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Asymmetric Diketopyrrolopyrrole Conjugated Polymers for
Field-Effect Transistors and Polymer Solar Cells Processed
from a Nonchlorinated Solvent

Yunjing Ji, Chengyi Xiao, Qiang Wang, Jianqi Zhang, Cheng Li,* Yonggang Wu, Zhixiang Wei,
Xiaowei Zhan, Wenping Hu, Zhaohui Wang, René A. J. Janssen,* and Weiwei Li*

Conjugated polymers based on electron-deficient diketopyr-
rolopyrrole (DPP) units have been intensively explored and
applied in solution-processed organic electronic devices. Due to
their good planarity and strong intermolecular 7— interactions
of the conjugated backbone, DPP polymers show high carrier
mobilities > 1 cm? V! s7! in field-effect transistors (FET),!
exceeding those of amorphous silicon. The strong electron-
withdrawing character of DPP units also causes DPP polymers
to absorb near infrared light and their absorption spectra cover
a significant part of the solar spectrum. As a result, DPP-based
polymer solar cells (PSCs) can provide high photocurrents
above 20 mA cm™°-! and achieve excellent power conversion
efficiencies (PCEs) > 8%.['""13] Compared to other high-per-
formance polymer semiconductors, DPP polymers show sig-
nificantly less synthetic complexity.'* All these merits indicate
that DPP polymers have great potential for large-area industrial
application. However, an important drawback of DPP polymers
for FETs and PSCs is that the film formation requires the use
of a chlorinated solvent, such as chloroform (CHCl;), chloro-
benzene, or ortho-dichlorobenzene (o-DCB), resulting in detri-
mental effects on the environment. Therefore, it is urgent to
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design new DPP polymers that can be solution-processed from
nonchlorinated solvents for organic electronic thin film devices.

The repeat unit of DPP polymers generally comprises four
different principal components: the DPP unit, flanked by two
adjacent aromatic substituents, a central n-conjugated seg-
ment, and solubilizing alkyl chains on the lactam ring. The
aromatic substituents originate from the aromatic nitrile pre-
cursors that are used to synthesize the DPP core, which does
not exist as a unit by itself.'>) The solubility of the polymers
is determined by their chemical structure in which the length
of the side chains!'®'8l and the size of conjugated segment are
important parameters.' Long branched alkyl chains attached
to the lactam ring of DPP enhance the solubility of the con-
jugated polymer and decrease the n—r stacking, promoting the
hole mobilities in FETs.”] However, the change of side chain
length has little influence on the polarity and noncovalent inter-
actions of the polymer backbone that prevent the polymer to
become soluble in less-polar solvents, such as toluene. Further-
more, DPP polymers with long alkyl side chains were found
to form a fibrillar micro-phase separation with large diameter
fibrils in bulk-heterojunction solar cells, which lowers the
efficiency for charge generation and the PCE.I'®l However, the
solubility of DPP polymers can be effectively adjusted by vari-
ations in the conjugated backbone. When the DPP monomers
were randomly copolymerized with two different conjugated
segments?®2!l or with an asymmetric conjugated segment,??!
the resulting DPP polymer lacks perfect translational sym-
metry along the chain and becomes well soluble in nonchlorin-
ated solvents, such as toluene and tetrahydrofuran, while still
affording high hole mobilities >1 cm? V! s7! in FETs.

