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Abstract
This work develops a combinational use of solvent additive and in‐line drying oven on the flexible
organic photovoltaics to improve large‐area roll‐to‐roll (R2R) slot‐die coating process. Herein,
addition of 1,8‐diiodooctane (DIO) in the photoactive layer is conducted to yield a performance
of 3.05% based on the blending of poly(3‐hexylthiophene) (P3HT) and [6,6]‐phenyl C61‐butyric
acid methyl ester (PC61BM), and a very promising device performance of 7.32% based on the
blending of poly[[4,8‐bis[(2‐ethylhexyl)oxy] benzo[1,2‐b:4,5‐b’] dithiophene‐2,6‐diyl] [3‐fluoro‐
2‐[(2‐ethylhexyl)carbonyl]thieno[3,4‐b]thiophenediyl]] (PTB7) and [6,6]‐phenyl C71‐butyric acid
methyl ester (PC71BM). Based on this R2R slot‐die coating approach for various polymers, we
demonstrate the high‐performance result with respect to the up‐scaling from small high‐PCE cell
to large‐area module. This present study provides a route for fabricating a low‐cost, large‐area,
and environmental‐friendly flexible organic photovoltaics.
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PCE (~9.5%) to the spin‐coated OPVs,11 the slot‐die–coated OPVs on

I N T RO D U CT I O N

glass substrates still show a gap of performance with a PCE of only
Organic photovoltaics (OPVs) exhibit many advantages of low cost,

5 ~ 6%.7,13,14 Moreover, the performance of the flexible‐substrate–

easy fabrication, and compatibility with flexible substrates. In addition,

based OPVs fabricated by roll‐to‐roll (R2R) slot‐die coating process is

the scalability and remarkably low‐energy payback time of OPVs is far

limited to below ~5%15,16 due to more challenges or inherent limita-

1

superior to conventional inorganic photovoltaics. Commercialization

tions from the special rolling process. There exist different mechanisms

of OPVs has attracted a lot of attention because of the increasing

of film formation between blade‐coating and R2R slot‐die coating

power conversion efficiency (PCE) over 11%.2,3 In contrast to the

according to the literature,17 leading to relatively little progress in the

OPVs based on the well‐known poly(3‐hexylthiophene) (P3HT) poly-

PCE improvement of flexible OPVs to date. To solve the critical

mer (PCE: 3 ~ 4%), the low‐band‐gap (LBG) polymer can significantly

problem regarding the R2R slot‐die coating and film formation

enhance the PCE (>7%). Many large‐area solution‐processing tech-

mechanism, we firstly propose the novel method combining the addi-

niques, such as spray coating, inkjet printing, slot‐die coating, doctor

tive and drying oven temperature and demonstrate the remarkable

blade, and knife coating, are used to manufacture OPVs.4-8 Among

improvement in the PCE of R2R flexible OPVs to 7.32%, which is far

these techniques, slot‐die coating is the most promising candidate for

beyond the recent PCE record of ~5%. This breakthrough provides

the applications of mass‐production due to its high throughput, low

the feasible approach to make large progress toward commercializa-

material waste, low cost, and rapid manufacturing speed.6-8 Recently,

tion of the R2R flexible OPVs, which is different from the general

the highly efficient large‐area–coated OPVs on glass and PET sub-

large‐area sheet‐to‐sheet coating.

strates have been reported in many literatures.9-12 The current OPVs

The active layer of OPVs usually exhibits a bulk heterojunction

with high PCE were mainly fabricated by blade‐coating technique,

(BHJ) structure comprising electron donor (conjugated polymer) and

which is deemed to be a prototyping tool for slot‐die coating and used

electron acceptor (fullerene derivatives) phases.18-20 The BHJ nano-

for piece coating. Although the blade‐coated OPVs show a comparable

structure of active layer has been shown to be a critical role in the
overall PCE enhancement of OPVs. Several treatments have been
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annealing,21 solvent annealing,22 and solvent mixture,23,24 to effec-

