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electron-acceptor polymers are known. Among these are cyano-
polyphenylenevinylenes, [ 24,32 ]  copolymers of benzothiadiazole 
and fl uorene, [ 21,22,33–36 ]  and copolymers incorporating perylen-
ediimide or naphthalenediimide acceptor units. [ 14–20 ]  Electron-
acceptor polymers based on isoindigo [ 37 ]  or diketopyrrolopyrrole 
(DPP) [ 38 ]  have only given low PCEs (<1%) in polymer–polymer 
solar cells until now. 

 The primary design strategy for an electron-accepting conju-
gated polymer is to create a complementary energy level align-
ment with an electron-donating polymer, such that it provides 
enough driving force for exciton dissociation into free charges. 
The free energy for charge generation is determined by the dif-
ference between the exciton energy, or optical gap ( E  g ), and the 
energy of the charge transfer (CT) state at the interface ( E  CT ). 
These energies are related to the highest occupied molecular 
orbital (HOMO) and lowest unoccupied molecular orbital 
(LUMO) levels of the donor and the acceptor. It has been found 
experimentally that the offsets between the energies of the two 
HOMO and the two LUMO levels should both be ca. 0.35 eV 
or more to ensure charge transfer. [ 39 ]  Energy-level control can 
be achieved by incorporating suitable electron-donating or elec-
tron-defi cient moieties in the conjugated backbone. [ 30 ]  Next to 
proper energy levels, a high electron mobility is needed for a 
successful acceptor polymer to ensure effi cient electron trans-
port to the electrode. It has been shown that trap-free electron 
transport can only be obtained in conjugated polymers with an 
electron affi nity larger than ca. 3.6 eV. [ 40 ]  In addition, the elec-
tron mobility will be enhanced via interchain interactions and 
three-dimensional order. Enhanced crystallinity is also ben-
efi cial in creating effi cient percolating pathways for hole and 
electron transport via microphase separation. [ 41 ]  Several pub-
lications have shown that it is possible to improve the micro-
phase separation and the PCE by augmenting the processing 
solvent with a processing additive, [ 17,41,42 ]  which is a well-known 
method used for morphology control in polymer:fullerene solar 
cells. 

 Our design for an n-type DPP acceptor polymer starts from 
the copolymer of DPP and terthiophene (PDDP3T). As elec-
tron donor, PDPP3T affords a PCE of 7.4% in polymer solar 
cells when blended with [70]PCBM as the electron acceptor. [ 6 ]  
Although PDPP3T has a relatively low LUMO level (−3.74 eV), 
its HOMO level (−5.30 eV) is not suffi ciently deep to make it 
a successful electron acceptor in blends with most electron-
donor conjugated polymers. To decrease the HOMO level, we 
replace thiophene by thiazole to form PDPP2TzT ( Figure    1  ) in 
which the electronegative imine nitrogens (C=N−C) effectively 
lower the HOMO and LUMO energy levels. [ 35,43,44 ]  We fi nd 
that PDPP2TzT has an electron mobility of 0.13 cm 2  V −1  s −1  
in a FET and can be used as electron acceptor in all-polymer 
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  Conjugated polymers based on the diketopyrrolopyrrole (DPP) 
unit are successfully applied in fi eld-effect transistors (FETs) [ 1,2 ]  
and in polymer solar cells as electron donor. [ 3,4 ]  Record high 
mobilities for holes up to 10 cm 2  V −1  s −1  have been realized, par-
tially as a result of the tendency of DPP polymers to crystallize. [ 5 ]  
In bulk-heterojunction solar cells, power conversion effi ciencies 
(PCEs) up to 8% with fullerene as electron acceptor have been 
achieved, exploiting the broad absorption of DPP polymers to 
the near infrared region. [ 6 ]  Interestingly, several DPP polymers 
also show excellent electron mobilities in FETs. [ 7–11 ]  Combined, 
these properties raise the question as to whether it is possible 
to create a bulk-heterojunction solar cell that uses DPP-based 
semiconducting polymers both as electron donor and as elec-
tron acceptor. Intrigued by this question, we designed and syn-
thesized a new semiconducting DPP polymer and demonstrate 
its use as electron acceptor in polymer-polymer solar cells with 
a second DPP polymer as electron donor. 

