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Abstract
Conjugated polymers of diketopyrrolopyrrole (DPP) and thiophene, especially 2,5-di-2-thienyl-thieno[3,2-b]thiophene, were
characterized based on their molecular packing orientation, and they showed a π–π stacking distance of 3.6 Å and a high
field-effect hole mobility on the order of 10−2 cm2/Vs. Perovskite solar cells fabricated with the genuine or both oxidant- and
salt dopant-free polymer as the hole-transporting layer displayed high photoconversion efficiencies of 16.3% as well as high
durability.

Introduction

Hole-transporting organic polymers with a planar π-con-
jugated structure have been extensively studied for their
potential applications as hole-transporting layers in elec-
tronic and photoelectronic devices [1–7]. Among the π-
conjugated units of these polymers, diketopyrrolopyrrole
(DPP) is of great interest because of its exceptionally high
carrier-transport capability as well as its high thermal and
photostability. These characteristics are derived from the
doubly β-fused pyrrole, which alleviates steric repulsion to
maintain a highly coplanar structure and efficient π-delo-
calization [8–10]. Two α-halogen substituted DPPs were
polymerized through facile coupling reactions [11–13].
DPP polymers condensed from thiophenes, especially fused
thiophenes, e.g., thienothiophene, showed extended π-con-
jugated and longer planar structures [14, 15], which often
possessed strong π–π intermolecular interactions between

the electron-donating thiophene and the electron-accepting
DPP moieties, leading to morphologically well-ordered
semicrystalline structures and an extremely high hole
mobility (12 cm2/Vs) comparable to that (14 cm2/Vs)
[16–22] of thienoisoindigo-naphthalene polymer. The
molecular orientation strongly affects the hole mobility of
conjugated polymers: two- or three-dimensional structures
allow anisotropic carrier transport, and the symmetric nature
of the DPP units favors an alignment oriented along the
polymer chains. The excellent carrier-transport properties
with a wide range of photoabsorption wavelengths allow
the utilization of this material for the photoabsorption
layers of organic bulk-heterojunction photovoltaic cells
[23–25].

Perovskite solar cells using methylammonium lead
halide (CH3NH3PbI3) as the photoabsorption layer are
emerging as a new class of photovoltaic cells [26–31]. The
reported photoconversion efficiencies have increased dra-
matically in the past few years, and several groups have
achieved efficiencies greater than 20% [32–34]. The hole-
transporting material plays an important role in the solar cell
in promoting hole extraction as well as in preventing
internal charge recombination [35]. 2,2′,7,7′-Tetrakis
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(N,N′-di-p-methoxyphenylamine)-9,9′-spirobifluorene
(spiro-OMeTAD) is often used due to its excellent photo-
voltaic performance [26]. However, other hole transporting
materials are desirable because the charge-carrier mobility
of spiro-OMeTAD remains relatively low and its durability
is limited due to the bridged structure and side reactions
caused by the addition of oxidizing dopants such as tris(2-
(1H-pyrazol-1-yl)-4-tert-butylpyridine)cobalt (III) tri[bis
(trifluoromethane)sulfonimide]. Poly[bis(4-phenyl)(2,4,6-
trimethylphenyl)amine] (often abbreviated PTAA), a
representative commercially available arylamine polymer, is
also often used as the hole-transporting polymer; cells
fabricated with the polymer yielded high conversion effi-
ciencies because of its adequate energy level and ability to
form thin layers [36]. However, a multistep synthesis pro-
cedure is necessary, and a lithium salt was added as a
dopant to generate the hole-transport ability, which would
also limit the durability of the cells. Conjugated polymers
with a high hole mobility without the addition of a dopant
are desirable for preparing a hole-transporting material with
high photovoltaic performance for perovskite solar cells.
Although DPP polymers have been applied in solar cells,
their photoconversion efficiencies remain low [37, 38].

