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polymer:fullerene solar cells.[4] As donor–
acceptor conjugated polymers, rational 
design and synthesis can be used to tune 
the optical bandgap and frontier orbital 
energy levels to optimize absorption of 
light and the photon-to-charge conversion 
efficiency.[4] For instance, by modifying 
the aromatic substituents and π−conju-
gated segments, the optical properties of 
DPP-based polymers can be manipulated 
from small (1.13  eV) to wide bandgaps 
(1.77 eV).[5–7] In particular, DPP-based poly-
mers bridged with thiazole units exhibited 
external quantum efficiencies (EQEs) over 
50% with an energy loss between optical 
bandgap and open-circuit voltage below 
0.6 eV in polymer:fullerene solar cells.[8]

The impact of device polarity on the 
photovoltaic performance is still under 
debate, although the inverted (n–i–p) 
device structure has become more popular 
than the conventional (p–i–n) configura-
tion.[9,10] It has been proposed that the use 
of acidic poly(ethylenedioxythiophene):p

oly(styrene sulfonate) (PEDOT:PSS) and reactive metals such 
as Al in the conventional device configuration cause issues 
regarding the device stability and performance,[1] and that 
inverted devices are capable of enhancing the optical electric 
field and improving the interfacial contact.[7,11] Several exam-
ples of DPP-based polymers revealed the advantageous effects 
of inverted structure with superior power conversion efficiency 
(PCE) over 8%.[11–14] However, the record efficiency of solar 
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1. Introduction

In recent years, bulk heterojunction (BHJ) polymer:fullerene 
solar cells have attracted much attention due to their potential 
in solution-processable, low-cost, large-scale, light-weight, and 
flexible plastic electronics as renewable energy sources.[1–3] 
Diketopyrrolopyrrole (DPP)-based polymers are a versatile 
class of organic semiconducting materials, used extensively in 
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cells based on DPP polymers so far was achieved using a con-
ventional polarity device, exhibiting PCEs of >9%.[15,16] Unfor-
tunately, a one-to-one comparison for high-efficiency polymer 
solar cells has been rarely reported, which blurs our under-
standing of the intrinsic role of the device polarity on the PCE.

In this contribution, we evaluated five DPP-based poly-
mers with various chemical structures, including alkyl chains 
on the DPP units and backbones, and molecular weights 
(Figure 1), and demonstrate that the polymer solubility has a 
crucial role on the optimal device polarity. For polymers with 
good solubility, inverted devices showed a 10–25% improve-
ment in photovoltaic performance compared to conventional 
one. In contrast, identical PCEs were observed for less soluble 
polymers, independent of device polarity. To further boost the 
performance of polymer solar cells, the cosolvent for solution 
processing was carefully optimized to narrow the width of the 
semicrystalline fibrils of the DPP polymers to the exciton dif-
fusion length, resulting in an enhanced charge generation. 
Additionally, a retroreflective foil was utilized to capture more 
light for solar cells. When combined the optimization resulted 
in a PCE of 9.6%, which is a new record for solar cells based 
on DPP polymers. More importantly, we provide general and 
systematic procedures to optimize the device performance of 
solution-processed polymer solar cells.

2. Results and Discussion

2.1. Conventional or Inverted Polarity?

2.1.1. Effect of Polymer Structure

To verify the influence of device polarity on the performance 
of polymer solar cells, all processing parameters including 
polymer:[6,6]-phenyl-C71-butyric acid methyl ester ([70]PCBM) 
ratio, polymer concentration, and solvent/cosolvent were kept 
constant, while the thickness of the active layer was optimized 
(vide infra). First, a blend of poly[{2,5-bis(2-hexyldecyl)-2,3,5,6-
tetrahydro-3,6-dioxopyrrolo[3,4-c]pyrrole-1,4-diyl}-alt-{[2,2′-(1,4-
phenylene)bisthiophene]-5,5′-diyl}] (HD-PDPPTPT:) with [70]

PCBM (1:2 w/w) was investigated in a conventional device 
configuration using a transparent indium tin oxide (ITO)/
PEDOT:PSS front contact and a reflective LiF/Al back contact 
(Figure 2a). The optimized thickness of the photoactive layer 
was 110 nm. The short-circuit current densities (Jsc,sr) for deter-
mining the PCEs were obtained by integrating the EQEs spec-
trum with AM1.5G spectrum. This is a more accurate way of 
determining the short-circuit current density. The resultant 
conventional-polarity cell exhibited a good photovoltaic behavior 
with a PCE of 7.4%, in agreement with our previous report.[17] 
Next, an inverted device (ITO/ZnO/HD-PDPPTPT:[70]PCBM/
MoOx/Ag) was fabricated with an optimized film thickness of 
90 nm. The inverted polarity device results in a ≈13% improve-
ment in photocurrent (Jsc,sr) from 14.0 to 15.8 mA cm−2, while 
both open-circuit voltage (Voc) and fill factor (FF) remained 
unchanged, leading to an increased PCE of 8.4% (Figure 2b). 
Figure 2c shows the spectrally resolved EQEs. An enhanced 
EQE for the inverted device can be seen in the regions of 
450–580 and 650–800 nm, corresponding to the optical absorp-
tion range of [70]PCBM and HD-PDPPTPT, respectively.[18]

To rationalize the origin of photocurrent improvement by 
changing the device polarity, the different aspects were con-
sidered. First, the inverted device employs sol–gel ZnO as an 
electron transport layer. This creates a unique rough surface, 
featuring a self-organized ripple nanostructure[19] with a root-
mean-square roughness (Rq) of around 3.3  nm (Figure S1 in 
the Supporting Information). The morphology of blend films 
for both conventional and inverted cells was determined from 
transmission electron microscopy (TEM, Figure S2, Supporting 
Information). Identical fibrillar nanostructures with a fibril width 
of around 7 nm indicate negligible effect of the rough ZnO layer 
on the self-assembly in the bulk of the HD-PDPPTPT:[70]PCBM 
blend. It has been proposed that ZnO nanoripples are capable of 
inducing scattering to enhance the light absorption in the active 
layer in organic photovoltaics (OPV).[20] In the absence of elec-
trodes, we found however that the effect of the nanoripples on the 
film absorption is negligible, and that the film thickness primarily 
determines light absorption (Figure S3, Supporting Information).