 Polymer–polymer solar cells, in which conjugated polymers 
are used both as electron donor and electron acceptor, are 
attracting renewed attention. [ 12–25 ]  Polyera announced obtaining 
a power conversion effi ciency (PCE) of 6.4% for proprietary 
materials. [ 26 ]  For known materials, the highest value published 
to date is PCE = 4.1%. [ 14 ]  These recent results give credence to 
the belief that polymer–polymer solar cells can close the gap to 
the best polymer–fullerene bulk-heterojunction solar cells that 
have reached PCEs = 9–10%. [ 27–29 ]  

 The structural and electronic variation in electron-acceptor 
conjugated polymers is virtually infi nite and offers much wider 
possibilities for varying the electronic structure and optical 
bandgap compared with fullerene derivatives. The energy 
levels, optical bandgap, crystallinity, and charge mobility, can 
all be adjusted toward improving the power conversion effi -
ciencies. Numerous alternating electron push-pull copolymers 
have been explored as electron donor, [ 30,31 ]  but − despite the 
advantages mentioned above − conjugated polymers that 
can act as electron acceptor in effi cient solar cells are rather 
underdeveloped. [ 12 ]  So far, only a few successful conjugated 
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solar cells with a PCE = 2.9% in combination with a second 
DPP-polymer (PDPP5T, Figure  1 ) as donor. The comple-
mentary electron donor and acceptor polymers differ only by 
the interchange of bithiophene and thiazole units along the 
polymer chain (Figure  1 ), demonstrating how relatively small 
changes in molecular structure can be used to modify elec-
tronic properties.  

 PDPP2TzT was synthesized from bis(bromothiazolyl)-DPP 
(DPP2TzBr) and bis(trimethylstannyl)thiophene via a Stille 
polymerization. The DPP2TzBr monomer was obtained via the 
procedure reported by Carsten et al., [ 44 ]  using a modifi cation as 
detailed in the Supporting Information. High-molecular-weight 
PDPP2TzT was obtained by performing the reaction in tol-
uene/DMF (10:1 v/v) and using Pd 2 (dba) 3 /PPh 3  (1:4 mol/mol) 
as a catalyst. The molecular weight of PDPP2TzT 
( M  n  = 93.3 kg mol −1 ,  M  w  = 284.7 kg mol −1 , PDI = 3.05) was 
determined by gel-permeation chromatography (GPC) using a 
low concentration in  o -dichlorobenzene ( o -DCB) (0.06 mg mL −1 ) 
at an elevated temperature (80 °C) to reduce aggregation (Sup-
porting Information, Figure S1). A high molecular weight, as 
found for PDPP2TzT, is generally helpful for reaching a high 
performance in polymer solar cells. [ 45,46 ]  

 In thin fi lms PDPP2TzT exhibits an absorption in the 
near infrared region with an optical bandgap of  E  g  = 1.44 eV 
( Figure    2  ). The absorption in thin fi lms is slightly red-shifted 
with respect to the absorption in chloroform solution (Sup-
porting Information, Figure S2). Compared with PDPP3T, 
with  E  g  = 1.30 eV, replacing of thiophene by thiazole widens 
the optical bandgap. The oxidation and reduction potentials of 
PDPP2TzT were determined by cyclic voltammetry in  o -DCB 
solution (Supporting Information, Figure S3, Table S1). 

PDPP2TzT has a low-lying HOMO level 
at −5.63 eV and a LUMO level at −4.00 eV. 
Both levels are lowered by about 0.3 eV com-
pared with PDPP3T (HOMO at −5.30 eV 
and LUMO at −3.74 eV) as a consequence 
of replacing the two thiophenes by two 
thiazoles. The LUMO level of PDPP2TzT 
is close to that of [70]PCBM (LUMO at 
−4.16 eV, see Supporting Information).  