This paper described a series of DPP-thiophene poly-
mers, such as poly[[2,5-bis(2-hexyldecyl)-2,3,5,6-tetra-
hydro-3,6-dioxopyrrolo[3,4-c]pyrrole-1,4-diyl]-alt-[2,5-di
(2-thienyl)thieno[3,2-b]thiophene]], which resulted in a
closely packed lamellar structure and a very large field-
effect hole mobility. The genuine polymers were applied
as the hole-transporting material for perovskite-type solar
cells, which performed with a high fill factor of 0.75 and a
photoconversion efficiency of 16.3%. The durability of the
hole-transporting layer in the absence of either an oxi-
dizing agent or a salt additive was also demonstrated.

Experimental section

Materials

Polymers 1–4 were synthesized according to literature
methods [34, 35] by modifying the reaction conditions: 1
was synthesized via a Yamamoto coupling, 2 and 4
were prepared via a Stille coupling, and 3 was prepared via
a Suzuki coupling; poly[[2,5-bis(2-hexyldecyl)-2,3,5,6-tet-
rahydro-3,6-dioxopyrrolo[3,4-c]pyrrole-1,4-diyl]-alt-(2,2′-
bis-thiophene)-5,5′-diyl]]) (1), poly[[2,5-bis(2-hexyldecyl)-
2,3,5,6-tetrahydro-3,6-dioxopyrrolo[3,4-c]pyrrole-1,4-diyl]-
alt-(2,2′,5′,2ʺ-terthiophene)-5,5′-diyl]]) (2), poly[[2,5-bis
(2-hexyldecyl)-2,3,5,6-tetrahydro-3,6-dioxopyrrolo[3,4-c]
pyrrole-1,4-diyl]-alt-((2,2′,5′,2ʺ,5ʺ,2ʺ′-tetrathiophen))-5,5′-
diyl]]) (3), and poly[[2,5-bis(2-hexyldecyl)-2,3,5,6-tetrahydro-

3,6-dioxopyrrolo[3,4-c]pyrrole-1,4-diyl]-alt-((2,5-di(2-thie-
nyl)thieno[3,2-b]thiophene))] (4).

For 1, 3,6-bis(5-bromo-2-thienyl)-2,5-bis(2-hex-
yldecyl)-2,5-dihydro-pyrrolo[3,4-c]pyrrole-1,4-dione
(1.82 g), 2,2′-dipyridyl (385 mg), bis(cyclooctadiene)nickel
(0) (Ni(COD)2, 660 mg) and anhydrous THF (75 mL) were
added to a dry 200 mL flask. The mixture was heated to
60 °C for 3 h after stirring at room temperature for 1.5 h and
finally refluxed for 2 h. The mixture formed a precipitate
upon addition of methanol, and the dark green precipitate
was isolated by filtration. The precipitate was Soxhlet
extracted with methanol, acetone, and hexane. The final
fraction was reprecipitated from its THF solution with
methanol and vacuum dried to afford a dark blue polymer
(245 mg, 17%). 1H NMR (CDCl3, 500 MHz) δ (p.p.m.)
9.24–8.92 (b, 4 H), 7.09 (b, 4 H), 4.03 (b, 4 H), 1.93 (b, 2
H), 1.33–1.17 (b, 48 H), 0.91–0.76 (b, 12 H). GPC: Mn=
12,000; PDI= 2.0.

For 2, 3,6-bis(5-bromo-2-thienyl)-2,5-bis(2-hexyldecyl)
2,5-dihydro-pyrrolo[3,4-c]pyrrole-1,4-dione (970mg), 2,5-
bis(trimethylstannyl)thiophene (440mg), and Pd(PPh3)2Cl2
(22.5 mg) were dissolved in 17.5 mL of degassed toluene
and heated at 60 °C for 1 h and then 110 °C for 72 h. The
reaction mixture was poured into a methanol/HCl (6/1 v/v %)
solution. The precipitate was Soxhlet extracted using
methanol, hexane, and acetone, dissolved in chloroform, and
then reprecipitated from methanol. The precipitated powder
was vacuum dried, yielding 875 mg (98%) of material. 1H
NMR (CDCl3, 500MHz) δ (p.p.m.) 8.98 (b, 2 H), 7.03 (b, 4
H), 4.00 (b, 4 H), 1.94 (b, 2 H), 1.27–1.21 (b, 48 H),
0.85–0.82 (b, 12 H) GPC: Mn= 92,000; PDI= 1.6.

