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ABSTRACT: An organic light-emitting transistor (OLET) integrates
the logic function of a field-effect transistor (FET) with electro-
luminescence of a light-emitting diode (LED) into a single device. This
has the potential to play an important role in smart displays, electrically
pumped organic laser, and other flexible electronic devices. For
achieving high-performance solution-processed OLET, three semi-
ladder copolymers—TPTI-CC, TPTI-C, and TPTI-F—were devel-
oped. It was found that variation in the chemical structure lead to
significant differences in energy level, emission color, and intermo-
lecular aggregation. High photoluminescence quantum yields (PLQY)
was obtained in these three polymers. Solution-processed trilayered
OLET devices were fabricated, which exhibited strong -electro-
luminescence, balanced charge mobility, and external quantum
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efficiency (EQE) of 2.8%.

B INTRODUCTION

One of the success stories in the field of organic
optoelectronics is that of the organic light-emitting diode
which has already percolated from research laboratories to
household electronics.”” Another promising field is that of
organic field-effect transistors (OFETs), which has the
potential to morph into flexible devices.”™> Organic light-
emitting transistor (OLET) combines both the electrical
switching capability of OFETs and the light-generation
capability of organic light-emitting diodes (OLEDs) in a single
device, in which the intensity and recombination zone of
electroluminescence (EL) can be effectively tuned by applying
gate voltage.” " A successful development of OLET technol-
ogy can greatly simplify the display fabrication process and lead
to new applications in electrically pumped organic lasers'’~"?
and smart displays.'* An efficient OLET should exhibit the
following characteristics: a large I, ¢ ratio, a high charge
mobility, a low applied voltage, a high external quantum
efficiency (EQE), and tunable recombination zone.’”®
However, accomplishing all of the above remains a formidable
task as current materials lack simultaneous ambipolar charge
transport and strong luminescence in the solid-state. Moreover,

effective ambipolar charge transport requires materials with Received: March 18, 2020 mﬁ’ —
highly ordered intermolecular stacking and proper matching of Revised:  May 17, 2020 %ﬁg
the highest occupied molecular orbital (HOMO) and lowest Published: May 18, 2020 ¥

unoccupied molecular orbital (LUMO) energy levels with the
Fermi energy level of metal electrodes. Unfortunately, strong
intermolecular 7—7 stacking will likely quench luminescence in
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the solid-state. Thus, organic systems with high solid-state
emission quantum yields generally exhibit less planar, but rigid
structures, which necessarily impede charge transport and
result in low charge carrier mobility.

To address this key issue, different types of materials have
been developed, including small-molecules, polymers, single-
crystals, as well as charge-transfer (CT) cocrystals.”*">~"” In
2003 Hepp and co-workers employed a bottom gate bottom
contact (BGBC) device architecture to fabricate a tetracene
based OLET device and observed light-emission.” Unfortu-
nately, their device exhibited a very low EQE due to high
charge injection energy barrier and low photoluminescent
quantum yield (PLQY) of tetracene.'® Later in 2006
Sirringhaus et al. used a fluorescent ambipolar semiconductor
F8BT (PLQY = 60%) to fabricate asymmetric bottom contact
top gate (BCTG) OLET device and achieved an impressive
EQE of over 8%.'”” By precisely controlling the growth of
single-crystals, both high PLQY, as well as high charge carrier
mobility, can be achieved simultaneously in single-crystal
devices. For instance, Hu et al. synthesized ambipolar
semiconductors DPA and dNaAnt, exhibiting a balanced
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electron/hole mobility of over 107! cm* V™' s7! and an EQE as
high as 1.75% in single-crystal OLET devices with asymmetric
electrodes.”"”** Park et al. developed a 2D slab CT cocrystal
composed of 2MDCS (D¢r;) and CN-TFPA (Acr;) and
achieved an EQE of 1.5% in a simple BGBC OLET device with
symmetric electrodes.”> However, the performance of OLET
achieved up to date is still very low when in comparison with
OLED. Moreover, the efficiency has recently plateaued due to
a lack of high-performance fluorescent semiconductors that
surpass F8BT.