Theoretical analysis by optical modeling was also used to 
compare light absorption in conventional and inverted polarity 
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Figure 1.  Chemical structures of diketopyrrolopyrrole (DPP)-based polymers used in this study.
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devices. In the presence of electrodes, the optically modeled 
absorption spectra demonstrate that, compared to a conven-
tional device layout, the inverted polarity configuration results 
in a small red-shift of the peak at ≈480 nm (mainly due to [70]
PCBM) and an enhanced absorption in the 650–800 nm region 
where the polymer absorbs (Figure S4, Supporting Information), 
consistent with measured EQEs (Figure 2c). Photocurrents as a 
function of thickness of blend film were theoretically estimated 
(Figure S5, Supporting Information). Although optical modeling 
confirms the function of MoOx as an optical spacer by shifting 
the position of the maximum optical field into the active layer 
and reproduces the optimized thicknesses of 110 and 90 nm,[21] 
the difference in the maximum calculated Jsc between conven-
tional and inverted devices is only 0.3 mA cm−2. This is much 
lower than the experimental result (ΔJsc = 1.8 mA cm−2).

We therefore conclude that the superior performance of the 
inverted polarity for HD-PDPPTPT:[70]PCBM (1:2 w/w) devices 
cannot be attributed to bulk film morphology or enhanced 
optical absorption and must have a different origin.

Similar effects of device polarity on photovoltaic performance 
were observed for other two DPP-based polymers. Compared to 
HD-PDPPTPT, poly[{2,5-bis(2-decyltetradecyl)-2,3,5,6-tetrahydro-
3,6-dioxopyrrolo[3,4-c]pyrrole-1,4-diyl}-alt-{[2,2′-(1,4-phenylene)
bisthiophene]-5,5′-diyl}] (DT-DT-PDPPTPT), and poly[{2,5-bis(2-
octyldodecyl)-2,3,5,6-tetrahydro-3,6-dioxopyrrolo[3,4-c]pyrrole-
1,4-diyl}-alt-{[2,2′-(1,4-phenylene)bisthiophene]-5,5′-diyl}] 
(OD-PDPPTPT) possess longer alkyl chains on the DPP units, 
increasing polymer solubility. For inverted devices the Voc was 
slightly reduced by 0.01–0.02  V, but the FF was improved to 
over 0.70. Additionally, a significant enhanced photocurrent, by 
0.7–1.1  mA cm−2, was achieved, improving the cell efficiency 

from 5.2% to 6.1% for OD-PDPPTPT and from 4.4% to 4.9% 
for DT-PDPPTPT (Table 2; Figure S6, Supporting Information). 
Compared to HD-PDPPTPT, the improvement of EQE only 
occurred in the absorption range of the polymer (650–800 nm) 
in both cases, as shown in Figure 3.

Our previous work revealed that the polymer solubility 
critically affects the device performance of polymer solar 
cells.[22] In particular, we have demonstrated that less soluble 
DPP polymers result in thinner semicrystalline polymer 
fibers, governed by a nucleation-and-growth mechanism.[22] 
These thinner fibers for less-soluble DPP polymers enhance 
photoinduced charge generation, because a larger fraction of 
excitons can diffuse to the donor–acceptor interface where 
they generate electrons and holes.[17] All three PDPPTPT poly-
mers (with HD, OD, and DT side chains) investigated in this 
study have good solubility in chloroform, so an interesting 
question arises: is the advantageous effect of the inverted 
polarity dependent on the polymer solubility? To answer 
this question, two other polymers with limited solubility,  
poly[[2,​5-​bis(2-​hexyldecyl)​-​2,​3,​5,​6-​tetrahydro-​3,​6-​dioxopyr-
rolo[3,​4-​c]​pyrrole-​1,​4-​diyl]​[2,​2′:5′,​2″-​terthiophene]​-​5,​5″-​diyl[2,​5-​
bis(2-​hexyldecyl)​-​2,​3,​5,​6-​tetrahydro-​3,​6-​dioxopyrrolo[3,​4-​c]​pyr-
role-​1,​4-​diyl]​-​2,​5-​thiophene-​1,​4-​phenylene-​2,​5-​thiophenediyl] 
(HD-PDPP3TaltTPT) and 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′,2″-terthiophene]-5,5″-diyl] (HD-PDPP3T), were evalu-
ated in solar cells. A high temperature of 90 °C was required 
to dissolve HD-PDPP3T and HD-PDPP3TaltTPT in super-
heated chloroform, and the solution had to be used within 
20 min after preparation, because the limited solubility led to 
the formation of gel in 2 h (see insets in Figures 3 and 5a). In 
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Figure 2.  a) Device configurations of polymer solar cells with conventional (p–i–n) and inverted (n–i–p) polarity. b) J–V characteristics and c) spectrally 
resolved EQE of HD-PDPPTPT:[70]PCBM (1:2 w/w) solar cells.
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remarkable contrast to the three more soluble PDPPTPT poly-
mers, the photovoltaic performance of the less soluble HD-
PDPP3TaltTPT and HD-PDPP3T polymers was independent 
of device polarity. For HD-PDPP3T (Mw = 400 kg mol−1), the  
EQE of the inverted device was clearly reduced in the  
600–800 nm region, which was compensated by an enhanced 

[70]PCBM contribution at 450–550 nm, as shown in Figure 3e. 
Therefore, similar photocurrents were obtained, leading to 
a polarity-independent performance. The same trend was 
observed for HD-PDPP3TaltTPT (Figure 3).