 The charge-carrier mobility of PDPP2TzT 
was studied in FETs with a bottom-contact top-
gate confi guration. Under these conditions, 
the electron mobility is  µ  e  = 0.13 cm 2  V −1  s −1  

(Figure  2 c), comparable to  µ  e  = 0.2 cm 2  V −1  s −1  reported for 
[60]PCBM in a similar confi guration. [ 47 ]  The hole mobility for 
PDPP2TzT is relatively low ( µ  h  = 6 × 10 −3  cm 2  V −1  s −1 ), which 
is different from other DPP-polymers with ambipolar behavior. 
This probably results from a limited hole injection due to the 
deep HOMO level of PDPP2TzT. 

 The low-lying energy levels, the high electron mobility, 
and the near-infrared absorption spectrum make PDPP2TzT 
a promising electron acceptor for polymer-polymer solar 
cells. We selected PDPP5T as the complementary donor 
because it has relatively high HOMO (−5.23 eV) and LUMO 
(−3.63 eV) levels (Figure  2 b and Table S1, Supporting Informa-
tion) that provide a large enough energy offset (>0.35 eV) with 
the HOMO and LUMO of PDPP2TzT to enable effi cient charge 
dissociation. The optical bandgap of PDPP5T is very similar 
to that of PDPP2TzT (Figure  2 a). Additionally, PDPP5T has 
shown to be an excellent electron donor polymer when blended 
with [70]PCBM, giving a PCE of 6% (Supporting Information, 
Figure S4 and Table S2). 

 Polymer–polymer solar cells based on PDPP5T:PDPP2TzT 
blends were made in an inverted device confi guration using 
transparent indium tin oxide (ITO)/ZnO and refl ective MoO 3 /
Ag electrodes to collect electron and holes, respectively. The 
PDPP5T:PDPP2TzT photoactive layer was spin-coated from 
chloroform. Without the use of a processing additive, the per-
formance is poor (PCE = 0.33%,  Table    1   and  Figure    3  ). The low 
fi ll factor (FF = 0.34) suggests signifi cant bimolecular charge 
recombination, which would be expected for an intimately 
mixed PDPP5T:PDPP2TzT blend. When a small amount of 
1,8-diiodooctane (DIO) was used as a high-boiling-point pro-
cessing additive, the PCE improved to 0.79%. Addition of 
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 Figure 1.    The newly designed PDPP2TzT electron-acceptor and PDPP5T electron-donor poly-
mers used in this work.
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 Figure 2.    a) Absorption spectra of thin fi lms of PDPP5T (red line) and PDPP2TzT (black line). b) Energy levels determined from cyclic voltammetry 
( E (Fc/Fc + ) = −5.23 eV). c) Transfer characteristics of a bottom-contact top-gate fi eld-effect transistor of PDPP2TzT. The applied drain bias  V  D  was 80 V.
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aromatic processing additives such as 1-dodecylbenzene (1-DB) 
and  o -DCB further enhance the PCE to 1.2% and 1.9% (Sup-
porting Information, Figure S5). The highest PCE of 2.9% 
was obtained using 1-chloronaphthalene (1-CN) (7.5 vol%), a 
PDPP5T:PDPP2TzT ratio of 1:0.8 (w/w), and a layer thickness 
of 80 nm. The DPP polymers are not suffi ciently soluble in 

aromatic solvents to use these as a the primary solvent for layer 
deposition. [ 3 ]    