An alternative approach is to prepare multilayer devices, in
which charge injection and charge-transporting layers are
introduced.”*** In these multilayer devices, a high charge
carrier mobility is not essential in the emissive layer provided
that the energy levels are properly aligned and the solid-state
emission quantum yield is high. This strategy was applied by
Capelli et al. in their trilayered vacuum-deposition OLET
device which exhibited balanced electron/hole mobility of 0.01
cm? V7! 57! and an EQE of 5%, more than 100 times higher
than that of the equivalent OLED.** In 2020, Meng et al. used
the thermally activated delayed fluorescence (TADF) small-
molecule materials and the hole transporting small-molecule
C8-BTBT to construct trilayered OLET devices by vacuum-
deposition, in which a peak EQE of 9.01% was achieved.”®
Though, these methods are not capable of solution-
processability, which greatly limit their future application in
printing electronics.

Thus, the development of new materials exhibiting proper
energy level alignment, high PLQY, and solution-processed
property has become critical for further progress in this area. In
this work, we developed three weak donor-weak acceptor
copolymers TPTI-CC, TPTI-C, and TPTI-F based on
electron-deficient thieno[2',3":5,6]pyrido[3,4-g]thieno[3,2-c]-
isoquinoline-5,11(4H,10H)-dione (TPTI) and electron-rich
fluorene and carbazoles. Here, carbazole (C) and fluorene (F)
are weak electron-donating units and their homo/copolymers
are hi%hly fluorescent materials.'”*”**~** Ladder-type building
block,>®> TPTL>** is a fluorescent and weak electron-
withdrawing group with good planarity and rigidity. It was
found that the resulting three copolymers exhibit high PLQY
and moderate charge carrier mobility. Moreover, solution-
processed trilayered OLET devices based on these polymers
were fabricated and exhibited high ambipolar charge mobility
and strong electroluminescence. An excellent EQE of 2.8% was
achieved in TPTI-F device, which is one of the highest among
solution-processed OLETs (Table S1).

B RESULTS AND DISCUSSION

The three copolymers (TPTI-CC, TPTI-C, and TPTI-F) were
synthesized via the Suzuki coupling reaction as shown in
Scheme 1. Here, TPTI-C is a cross-conjugated polymer while
TPTI-F and TPTI-CC are fully conjugated. Thermogravi-
metric analysis (TGA) show high thermal stability in the three
copolymers (Table 1). There is no peak observed in the DSC
analysis indicating that no phase transition happens during
thermal-annealing (Figure S1). Molecular weights (M,,) and
the distribution are determined with gel permeation
chromatography (GPC) as summarized in Table 1. All three
polymers have good solubility in common organic solvents
such as toluene, xylene, and chlorobenzene. DFT calculations
at B3LYP level of theory using 6-31G** basis set indicated a
HOMO of —4.91 eV and a LUMO of —2.17 eV for TPTI-CC,
which is slightly upshifted than the corresponding TPTI-F
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Scheme 1. Synthesis of Ladder-Type Copolymers, TPTI-
CC, TPTI-C, and TPTI-F
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polymer (—4.93/—2.25 eV). TPTI-C exhibits a HOMO of
—4.77 eV and a LUMO of —1.78 eV which is slightly higher
than that of TPTI-CC. Our molecular geometry simulation
clearly shows that TPTI-CC and TPTI-F exhibit linear
polymer backbones (Figure 1). A coiled molecular backbone
is formed in TPTI-C due to angled interconnection. From the
cyclic voltammetry (CV) measurements (Figure S2), HOMO/
LUMO energy levels of TPTI-CC, TPTI-C and TPTI-F were
determined to be —5.20 ¢V/—3.20 ¢V, — 5.11 eV /—=3.09 eV,
and —5.48 eV/—3.15 eV, respectively (Table 1). The slightly
higher HOMO energy levels on TPTI-CC and TPTI-C should
be attributed to the stronger electron-donating ability of
carbazole than that of fluorene in TPTI-F.

The concentration-dependent UV—vis absorption spectra of
TPTI-CC, TPTI-C, and TPTI-F are shown in Figure 2a—c.
The three main absorption peaks at 480 nm (0—2), 514 nm
(0—1) and 544 nm (0—0) are observed in the spectrum of
TPTI-CC, which do not change with increasing concentration.
In TPTI-CC thin film, the relative intensity of I,°'/I,°
decreases and the three peaks are significantly red-shifted to
496, 530, and 574 nm respectively. In the spectrum of TPTI-C,
however, the solution absorption peaks at 447 nm (0—2), 478
nm (0—1), and 539 nm (0—0) remained unchanged with
increasing concentration and are slightly red-shifted to 4SS,
486, and 554 nm in thin film. The relative peak intensity 1,°°/
I,°7" shows no change, while the intensity ratio I,°"'/I,°">
decreases in solid-state. Moreover, for TPTI-F, there exist two
main peaks at wavelengths of 460 (0—1) and 488 nm (0—0)
and a minor shoulder peak in the solution absorption
spectrum. The relative ratio of peak intensity I,°7°/I,°"
remained unchanged until the concentration reaches 0.0S
mg/mL when the L7°%/1,°7" ratio decreases. The thin film
spectrum, however, is red-shifted to 468 and 498 nm,
respectively.