For 3, 3,6-bis(5-bromo-2-thienyl)-2,5-bis(2-hexyldecyl)
2,5-dihydro-pyrrolo[3,4-c]pyrrole-1,4-dione (970 mg), 2,2′-
bithiophene-5,5′-diboronic acid bis(pinacol) ester (560 mg),
K3PO4 (1420 mg), and Pd(dba)3 (35 mg) were dissolved in
35 mL of degassed toluene and heated at 60 °C for 1 h and
then 90 °C for 72 h. The reaction mixture was purified as
described above. Yield 785 mg (65%). 1H NMR (CDCl3,
500MHz) δ (p.p.m.) 9.24–8.92 (b, 4 H), 7.09 (b, 4 H), 4.03
(b, 4 H), 1.93 (b, 2 H), 1.33–1.17 (b, 48 H), 0.91–0.76 (b,
12 H) GPC: Mn= 9800; PDI= 1.4.

4 was synthesized by the same procedure as was used for
2 using 2,5-bis(trimethylstannyl)thieno[3,2-b]thiophene
(500 mg). The resulting powder was obtained in 65% yield
(610 mg). 1H NMR (CDCl3, 500MHz) δ (p.p.m.) 9.00 (b, 2
H), 6.85 (b, 4 H), 3.91 (b, 4 H), 2.16 (b, 2 H), 1.37–1.08 (b,
48 H), 0.92–0.76 (b, 12 H) GPC: Mn= 96,000; PDI= 3.5.

All other reagents were purchased from Sigma-Aldrich
Japan and Tokyo Chemical Industry Co., Ltd. and used
without further purification. FTO substrates were etched
with 1M HCl and Zn powder (obtained from Nippon Sheet
Glass Co.).
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Measurements

1H NMR (500 MHz) spectroscopy was conducted with a
JEOL ECX500 spectrometer using TMS as a chemical
shift standard with CDCl3. Molecular weights were mea-
sured by GPC using a TOSOH HLC 8200 instrument with
CHCl3 as the eluent and polystyrene standards for cali-
bration. Cyclic voltammetry was performed using an ALS
electrochemical analyzer Model 660DX with a platinum
disc electrode, an Ag/AgCl electrode calibrated by a fer-
rocene/ferrocenium redox couple standard, a platinum
wire, and 0.1 M (C4H9)4NClO4 chlorobenzene solution as
the working, reference, an counter electrode and electro-
lyte, respectively. X-ray diffraction patterns were
obtained with Cu Kα radiation using a Rigaku RINT
Ultima III spectrometer. Field-effect mobility was mea-
sured with a Keithley 2602 source meter. UV-vis
absorption spectra were recorded using a Jasco
JW2400 spectrometer. AFM analyses was performed with
an MFP3D from Oxford Instruments Co. Gold was eva-
porated with a VPC-1100 vacuum evaporation system
from ULVAC Co. I-V characteristics were obtained with a
Bunko-keiki CEP-2000MLQ instrument.

Fabrication of the devices

A field-effect transistor was fabricated on a Si substrate. A
chlorobenzene solution of each polymer (10 mg/mL) was
cast on the substrate and spin-coated at 1000 r.p.m. for 60 s.

