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ABSTRACT: New low band gap thiophene-phenylene-thiophene
(TPT)-based donor-acceptor-donor random copolymers were
synthesized for optoelectronic device applications by a palla-
dium-catalyzed Stille coupling reaction under microwave heat-
ing. The acceptors included 2,3-bis(4-(2-ethylhexyloxy)phenyl)-
5,8-bis[5'-bromo-dithien-2-yl-quinoxalines] (DTQ) and 3,6-bis(5-
bromothiophen-2-yl)-2,5-bis(2-ethyl-hexyl)-pyrrolo[3,4-c]-pyrrole-
1,4-dione (DPP). The prepared random copolymers were named
as PTPTDTQqs5, PTPTDTQq34DPPg 14, and PTPTDTQq 26DPPg 34
depending on the copolymer ratio. The optical band gaps (Egp‘)
of PTPTDTQqs55, PTPTDTQg 3sDPPg 14, and PTPTDTQq 26DPPg 34
were 1.74, 1.56, and 1.48 eV, respectively. The hole mobility
obtained from the field-effect transistor devices prepared from
PTPTDTQq5s5, PTPTDTQg34DPPg14, and PTPTDTQq 26DPPo 34
were 2.2 x 1075, 2.4 x 1072 and 47 x 108 cm? V' s,
respectively, with the on-off ratios of 4.0 x 10%, 4.0 x 10% and
53 x 10% It suggested that the significant intramolecular

charge transfer between the TPT and acceptor led to the band
gap reduction and hole mobility enhancement. Polymer solar
cells of these TPT-based copolymers blended with 1-(3-methox-
ycarbonyl)propyl-1-phenyl-[6,6]-C-71 (PC5;BM) under illumina-
tion of AM 1.5G (100 mW cm2) solar simulator exhibited a
power conversion efficiency (PCE) as high as 3.71%. Besides,
the near-infrared photodetector device prepared from
PTPTDTQy 26DPPy 34 showed a high external quantum efficiency
exceeding 32% at 700 nm (under —3 V bias) and fast-speed
response. This study suggests that the prepared TPT-based donor-
acceptor random copolymers exhibited promising and versatile
applications on optoelectronic devices. © 2010 Wiley Periodicals,
Inc. J Polym Sci Part A: Polym Chem 48: 2351-2360, 2010
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INTRODUCTION Donor-acceptor (D-A) conjugated copoly-
mers have attracted extensive research interest because of
their tunable electronic and optoelectronic properties
through intramolecular charge transfer (ICT)."? Various de-
vice applications have been explored for such conjugated
copolymers, including light emitting diodes (LEDs),>™® photo-
voltaic cells, '3 field-effect transistors (FETs),>**? and pho-
todetectors (PDs).**** Among the D-A alternating conjugated
polymers, the electron-donating moieties of fluorene®”?®
thiophene,30-31:36-4045-47  gia]koxylphenylene,>#*®*°  carba-
zole,”*">® indolocarbazole,**” and cyclopentadithiophene®®2%33
in combination with various electron-withdrawing acceptor or
donor-acceptor-donor (D-A-D) blocks have recently been
reported.

Thiophene-phenylene-thiophene (TPT)-based materials have
emerged as superior building block for the construction of

conjugated polymers. The coplanar chromophore, featuring
embedded heteroarenes as constituents of coplanar conjugated
backbones, may exhibit a strong intermolecular 7-7 interac-
tion, and thus enhances the degree of n-conjugation.'>"*® The
use of tetrahexylaryl groups, positioned as peripheral substitu-
ents of the TPT units, tailors the intermolecular interaction
between the polymer chains to provide improved morpholo-
gies and processability (Scheme 1). In our previous works,
copolymers of TPT unit incorporated with thiophene or bithio-
phene exhibited a hole mobility up to 3 x 102 ecm? V="' s as
well as a promising solar cell efficiency of 3.3%.'* Recently, a
series of low band gap TPT-based copolymers using D-A strat-
egy were developed to extend the absorption spectrum and the
solar cell efficiency of more than 4%.°