Photoluminescence measurements provide further informa-
tion to elucidate molecular aggregation. The emission
spectrum of TPTI-CC film (Figure 2d) exhibits two peaks at
642 (0—0) and 712 nm (0—1) which are red-shifted from that
of dilute solution (586 and 665 nm). Although the ratio of
emission peak intensity (0—0)/(0—1) decreases as concen-
tration increases, the 0—0 transition is still the dominant
emission peak. This is consistent with the formation of J-
aggregates in TPTI-CC.”° In the emission spectrum of TPTI-C
(Figure 2e), the emission peaks in dilute solution (0.001 mg/
mL) are slightly red-shifted to 605 and 647 nm at higher
concentration (0.1 mg/mL). The (0-0)/(0—1) ratio
decreases gradually with increasing concentration and the 0—
0 transition is almost totally suppressed in the solid-state,
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Table 1. Chemical Property of TPTI-CC, TPTI-C and TPTI-F

HOMO (eV) LUMO (eV) E™ (eV)
TPTI-CC —5.20" (—4.91)° —3.20° (=2.17)* 2.00
TPTI-C —5.11" (—4.77)" —3.09° (=1.78) 2.02
TPTI-F —5.48" (-4.93)" —3.15° (=2.25) 2.33

EXMn (ev)  PLQY (%) M, M, PDI T, (°C)?
2.11 23 32428 23471 1.38 340
2.14 21 17797 14070 1.26 320
243 59 11963 9421 1.27 370

“Calculated from DFT. Calculated from oxidation onset of CV spectra. “E; ymo = Enomo + Eglm. 9TGA data showing the temperature for onset of

5% mass loss.

TPTI-CC

HOMO

Figure 1. Calculated HOMO and LUMO molecular orbital
distribution of TPTI-CC, TPTI-C, and TPTI-F.

HOMO

which may be attributed to H-aggregation.”® As shown in the
emission spectrum of TPTL-F (Figure 2f), the intensity of 0—0
(500 nm) emission decreases significantly with increasing
concentration and nearly vanishes in thin film. The prevention
of 0—0 emission and decreased 1,°°/I,°™" ratio in absorption
imply strong H-aggregation in TPTI-F films.*® The thin-film
photoluminescence spectra of TPTI-F (Figure 2f) shows a
major emission peak at 582 nm and a shoulder peak at around
619 nm which is significantly red-shifted from that in dilute
solution. The red-shifted H—aggre%ates of TPTI-F and TPTI-C
are similar to quadrupolar dyes.*”** Besides, the 0—0 and 0—1
emission peaks in solution are almost completely suppressed in
thin film. The large redshift and almost featureless shape in
solid-state photoluminescent spectra seems to indicate the
formation of excimer due to strong interchain interaction in
TPTI-F.* Interestingly, TPTI-CC and TPTI-C showed only
moderate PLQY of 23% and 21% respectively in chloroform
solution with a concentration of 0.001 mg/mL (Table 1),
while TPTI-F exhibited PLQY of 59% which was nearly three

times higher. To gain more insight into the photophysical
properties, time-resolved fluorescence decay is measured for
polymer solutions (Table S2). Fluorescence decay curves are
fitted with exponential decay equation and fluorescence
lifetimes were calculated. It is found that polymer TPTI-F
exhibits the longest fluorescence lifetime of 1.06 ns at the
highest concentration with a single exponential decay behavior.
TPTI-C and TPTI-CC exhibit double exponential decay which
may indicate the presence of different relaxation pathways.