 The improved performance obtained with the processing 
additives is a result of an increase in short-circuit current den-
sity from  J  sc  = 1.2 to 6.9 mA cm −2  and a concomitant increase 
in fi ll factor from FF = 0.34 to 0.51. The open-circuit voltage 
remains constant at  V  oc  ≈ 0.80 V. The enhanced  J  sc  is also 
refl ected in the improved external quantum effi ciency (EQE), 
which increases from 0.05 to 0.29 at 760 nm (Figure  3 b). The 
cells exhibit a broad spectral response from 350 nm to 850 nm. 
The  V  oc  of 0.81 V of the optimized cell is signifi cantly higher 
than the  V  oc  of 0.57 V of PDPP5T:[70]PCBM cells. As a conse-
quence, the photon energy loss, defi ned as  E  g  – e V  oc , is reduced 
to 0.63 eV, which is close to the optimized energy loss for 
exciton dissociation. [ 48 ]  

 The morphology and phase separation of the photoactive 
layers was investigated with atomic force microscopy (AFM) 
( Figure    4  ). Blends spin-coated from pure chloroform have a 
smooth surface with a root-mean-square (RMS) roughness 
of  R  q  = 1.01 nm, but show small fi brillar structures in the 
phase image (Figure  4 d). The smooth surface suggests that a 
large phase separation is absent, consistent with the very low 
FF. DPP polymers have a strong tendency to form crystal-
line fi brils, which are also found in PDPP5T:[70]PCBM and 
PDPP2TzT:[70]PCBM blend fi lms (TEM image, Supporting 
Information, Figure S6 and S7). We speculate that the fi brils 
in the PDPP5T:PDPP2TzT fi lms from chloroform contain 
both PDPP5T and PDPP2TzT, resulting in charge recombina-
tion and hence low  J  sc  and FF. Enhanced phase separation in 
the blend fi lms is observed using DIO or 1-CN as an additive. 
Larger domains and more surface corrugation are seen in the 
AFM images, and the roughness increased to  R  q  = 2.69 and 
3.40 nm. Even though the real reason is unclear, we assume 
that the solubility difference of PDPP5T and PDPP2TzT in DIO 
and 1-CN creates the change in phase separation.  

 PDPP2Tz functions as an acceptor with a variety of donors, 
provided that the energy level offsets are correct. With P3HT 
as donor it is possible to make polymer-polymer solar with 
PCE = 0.6% ( J  sc  = 1.7 mA cm −2 ,  V  oc  0.66 V, FF = 0.54) when 
using a 1:1 weight ratio and spin coating from chloroform con-
taining 3 vol% 1-CN (Supporting Information, Figures S8, S9) 

 In our experiments with PDPP5T:PDPP2TzT cells, we 
observed that the inverted device confi guration with ITO/
ZnO and MoO 3 /Ag electrodes gives a PCE = 2.9%, which is 
signifi cantly higher than the PCE = 2.0% for a regular device 
confi guration with ITO/poly(3,4-ethylenedioxythiophene) 
poly(styrenesulfonate) (PEDOT:PSS) bottom and LiF/Al top 
electrodes (Table  1  and Supporting Information, Figure S10). 
The decrease for the regular device mainly results from a drop 
in  J  sc  and is also evident in the EQE ( Figure    5  a). The active 
layers for both device confi gurations were spin coated from 
the same solution (chloroform with 7.5% 1-CN) and with AFM 
there is no observable difference in the microphase separation 
(Supporting Information, Figure S11). To explain the differ-
ence, we determined the wavelength-dependent extinction ( k ) 
and refractive index ( n ) (Supporting Information, Figure S12) 
and calculated the absorption profi le, the relative fraction of 
absorbed photons, and the internal quantum effi ciency (IQE) 
using the transfer-matrix formalism, taking into account the 
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 Figure 3.    a)  J–V  characteristics in the dark (dashed lines) and under 
white-light illumination (solid lines) of optimized inverted solar cells of 
PDPP5T:PDPP2TzT (1:0.8 w/w), spin-coated from chloroform solution 
without or with additive. b) EQE of the same devices.

  Table 1.    Characteristics of PDPP5T:PDPP2Tz (1:0.8) solar cells spin 
coated from chloroform solution with different processing additives.  