As a result, the systematical investigation of five DPP-based 
polymers with various side chains and backbones demon-
strates that the inverted device exhibits better performance 
than the conventional one for more soluble polymers, while 
identical performance is achieved for less soluble polymers. 
Note that these DPP-based polymers generally show very 
similar charge carrier mobilities with values on the order of 
10−2 cm2 V−1 s−1,[18,23] and therefore the effect of mobility on the 
resultant PCE is negligible in this study.

2.1.2. Effect of Molecular Weight

To obtain more insight into the effect of the polymer solubility 
on the preferred device configuration, three other batches of 
HD-PDPP3T with lower molecular weights (Mw = 79, 157, and 
255 kg mol−1) were synthesized (Scheme S1 and Table S1, Sup-
porting Information), and their photovoltaic properties were 
studied in BHJ solar cells. In this way, the impact of chemical 
structure on the morphology and subsequent device perfor-
mance is reduced, and the intrinsic role of solubility can be 
better clarified. The decrease in Mw efficiently improved the 
polymer solubility (insets in Figure 5a). In particular, a tem-
perature of 60  °C was sufficient to dissolve polymers with 
Mw = 79 and 157 kg mol−1 in chloroform. TEM was performed 
to determine the morphology of HD-PDPP3T:[70]PCBM blend 
(1:2 w/w) films. Similar fibrillar microstructures are observed, 
but as a result of the improved solubility the fibrils become 
wider from 12.9  nm for Mw  = 400  kg mol−1 to 16.5  nm for 
Mw = 79 kg mol−1, as shown in Figure 4a,b. Besides, the out-
of-plane profiles of grazing incident wide angle X-ray scattering 
(GIWAXS, Figure 4c; Figure S7, Supporting Information) pre-
sent a sharper shoulder peak at q  = 1.72 Å−1 (corresponding 
to a π–π stacking distance of 3.65 Å) for Mw  = 400  kg mol−1 
compared to Mw  = 70  kg mol−1. The corresponding coher-
ence length (LCH) was calculated by using the full width at half 
maximum (FWHM) of this reflection peak. The value of LCH 
is 2.2 nm for Mw = 400 kg mol−1, almost doubled compared to 
LCH = 1.2 nm for Mw = 70 kg mol−1. A longer LCH evidences a 
more ordered structure, which facilitates charge separation and 
charge carrier transport.

Adv. Energy Mater. 2018, 8, 1800550

Figure 3.  EQE of a) DT-PDPPTPT:[70]PCBM, b) OD-PDPPTPT:[70]
PCBM, c) HD-PDPPTPT:[70]PCBM, d) HD-PDPP3TaltTPT:[70]PCBM, 
and e) HD-PDPP3T: [70]PCBM with conventional (conv.) and inverted 
(inv.) polarities. For each layer the polymer:fullerene weight ratio was 
1:2. Chloroform was used as the main solvent for processing in all 
cases. From bottom to top, the solubility of polymer is increasing. The 
weight average molecular weight (Mw) of HD-PDPP3T is 400 kg mol−1. 
The image in the bottom panel shows gel formation within 2 h due to 
the limited solubility, while the more soluble polymer (middle panel) 
remains well dissolved.

Figure 4.  a,b) TEM images and c) GIWAXS in-plane and out-of-plane profiles of HD-PDPP3T:[70]PCBM blend films (1:2 w/w) with various Mw.
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For these three low-Mw HD-PDPP3T samples, the inverted 
devices outperform the conventional ones without affecting Voc 
and FF (Figures S8 and S9, Supporting Information). The EQE 
spectra in Figure 5a manifest the enhanced photon-to-electron 
conversion efficiency in the polymer region by employing an 
inverted polarity, which is the main contributor to the perfor-
mance improvement. Figure 5b summarizes Jsc,sr and PCE 
(η) as a function of Mw. It is clear that the improvement in 
photovoltaic performance by using inverted polarity becomes 
more pronounced when the polymer solubility is increased by 
decreasing Mw.

