). The slightly
decreased I0−0/I0−1 ratio in EL spectrum can be attributed to
the minor change of molecular aggregates of TPTQ-F layer in
OLET devices.
The OLET output and transfer curves of TPTQ-F were

shown in Figure 7, in which both positive drain-source (VDS)
voltages (n-channel) and negative VDS (p-channel) exhibited
ambipolar behavior with V-shape curves. It was evident that
the charge transport occurred predominantly at the DPP-
DTT/dielectric interface and DFH-4T/PFN+BIm4

− interface.
The calculated hole mobilities (μh = 2.58 × 10−1 cm2 V−1 s−1)
and electron mobilities (μe = 6.34 × 10−3 cm2 V−1 s−1) from
transfer curves of multilayered OLET devices were over 2
orders of magnitude and 10 times larger than for double-
layered FET devices of TPTQ-F, respectively (Table S4). The
threshold voltages (VT) were −28 and 23 V for p- and n-
channel, respectively. Large on/off ratios of source-drain
current (Ion/off) were obtained for both p-channel (105) and
n-channel (104). The charge carriers’ mobility in these
multilayer devices were not balanced; namely, the hole
mobilities were higher than that of electron, which made the
recombination zone shift away from the middle (Figure 6d), in
contrast to the single-layered OLETs.53,54 The relatively low
electron mobilities in OLET devices than that of OFET
mobilities of pristine DFH-4T (μe = 0.5 cm2 V−1 s−1)50,51 were
possibly due to the influence of highly crystallized bottom
emissive layer. To measure EQE and EL intensity of the
TPTQ-F OLET devices, the photon flux of OLETs devices for
TPTQ-F was obtained by placing a calibrated photodiode right

Figure 7. Multilayered OLET transfer (a) and output curves (b, c) of TPTQ-F. Source-drain current (ISD), electroluminescent intensity (EL
intensity), and EQE of (d) TPTQ-F changing with gate voltage (VDS = 80 V).
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in front of the device and observing the response with changes
of applied voltages simultaneously.53,54 The EQE values of our
OLET devices were calculated based on the photocurrent
obtained from photodiodes and source-drain current in OLET
devices, which can be found in detail in the Supporting
Information. As shown in Figure 7d, the EL intensity decreased
with decreasing gate voltages (VG) from negative (−40 V) to
positive (20 V) and then increased with increasing gate
voltages starting from around VG = 60 V. The highest EL
intensity of 414 nW was achieved in OLET devices based on
TPTQ-F. TPTQ-F OLET devices showed the highest EQE of
5.3% at applied voltages of VDS = 80 V and VG = 69 V, which
was around 4 orders of magnitude higher than that of the
corresponding OLED (EQEmax = 5.59 × 10−4, Figure S7).
Different from OLEDs, the excitons were formed relatively far
away from the edge of electrodes in OLETs, which reduced the
interaction between exciton and metal and minimized the
quench of excitons significantly. The OLET structure avoided
emitted photons passing through the highly refractive trans-
parent indium tin oxide (ITO) electrode, resulting in higher
outcoupling efficiency in OLETs. Thus, multilayered OLETs
are a potentially more efficient platform for optical display than
OLEDs.

■ CONCLUSION

A highly emissive ladder-type copolymer TPTQ-F was
designed and synthesized in this work. It exhibited excellent
PLQY of 77% and highly balanced ambipolar charge mobilities
in double-layered OFET: μh = 1.26 × 10−3 cm2 V−1 s−1 and μe
= 3.53 × 10−4 cm2 V−1 s−1. Detailed studies revealed that it was
the delicate interchain π−π stacking distance (4.0 Å), lower
degree of energetic disordered, and enhanced crystallinity that
contributed to the impressive fluorescence and charge
transport. Moreover, the multilayered OLET devices based
on TPTQ-F showed an EQE as high as 5.3% and an
electroluminescent intensity of 414 nW. This work also
indicates that the multilayered OLET structure with matched
energy levels and good charge transporting layer is crucial
when the emissive layer exhibits only moderate carrier’s
mobility.
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