Perovskite solar cells were fabricated using a TiO2

mesoporous substrate. First, a TiO2 compact layer was
formed on the FTO substrate via spray-pyrolysis with
a titanium acetylacetonate/ethanol solution (1/4 v/v) at
320 °C. A TiO2 dispersion (PST-18NR, Nikki Shokubai
Kasei Co.) was spin-coated at 4000 r.p.m. for 30 s to
achieve a thickness of ~200 nm, and after soaking in aqu-
eous TiCl4 solution, the substrate was heated at 70 °C for 1
h and sintered at 500 °C for 30 min. A perovskite precursor
solution was prepared by dissolving lead iodide (1.84 g) and
methylammonium iodide (636 mg) in a mixture of DMSO
(0.28 mL) and DMF (2.54 mL) for 1 h at room temperature,
and then the solution was spin-coated on the mesoporous
TiO2 layer at 4000 r.p.m. for 30 s. The formamidinium- and
Cs-containing perovskite was prepared by dissolving for-
mamidine hydroiodide (516 mg), methylamine hydro-
bromide (67.2 mg), lead iodide (1.52 g), lead bromide
(223 mg), and cesium iodide (48.9 mg) powders in a mix-
ture of DMF (2.4 mL), DMSO (0.74 mL), and acetonitrile
(0.12 mL) [39, 40]. The Rb-containing perovskite layer was
prepared by dissolving formamidine hydroiodide (516 mg),
methylamine hydrobromide (67.2 mg), lead iodide (1.52 g),
lead bromide (242 mg), cesium iodide (48.9 mg), and
rubidium iodide (40.2 mg) powders in a mixture of DMF

(2.4 mL), DMSO (0.34 mL), and acetonitrile (0.26 mL)
[41]. Chlorobenzene (500 μL) was dropped onto the sub-
strate during the spin-coating procedure. After annealing at
65 °C for 1 min and at 100 °C for 2 min, the chlorobenzene
solution of the polymer (7.5 mg/mL) was spin-coated to
form the hole-transporting layer. All spin-coating processes
were conducted in a glove box. Au was deposited on the
polymer layer under vacuum (2.0 × 10−4 Pa) at a rate of
0.1 nm/s to form a Au layer with a thickness of ~50 nm.

Results and discussion

Diketopyrrolopyrrole (DPP) thiophene polymers 1–4 were
synthesized via one-step coupling reactions of the 3,6-bis-
bromo derivative, 3,6-bis(5-bromo-2-thienyl)-2,5-bis(2-
hexyldecyl)-2,5-dihydro-pyrrolo[3,4-c]pyrrole-1,4-dione, as
the DPP source via Yamamoto, Stille, and Suzuki coupling
reactions for 1, 2 and 4, and 3, respectively (Scheme 1), by
modifying reaction conditions previously reported in the
literature [37, 38]. Despite the strong π–π interpolymer
interactions, the polymers with molecular weights of
104–105 were soluble in common organic solvents such as
chloroform, chlorobenzene, and tetrahydrofuran (except 1
in THF), which was attributed to their branched alkyl side
chains.

Cyclic voltammograms of the polymers in the chlor-
obenzene solution displayed reversible redox waves in the
range of 0.5–0.9 V, which were attributed to a redox or
doping reaction of the thiophene moieties of the polymers
(see Supplementary Information Figure S1). 4 gave two
redox peaks due to the redox potential difference of the
thiophene and the thienothiophene moieties. The HOMO
energy levels were estimated from the redox potentials
determined from cyclic voltammetry and are given in
Table 1, and these data are comparable to those reported in
previous papers [26–31].

The polymers showed weak absorption at 800–950 nm
(Supplementary Figure S2). Nearly planar structures were
estimated based on Gaussian calculations of the DPP units
in the dimer analogues of polymers 1–4 polymers (Sup-
plementary Figure S3), which suggested a planar, π-con-
jugated polymer backbone due to effective sp2 orbital
overlap.

X-ray diffraction of the DPP polymers measured with
parallel X-ray beams exhibited a profile with two sharp
peaks (Supplementary Figure S4), which indicates that the
polymers are semicrystalline. The low angle peak was
attributed to a lamellar structure and gave the lattice spa-
cing, and the high angle peak at 23° gave a π–π stacking
distance of 3.6–3.8 Å (Table 1, 4Å for similar polymers in a
previous paper [27]). The smaller π–π stacking distance and
lattice spacing for polymer 4 compared to those of 1–3
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suggested a closely packed and semicrystalline polymer
structure.