The introduction of D-A-D building blocks incorporated into
the polymer main chain not only facilitates a stronger ICT
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but also boosts the coplanar conformation to further lower
the band gap.?>*%°* Qur goal in this study is to construct
TPT-based D-A-D copolymers with different composition of
the acceptor blocks (DTQ and DPP). Also, such polymer sys-
tems are expected to have a relatively small band gap and
could be used to explore the device applications of FETs,
photovoltaic cells, and near-infrared photodetectors (NIR-
PDs). Here, we report the synthesis, properties, and optoelec-
tronic device applications of new TPT-based conjugated
copolymers, including PTPTDTQq 55, PTPTDTQ( 34DPPg 14,
and PTPTDTQq ;6DPPg 34. These random polymers consisted
of TPT, 2,5-bis(trimethylstannyl)thiophene, and different
acceptor compositions of DTQ and DPP were synthesized by
a palladium-catalyzed Stille coupling reaction under micro-
wave heating, as shown in Scheme 1. The field-effect carrier
mobility was obtained from the bottom gate thin film
transistor (TFT) devices and correlated with the polymer
structures. Polymer solar cell devices were fabricated by
spin-coating polymer blend of TPT-based copolymers/
PC,1BM, sandwiched between a transparent anode (ITO)
and cathodes (Ca/Al). Also, the polymer blend of
PTPTDTQp.26DPPy.34/PC;1BM was explored for near-infra-
red organic PDs applications, which requires polymers with
a low band gap and high carrier mobility.**** Our experi-
mental results suggested the TPT-based D-A-D conjugated
copolymers showed versatile optoelectronic applications.

EXPERIMENTAL

Materials

Tri(o-tolyl)phosphine, tris(dibenzylideneacetone)dipalladium
(0), trimethyl(thiophen-2-yl)stannane, and bromothiophene
were purchased from Aldrich (Aldrich, MO) and used with-
out further purification. Ultra-anhydrous solvents and com-
mon organic solvents were purchased from Tedia, Merck,
and J.T. Baker. The following donors or acceptors were pre-
pared according to literature procedures: (TPT,**7'° 2,5-bis
(trimethylstannyl)thiophene,** 2,3-bis(4-(2-ethylhexyloxy)-
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SCHEME 1 Reaction scheme on
- preparing the TPT-based donor-
acceptor random copolymers.

phenyl)-5,8-bis[5'-bromo-dithien-2-yl-quinoxalines] (DTQ),"®
and 3,6-bis(5-bromothiophen-2-yl)-2,5-bis(2-ethylhexyl)pyr-
rolo[3,4-c]-pyrrole-1,4-dione (DPP).>>*® 1-(3-Methoxycarbo-
nyl)propyl-1-phenyl-[6,6]-C-71 (PC;;BM) was purchased
from Solenne (Groningen, The Netherlands) for solar cell de-
vice application.

General Procedures of Polymerization

The general procedure of synthesizing TPT-acceptor random
copolymers is shown in Scheme 1. Donor monomers (TPT
and 2,5-bis(trimethylstannyl)thiophene), donor-acceptor-do-
nor blocks (DTQ and DPP), tri(o-tolyl)phosphine (16 mol %
with respect to ditin monomer), and tris(dibenzylideneacetone)
dipalladium (0) (2 mol % with respect to ditin monomer) were
dissolved in chlorobenzene and these copolymers were synthe-
sized by Pd(0)-catalyzed Stille coupling polymerization under
microwave heating. After end-capped with trimethyl(thiophen-
2-yl)stannane and bromothiophene (both 1.1 equiv. with
respect to ditin monomer), the mixture was cooled and poured
into hexane. The precipitated material was dissolved into a
small amount of CHCl3 and then re-precipitated into methanol
to afford a crude polymer. The crude polymer was washed for
24 h with acetone to remove oligomers and catalyst residues.

Synthesis of PTPTDTQq 55

A total of 532.6 mg (0.50 mmol) of the TPT, 430.4 mg (0.50
mmol) of the DTQ, 410.0 mg of the 2,5-bis(trimethylstan-
nyl)thiophene (1.0 mmol), and 15 mL of chlorobenzene were
used to afford a black solid (Yield: 55%).