Note that in both inverted and conventional devices the 
cell performance is improved by increasing Mw which results 
in narrower fibrils (Figure 4). Recently, it was proposed that 
such Mw dependent efficiency can be attributed to enhanced 
optical absorption for higher Mw polymers.[13] To verify this pos-
sibility and its relation with the observed advantageous effect 
of inverted polarity, the refractive index (n) and extinction coef-
ficient (k) of HD-PDPP3T:[70]PCBM blend films were meas-
ured. Because of their biggest and smallest efficiency difference 
between inverted and conventional devices, the polymers with 
Mw  = 157  kg mol−1 and Mw  = 400  kg mol−1 were selected for 
the measurements. The experiments confirm that the k value 
at 840 nm is increased from 0.46 for Mw = 157 kg mol−1 to 0.63 
for Mw  = 400  kg mol−1 (Figure 5c), suggesting more efficient 
light absorption for higher Mw. This enhanced absorption could 
be attributed to higher persistence length of the polymer.[13]

The theoretical photocurrents obtained for HD-PDPP3T:[70]
PCBM (1:2 w/w) with Mw of 157 and 400 kg mol−1 (Figure S10, 
Supporting Information) were calculated from n and k values 
using optical modeling (Figure 5c). The maximum value of 
the theoretical Jsc for the Mw = 400 kg mol−1 batch is higher by 
≈1.5 mA cm−2 than for the Mw = 157 kg mol−1 material, both in 
conventional and inverted cells (Table 1). More importantly, the 
inverted devices are proven to always show better performance 
than the conventional ones with ΔJsc ≈ 0.7 mA cm−2 independent 
of Mw (Table 1). In comparison, the experimental data exhibit a 
different trend. With lower Mw such as 157 kg mol−1, inverted 
devices exhibit 3.1  mA cm−2 higher Jsc than the conventional 
ones, and this difference is over fourfold larger than the sim-
ulated results (0.7  mA cm−2, Table 1). On the contrary, higher 
Mw of 400  kg mol−1 performs almost independent of device 
polarity, although the theoretical simulation still shows stronger 
light absorption and higher photocurrent for the inverted device 
(Figure S10, Supporting Information). These results provide fur-
ther evidence for the advantageous effect of inverted polarity for 
soluble polymers, as concluded in Section 2.1.1.

2.1.3. Hypothesis of Polarity Effect

It is useful to define the difference in PCE between conventional 
and inverted devices as Δη = (ηinv − ηconv)/ηconv, where ηconv and 
ηinv are the PCEs for conventional and inverted polarity devices, 

Adv. Energy Mater. 2018, 8, 1800550

Figure 5.  a) EQE spectra of HD-PDPP3T:[70]PCBM blend (1:2 w/w) films with various Mw. The bottom inset image shows gel formation in 2 h due to 
the limited solubility, while low-Mw polymer (top inset) remains well dissolved in solution. b) The dependence of Jsc,sr and PCE (η) on Mw. The solid 
and dashed lines are guides to the eye. c) Refractive index (n,k) data of HD-PDPP3T:[70]PCBM blend films.
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respectively. Figure 6 plots the relation between the solubility 
and Δη. We manipulate the polymer solubility in two ways: 1) 
by modifying the chemical structures including the side chains 
and polymer backbones; 2) by varying the molecular weight. 
In both cases, we draw the same conclusion that the solar cells 
with inverted polarity exhibit better performance than the con-
ventional device for polymers with good solubility, and higher 
PCE is achievable (Δη = 10%−25%), which is mainly attributed 
to improvement of Jsc. In contrast, the cell performance is inde-
pendent of device polarity for less soluble polymers, i.e. Δη ≈ 0.

To further understand the origin of the improved perfor-
mance caused by inverted configuration, X-ray photoelec-
tron spectroscopy (XPS) depth profiles were recorded for 
HD-PDPP3T:[70]PCBM (1:2 w/w) layers processed on ZnO 
(inverted structure) (Figure 7). Both surface and bulk of the 
photoactive layer show a constant atom concentration for C, 

S, and N. Therefore, more attention is paid to the interface 
between photoactive layer and ZnO. For Mw  = 157  kg mol−1 
(ηinv > ηconv), the C atom concentration starts to drop at 1900 s,  
while the concentrations for N and S (exclusively from the  
polymer) remain constant until 2140 s (Figure 7a). This indicates 
that the ratio of polymer to [70]PCBM is increased close to the  
ZnO interface. On the contrary, the reduction in atom concen-
tration of N and S follows the trend of C for Mw = 400 kg mol−1 
(ηinv ≈ ηconv) (Figure 7b). A clearer difference induced by polymer 
solubility is shown using N/C and S/C atom ratios (Figure 7c,d). 
Low Mw results in a noticeable enhancement of the N/C and S/C 
atom ratios starting at 2035 s, suggesting an increased amount 
polymer (decreased [70]PCBM) at the ZnO interface. On the 
other hand, both N/C and S/C remain almost unchanged for the 
high Mw material, even at the ZnO interface. The corresponding 
conventional devices were also analyzed by XPS; however, the 
quantitative analysis of atom ratio between polymer to [70]PCBM 
is impractical because PEDOT:PSS contains both C and S. Fur-
ther evidence is provided by measuring inverted device for HD-
PDPPTPT:[70]PCBM (ηinv  >  ηconv). Similar behavior to low-Mw 
HD-PDPP3T is observed with the increase in N/C and S/C ratios 
at ZnO interface (Figure S11, Supporting Information).