Grazing-incidence wide-angle X-ray scattering (GIWAXS)
studies indicated that TPTI-C and TPTI-F exhibit weak
crystallinity with less tight molecular packing (d,_, = 3.9 A in
TPTI-C; d,_, = 4.1 A in TPTL-F). This is consistent with H-
aggregation in which branched alkyl chains on TPTI moiety
closely contact (Figure 3b—e). TPTI-CC, however, exhibits
enhanced lamellar stacking along the in-plane direction (Figure
3e) and more tightly 7—7 stacking (d,_, = 3.6 A; Figure 3a,d).
This is consistent with its more planar molecular backbone,
higher M,, and J-aggregation.

To investigate the electronic properties of the three
polymers, bottom gate top contact (BGTC) FET devices
were fabricated. Silicon dioxide (SiO,) with a thickness of
~300 nm was used as the dielectric layer, on which a self-
assembled n-octadecyltrichlorosilane (OTS) monolayer was
immobilized to reduce charge trapping caused by the surface
hydroxyl groups. After coating the polymer solutions on the
substrate under N, atmosphere, the films were thermally
annealed for half an hour on a hot-plate at an optimized
temperature of 120 °C. Gold (Au) was then vacuum deposited
on the active layers as drain and source electrodes through a
mask with the channel length of 50 ym and channel width of
18 mm. FET devices for TPTI-CC show unipolar transport
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Figure 2. Concentration-dependent UV—vis absorption spectra (a—c), and photoluminescence (PL) spectra (d—f) of TPTI-CC, TPTI-C, and

TPTI-F in chloroform solution and thin film, respectively.
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Figure 3. 2D GIWAXS images of (a) TPTI-CC, (b) TPTI-C, and (c) TPTI-F. 1D GIWAXS linecut along out-of-plane (d) and in-plane (e)
directions.

behavior with moderate hole mobility of 3.1 X 10™* cm* V™! emissive layer as a consequence of long channel length (50
s™' and I, ratio of 10> (Figure S3a and Table 2). Much um).

To address the issue of charge injection and low charge
Table 2. Electrical Property Measured from FET and OLET mobility, we fabricated soluti&nz—grocessed trilayered OLET

Devices of TPTI-CC, TPTI-C, and TPTI-F devices as shown in Figure 4a.”>" Poly(methyl methacrylate)
wy (cm? V7 s™) g, (em? V7 sTY) a
[max (avg)] [max (avg)] Ion/o [max (avg)] 50 ym
TPTI-CC* 3.1 x 107 102 (10%) Au Au
G710 | Chargeinjection layer PFN'BIm,
TPTI-C* 19 x 1076 10" (10")
(1.5 x 107 Emissive layer
TPTL-E* 1.8 X 107¢ 10" (10")
(1.1 x 1079) Charge transporting layer DPP-DTT

TPTI-CC®  0.041 (0.036) 0.059 (0.053) 103/10% (10%/10%) PMMA (OTS)

TPTI-C® 0.39 (0.30) 0.23 (0.18) 10*/10* (10%/10%) Dielectric (Si;N, 300 nm)

TPTI-F® 0.051 (0.046) 0.014 (0.011) 10*/10* (10%/10°%) .

TPTI-CC® 026 (0.22) 0.024 (0.018) 105/10* (10*/10%) B doped Si

TPTI-C* 0.024 (0.018) 0.016 (0.013) 10*/10° (10%/10%) b —

TPTLF 0.044 (0.038) 0.046 (0.040) 105/10* (10%/10%) —_— (2]

b LUMO (eV) (-3.15) == (=3.09)

DPP-DTT”  0.086 (0.074) 0.048 (0.043) 10°/10° (10%/10%) (-3.5) (-3.20)

DPP-DTT  0.96 (0.80) 0.34 (0.25) 10%/10* (10%/10%) DPPDTT TPTCC  TPTLC PEN'Bim,-
“Mobility calculated from OTS modified OFET devices. “Mobility
calculated from OLET devices with PMMA as modification layer. HOMO (eV) 52 520 (51 Au (5.1)
“Mobility calculated from OTS modified OLET devices. (-5.48)

(-5.7)

Figure 4. (a) Device configuration of OLET: B doped Si as gate
electrode, SizN, as dielectric layer, a thick poly(methyl methacrylate)

s -6 2 y-1 —1
lower electron mobility of 1.5 X 107" cm® V™" s™" and a small (PMMA) film or self-assemble monolayer OTS as modification layer