'H NMR (CDCls),  (ppm): 8.15-6.81 (m, br, Ar—H), 3.90 (br,
Ar—OCH;), 2.57 (br, Ar—CH;), 1.85-1.10 (m, br, —CH,,
—CH), 1.10-0.65 (m, br, —CH3). Anal. Calcd. for [(CsgH74S3)1
+ (C4gHs0N2S3)oss]: C, 79.97; H, 7.22; N, 1.08; S, 10.50.
Found: C, 77.24; H, 6.99; N, 1.02; S, 10.84. Weight-averaged
molecular weight (M,,) and polydispersity index (PDI) esti-
mated from GPC are 76,000 and 1.97, respectively.
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Synthesis of PTPTDTQq 34DPPg 14

A total of 266.3 mg (0.25 mmol) of the TPT, 161.4 mg (0.19
mmol) of the DTQ, 42.7 mg (0.06 mmol) of the DPP, 204.9
mg of the 2,5-bis(trimethylstannyl)thiophene (0.5 mmol),
and 10 mL of chlorobenzene were used to afford a black
solid (Yield: 60%).

'H NMR (CDCl3), 6 (ppm): 9.01-6.75 (m, br, Ar—H), 4.30-
3.72 (br, Ar—0CH,, N—CH;), 2.57 (br, Ar—CH;), 2.05-1.10
(m, br, —CH,, —CH), 1.10-0.70 (m, br, —CH3). Anal. Calcd.
for [(CegH74S3)1 + (CagHs0N2S3)034 + (C34Ha0N2S3)0.14] : C,
79.94; H, 7.28; N, 1.01; S, 10.63. Found: C, 78.00; H, 7.18; N,
1.26; S, 10.75. Weight-averaged M,, and PDI estimated from
GPC are 68,000 and 2.49, respectively.

Synthesis of PTPTDTQq ,6DPPg 34

A total of 319.6 mg (0.3 mmol) of the TPT, 129.1 mg (0.15
mmol) of the DTQ, 102.4 mg (0.15 mmol) of the DPP, 245.9
mg of the 2,5-bis(trimethylstannyl)thiophene (0.6 mmol),
and 10 mL of chlorobenzene were used to afford a black
solid (Yield: 58%).

'H NMR (CDCl3), 6 (ppm): 9.05-6.80 (m, br, Ar—H), 4.30-
3.74 (br, Ar—0CH,, N—CH;), 2.57 (br, Ar—CH;), 2.10-1.12
(m, br, —CH,, —CH), 1.12-0.70 (m, br, —CHj3). Anal. Calcd.
for [(CegH74S3)1 + (CagHs0N2S3)o26 + (C34H40N283)034] 1 C,
79.13; H, 7.26; N, 1.20; S, 11.02. Found: C, 77.47; H, 7.29; N,
1.23; S, 10.49. Weight-averaged M,, and PDI estimated from
GPC are 65,000 and 2.50, respectively.

Characterization

'H NMR spectra were recorded by Bruker Avance DRX 500
MHz. Gel permeation chromatographic (GPC) analysis was
performed on a Lab Alliance RI2000 instrument (two col-
umn, MIXED-C and D from Polymer Laboratories) connected
with one refractive index detector from Schambeck SFD
Gmbh. All GPC analyses were performed on polymer/THF so-
lution at a flow rate of 1 mL min~" at 40 °C and calibrated
with polystyrene standards.

Thermogravimetric analysis (TGA) and differential scanning
calorimetry (DSC) measurements were performed under a
nitrogen atmosphere at a heating rate of 20 and 10 °C
min~' using a TA instrument (TGA-951 and DSC-910S),
respectively. Atomic force microscopy (AFM) measurements
were obtained with a NanoScope Illa AFM (Digital Instru-
ments, Santa Barbara, CA) at room temperature. Commercial
silicon cantilevers (Nanosensors, Germany) with typical
spring constants of 21-78 N m~! was used to operate the
AFM in tapping mode. Images were taken continuously with
the scan rate of 1.0 Hz.

UV-vis absorption spectra of the spin-coated polymer films
on quartz substrates were recorded on a Hitachi U-4100
spectrophotometer. For the thin film spectra, polymers were
first dissolved in dichlorobenzene (8 mg mL™") and filtered
through 0.45 um pore size PTFE membrane syringe filters,
spin-coated at a speed rate of 600 rpm for 60 s onto quartz
substrate. Cyclic voltammetry (CV) was performed with the
use of a three-electrode cell in which ITO (polymer films
area about 0.5 x 0.7 cm?®) was used as a working electrode.
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A platinum wire was used as an auxiliary electrode. All cell
potentials were taken with the use of a homemade Ag/AgCl,
KCl (sat.) reference electrode. The energy levels of HOMO/
LUMO were determined from the onset oxidation (Egx...)/
onset reduction (E'¢,) and estimated on the basis of the
reference energy level of ferrocence (4.8 V below the vac-
uum level) according to the following equations: HOMO =
—[Eghsee — EY°" + 48] (eV) and LUMO = —[Efi, —

Eferocene 1 48] (eV).