Vertical stratification of BHJ blend films has been widely 
investigated, but its extent and origin remain debated.[24–26] Dif-
ferences in surface free energy, solubility, and selective interac-
tions can disrupt the vertical isotropy of the morphology. The 
extent of vertical stratification is also affected by the processing 
conditions (e.g., drying rate, solvent or thermal annealing, and 
presence of top contact). For as-cast P3HT:[60]PCBM blends 
the surface energy of the substrate was found to control the 
stratification, resulting in an enrichment of [60]PCBM at the 
PEDOT:PSS/blend interface in as cast films.[24] In contrast, for 
as-cast PCDTBT:PCBM blends on PEDOT:PSS an enrichment 
of PCBM at blend/air surface was found,[27–29] while in as-cast 
PSBTBT:[60]PCBM blends there is an enrichment of PSBTBT at 
the free surface.[30] Similar differences also exist for deposition 
on ZnO. Marks and co-workers reported a [70]PCBM enrich-
ment at ZnO interface,[9] but here we found that at the ZnO 
surface there is an enrichment in polymer concentration for 
materials that are more soluble. This could imply, tentatively, 
that the ZnO layer with its surface ripple nanostructures acts 
as a preferential site for aggregation of polymers with good 
solubility, while polymers with less solubility aggregate more 
homogenously in solution. It is presently not clear how the 
surface enrichment contributes to the improved performance 
of inverted devices compared to conventional devices. Further 
efforts are required to explore the mechanisms and generality 
of the vertical structure in BHJ blends. Beside the nature of the 
substrate there are several other factors that influence vertical 
stratification. For instance, the processing solvent/cosolvent 
allowed the transition from enriched to depleted fullerene at the 
interface,[31,32] and pre-/post-treatment had significant impact on 
vertical phase separation within the whole BHJ blend film.[24,33]

2.2. Morphology Control by Cosolvents

It is well established that the cosolvent plays a crucial role 
in forming the phase separation and BHJ morphology of 

Adv. Energy Mater. 2018, 8, 1800550

Table 1.  Comparison of Jsc,sr between the simulation and measurement 
for HD-PDPP3T:[70]PCBM (1:2 w/w) as a function of Mw.

Mw [kg mol−1]/PDI (–) Jsc,max [mA cm−2] ΔJsc,max [mA cm−2]

conv. inv.

simulation 157/2.1 23.4 24.1 0.7

400/2.7 24.8 25.6 0.8

measurement 157/2.1 12.0 15.1 3.1

400/2.7 15.4 15.5 0.1

Figure 6.  The influence of polymer solubility on the performance difference 
between conventional and inverted devices. a) Solubility in chloroform: 
HD-PDPP3T (Mw = 400 kg mol−1) ≤ HD-PDPP3TaltTPT < HD-PDPPTPT < 
OD-PDPPTPT < DT-PDPPTPT. b) The solubility of HD-PDPP3T is enhanced 
with decreasing the Mw. The red arrows are guides to the eye.
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polymer–fullerene blends, affecting exciton diffusion, charge 
dissociation, and charge transport.[22] Moreover, it was dem-
onstrated that narrower fibrils promote the photon-to-electron 
conversion efficiency.[17,34] In Section 2.1, solar cells with the 
efficiencies of 8.4%, 7.2%, and 7.7% were realized based on HD-
PDPPTPT, HD-PDPP3T, and HD-PDPP3TaltTPT, respectively, 
in an inverted polarity device (Table 2). Further reducing the 
fibril width by optimizing the cosolvent is a rational option to 
realize further improvement of cell performance for these three 
DPP-based polymers. For HD-PDPPTPT, diphenyl ether (DPE) 
is used to replace o-DCB. TEM images reveal that the widths 
of the fibrils are different and decrease, going from 7.1  nm 
for 6% o-DCB to 5.7  nm for 5% DPE (Figure 8a,d). GIWAXS 
measurements reveal that such slight difference in fibril width 
has little effect on the molecular orientation but enhances film 
crystallinity (Figure 8g; Figure S12, Supporting Information). 
As expected, the OPV device processed with 5% DPE generates 
more current with Jsc,sr  = 16.8  mA cm−2, which is 1  mA cm−2 
higher than when using 6% o-DCB, resulting in a PCE of 8.6% 
(Figure 9a; Figure S13, Supporting Information). The high per-
formance does not strongly depend on the concentration of the 
cosolvent as virtually identical results were found using 2% 
DPE. For HD-PDPP3T, the fibril width is significantly reduced 
from 12.9 to 8.6 nm by using 6% 1,2,4-trichlorobenzene (TCB) 
as cosolvent, as shown in Figure 8b,e. This length scale (8.6 nm) 
matches with the exciton diffusion length (5–10 nm),[35] leading 
to the improved device performance. In the 1D GIWAXS 
line-cut profile the HD-PDPP3T:[70]PCBM layer processed 

using TCB as cosolvent shows a sharp shoulder peak at q  = 
1.72 Å−1 with a coherence length of 2.2 nm (Figure 8h), while 
HD-PDPP3T with 6% o-DCB cosolvent displays a broader peak 
at q = 1.75 Å−1 with LCH = 1.3 nm. The increased LCH implies a 
more ordered crystallization which can be beneficial for charge 
separation, resulting in an enhanced Jsc,sr from 15.5 to 17.0 mA 
cm−2.[36,37] The resultant PCE of 7.6% is achieved with EQEmax = 
0.55 (Figure 9a). With 10% o-DCB, the fibril width of HD-
PDPP3TaltTPT:[70]PCBM is already comparable to the exciton 
diffusion length, and the use of 6% TCB is not capable of fur-
ther optimizing the morphology. Therefore, identical device per-
formance is obtained. Interestingly, 1-chloronaphthalene (CN) 
with a higher boiling point than TCB allowed to further narrow 
the fibrils of HD-PDPP3TaltTPT to 4.3 nm (Figure 8c,f), so that 
the performance of corresponding solar cell was improved with 
PCE = 8.4%, Voc  = 0.74  V, FF = 0.68, and Jsc  = 16.6  mA cm−2 
(Figure 9a; Figure S13, Supporting Information). Similarly π−π 
stacking interactions are enhanced using 6% CN with smaller 
fibril width (Figure 8i). Additionally, grazing incident small 
angle X-ray scattering (GISAXS) was performed to characterize 
the mesoscale structures (Figure S15, Supporting Information). 
In all films a weak diffuse shoulder can be observed in the small 
angle range at q ≈0.01 Å−1, similar to the signals found by Rus-
sell and co-workers for a related DPP polymer fullerene blend.[38]