improvement. In this study, we further illustrate how the BHJ film

tively improve PCE. Although these approaches can enhance the

structure and performance of the R2R‐coated P3HT:PC61BM OPV

performance of OPVs, the treatment time usually takes more than

devices can be effectively improved by tuning the solvent additive

the order of 10 minutes. These treatments would be limiting factors

contents and thermally processing condition. Furthermore, this

on the processing rate when they are applied to the continuous R2R

technique was extended to the flexible R2R slot‐die–coated

printing facility. Therefore, a facile way to facilitate the processing rate

PTB7/PC71BM active layer and finally achieved the PCE of 7.32%,

is important to realize the printable OPVs technology. Recently, the

which is, to the best of our knowledge, the highest PCE among the

application of solvent additives has been explored as an easy way to

reported OPVs based on the R2R slot‐die–coated fabrication and all

optimize the BHJ nanostructure of OPVs.25 Variable solvent additives,

LBG polymers. On the other hand, most of OPV studies adopted the

such as 1‐chloronaphthalene (CN),26 nitrobenzene (NB),27,28 and

halogenated solvents, such as chlorobenzene (CB) and 1,2‐dichloro-

1,8‐diiodooctane (DIO),29,30 have been introduced in high‐perfor-

benzene (DCB),9,11,12 as the host solvent for LBG polymer. We further

mance OPVs, especially for LBG polymers. These solvent additives

demonstrate that the R2R‐coated OPVs with high PCE can be success-

can effectively tailor the phase‐separation behavior to form a favor-

fully fabricated in this study by using nonhalogenated solvent,

able bicontinuous BHJ structure via their different solubility of the

o‐xylene, as the host solvent. This study provides a solid basis of effec-

donor and acceptor materials.31 For instance, in the most commonly

tive R2R slot‐die coating route to achieve high‐efficiency universally

used active layer system, poly(3‐hexylthiophene) (P3HT) and

based on various polymers.

[6,6]‐phenyl C61‐butyric acid methyl ester (PC61BM), DIO is a
selectively better solvent for PC61BM than for P3HT, which would
prevent from excessive PC61BM aggregation in the blend and also

2
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EXPERIMENTAL

enhance the P3HT crystallization. In addition, DIO is the most‐used
solvent additive to enhance the PCE of devices based on LBG polymers,

such

as

poly(thieno[3,4‐b]thiophene‐alt‐benzodithiophene)

(PTB7) and poly(2,6‐(4,4‐bis‐(2‐ethylhexyl)‐4H‐cyclopenta‐[2,1‐b;3,4‐

2.1 | Fabrication of R2R slot‐die–coated inverted
OPVs

b’]dithiophene) ‐alt‐4,7(2,1,3‐benzothiadiazole) (PCPDTBT). Previous

We slot‐die coated the electron transport layer (ETL) and photoactive

literature32 pointed out that the addition of DIO would facilitate dis-

layer by using Coatema R2R system (Coatema smartcoater, Germany).

persion of the PCBM molecules into the PTB7 polymer aggregates

To obtain a flexible substrate suitable for use in the R2R system, we

(or intercalation of PCBM molecules with polymer chains) and result

purchased the ITO‐coated polyethylene terephthalate (PET) substrate

in a favorable donor‐acceptor interpenetration network. The additive

with a surface resistance of 15 Ω/square from Optical Filters Ltd

can also adjust the evaporation time of host solvent for effectively

(EMI‐ito 15). The PET/ITO substrate was firstly cut into a

increasing polymer crystallization. The use of solvent additives has

10 × 10 cm2 sheet, and then the substrate was treated with air plasma.