Fabrication and Characterization of FETs

Organic FETs were prepared from polymer thin films with a
bottom-contact configuration on the heavily n-doped silicon
wafers. A thermally grown 200 nm SiO, used as the gate
dielectric with a capacitance of 17 nF cm 2. The aluminum
was used to create a common bottom-gate electrode. The
source/drain regions were defined by a 100-nm thick gold
contact electrode through a regular shadow mask, and the
channel length (L) and width (W) were 25 pym and 500 or
100 um, respectively. Afterward, the substrate was modified
with octyltrichlorosilane (OTS) as silane coupling agents.
Polymer solution with a concentration of 0.5 wt % in chloro-
benzene was filtered through 0.20 ym pore size PTFE mem-
brane syringe filter. It was then spin-coated onto the silan-
ized SiO,/Si substrate at a speed rate of 1000 rpm for 60 s
and cured at 60 °C overnight in vacuum. Output and transfer
characteristics of the FET devices were measured using
Keithley 4200 semiconductor parametric analyzer. All the
procedures and electrical measurements were performed in
ambient air.

Fabrication and Characterization of Polymer
Photovoltaic Cells and Near Infrared PDs

All the bulk-heterojunction photovoltaic cells and PDs were
prepared using the same preparation procedures and de-
vice fabrication procedure referring as following: the glass-
indium tin oxide (ITO) substrates (obtained from Sanyo,
Japan (8 ohms per square) were first patterned by litho-
graph, then cleaned with detergent, and ultrasonicated in
acetone and isopropyl alcohol, and subsequently dried on
hot plate at 120 °C for 5 min, and finally treated with oxy-
gen plasma for 5 min. Poly(3,4-ethylenedioxy-thiophene):-
poly(styrene-sulfonate) (PEDOT:PSS, Baytron P VP Al4083)
was passed through a 0.45-um filter before being deposited
on ITO with a thickness around 30 nm by spin coating at
3000 rpm in the air and dried at 140 °C for 1 h inside
glove box. The thin film of the polymer/PC,;BM blends on
the top of PEDOT:PSS layer was prepared by spin coating
from dichlorobenzene solution. Subsequently, the device
was completed by coating 30-nm thickness of Ca and a
100-nm thickness of Al under <10~° torr pressure, respec-
tively. The active area of the device is 4 mm? The external
quantum efficiency (EQE) was measured by the spectral
response measurement system (SR300,0ptosolar GMBH).

For the transient response measurement of PD, inorganic
LED with 650 nm emission was driven by a function genera-
tor. The photocurrent of polymer PD is amplified by trans-
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impedance amplifier (DHPCA-100, Femto-tech) and the out-
put signal is read from digital oscilloscope.

RESULTS AND DISCUSSION

Polymer Structure

The chemical structures of the synthesized polymers are
confirmed by 'H NMR and elemental analysis. Figure 1
shows the 'H NMR spectra of PTPTDTQqss,
PTPTDTQq34DPPg 14, and PTPTDTQq26DPPg34 in CDCls.
All spectra show the signal of the methylene group attached
to the phenyl side group of TPT unit (peak a) at 2.57 ppm.'®
Furthermore, the peaks in the range of 2.10-1.12 (—CH; and
—CH) and 1.12-0.7 ppm (—CHj3) are attributed to the hexyl
group on TPT, the ethylhexyloxyphenyl group on DTQ and the
ethylhexyl group in DPP. In the spectra of PTPTDTQq 34DPPg 14
and PTPTDTQq26DPPy34 [Fig. 1(b,c)], the characteristic peaks
at 0 8.10 and 895 ppm are assigned to the protons of the
phenylene ring of quinoxaline unit and those of the thiophene
ring of the DPP unit. These two characteristic peaks are used
to estimate the ratios between DTQ and DPP units through the
integral ratios and thus the copolymer compositions were
determined. Moreover, the elemental analysis of studied poly-
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mers exhibits a moderate agreement with the estimated ratios
of individual blocks from "H NMR results. The above structural
characterization results indicate the successful synthesis of the
TPT-based random copolymers. The weight-averaged M,,
and PDI of the PTPTDTQqss, PTPTDTQq 34DPPg 14, and
PTPTDTQ(.26DPPy 34 are (76,000, 1.97), (68,000, 2.49), and
(65,000, 2.50), respectively. The prepared copolymers were
very soluble in common organic solvents. The high-molecular
weight and good solubility of studied copolymers would be
important for their device applications.