Solvent   J  sc  a)   
 [mA cm −2 ] 

  V  oc   
 [V] 

FF  PCE a)   
 [%] 

CHCl 3  b) 1.2 0.79 0.34 0.33

CHCl 3 :DIO 2.5% b) 2.4 0.81 0.41 0.79

CHCl 3 :1-DB 5% b) 3.3 0.83 0.42 1.2

CHCl 3 : o -DCB 20% b) 5.0 0.80 0.47 1.9

CHCl 3 :1-CN 7.5% b) 6.9 0.81 0.51 2.9

CHCl 3 :1-CN 7.5% c) 5.3 0.79 0.47 2.0

    a)   J  sc  was calculated by integrating the EQE spectrum with the AM1.5G spectrum;  
   b)  Device confi guration with ITO/ZnO and MoO 3 /Ag electrodes;     c)  Device confi gura-
tion with ITO/PEDOT:PSS and LiF/Al electrodes.   



3307

www.advmat.de
www.MaterialsViews.com

wileyonlinelibrary.com© 2014 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

C
O

M
M

U
N

IC
A
TIO

N

optical constants of all layers in the cells (Figure  5 b–d). The 
results reveal that the PDPP5T:PDPP2TzT layer absorbs more 
photons in an inverted confi guration than in the regular con-
fi guration. This is mainly due to a higher photon absorption 
by PEDOT:PSS and Al compared with ZnO and MoO 3 /Ag 
(Figure  5 b and Supporting Information, Figure S13).  

 There is, however, another process that contributes to the 
difference and this relates to the light-absorption profi le. In the 
inverted confi guration ca. 75% of the photons are absorbed in 
the fi rst 40 nm of the 80 nm thick layer. If electron transport 
is limiting, this is benefi cial because ca. 75% electrons have to 
migrate less than half of the layer thickness (≤40 nm) to reach 
the electrode. In contrast, for the regular confi guration only ca. 
35% of the electrons are generated within 40 nm of the elec-
tron collecting LiF/Al contact. Hence, most of the electrons 
(ca. 65%) have to travel more than half of the layer thickness 
(≥40 nm) and consequently have a higher chance of recom-
bining. Support for this explanation is seen in the IQE which is 
higher for the inverted confi guration than for the regular con-
fi guration over almost the entire wavelength region (Figure  5 d). 

 In conclusion, a new  n -type acceptor polymer PDPP2TzT 
based on diketopyrrolopyrrole has been designed and syn-
thesized. The polymer features low-lying HOMO and LUMO 
energy levels, high electron mobility, and a broad absorption up 
to 850 nm. When the new acceptor was blended with PDPP5T 
as electron-donor polymer, a PCE of 2.9% was obtained after 
optimizing the solvent composition with a processing addi-
tive to adjust the phase separation. A higher PCE was found 
in inverted devices than in regular devices, which is due to 
enhanced photon absorption and charge collection in the 
inverted device. From a molecular design perspective we note 
that the donor and acceptor polymer are very much alike. The 

donor and acceptor DPP polymers merely differ by the simple 
interchange of electron-rich bithiophene units by electron-defi -
cient thiazole units along the chain. The results show that DPP 
polymers form a interesting new class of acceptor  n -type poly-
mers, which approach the performance of perylenediimide or 
naphthalenediimide acceptor copolymers. [ 14–20 ]    