Lonjoir of 10" is obtained for TPTI-C with coiled structure on SizNy,; DPP-DTT work as transporting layer; PEN"BIm,” as
(Figure S3b). FET devices for TPTI-F, however, were unipolar electron injection layer, symmetric gold electrode as drain and source;
in which only n-type transfer curves were observed. Low (b) the energy diagram for OLET devices.

electron mobility of 1.8 X 107 cm®> V™' 57" and a small I, o5
of 10" was obtained (Table 2). The relatively higher charge (PMMA) in propyl acetate with a concentration of 30 mg/mL

carrier mobility of TPTI-CC is consistent with J-aggregation as was spin-coated on top of Si;N,, with a thickness of around
well as enhanced lamellar stacking and more tightly z—7x 120—150 nm, to reduce charge trapping. The commercially
stacking as shown in GIWAXS (Figure 3). Although both FET available semiconducting polymer DPP-DTT in chloroform
charge transport, as well as high PLQY, were achieved in solution (S mg/mL) was spin-coated on PMMA as the charge

TPTI-CC, TPTI-C, and TPTI-F, no electroluminescence was transporting layer. DPP-DTT exhibited both high electron and
observed in these single-layered OFET devices. This might be high hole mobility (Table 2). As shown in Figure 4b, the high-
related to the high injection energy barrier and low charge lying HOMO (—5.2 eV) and low-lying LUMO (3.5 eV) on
mobility that limits the hole and electron recombination in the DPP-DTT match well with the emissive layer, which should
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Figure 6. Characteristic transfer and output curves, and emission images of TPTI-CC (a—d), TPTI-C (e—h), and TPTI-F (i-1) in BGTC OLET
with optimized device configuration as shown in Figure 4a (OTS as modification layer). Channel length, L = SO ym; channel width, W = 18 mm.

facilitate the hole or electron transport from DPP-DTT to the
emissive layer. DPP-DTT has poor solubility in xylene or
toluene, which makes it feasible to fabricate the whole OLET
device through solution-processing. The emissive polymer in
xylene solution (12 mg/mL) was deposited on the top of DPP-
DTT by spin-coating. From the energy level diagram (Figure
4b), we can find that the LUMO of TPTI-CC, TPTI-C, and
TPTI-F is aligned rather high relative to the work function (Wg
~ 5.1 €V) of Au, which will impede electron injection.
Therefore, conjugated polyelectrolyte (CPE), PEN*BIm,~ was
used as the electron-injection layer because its unique ionic
effect can lower the electron injection energy barrier. Methanol
was used as the solvent for PFN*BIm,~ to avoid dissolution of
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the emissive layer underneath. As demonstrated before, the
thickness of PFN*BIm,” plays an important role in the
performance of OLET.*® After both the concentration and the
spin-rate of PFN'BIm,” were optimized, it was found that
PEN*BIm,~ with a thickness lower than 10 nm is optimal in
our OLET devices. Then, Au with a thickness of 30 nm were
deposited on top of PFN'BIm,  as symmetric drain-source
electrodes. At least ten OLET devices were fabricated and
tested for each emissive polymer.

As shown in Figure S4, our OLET devices of TPTI-CC,
TPTI-C, and TPTI-F exhibit ambipolar FET behavior with
hole/electron mobility of 0.041/0.059, 0.39/0.23, and 0.051/
0.014 cm® V' 57" respectively (Table 2). The I, og ratio of
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Figure 7. Source-drain current, Ipg (black), electroluminescent (EL) intensity (blue), and EQE (orange) change with gate voltages of OTS
modified OLET devices: TPTI-CC, Vpg = 70 V (a), TPTI-C, Vg = 90 V (b), and TPTI-F, Vg = 70 V (c).

TPTI-C and TPTLF are significantly improved from 10" to
10* This greatly improved FET property should be attributed
to the incorporation of DPP-DTT as a charge transporting
layer. Yellow-orange, orange, and yellow emission were
observed for TPTI-CC, TPTI-C, and TPTI-F respectively, as
shown in Figure S4d,hl. The EL spectra of TPTI-CC and
TPTI-C were blue-shifted relative to PL spectra in solid-state,
which might imply that the EL came from relatively less
aggregated emissive centers (Figure Sab). The electro-
luminescent spectra of TPTI-F exhibited a main peak at
around 572 nm (Figure Sc) which was close to the PL spectra
in film (582 nm). Although large drain-source and gate
voltages were applied, the performances of OLET with this
architecture was still poor. The low intensity and narrow
emission zone may be attributed to the poor FET transporting
property of DPP-DTT on PMMA (Table 2).