Thermal Stability

Figure 2 shows the TGA curves of the studied copolymers
at the heating rate of 20 °C min~' under a nitrogen
atmosphere. The thermal decomposition temperatures (Ty,
95 wt % residue) of PTPTDTQq55, PTPTDTQq 34DPPg 14,
and PTPTDTQ2¢DPPy 34 under a nitrogen atmosphere are
455, 468, and 460 °C, respectively; while their corresponding
T4 under air are 449, 378, and 393 °C (see Supporting Infor-
mation Figure S1). It indicates the good thermal stability and
their potential application for TPT-based polymers. No clear
thermal transition was observed from the DSC scan from 40
to 300 °C, which was probably due to its rigid backbone.®

INTERSCIENCE.WILEY.COM/JOURNAL/JPOLA
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FIGURE 2 TGA curves of studied copolymers at the heating
rate of 20 °C min~" under nitrogen purging.

Optical Properties

The UV-vis absorption spectra of the studied copolymers in
dilute o-dichlorobenzene and thin films are shown in Figure
3(a,b), respectively. The corresponding maximum absorption
wavelengths (/max), optical band gaps (E‘g)l’t), and absorption
coefficients («) are summarized in Table 1. For PTPTDTQq ss,
the absorption band around 350-650 nm could be attributed
to the combined contributions of TPT and DTQ blocks. With
the incorporation of the DPP unit, the absorption spectra of
PTPTDTQo34DPPg14 and PTPTDTQq26DPPg 34 exhibit two
distinct peaks: the peak in the wavelength range of 350-
650 nm, similar to that of PTPTDTQgss. Another peak in the
wavelength range of 650-850 nm is due to the significant
charge transfer between the TPT donor and the DPP
acceptor. The A of PTPTDTQq 55, PTPTDTQ(.34DPPg 14,
and PTPTDTQq26DPPy34 in dichlorobenzene solution are
observed at 550, (547, 650, 686), and (520, 694) nm,
respectively, while those of thin films are shown at 551,
(534, 666), and (515, 713) nm. As more DPP units were
incorporated into the copolymers, higher n-electron delocali-
zation was occurred in the polymer chain and led to a signif-
icant red-shifting on the absorption spectra.®® The optical
band gaps (Egpt, eV) estimated from the absorption edges of
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FIGURE 3 Optical absorption spectra of the studied copolymers
in (a) dilute 1,2-dichlorobenzene solutions and (b) thin films on
a quartz plate.

(1.74) > PTPTDTQq34DPPg 14 (1.56) > PTPTDTQq26DPPg 34
(1.48). By comparing with the absorption bands of the TPT
homopolymer and its derivatives in our previous work,'* the
studied copolymers exhibit lower band gaps and suggest the
significant ICT in polymer chains.

On the other hand, the thin films of PTPTDTQq 55 (1.34 X
10° cm™' at Apae =ca. 551 nm), PTPTDTQq34DPPg 14

thin film spectra are in the following order: PTPTDTQqss (1.26 x 10° cm™' at Jgnm = ca. 534 nm), and
TABLE 1 Molecular Weights, Thermal Properties, and Optical and Electrochemical Properties of the Studied TPT-Based
Donor-Acceptor Random Copolymers
UV-Vis Absorption Cyclic Voltammetry

Solution (DCB) Film p-Doping n-Doping
Polymer Amax (NM) Amax (NM) 0@ Egpt (eV) E3X./HOMO (V)/(eV) E{)endset/LUMO (V)/(eV) E‘SC
PTPTDTQg 55 550 551 1.34 1.74 0.85/—5.21 -1.21/-3.15 2.06
PTPTDTQg 34DPPo 14 547, 650, 686 534, 666 1.26 1.56 0.80/—5.16 -1.16/-3.20 1.96
PTPTDTQo 26DPPo 34 520, 694 515, 713 1.13 1.48 0.76/—5.12 —0.94/-3.42 1.70

@ Absorption coefficient (x) of the solid thin film at its maximum intensity of absorption peak (x107% cm™").
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FIGURE 4 Cyclic voltammograms of studied copolymers thin
film in an acetonitrile solution of 0.1 M TBAP at a scan rate of
01Vs™"