The PCE for all five DPP-based polymers with inverted 
polarity are plotted as a function of fibril width in Figure 9b. It 
is clear that the cell performance is noticeably enhanced with 
decreasing the fibril width, and an almost linear correlation is 

Adv. Energy Mater. 2018, 8, 1800550

Figure 7.  a,b) Atom concentrations and c,d) atom ratios from XPS depth profiles of HD-PDPP3T:[70]PCBM (1:2 w/w) layers with Mw  = 157 and 
400 kg mol−1 processed on ZnO. Due to the detection limits the data of Zn with the atom concentration below 0.1% are displayed as 0.05%; further 
the atom ratio is estimated in the range where atom concentration is over 0.2% (red dashed frames).
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observed. When the fibril width is below 10 nm, the efficiency 
(η) exceeds 7.5%. In particular, the value of η  =  8.4−8.6%  is 
achievable with fibril width of 4–6  nm, which can be realized 
by cosolvent optimization (open symbols in Figure 9b). Typical 
exciton diffusion lengths for conjugated polymers are 5–10 nm, 
and therefore wider fibrils may detrimentally influence the per-
centage of excitons reaching the polymer/fullerene interface 
where charge generation happens. This assumption is further 
proven by the relation between fibril width and the maximum 
value of EQE for wavelength region over 700  nm, where the 
polymer absorption dominates (Figure S14a, Supporting Infor-
mation). Fibrils with width lower than 8 nm result in the EQE 
over 0.60, but fibrils over 10 nm lead to the EQE below 0.50. In 
addition, our results for conventional devices reveal a good cor-
relation with our previous study (Figure S14b, Supporting Infor-
mation).[34] More importantly, it is worth noting that this EQE 
dependence on fibril width is not affected by device polarity.

2.3. Enhancement of Light Absorption by Retroreflective Foil

For most DPP-based polymers, the optimum thickness of 
polymer:[70]PCBM blend films ranges from 90 to 110  nm 

depending on the device configurations. This is insufficient 
to quantitatively absorb the light over the whole absorption 
spectrum. In other words, a non-negligible amount of light is 
reflected out of the solar cell. Thicker films are able to absorb 
more light, but in general the fill factor is significantly reduced, 
contributing to a low PCE. The light capture can be enhanced 
by changing the trajectory of the light in the solar cell with the 
application of an additional retroreflective foil.[39–44] As described 
in Sections 2.1 and 2.2, HD-PDPPTPT:[70]PCBM blend films 
exhibit very good photovoltaic performance (PCE = 8.6%, Voc = 
0.79 V, FF = 0.64, Jsc,sr = 16.8 mA cm−2) in an inverted device 
configuration using 5% DPE as cosolvent, which is among 
the best solar cells based on DPP polymers. The application 
of a retroreflective foil on top of the device allows to effectively 
absorb more light into active layer,[39] so that a 13.8% improve-
ment in photocurrent is obtained without affecting Voc and FF, 
resulting in concomitant increase of PCE to 9.6% (Figure 10a). 
The enhanced Jsc is confirmed by EQE measurement, indicating 
an improved quantum efficiency over the whole spectral range, 
as shown in Figure 10c. The increase in EQE mainly occurs 
at wavelengths where the absorption of blend film is weaker, 
such as 400–440 and 550–610  nm. In these regions, more of 
the incident light is reflected toward to the retroreflective foil.[37] 
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Table 2.  Solar-cell characteristics.

Polymera) Mw  
kg mol−1

PDIb) Polarity Cosolventd) Voc  
[V]

FF Jsc,sr
e)  

[mA cm−2]
EQEmax

f) PCEmax  
[%]

PCEavg
g)  

[%]

HD-PDPPTPT 143 2.0 conv. 6% o-DCB 0.80 ± 0.01 0.66 ± 0.01 13.8 ± 0.2 0.58 7.4 7.3 ± 0.1

inv. 6% o-DCB 0.80 ± 0.00 0.66 ± 0.01 15.6 ± 0.3 0.66 8.4 8.3 ± 0.1

inv. 2% DPE 0.79 ± 0.00 0.62 ± 0.02 16.8 ± 0.2 0.71 8.5 8.2 ± 0.2

inv. 5% DPE 0.79 ± 0.00 0.64 ± 0.02 16.7 ± 0.2 0.70 8.6 8.4 ± 0.2

inv+foilc) 5% DPE 0.80 0.64 18.7 0.71 9.6 –

OD-PDPPTPT 442 3.2 conv. 2.5% DIO 0.81 ± 0.00 0.66 ± 0.01 9.6 ± 0.1 0.39 5.2 5.1 ± 0.1

inv. 2.5% DIO 0.79 ± 0.00 0.71 ± 0.00 10.8 ± 0.1 0.46 6.1 6.0 ± 0.0

DT-PDPPTPT 216 2.4 conv. 5% DIO 0.79 ± 0.00 0.66 ± 0.01 8.3 ± 0.1 0.31 4.4 4.4 ± 0.1

inv. 5% DIO 0.79 ± 0.01 0.70 ± 0.00 8.7 ± 0.3 0.36 4.9 4.8 ± 0.1

HD-PDPP3T 79 1.9 conv. 7.5% o-DCB 0.64 ± 0.00 0.65 ± 0.01 12.2 ± 0.5 0.34 5.2 5.1 ± 0.1