In order to further improve device performances, we
employed self-assembled OTS monolayer to replace the
thick insulating PMMA layer (Figure 4a). As shown in Figure
6, emission from these devices is significantly stronger than the
emission from PMMA modified ones. Interestingly, the
emission regions of TPTI-CC and TPTI-F are extending
further from electrodes than that of TPTI-C under the same
gate voltage.

The emissions are still fixed near the electrodes, which are
possibly attributed to the poor charge transporting property of
PEN'BIm,” and emissive layer, and OLED-like working mode.
Moreover, the I,,/4 ratio of TPTI-CC and TPTI-F OLET
devices increases significantly than before as shown in Table 2.
These improvements may be partially attributed to the
enhancement of charge transport in the OLET devices of
TPTI-CC and TPTI-F. GIWAXS studies indicate significantly
enhanced diffraction peak intensity at g = 0.3 and 0.6 A™'
along the out-of-plane direction and g = 0.1 A™" along the in-
plane direction of DPP-DTT films on OTS modified devices in
comparison with those on PMMA (Figure SS). As shown in
Table 2 and Figures S6 and S7, both charge carrier mobility
and I, /¢ ratio of DPP-DTT on OTS modified FET devices
were enhanced significantly in comparison with that on
PMMA.

We used a photodetector to measure the photocurrent and
calculated the electroluminescent outpower (EL intensity) and
EQE of these OLET devices, after calibrating with OLED of
the same material*>** As shown in Figure 7a, the EL intensity
for TPTI-CC increase from 0.5 nW (Vg = =20 V) to 26 nW
(Vg = =65 V), which is consistent with the device switching-
on at —20 V and increased emission intensity as Vg is
increased. From V; = S5 to 70 V, the EL intensity increases
significantly from 4 to 153 nW, which is comparable to the
vacuum-deposited trilayered OLET device.”* Based on the
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number of photons and electrons from drain-source current,
the EQE of TPTI-CC was calculated, as shown in Figure 7a as
a function of V. The highest EQE was determined to be
0.56% at low applied voltages: V; = 59 V and Vg = 70 V. In
contrast with TPTI-CC, a relatively lower EL intensity (9 nW
at Vg = —80 V) is obtained in TPTI-C (Figure 7b), though a
larger voltage is applied. The large drain-source current and a
lower photon count makes the EQE of TPTI-C (0.00013%) at
Vg = =80V and Vg = 90V, 3 orders of magnitude lower than
that of TPTI-CC. As shown in Figure 7c, the EL intensity of
TPTI-F increases from 0.07 nW (Vg = 35 V) to 40 nW (V =
—40 V). From Vg = 58 to 70 V, the EL intensity increased
significantly from 16.9 to 108 nW. The EQE of TPTL-F was
calculated as shown in Figure 7c. The highest EQE was
determined to be 2.8% at low applied voltages: V5 = 62 V and
Vps = 70 V, which is five times higher than that of TPTI-CC.
Notably, more than 1000 times higher EQE are achieved in
OLET in comparison with the corresponding trilayer OLED
(ITO/PEDOT:PSS/DPP-DTT/emissive layer/PFN*BIm,”/
Ca/Al) as shown in Figure S8, which demonstrate the great
potential in trilayered OLETSs for flexible organic electronic
devices.

The low performance of TPTI-C may be attributed to the
weak crystallinity and poor charge transporting property due to
its coiled structure, which limits the transport and recombi-
nation of charge carriers in the TPTI-C emissive layer.
Moreover, significantly low PLQY in TPTI-C also results in
low EQE. In comparison, the planar molecular backbone,
strong crystallinity and matched energy level of TPTI-CC will
facilitate the injection of charge carriers from the electrodes
and allow their recombination in the emissive layer. However,
the intrinsically low PLQY in TPTI-CC and unbalanced charge
mobility on OTS modified OLET devices leads to the
relatively lower EQE in comparison with TPTI-F.