PTPTDTQq26DPPgss (1.13 x 10° cm™? at Apa = ca.
515 nm) exhibit high-absorption coefficients comparable
with that of P3HT film (1.9 x 10° cm ! at An. = ca.
552 nm), as shown in Figure 3(b). As the Egpt of the pre-
pared copolymers decreases, the absorption intensity around
350-650 nm increases while that of 650-850 nm decreases
as the DPP composition was enhanced. Note that the optical
band gap of PTPTDPP reported previously'® was lower than
PTPTDTQp.26DPPy.34 in the present study, due to its stron-
ger ICT. Thus, it is expected that the absorption spectrum of
the copolymer could be further broadened at a higher DPP
composition, which is important for near infrared device
applications.

Electrochemical Properties
Figure 4 shows that the CV curves of the studied polymers
using polymer films in acetonitrile at a potential scan rate of
100 mV s~ 1. The HOMO energy level, the LUMO energy level,
and the electrochemical band gaps (E;%) of the polymers
were calculated from onset oxidation potentials (EQ...) and
onset reduction potentials (Eg‘;’iet), respectively, according to
the following equations: HOMO = —[E% .. — Efle/r;“e“e + 4.8]
- E‘cf/rzm‘:e“e + 4.8] V, where the potentials

onset
V, LUMO = —[Exed
are referred to an Ag/AgCl reference electrode. These results

onset

were summarized at Table 1. Apparently, these random
copolymers exhibit reversible oxidative processes. The corre-
sponding HOMO energy levels of PTPTDTQg 55, PTPTDTQq 34
DPP()_14_, and PTPTDTQO.ZGDPP()_34 are —521, —516, and
—5.12 eV, respectively; their LUMO energy levels are —3.15,
—3.20, and —3.42 eV, respectively. The E¢ values of our TPT-
based copolymers are systematically larger than their values
of Egpt, which is probably due to the exciton binding energy of
conjugated polymers.*! As the ratio of DPP unit is increased
(PTPTDTQq 34DPP; 14 and PTPTDTQo,6DPPg 34), the HOMO
levels become higher and the LUMO levels become lower.
When compared with PTPTQ (—5.30/—3.37 eV),'® the
higher HOMO of PTPTDTQq 55 (—5.21/—3.15 €V) could be
attributed to the D-A-D ICT structure of DTQ while the elec-
tron-donating ethylhexyloxy-phenyl side chain on DTQ ele-
vates the LUMO.

Polymer FET Characteristics

The charge transporting characteristics of the studied poly-
mers were explored through the bottom contact FET devices
and the relative results were summarized in Table 2. Figure 5
shows the FET output and transfer characteristics of the stud-
ied copolymer devices on the ODTS-modified SiO,. These poly-
mers show typical p-channel characteristics [drain current (I4)
vs. drain voltage (V) at various gate voltages (V)] when oper-
ate in the accumulation mode operation. In the saturation

region (Vq > Vy - V), I can be described by eq 1:38
WC,
la = =22 (Vy = )’ )

where p, is the hole mobility, W is the channel width, L is
the channel length, and C, is the capacitance of the gate in-
sulator per unit area (SiO, 200 nm, C, = 17 nF cm ?),
respectively. The saturation region mobility of the studied
polymers is calculated from the transfer characteristics of FET
involving plotting (I;)"/* versus V, The hole mobility of
PTPTDTQoss, PTPTDTQ(34DPPg 14, and PTPTDTQq26DPPos3s
is 22 x 1073 24 x 1073 and 47 x 10 * cm®* V' ' s,
respectively, with their corresponding on-off ratios of 2.0 x
10*% 4.0 x 10* and 5.3 x 10* The hole mobility of these
three TPT-based conjugated copolymers are comparable
with other reported TPT derivatives fabricated with similar
structures.’® It indicates that these poly(TPT) derivatives
with a coplanar structure lead to high mobility of > 1073
em? V-1 s711% As listed in Table 2, the FET mobility of the

TABLE 2 FET and Photovoltaic Characteristics of the Studied TPT-Based Donor-Acceptor Random Copolymers

FET-Pristine Polymer

Polymer Mobility (cm? V™' s™") On-Off (-)
PTPTDTQq 55 2.2 x 1072 4.0 x 10*
PTPTDTQ,.3,DPPg 14 2.4 x 1073 4.0 x 10*
PTPTDTQq 26DPPg 34 47 x 103 5.3 x 10*