inv. 7.5% o-DCB 0.65 ± 0.00 0.69 ± 0.01 13.5 ± 0.2 0.39 6.1 6.0 ± 0.1

157 2.1 conv. 7.5% o-DCB 0.65 ± 0.01 0.64 ± 0.01 12.3 ± 0.2 0.33 5.1 5.1 ± 0.0

inv. 7.5% o-DCB 0.65 ± 0.00 0.66 ± 0.01 15.0 ± 0.2 0.47 6.5 6.5 ± 0.1

255 3.7 conv. 7.5% o-DCB 0.65 ± 0.00 0.66 ± 0.00 13.5 ± 0.1 0.39 5.9 5.8 ± 0.1

inv. 7.5% o-DCB 0.67 ± 0.00 0.68 ± 0.00 14.8 ± 0.3 0.47 6.8 6.6 ± 0.1

400 2.7 conv. 7.5% o-DCB 0.66 ± 0.00 0.68 ± 0.01 15.3 ± 0.3 0.49 7.1 6.9 ± 0.1

inv. 7.5% o-DCB 0.67 ± 0.00 0.69 ± 0.01 15.3 ± 0.2 0.47 7.2 7.1 ± 0.1

inv. 6% TCB 0.67 ± 0.00 0.68 ± 0.02 16.5 ± 0.5 0.55 7.6 7.4 ± 0.1

inv.+foilc) 6% TCB 0.67 0.66 18.8 0.57 8.3 –

HD-PDPP3TaltTPT 154 3.7 conv. 10% o-DCB 0.73 ± 0.01 0.66 ± 0.01 16.2 ± 0.4 0.59 8.0 7.8 ± 0.2

inv. 10% o-DCB 0.74 0.64 16.3 0.61 7.7 –

inv. 6% TCB 0.75 0.62 16.7 0.63 7.8 –

inv. 6% CN 0.75 ± 0.00 0.66 ± 0.02 16.6 ± 0.3 0.63 8.4 8.2 ± 0.1

a)The weight ratio of polymer to [70]PCBM is 1:2 in all cases; b)The weight average molecular weight (Mw) and polydispersity index (PDI) of DPP polymers; c)A retroreflec-
tive foil is applied on the cell; d)The host solvent is chloroform in all cases; e)Jsc,sr is obtained by integrating the EQE spectrum with AM 1.5 G spectrum; f)EQEmax in the 
region >700 nm; g)The average value is obtained from four nominally identical devices.
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Figure 8.  TEM images of the photoactive layers with various cosolvents: a,d) HD-PDPPTPT:[70]PCBM, b,e) HD-PDPP3T:[70]PCBM, and c,f) HD-
PDPP3TaltTPT:[70]PCBM. All images share the same scale bar. Inverted structures are utilized. g–i) The corresponding GIWAXS in-plane and out-of-
plane profiles.

Figure 9.  a) EQE spectra of HD-PDPPTPT:[70]PCBM, HD-PDPP3T:[70]PCBM, and HD-PDPP3TaltTPT:[70]PCBM with various cosolvents. Inverted 
structures are utilized. b) Dependence of PCE (η) on the fibril width.
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Among the polymers investigated in this study, HD-PDPP3T 
differs most in optical properties from HD-PDPPTPT, but also 
for HD-PDPP3T (Mw = 400 kg mol−1) the retroreflective foil is 
capable of improving OPV performance. The light reflected by 
the foil back into the photoactive layer generates 1.8 mA cm−2 
of additional current density, and the PCE is significantly 
increased from 7.6% to 8.3% (Figure 10b,d).

3. Conclusion

In conclusion, we demonstrated the optimization of device per-
formance of polymer:fullerene solar cells by manipulating the 
device polarity, morphology, and light absorption for series of 
DPP-based polymers. We determined that the polymer solubility, 
which is controlled by chemical structure and molecular weight, 
critically affects the optimal device configuration. In the case of 
polymers with good solubility, an enhancement in photovoltaic 
performance by 10–25% is obtained by applying an inverted 
polarity configuration. On the contrary, for less soluble polymers 
the performance is independent of device polarity. It was found 
that for more soluble materials the polymer:fullerene ratio in the 
inverted configuration is slightly increased close to the ZnO inter-
face, while for the less soluble polymers this difference does not 
occur. Further improvement of device performance was realized 
by optimizing the cosolvent and employing a retroreflective foil. 
A careful choice of cosolvent is efficient to reduce the fibril width. 
The PCE and maximum EQE scale inversely with the fibril width, 
in good agreement with our previous report.[17] In particular, 
the PCE of 8.4−8.6%  is achievable for fibril widths of 4–6  nm. 

Additionally, applying a retroreflective foil allowed capturing more 
light, significantly enhancing the photocurrent. Combined the 
effects resulted in a solar cell with PCE of 9.6%, among the best 
for DPP polymers. Although the results are based on DPP poly-
mers, we consider that the optimization procedures developed 
here, represent a general framework that is practical to optimize 
the device performance for all types of organic photovoltaics.