B CONCLUSION

We designed and synthesized three semiladder-type copoly-
mers, TPTI-CC, TPTI-C, and TPTI-F. The structural
variations in TPTI-CC, TPTI-C, and TPTI-F dictates their
different aggregation states and electronic effects. These three
polymers exhibit good emission, suitable energy levels, and
decent FET behavior. By carefully selecting the electron
injection, charge transporting and modification layers, high-
performance solution-processed trilayered OLETs were
prepared. The high PLQY in TPTI-F and balanced electron
and hole mobility of 0.046 and 0.044 cm” V™' s™' obtained in
TPTI-F based trilayered OLET devices, contribute to an EQE
as high as 2.8% even at a relatively low voltages (V; = 62 V and
Vps = 70 V). Further improvement of the intrinsically charge
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mobility in TPTI-F without sacrifice of PLQY through
molecular engineering, should lead to higher device perform-
ance.

B EXPERIMENTAL SECTION

Fabrication of OLET Devices. Devices were assembled in
bottom gate top contact (BG-TC) configuration. B doped silicon
wafers with 300 nm silicon nitride were purchased from University
Wafers and used as substrates. Wafers were cut into 14 X 19 mm
slides and ultrasonicated in acetone and isopropanol for 15 min each.
After that they were dried using compressed dry nitrogen. Silicon
wafers were modified with octadecyltrichlorosilane (OTS). For OTS
modification, silicon wafers were put in glass Petri dish and one drop
of OTS were added. It was kept in vacuum oven at 120 °C for 1 h.
The solution of DPP-DTT was spin-coated on rotating substrate at
1500 rpm/60 s and annealed at 120 °C for 30 min in glovebox. Active
layer polymers were dissolved in p-xylene with the concentration 10
mg mL™' and spin-coated on DPP-DTT at 2000 rpm for 40 s.
Polymer films were annealed at 120 °C for 30 min in glovebox.
PEN*BIm,~ was dissolved in methanol with the concentration of 2
mg mL ™", After filtration, PEN"BIm,” was spin-coated on active layer
at 7000 rpm for 30 s. Polymer films were annealed at 60 °C for 20
min in air and transferred back to glovebox for thermal deposition of
source-drain electrodes. Thirty nm of gold was deposited in vacuum
chamber under pressure <107° Torr through a shadow mask
purchased from Ossila Ltd.

Characterization of OLET Devices. All devices were tested in
nitrogen glovebox in dark. Two-channel SMU Keithley 2612A was
used to test output and transfer characteristics of devices. Electro-
luminescence spectra of emissive polymers were obtained from OLED
devices. The structure of the OLED devices was ITO/PEDOT:PSS/
DPP-DTT/emissive layer/PFN*BIm, /Ca/Al. ITO glasses were
ultrasonicated in chloroform, acetone and isopropanol for 15 min
each and dried using compressed nitrogen. Glasses were cleaned in
UV/ozone for 20 min. PEDOT:PSS from Heraeus was spin-coated on
ITO at 6000 rpm for 60 s and annealed in vacuum oven at 95 °C. A
solution of emissive layer in p-xylene with the concentration 12 mg
mL™" was spin-coated on PEDOT:PSS at 1500 rpm for 30 s and
annealed at 100 °C for 30 min in glovebox. Then 20 nm calcium and
80 nm aluminum were thermally evaporated in vacuum chamber
under pressure <107® Torr through a shadow mask that defined the
device area of 3.14 mm™ Electroluminescence spectra of these OLEDs
were measured using a calibrated integrating sphere AvaSphere-50-
IRRAD and AvaSpec-ULS2048 spectrometer from Avantes and
source meter unit Keithley 2420 to drive OLED.

EQE Measurements. In order to measure EQE of OLET devices
we used a modified method previously described elsewhere.”® The
photodiode FDS100-CAL purchased from Thorlabs was calibrated
with OLED of known irradiance based on the same emissive layer as
OLET. The irradiance of OLED was measured using calibrated
integrating sphere AvaSphere-50-IRRAD and AvaSpec-ULS2048
spectrometer. Photocurrent from the calibrated photodiode placed
right in front of the operating device was used to calculate brightness
of OLET devices and based on it calculate photon flux. Lambertian
emission was assumed. The number of electrons injected in the device
was calculated from source drain current. EQE was calculated as the
ratio of photon flux to the number of injected electrons per second.

GIWAXS Analysis. The GIWAXS measurements were performed
at 8ID-E beamline of Advanced Photon source Argonne National
Laboratory with the radiation wavelength 1.1354 A. Samples were
prepared on polished silicon wafer covered with PEDOT: PSS. The
same solvent and annealing mode were used as in the actual device
fabrication process.