Photovoltaic Cell-Polymer/PC;,BM (1:3)

Jsc (MA cm™2) Ve (V) FF (%) PCE? (%)
10.40 0.740 0.484 3.71

9.67 0.724 0.473 3.31
10.10 0.715 0.431 3.12

@ The average value of power conversion efficiency is calculated from 4 pixels in the device.
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FIGURE 5 (a) Transfer characteristic of the polymer devices
with an ODTS-modified surface and annealed at 100 °C for
30 min, where V45 = —100 V. The output characteristics of (b)
PTPTDTQg 34DPPg.14 and (c) PTPTDTQq26DPPo34 based TFT
devices.

studied polymer increases as the ratio of DPP raises. It
might be arised from the following two factors: the raising
HOMO level and the enhanced 7-delocalization through the
incorporation of the DPP units. The higher HOMO level could
reduce the energy barrier between Au and active layer and
then facilitate the charge injection. Furthermore, the incorpo-
ration of the DPP building block was reported to exhibit a
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high FET mobility for its excellent charge transporting
ability.5>>°

Polymer Photovoltaic Cell Characteristics

According to previous reports,'* the bulk heterojunction so-
lar cells were fabricated with a sandwich configuration of
ITO/PEDOT:PSS/Polymer:PC;;BM/Ca (30 nm)/Al (100 nm).
The active layers of studied polymers devices were fabri-
cated without an annealing process. After encapsulation with
UV-curing glue, the I-V characteristics were measured in air.
The thickness of active layer can be controlled by changing
the spin-coated rate and the concentration of active layer so-
lution. The I-V characteristics of polymer solar cell prepared
from the blends of polymer:PC,;BM (1:3, w/w) were shown
in Figure 6(a). The photovoltaic properties including open-
circuit voltage (V,.), short-circuit current (Js.), fill factor (FF),
and power conversion efficiency (PCE) were summarized in
Table 2. The PTPTDTQO_34_, PTPTDTQO_34_DPPO_14_, and

—a—PTPTDTQ,,
=—o=PTPTDTQ, ,DPP,

—=PTPTDTQ,, DPP, ,

Current density (mA/cm®)

-8
-10
0.0 0.2 0.4 0.6 0.8
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FIGURE 6 (a) Current density-potential characteristics of poly-
mer solar cells with Polymer:PC5,BM (1:3, w/w) under the illu-
mination with AM 1.5G solar simulated light (100 mW cm2).
(b) The external quantum efficiency (EQE) spectra of devices
fabricated with above device system. (Polymer:P;;,CBM =
1:3).
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PTPTDTQy.26DPPy.34-based devices exhibit the highest PCEs
of 3.71, 3.31, and 3.12%, respectively. The decreasing trend
of PCE with the increasing DPP composition could be
explained as follows. In general, the V,. value decreases with
the increasing ratios of the DPP unit, which are consistent
with their high-lying HOMO levels of PTPTDTQq.34DPPg.14
and PTPTDTQq26DPPo34 when compared with that of
PTPTDTQp.34. In addition, the absorption intensity of stud-
ied polymers in the visible region decreases but that in the
infrared region enhances with the increasing the DPP com-
position. The EQE of the best performing devices [poly-
mer:PC,;BM = 1:3, as shown in Fig. 6(a)] are depicted in
Figure 6(b). The shape of the EQE curves of the devices is
similar to their absorption spectra, indicating that all the
absorption of the polymers contributed to the photovoltaic
conversion. The integral area of the absorbance of
PTPTDTQO_34DPPO_14 and PTPTDTQ()_ZGDPP()_34 in the lon-
ger wavelength range from 650 to 850 nm is much higher
than that of PTPTDTQq34. However, these two copolymers
exhibit a weaker absorbance in the visible region (400-650
nm), leading the lower PCE of the devices than that of
PTPTDTQq34. Moreover, the convolution of the spectral
responses with the photon flux AM 1.5 G spectra (100 mW
cm~?) provides for the Ji. values of 10.3, 9.8, and 10.0 mA
Cm72 for the PTPTDTQO_34, PTPTDTQO_34DPPO_14, and
PTPTDTQ.26DPPy.34-based devices, respectively. It indicates
that the absorption characteristics dominate their solar cell
performances of the studied polymers. An ~2% mismatch
exists between the convolution and solar simulator data
could be attributed the mismatch between the EQE light
source and photon flux AM 1.5 G.}° The surface morpholo-
gies of our blended films (polymer:PC;;BM = 1:3) investi-
gated by using tapping mode AFM shows a relatively small
roughness for all three copolymers, as depicted in Support-
ing Information Figure S2. It indicates the morphological
effect of the copolymers on the solar cell performance is in-
significant. Although the broadened absorption spectra and
the enhanced hole mobilities of PTPTDTQg34DPPy14 and
PTPTDTQq 26DPPy 34 would benefit the PCE, the combina-
tion of the low-lying HOMO level and the better absorption
spectral matching of PTPTDTQq 55 render the best photovol-
taic efficiency among the three copolymers.