 Experimental Section 
 Inverted confi guration photovoltaic devices were made by spin-coating 
a ZnO sol-gel [ 49 ]  at 4000 rpm for 60 s onto precleaned, patterned ITO 
substrates (14 Ω per square) (Naranjo Substrates). A 40 nm-thick ZnO 
layer was formed and baked at 150 °C for 5 min in air. The photoactive 
layer was deposited by spin-coating a chloroform solution containing 
the PDPP5T and PDPP2TzT with different ratios and the appropriate 
amounts of additive in air. MoO 3  (10 nm) and Ag (100 nm) were 
deposited by vacuum evaporation at ca. 2 × 10 −7  mbar as the back 
electrode. For polymer–polymer solar cells in the regular confi guration 
and for polymer solar cells with PDPP5T or PDPP2TzT as donor and 
[70]PCBM as acceptor, PEDOT:PSS (Clevios P, VP Al 4083) was spin-
coated onto precleaned, patterned ITO substrates (14 Ω per square) 
(Naranjo Substrates) and then annealed at 120 °C for 10 min in N 2  
fi lled glovebox. The photoactive layers were deposited by spin-coating 
a chloroform solution containing the donor and acceptor in the proper 
ratio and the appropriate amount of processing additive. LiF (1 nm) and 
Al (100 nm) were deposited by vacuum evaporation at ca. 2 × 10 −7  mbar 
as the back electrode. 

 The active area of the cells was 0.09 or 0.16 cm 2  and no size 
dependence was found between these two dimensions.  J − V  
characteristics were measured under ca. 100 mW cm −2  white light from 
a tungsten-halogen lamp fi ltered by a Schott GG385 UV fi lter and a 
Hoya LB 120 daylight fi lter, using a Keithley 2400 source meter. Short-
circuit currents under AM1.5G conditions were estimated from the 
spectral response and convolution with the solar spectrum. The spectral 
response was measured under simulated 1 sun operation conditions 
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 Figure 4.    AFM height images (3 µm × 3 µm, vertical scale 30 nm) of optimized PDPP5T:PDPP2TzT blends spin-coated from: a) chloroform, b) chloro-
form containing 2.5% DIO, and c) chloroform containing 7.5 vol.% 1-CN. The root-mean-square (RMS) roughnesses are 1.01 nm, 2.69 nm and 3.40 nm 
from (a) to (c). d–f) Phase images (3 µm × 3 µm, vertical scale 30°) corresponding to the height images (a) to (c).
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using bias light from a 532 nm solid state laser (Edmund Optics). 
Light from a 50 W tungsten halogen lamp (Osram64610) was used as 
probe light and modulated with a mechanical chopper before passing 
the monochromator (Oriel, Cornerstone 130) to select the wavelength. 
The response was recorded as the voltage over a 50 Ω resistance, using 
a lock-in amplifi er (Stanford Research Systems SR 830). A calibrated Si 
cell was used as reference. The device was kept behind a quartz window 
in a nitrogen fi lled container. The thickness of the active layers in the 
photovoltaic devices was measured on a Veeco Dektak 150 profi lometer. 

 Field-effect transistors were prepared in a bottom-contact top-gate 
confi guration on a glass substrate. Source and drain contacts were defi ned 
by evaporating a 2 nm Cr adhesive layer and a 50 nm gold layer through 
a shadow mask. Subsequently the polymer was applied by spin-coating 
from a hot chloroform solution in an oxygen and water-free atmosphere. 
The polymer fi lm was annealed at 200 °C for 20 min. Next, a 850 nm 
Cytop layer was spin-coated as gate dielectric and annealed at 140 °C for 
20 min. The top- gate electrode was applied by evaporating Au (50 nm) 
through a shadow mask. The length and the width of the transistor 
channel were 30 µm and 1000 µm, respectively. The transistors were 
electrically characterized under high vacuum conditions with a Keithley 
2400 measuring unit. The whole device was thermally annealed at 200 °C 
for 16 h in high vacuum before measuring to remove any traces of water. 

 AFM images were taken on a Veeco MultiMode AFM connected to a 
Nanoscope III controller operating in tapping mode using PPPNCH-50 
probes (Nanosensors). 

 The IQE was determined by optical modeling of the entire layer stack 
using the wavelength dependent refractive index ( n ) and extinction 
coeffi cient ( k ). [ 50 ]  Calculations of the optical electric fi eld were performed 
with Setfos 3 (Fluxim AG, Switzerland). The averaged IQE was 
determined by convolution of the solar spectrum with the EQE of the 
solar cell and the absorbed photon fl ux.  

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