Here we focus on exploring new DPP polymers that can
be solution-processed from nonchlorinated solvents for high-
performance FETs and PSCs. Our design strategy is based
on the use of two different flanking aromatic substituents on
the DPP monomer. For the synthesis of symmetrical DPP
monomers, the two aromatic units, such as benzene,?334
pyridine,>?>2¢  thiophene (T),¥%8 furan,'©2%30  3.methyl-
thiophene (MT),?!  thieno[3,2-b]thiophene (TT),l1232  sele-
nophene, >}l and thiazole,3**°] are introduced using their
nitrile derivatives via one-step reaction with diethyl succinate.
By using two-step methods, asymmetric DPP monomers can
be synthesized, affording structures like T-DPP-MT or T-DPP-
TT (Scheme 1). Asymmetric DPP compounds have also been
reported for dye-sensitized solar cells.?®3”] In this work, we
show the first example of asymmetric DPP polymers by incor-
porating two different aromatic substituents. The new DPP
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Scheme 1. Chemical structures of the DPP polymers PDPPTT-2T and PDPPMT-2T and their synthetic routes. T, thiophene; TT, thieno[3,2-b]thiophene;
and MT, methylthiophene. i) sodium/FeCl; in 2-methyl-2-butanol at 95 °C, 2 h; 1 was added and thieno[3,2-b]thiophene-2-carbonitrile (or 4-methylthio-
phene-2-carbonitrile) was added dropwise at 120 °C; reflux at 120 °C, 3 h; ii) K,COj3, 18-crown-6, and 2-octyldodecyl bromide (or 2-hexyldecyl bromide)

in DMF at 120 °C, 16 h; iii) Br, in CHCls; iv) Stille polymerization by using

polymers, PDPPTT-2T and PDPPMT-2T (Scheme 1), possess a
high molecular weight (>100 kg mol™!) and small bandgap, and
show good solubility in toluene, but at the same time afford
highly crystalline thin films. Processing either of the two poly-
mers from toluene with diphenyl ether (DPE) as additive pro-
vides bottom gate-bottom contact (BGBC) configuration FETs
with a hole mobility as high as 12.5 cm? V™! s7L. In addition,
PSCs based on the two polymers as electron donor, processed
from a toluene/DPE solvent mixture, show PCEs of 6.5% with
a photoresponse above 900 nm. The results demonstrate that
incorporating structural asymmetry into the main chain via dif-
ferent aromatic substituents is an efficient strategy to achieve
high-performance FETs and PSCs of DPP polymers using non-
chlorinated solution-processing.

The synthetic procedures for the DPP monomers and poly-
mers are presented in Scheme 1. Starting from the initial pre-
cursor, ethyl 5-oxo-2-(thiophen-2-yl)-4,5-dihydro-1H-pyrrole-
3-carboxylate (1)® with thiophene as aromatic group, and using
TT or MT based nitriles, the asymmetric DPP compounds 2
and 3 were prepared. After N-alkylation and bromination of 2
and 3, the asymmetric dibromo-DPP monomers 4 and 5 were
obtained. The polymers PDPPTT-2T and PDPPMT-2T were syn-
thesized via Stille polymerization, in which a Pd,(dba)s;/PPh;
(1:4) catalyst and toluene/DMF (10:1) solvent mixture were
applied to reduce the homo-coupling side reactions and achieve
a high molecular weight.’% Both polymers show good solubility
in CHCI;. The polymers are also soluble in toluene, but form
gel-like structures in 10 min. at room temperature (Supporting
Information, Table S1). This indicates that the two polymers are
less soluble in toluene than in CHCI;. The molecular weight of
the two polymers was determined by gel permeation chroma-
tography (GPC) with 0-DCB as eluent at 140 °C, as shown in
Figure S1 in the Supporting Information. Both polymers show
a number-average molecular weight (M,) above 100 kg mol™!
and PDI around 2, which is comparable to analogous sym-
metric DPP polymers such as PDPP3T,*}l PMDPP3T,*! and
P1.B2 It is to be noticed that for both polymers, the repeating
units can have two possible structures as shown in Figure S2

© 2015 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

Pd,(dba)s/PPh; in toluene/DMF (10:1, v/v) at 115 °C.

and S3 in the Supporting Information. Density functional
theory (DFT) calculations reveal that the two types show sim-
ilar frontier energy levels and have a planar backbone with very
small torsion angles. The high molecular weight and coplanar
backbone are beneficial for charge transport in FETs and PSCs.

The two polymers show similar electronic absorption spectra
in CHClI; solution and in thin films. The optical bandgaps (E,)
of PDPPTT-2T and PDPPMT-2T were 1.38 eV and 1.39 eV in
chloroform solution (Figure S4, Supporting Information),
and 1.36 eV and 1.34 eV in thin films (Figure 1). The optical
bandgap is similar to that of symmetric DPP polymers.[!331:32]
The two polymers have the same reduction and oxidation
potentials of —1.31 and 0.00 V versus ferrocene (Fc/Fc*) respec-
tively, as determined by cyclic voltammetry in 0-DCB (Figure S5
and Table S2, Supporting Information).