The hole mobility of the polymers was estimated from
the linear current region (Figure S5) of the field-effect
transistors fabricated with 1–4, and the values are listed in
Table 1. The transistors displayed on/off switching beha-
vior. The mobilities were calculated with the equation μ=
L/WCiVDS(δID/δVG), where L and W are the semiconductor
channel length and width, respectively, Ci is the capacitance
per unit area of the gate dielectric layer, VDS and δVG are the
drain-source voltage and changed portion of gate voltage,
respectively, and δID is the changed portion of drain current.
Polymers 2 and 4 showed higher hole mobilities (on the
order of 10−2 cm2/Vs) than those of 1 and 3, which was
consistent with their smaller d spacing and higher molecular
weights.

AFM images of the spin-coated layers suggested very
smooth layer formation with small roughnesses of <10 nm,
which is suitable for a hole-transporting layer of a device
(Supplementary Figure S6).

The DPP polymers were used as the hole-transporting
layer of perovskite-type solar cells. The excellent film-
forming properties of the polymers resulted in a uniform,
50-nm thick layer on the perovskite layer (Fig. 1). The
formation of such a thin and defect-free layer is a crucial

advantage of hole-transporting polymers in comparison
with low-molecular-weight materials.

The cells were subjected to current density–voltage (J–V)
measurements under 1 sun irradiation (Fig. 2 and Table 2).
The cells prepared with polymers 2 and 4, which have
higher hole mobilities, displayed smaller series resistance
than those of the cells with 1 and 3 and yielded larger fill
factors (FF values, Table 2). We further optimized the
fabrication of the perovskite layer by adding for-
mamidinium, Cs, and Rb as cations (see the “experimental”
section) [39–41]. The optimized Rb-containing perovskite
layer increased the conversion efficiency to 16.3% without
any additives, such as an oxidizing dopant, a salt such as
lithium bis(trifluoromethanesulfonyl)imide (LiTFSI), or a
base such as tert-butyl pyridine (for the reproducibility data,
see Supplementary Figure S7). A conversion efficiency
greater than 16% would be among the best performances of
dopant-free polymer-based solar cells reported to date
[28, 29]. The high carrier mobility of the DPP polymer and
the thin-film formability could contribute to the hole
transport function of the layer, and the electron-donating
capability of the thiophene moiety may assist in extracting
holes at the perovskite interface.

The photoconversion efficiency of ~16% was maintained
for almost one month when the cells were kept in a dry,

Scheme 1 Preparation of the diketopyrrolopyrrole-thiophene polymers

Table 1 Energy levels, structural
parameters, and hole mobilities
of the DPP polymers

Polymer HOMOa

(-eV)
LUMOb

(-eV)
Eg

c (eV) Dihedral
angle (deg)

Hole mobility
(10−2 cm2/Vs)

Lattice
spacingd (Å)

π–π stacking
distanced (Å)

1 5.34 3.99 1.35 179.99 0.0088 20 3.8

2 5.20 3.62 1.58 179.92 4.4 19 3.8

3 5.25 3.85 1.40 179.91 0.0027 19 3.8

4 5.19 3.64 1.54 179.85 3.7 17 3.6

aHOMO (eV)= EAg/AgCl+ 4.66 (Supplementary Figure S1)
bCalucurated by using the HOMO level and Eg
cBand gaps (Eg) of the polymers were estimated with absorption edges of UV-vis spectra (Supplementary
Figure S2)
dCalculated by XRD (Supplementary Figure S4)
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dark place at room temperature. It has been reported that
dopants often absorb moisture and/or migrate into the per-
ovskite and titanium oxide layers to degrade the cell per-
formance (Supplementary Figure S8). The hole-transport
layer composed of the dopant-free and genuine DPP poly-
mers was credited with the durability of the highly efficient
perovskite solar cell.
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