Polymer Near-Infrared PD

Among the synthesized copolymers, PTPTDTQq.26DPP¢.34
shows the lowest band gap (1.48 eV) and extends its absorp-
tion range up to near-infrared region; potential for the NIR-
PD application. When compared with inorganic semiconduc-
tors, the photoexcitation of organic semiconductors gener-
ates strong bound excitons rather than free charge carriers.
To dissociate excitons efficiently, the donor/acceptor bulk
heterojunction approach is typically used.*®> On the basis of
this concept, we fabricated our NIR-PD comprises of
PTPTDTQp.26DPPo.34/PC71BM (1:3) device, forming inter-
penetrating donor/acceptor networks. Figure 7(a) shows the
EQE curve of the PTPTDTQq 26DPPg34-based PD. The EQE
curves of PTPTDTQq.¢DPPy34/PC7;1BM consistent with
absorption spectra indicate that photons absorbed in IR
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FIGURE 7 (a) The EQE spectrum of the near-infrared photode-
tector (PTPTDTQg26DPPo34/PC;4BM = 1:3) application at
reverse biases. (b) Transient response of the near-infrared pho-
todetector (PTPTDTQg.26DPPg 34/PC71BM = 1:3) under 1 MHz.

range by the active layer contributes to the photocurrent.
The PTPTDTQq 26DPPg34/PC,:BM device exhibits 23% of
EQE at 700 nm and increases by a factor of 1.4 to 32% at
—3 V, which is probably attributes due to the enhanced
charge collection under reverse bias. The device exhibits
infrared response up to 850 nm, which is much longer than
that in P3HT:PCBM (650 nm).**

In addition to the sensitivity, the fast response is strongly
desired for the high-speed scanning in the large area PD
array. The frame rate of the PD array is limited by the speed
of PD. Moreover, the high-speed PD enables noise removal by
the AC mode operation. For the frequency response mea-
surement, the light source is a 650 nm inorganic LED oper-
ated at 4 V and modulated at 1 MHz. The polymer PD is
operated at the reverse bias of —3 V. Figure 7(b) shows the
transient response of a PD under 650 nm the inorganic LED
illumination. The carrier mobility of 1 MHz operation could
be estimated about 10~* cm? V"'s~! by calculating the aver-
age drift velocity under the assumption of the uniform elec-
tric field in the active layer. The high EQE spectral response
and fast-speed response of PTPTDTQq¢DPPg34/PC;1BM
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based PD device suggests their potential applications of
TPT-based low band gap polymers.

CONCLUSIONS

Three new TPT-based random copolymers, PTPTDTQgss,
PTPTDTQO_34_DPPO_14_, and PTPTDTQ()_ZGDPP()_34 were suc-
cessfully synthesized by palladium(0)-catalyzed Stille cou-
pling reaction. The absorption spectra and energy level of
resulting copolymers could be easily tuned by changing the
ratios of DTQ and DPP blocks. The incorporation of the DPP
unit incorporated into polymer main chain significantly
increased the near infrared absorption, lowered the band
gap, and enhanced the carrier mobility. The photovoltaic de-
vice based on PTPTDTQg 55:PC71BM (1:3, w/w) bulk hetero-
junction shows the best PCE of 3.71% under the illumination
of AM 1.5G (100 mW cm™2). In addition, the TPT-based NIR
PD characteristics exhibited the high EQE spectral response
and fast-speed response. Our experimental results suggested
that the TPT-based D-A-D conjugated copolymers could ex-
hibit versatile optoelectronic applications.

This work was supported by National Science Council, Ministry
of Economics Affairs, and the excellent project of National Tai-
wan University.
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