The two DPP polymers were applied in FETs devices with
a BGBC configuration. The silicon dioxide gate dielectric used
was passivated with octadecyltrichlorosilane (OTS). The poly-
mers were applied via spin coating from CHCI; or toluene solu-
tion without or with DPE as additive and thermally annealed
for 2 h at 120 °C in vacuum. Initially, the hole mobilities of
PDPPTT-2T and PDPPMT-2T spin coated from CHCI; solution
were measured to be 2.06 and 5.22 cm? V7! s7! (Table 1 and
Figure S6, Supporting Information). The hole mobilities were
slightly less (1.96 and 4.68 cm? V7! s7!) when the polymers
were processed from toluene solution. When adding a small
amount of high-boiling-point DPE as additive into toluene
solution, the hole mobilities increased dramatically to 5.24
and 10.3 cm? V! 57! for PDPPTT-2T and PDPPMT-2T, with a
maximum mobility of 12.5 cm? V! s7! for the latter (Figure 2,
Table 1, and Figure S7, Supporting Information). To the best
of our knowledge, this represents the highest hole mobility
for polymer FETs fabricated from a nonchlorinated solvent.
Interestingly, PDPPMT-2T with methylthiophene as bridge
has a more than doubled hole mobility compared to PDPPTT-
2T with fused TT as bridge. The two polymers also have good
solubility in other nonchlorinated solvents, such as xylene and
1,2,4-trimethylbenzene (TMB). FETs devices based on thin
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Figure 1. Absorption spectra of thin films of PDPPTT-2T and PDPPMT-2T.

films of the two polymers fabricated from xylene or TMB with
or without DPE show similar hole mobilities compared to those
from toluene solution (Figure S8,S9 and Table S3, Supporting
Information).

The morphology and crystal characteristics of the DPP
polymer films were further investigated by atomic force micros-
copy (AFM) image and 2D grazing-incidence wide-angle X-ray
scattering (2D-GIWAXS), as shown in Figure 3 and Figure S10
in the Supporting Information. The polymer films processed
from toluene/DPE solutions show crystalline domains and pos-
sess a higher surface roughness (Figure S10c,d, Supporting
Information) (2.13 and 1.38 nm for PDPPTT-2T and PDPP2T-
T) than the films from toluene solution (Figure S10a,b, Sup-
porting Information) (0.86 and 0.71 nm for PDPPTT-2T and
PDPP2T-T). 2D-GIWAXS patterns show that the polymer films
spin coated from toluene/DPE and annealed at 120 °C are
highly ordered and highly crystalline, as evidenced by the series
of reflections associated with the lamellar packing of the alkyl
chains. Distinct (h00) diffraction peaks up to the fourth order
can be observed in the out-of-plane direction (Figure 3a,b) for
both polymers. The highest intensity (100) peaks of PDPPTT-
2T and PDPPMT-2T at g, = 0.30 and 0.34 A~ correspond
d-spacings of 20.9 and 18.5 nm, respectively (Figure 3c,d and
Table S4, Supporting Information). The distinct (010) dif-
fraction peak in the in-plane direction of the PDPPTT-2T
evidences -7 stacking (spacing: ca. 3.63 A). PDPPMT-2T
shows a less pronounced (010) diffraction peak also in the in-
plane direction with a 7 stacking distance of ca. 3.9 A and

www.advmat.de

a low-intensity (100) peak can also be observed. This indicates
that PDPPMT-2T has less preferential order than PDPPTT-2T,
although PDPPMT-2T shows a much higher hole mobility than
PDPPTT-2T. High mobilities for less-ordered organic semicon-
ductors have also been reported in other high-molecular-weight
conjugated polymers.[?1#% Semicrystalline conjugated polymers
contain ordered and disordered regions in thin films. For high-
mobility polymers it has been suggested that charge transport is
predominantly occurring along the backbone and requires only
occasional intermolecular hopping through short m-stacking
bridges such that short-range intermolecular aggregation is suf-
ficient for efficient long-range charge transport.1#2 Compared
to PDPPTT-2T, PDPPMT-2T may show better aggregation in
the disordered regions, explaining the higher mobility.