4. Experimental Section
Materials: All PDPPTPT polymers were prepared by Suzuki polymerization, 

in which a catalyst system was used based on Pd2(dba)3 as palladium 
source and PPh3 as ligand. Both HD-PDPP3T and HD-PDPP3TaltTPT 
were synthesized by Stille polymerization. The details of polymer synthesis 
can be found in literature.[17,45] The molecular weight of HD-PDPP3T was 
varied by controlling the monomer ratio (See the Supporting Information). 
The molecular weight of all polymers was determined by gel permeation 
chromatography (GPC) using o-DCB as eluent at 140 °C and a low polymer 
concentration of 0.06 mg mL−1 to reduce aggregation.

Device Fabrication: Prepatterned ITO substrates (15  Ω per square, 
Naranjo Substrates) were used for all photovoltaic devices. For devices 
with the conventional configuration (ITO/PEDOT:PSS/polymer:[70]
PCBM/LiF/Al), PEDOT:PSS (Clevios P, VP Al 4083) was spin-coated and 
annealed at 140 °C for 10 min to form a thin film with final thickness of 
40  nm. For inverted devices (ITO/ZnO/polymer:[70]PCBM/MoOx/Ag), 
a ZnO layer was fabricated by the sol–gel method, where zinc acetate 
(109.7  mg) was dissolved into 2-methoxyethanol (1  mL) with ethanol 
amine (30.2 µL). Spin-coated films were annealed at 140 °C for 10 min. 
The final thickness was 40  nm. All photoactive layers were deposited 
by spin-coating from a chloroform solution with different cosolvents. 
LiF (1 nm) and Al (100 nm), or MoOx (10 nm) and Ag (100 nm) were 
deposited as back contacts by vacuum evaporation at ≈2 × 10−7 mbar. 

Adv. Energy Mater. 2018, 8, 1800550

Figure 10.  J–V characteristics and spectrally resolved EQEs of a,c) HD-PDPPTPT:[70]PCBM and b,d) HD-PDPP3T:[70]PCBM without (W/O) and with 
(W/) retroreflective foils.
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The active area of the cells was 0.09 or 0.16 cm2, and no dependence of 
photovoltaic performance on the active area was found.

Characterizations: The white light (≈100 mW cm−2) from a tungsten–
halogen lamp filtered by a Schott GG385 UV filter and a Hoya LB120 
daylight filter was used for illumination, and J–V characteristics were 
measured using a Keithley 2400 source meter. Short-circuit currents 
under AM1.5G conditions were estimated from the EQE and integration 
with the solar spectrum. The EQE was recorded by a lock-in amplifier 
(Stanford Research Systems SR 830) under simulated 1 sun operation 
conditions with bias light from a 532  nm solid state laser (Edmund 
Optics). As probe light, the light from a 50 W tungsten halogen lamp 
(Osram64610) was modulated with a mechanical chopper before 
passing the monochromator (Oriel, Cornerstone 130) for wavelength 
selection. A calibrated Si cell was used as reference. Polymer solar cells 
were kept behind a quartz window in a nitrogen filled container. TEM 
measurement (Tecnai G2 Sphera, FEI) was carried out at 200  kV. XPS 
depth profiles were measured on a Thermo Scientific K-Alpha with a 180° 
double focusing hemispherical analyzer and a 128-channel detector. The 
layers were removed in steps by argon ion etching at low current and 
1000 eV ion energy (Ta2O5 = 0.12 nm s−1).

GIWAXS: GIWAXS measurements were performed at beamline 7.3.3[46] 
at the Advanced Light Source. The Si/SiO2 wafers coated with 40  nm 
PEDOT:PSS were used as substrates. Samples were prepared on Si/SiO2/
PEDOT:PSS substrates using identical blend solutions as those used 
in devices. The 10  keV X-ray beam was incident at a grazing angle of 
0.12°–0.16°, selected to maximize the scattering intensity from the samples. 
The scattered X-rays were detected using a Dectris Pilatus 2M photon 
counting detector. The coherence length in direction perpendicular to the 
(010) crystallographic plane was calculated using the Scherrer equation[47–49]

π= ∆
2

CHL K
q

	 (1)

where Δq is the full-width at half-maximum of the peak and K is a 
shape factor with the empirical value of 0.9. The Bragg peaks are 
fitted to the positions and widths with a linear background. It must be 
emphasized that the width of the Bragg peak is strongly affected by both 
paracrystallinity[50] and instrumental effects. Therefore, care must be taken 
when using Scherrer equation, and such analysis only provides qualitative 
comparison between samples with rough estimations of coherence 
length, also because we have used slightly different incident angles.

GISAXS: GISAXS experiments were carried out on a GANESHA 300XL+ 
system from JJ X-ray in the X-ray lab at DSM Materials Sciences Center 
(DMSC). The instrument is equipped with a Pilatus 300K detector, with 
pixel size of 172 µm × 172 µm. The X-ray source is a Genix 3D Microfocus 
Sealed Tube X-Ray Cu-source with integrated Monochromator (multilayer 
optic “3D version” optimized for SAXS) (30 W). The wavelength used was 
λ  = 1.5408 Å. The detector moved in a vacuum chamber with sample-
to-detector distance varied between 0.115 and 1.47 m depending on the 
configuration used, as calibrated using silver behenate (d001 = 58.38 Å). 
The minimized background scattering plus high-performance detector, 
allowed for a detectable q-range varying from 3 × 10−3 to 3 Å−1 (0.2 to 
210 nm). The sample was placed vertically on the goniometer and tilted 
to a glancing angle of 0.2° with respect to the incoming beam. A large 
beam was used to increase the signal to noise ratio. The primary slits had 
a size of 0.7 × 0.7 mm2, and the guard slits had a size of 0.1 × 0.9 mm2. 
The accumulation time was 6 h for each measurement.

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