Synthesis of Semiladder Copolymers. General Procedure. A
mixture of Br-TPTI-Br monomer (1 equiv) and carbazole/fluorene
comonomer (1 equiv), K,CO; (4 equiv), Aliquat 336 (3 drops), and
Pd(PPh;), (0.05 equiv) were dissolved in 4 mL of toluene/H,0O
(10:1). The mixture was degassed for 30 min and then refluxed for 72
h. After cooling to room temperature, the mixture was passed through
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Celite and precipitated in methanol. The polymer fibers were then
washed by Soxhlet extraction with methanol, acetone, hexanes, and
chloroform. The final polymer was obtained after reprecipitation of
chloroform fraction in methanol.

TPTI-CC. A mixture of Br-TPTI-Br (0.200g, 0.244 mmol), PinB-
CC-BPin (0.130g, 0.244 mmol), K,CO; (0.135g, 0.977 mmol),
Aliquat 336 (3 drops), and Pd(PPh;), (0.014g, 0.012 mmol) were
dissolved in 6 mL of toluene/H,0 (10:1). The mixture was degassed
for 30 min and then refluxed for 72 h. After cooling to room
temperature, the mixture was added to methanol. The precipitate was
dissolved in chloroform and filtered with Celite. The polymer fibers
were then washed by Soxhlet extraction with methanol, acetone,
hexanes, and chloroform. The final polymer was obtained after
reprecipitation in methanol as red solid. Yield: 89%. '"H NMR (500
MHz, C,D,Cl,): 6 (ppm) 6.6—9.0 (br, 10H), 3.60—4.85 (br, 6H),
2.0-2.35 (br, 3H), 1.15-1.75 (m, 40H), 0.72—1.11 (m, 18H).
Elemental Analysis calculated for [CgH;oN30,S,]n: C: 76.79; H:
8.49; N: 4.48. Found: C: 75.39; H: 8.17; N: 4.13.

TPTI-C. A mixture of Br-TPTI-Br (0.200g, 0.244 mmol), PinB-C-
BPin (0.130g, 0.244 mmol), K,CO; (0.135g, 0.977 mmol), Aliquat
336 (3 drops), and Pd(PPh,), (0.014g, 0.012 mmol) were dissolved
in 6 mL of toluene/H,O (10:1). The mixture was degassed for 30 min
and then refluxed for 72 h. After cooling to room temperature, the
mixture was added to methanol. The precipitate was dissolved in
chloroform and filtered with Celite. The polymer fibers were then
washed by Soxhlet extraction with methanol, acetone, hexanes, and
chloroform. The final polymer was obtained after reprecipitation in
methanol as red solid. Yield: 88%. '"H NMR (500 MHz, C,D,Cl,): §
(ppm) 6.6—9.0 (br, 10H), 3.50—5.20 (br, 6H), 1.98—2.34 (br, 3H),
1.16—1.74 (m, 40H), 0.72—1.11 (m, 18H). Elemental Analysis
calculated for [CgoH;oN;0,S,]n: C: 76.79; H: 8.49; N: 4.48. Found:
C: 75.46; H: 8.47; N: 4.28.

TPTI-F. A mixture of Br-TPTI-Br (0.200g, 0.244 mmol), PinB-F-
BPin (0.157g, 0.244 mmol), K,CO; (0.135 g, 0.977 mmol), Aliquat
336 (3 drops), and Pd(PPh;), (0.014g, 0.012 mmol) were dissolved
in 6 mL of toluene/H,O (10:1). The mixture was degassed for 30 min
and then refluxed for 72 h. After cooling to room temperature, the
mixture was added to methanol. The precipitate was dissolved in
chloroform and filtered with Celite. The polymer fibers were then
washed by Soxhlet extraction with methanol, acetone, hexanes, and
chloroform. The final polymer was obtained after reprecipitation in
methanol as orange solid. (yield: 82%). 'H NMR (500 MHz, CDCL,):
5 (ppm) 8.92 (s, 2H) 7.30—8.01 (br, 8H), 4.33 (br, 4H), 2.14 (br,
6H), 1.20—1.51 (m, 32H), 0.61—1.05 (m, 42H). Elemental Analysis
calculated for [CgoHggN,0,5,]n: C: 78.96; H: 9.22; N: 2.67. Found:
C: 77.63; H: 9.06; N: 2.69.
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