The two polymers exhibit both (100) and (010) diffrac-
tion peaks in the out-of-plane direction when processed from
toluene solution. We attribute this to the absence of a clear
preference for edge on orientation of the polymer chains on
the surface (Figure S11, Supporting Information). AFM and
2D-GIWAXS results shows that the polymer films fabricated
from pure toluene solution exhibit less crystallinity and prefer-
ential orientation, which is consistent with their lower mobili-
ties compared to films fabricated from toluene/DPE solutions.
The 2D-GIWAXS results show that both asymmetric DPP
polymers exhibit preferentially edge-on molecular packing
with high crystallinity when processed from toluene/DPE solu-
tions, which could lead to their high hole mobilities for in plane
transport.

The two polymers were further applied as electron donors
in bulk heterojunction photovoltaic cells after blending with
phenyl-C;;-butyric acid methyl ester ([70]JPCBM) as electron
acceptor in an inverted device configuration with an ITO/ZnO
electrode for electron collection and a MoO3/Ag electrode for
hole collection. The photoactive layers were carefully optimized
with respect to the solvent used for spin coating, solvent addi-
tive, ratio of donor to acceptor, and thickness, as summarized
in Table S5-S8 and Figure S12-S14 in the Supporting Infor-
mation. The optimized polymer—fullerene weight ratio is 1:2.
The J-V characteristics and external quantum efficiency (EQE)
for the optimized solar cells are shown in Figure 4a,b and
Table 2. The J s were determined by integrating the EQE with
the AM1.5G spectrum. PDPPTT-2T:[70]PCBM cells had a PCE
of 5.1% with J,. = 13.5 mA cm™, V. = 0.61 V, and fill factor
(FF) = 0.63 when the active layer is spin coated from CHCl;
with 10% o-DCB as additive. The PCE increased to 6.1% due to

Table 1. Field-effect hole mobilities of the DPP polymers in a BGBC configuration. The polymer thin films were thermally annealed at 120 °C for 2 h

before measurement.

Polymer Solvent Yp [em2 Vs Vr Ton/loff
Ave Max V]

PDPPTT-2T CHCl, 2.06 217 -10.8 1x107
Toluene 1.96 2.07 -5.2 8x 108

Toluene/DPE (3%) 5.24 5.87 -7.5 2x10°

PDPPMT-2T CHCl; 5.22 5.28 -1.7 4x10*
Toluene 4.68 4.87 -4.6 9x10°

Toluene/DPE (2%) 10.3 12,5 -29 7x10*
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Figure 2. a,c) Transfer and b,d) output curves obtained from BGBC FET devices with DPP polymer thin films annealed at 120 °C: a,b) for PDPPTT-2T,;
c,d) for PDPPMT-2T. The thin films were spin cast from toluene/DPE solution.

much higher J;. = 15.8 mA cm™ when using toluene with 3%
DPE as additive. For PDPPMT-2T:[70]PCBM cells, the PCE was
5.8% by using CHCI; with 2% DPE as additive, which increased
to 6.5% when spin coating from toluene/DPE. This was mainly
due to the enhancement of J. from 15.1 to 15.8 mA cm2 and
FF from 0.61 to 0.66. The two cells processed from toluene/
DPE solution show a broad photoresponse from 300 nm to
900 nm with a maximum EQE over 0.55 in the near-infrared
spectral region where the polymer absorbs light (Figure 4b).
The photo-active layers can also be fabricated from nonchlorin-
ated xylene or TMB solutions with DPE as additive, which gave
comparable PCEs as films fabricated from toluene/DPE system
(Table S9 and Figure S15, Supporting Information).

© 2015 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

The photoactive layers were further investigated by
2D-GWAXS and transmission electron microscopy (TEM).
Clear (100) and (200) diffraction peaks can be observed in out-
of-plane direction, but the higher order diffraction peaks are
no longer visible in the blend (Figure 4c,d, and Figure S16,
Supporting Information). This indicates that the crystallinity
of DPP polymers is reduced in the blends with [70]PCBM
compared to the pure films. Accordingly, the diffraction (010)
peak in the blend films can be found in out-of-plane direc-
tion but with low intensity. The diffraction halo observed near
g = 1.32 A7l is attributed to [70]JPCBM. TEM images based
on the polymer—fullerene systems spin coated from toluene/
DPE solution reveal that both of PDPPTT-2T and PDPPMT-2T

Adv. Mater. 2015,
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Figure 3. Characteristics of the polymer thin films spin coated from toluene/DPE and annealed at 120 °C. a,b) 2D-GIWAXS patterns, and c,d) the out-
of-plane (OOP) and in-plane (IP) cuts of the corresponding 2D-GIWAXS patterns: a,c) for PDPPTT-2T, b,d) for PDPPMT-2T.

present fibril-like nanostructures with a diameter below
10 nm, similar to other DPP-fullerene blend films.['% Because
the radius of these polymer fibrils is on the order of the exciton
diffusion length, most excitons will reach the donor/acceptor
interface to generate charges and improve the PCE.

Interestingly, solar cells fabricated from toluene/DPE
exhibit higher J.s, FFs, and PCEs than those from CHCl;
with 0-DCB or DPE as additive, which may originate from the
morphology difference in blend films. AFM results show that
polymer:[70]PCBM films fabricated from toluene/DPE solution
have a higher RMS roughness than films from CHCI; solu-
tion (Figure S17, Supporting Information), indicating more
micro-phase separation in blend films. 2D-GIWAXS results
also reveal that the blend films spin coated from toluene/DPE
have strong (100) diffraction peaks (Figure 4c,d) as compared to
those spin coated from CHCIl; mixture solution (Figure S18a—d,
Supporting Information), which confirms that the polymers
in blend films spin coated from toluene/DPE have improved
aggregation and crystallinity. Further analysis by TEM shows
that the blend films fabricated from CHCI; with additive con-
tain large fibril-like structures (PDPPTT-2T) (Figure S18e, Sup-
porting Information) or less-detectable fibers (PDPPMT-2T)
(Figure S19f, Supporting Information), both of which is not
beneficial for charge generation. As indicated in the solubility
test, the polymers form gel-like structures in toluene solu-
tion, indicating pre-aggregation before solution-processing.
This may responsible for the better aggregation of polymers in
blending films and achieve high PCEs when solution-processed
from toluene/DPE.

Adv. Mater. 2015,
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© 2015 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

In conclusion, two asymmetric DPP polymers with different
aromatic substituents were designed, synthesized, and applied
in FETs and PSCs. The new polymers provide high molecular
weights, small bandgaps, and good solubility in toluene. The
polymers have hole mobilities as high as 12.5 cm? V! 571 in
FETs due to their high crystallinity in thin films when pro-
cessed from toluene/DPE solution. With the same solvent
combination, photovoltaic devices based on these two polymers
reach PCEs of 6.5% with a photoresponse up to 900 nm. The
results demonstrate that DPP polymers that have an asym-
metry in the flanking aromatic substituents form a successful
approach toward semiconducting materials that can be pro-
cessed from nonchlorinated solvents, while maintaining a high
performance in FETs and PSCs.

Experimental Section

The organic FETs were fabricated on a commercial Si/SiO,/Au substrate
purchased from First MEMS Co. Ltd. A heavily N-doped Si wafer with
an SiO, layer of 300 nm served as the gate electrode and dielectric layer,
respectively. The Ti (2 nm)/Au (28 nm) source—drain electrodes were
sputtered and patterned by a lift-off technique. Before deposition of
the organic semiconductor, the gate dielectrics were treated with OTS
in a vacuum oven at a temperature of 120 °C, forming an OTS self-
assembled monolayers. The treated substrates were rinsed successively
with hexane, chloroform, and isopropyl alcohol. Polymer thin films were
spin coated on the substrate from solution with a thickness of around
30-50 nm. The devices were thermally annealed at 120 °C in a high-
vacuum chamber (ca. 107 Pa) for 2 h, cooled down, and then moved
into a glove box filled with N,. The devices were measured on a Keithley
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Figure 4. a) J-V characteristics in dark (dashed lines) and under white light illumination (solid lines). b) EQE of the optimized polymer:[70]PCBM
(1:2) solar cells fabricated from toluene/DPE solution. c) The out-of-plane (OOP) and in-plane (IP) line cuts of the 2D GIWAXS patterns of optimized
PDPPTT-2T:[70]PCBM (1:2) thin films fabricated from toluene/DPE solution. d) Same for PDPPMT-2T:[70]PCBM (1:2). e) Bright-field TEM image
(1.2 pm x 1.2 pm) of the optimized PDPPTT-2T:[70]PCBM (1:2) thin films fabricated from toluene/DPE solution. f) Same for DPPMT-2T:[70]PCBM (1:2).

4200 SCS semiconductor parameter analyzer at room temperature. The
mobilities were calculated from the saturation region with the following
equation: Ips = (W /2L)C;ut(Vg —Vr)?, where Isp is the drain—source
current, W is the channel width (1400 pm), L is the channel length
(30 pm for PDPPTT-2T and 40 pm for PDPPMT-2T), p is the field-effect
mobility, G is the capacitance per unit area of the gate dielectric layer,
and Vg and V; are the gate voltage and threshold voltage, respectively.
This equation defines the important characteristics of electron mobility

(M), on/off ratio (Ion/lo), and threshold voltage (Vy), which could be
deduced by the equation from the plot of current-voltage.

Photovoltaic devices with inverted configuration were made by
spin coating a ZnO sol-gel® at 4000 rpm for 60 s onto precleaned,
patterned ITO substrates. The photoactive layer was deposited by spin
coating a chloroform (or toluene) solution containing DPP polymers
and [70]PCBM and the appropriate amount of processing additive
such as DIO, o-DCB, or DPE in air. MoO; (10 nm) and Ag (100 nm)

Table 2. Characteristics of optimized inverted solar cells of the DPP polymers with [70]PCBM.

Polymer Solvent Thickness Js Voe FF PCE
[nm] [mA cm™?] [Vl [%]
PDPPTT-2T) CHCl3/0-DCB (10%) 100 13.5 0.61 0.63 5.1
Toluene/DPE (3%) 90 15.8 0.60 0.64 6.1
PDPPMT-2T) CHCl;/DPE (2%) 70 15.1 0.63 0.61 5.8
Toluene/DPE (2%) 65 15.8 0.62 0.66 6.5

3. as calculated by integrating the EQE spectrum with the AM1.5G spectrum; ®Weight ratio of the polymers to [70]PCBM is 1:2.

© 2015 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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were deposited by vacuum evaporation at ca. 4 x 10~ Pa as the back
electrode.

The active area of the cells was 0.04 cm? The J-V characteristics
were measured by a Keithley 2400 source meter unit under AM1.5G
spectrum from a solar simulator (Enlitech model SS-F5-3A). Solar
simulator illumination intensity was determined at 100 mW cm™2 using
a monocrystal silicon reference cell with KGS5 filter. Short-circuit currents
under AM1.5G conditions were estimated from the spectral response
and convolution with the solar spectrum. The EQE was measured
by a Solar Cell Spectral Response Measurement System QE-R3011
(Enli Technology Co., Ltd.). The thickness of the active layers in the
photovoltaic devices was measured on a Veeco Dektak XT profilometer.

TEM was performed on a Tecnai G2 Sphera transmission electron
microscope (FEI) operated at 200 kV. 2D-GIWAXS measurements were
conducted on a Xenocs-SAXS/WAXS system with X-ray wavelength of
1.5418 A. The film samples were irradiated at a fixed angle of 0.2°. All
film samples were prepared by spin coating toluene/DPE solutions on
Si substrates. The pure polymer thin films were annealed at 120 °C for
10 min before measurement.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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