shown a great improvement in PCE by controlling the BHJ morphology

Aluminum‐doped zinc oxide (Al‐ZnO, AZO) was used as the ELT in the

of OPVs at the multiple lengths, and different polymers are suitable for

present study, and the synthesis of AZO precursor and the slot‐die

respective solvent additives. However, most of the additive‐based

coating parameters of AZO were described in our previous litera-

devices were fabricated by conventionally laboratory‐scale spin‐coat-

ture.8,17 To obtain the P3HT:PC61BM:DIO photoactive solution suit-

ing process, which is not compatible with high‐throughput R2R print-

able for R2R slot‐die process, 12‐mg P3HT, 12‐mg PC61BM (Rieke

ing technique. The solvent evaporation behavior, film crystallization,

Metals), and various contents of DIO (Aldrich) were dissolved in 1‐ml

and BHJ structure of the films formed by spin‐coating process and

o‐xylene solvent. For the PTB7:PC71BM:DIO solution, we dissolved

R2R slot‐die coating process are distinctively different. Establishing

6 mg of PTB7 (1‐Mateirals), 9‐mg PC71BM (Rieke Metals), and various

the fabrication technique of flexible R2R‐coated OPVs cannot be

contents of DIO in 1‐ml o‐xylene. These photoactive solutions were

directly transformed by the experience based on spin‐coating process.

stirred at 50°C for overnight before slot‐die coating. The slot‐die

This challenge motivates this study. On the other hand, PTB7 polymer

coating layers were dried immediately by in‐line oven equipped within

is the model of the LBG polymers used for the spin‐coated OPVs with

the R2R‐coating machine (R2R oven). To keep a stable R2R oven

high PCE.33-35 However, to date, the influence of solvent additives on

temperature, we preheated the oven at various temperatures for

the morphology of R2R‐coated OPVs reported elsewhere is based on

40 minutes before coating. The slot‐die coating speed used for ETL

the P3HT (PCE ~2%).36,37 Recent literature reported that the R2R‐

and photoactive layer was 1 m/min, and the input rates of ETL and

coated flexible OPV based on PTB7‐Th LBG polymer only exhibited

photoactive layer were 0.8 and 1.2 ml/min, respectively. The deposited

a PCE of 2.42%.38 These studies imply that the limited PCE improve-

ETL was dried at 150°C for 10 minutes in an ambient oven, and the

ment in the field of R2R‐printed OPVs is still a bottleneck.

deposited wet photoactive layers were dried at various R2R oven tem-

Understanding the relationship among the large‐area–coating con-

perature. To clarify the effect of DIO addition on the PCE of OPVs, we

ditions, polymer materials, film morphology (phase‐separated nano-

did not treat the photoactive layer with an additional thermal annealing

structure), and performance is very important to develop R2R‐coated

process. The thicknesses of the slot‐die–coated films of AZO, P3HT:

flexible devices with high PCE. In our previous study,17 we demon-

PC61BM:DIO, and PTB7:PC71BM:DIO were about 60, 150, and

strated that manipulation of the early‐stage polymer crystallization

70 nm, respectively. To provide a hole transporting layer (HTL) and

during transformation of the wet film into solid‐sate film in the

top metal electrode, we thermally evaporated MoO3 (5 nm) and Ag

R2R‐coating process plays an important role in the performance

(100 nm) films on the photoactive layer by using a shadow mask. The
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devices used in this study were with the area of (1) 1 × 0.3 cm2 and (2)
1 × 2 cm2. Further, we also fabricated the module in the pattern
comprising 20 cells in series and parallel connection (unit cell area:
1 × 1 cm2). The configuration of connected cells in the module is based
on the literature.39 Figure 1 shows the structure of the devices and the
module. It is noteworthy to mention that all the R2R‐coating processes
were conducted in air environment.

2.2

|

Characterization

The current density‐voltage characteristics of the devices and module
were measured by a source meter (Keithley 2400) under AM 1.5G
illumination (100 mW/cm2) using a solar simulator (Abet technologies,
Model #11000). The thicknesses of films were measured by a
profilometer (Alpha Step D‐100, KLA Tencor). Surface roughness and
morphology of the blend films were analyzed by atomic force

FIGURE 2

J‐V curves of the P3HT:PC61BM solar cells (cell area:
1 × 0.3 cm2) prepared with various DIO contents and without
additional thermal annealing [Colour figure can be viewed at
wileyonlinelibrary.com]

microscopy (AFM, Digital Instruments, Nanoscale III). All the
slot‐die–coated devices were not encapsulated and measured under
ambient atmosphere.

1 × 0.3 cm2) prepared with various additive contents and without additional thermal annealing. Table 1 lists the electric characteristics of the
devices. The solvent additive relatively affects the short‐current den-
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sity (Jsc) and fill factor (FF) of these devices without thermal annealing.

RESULTS A ND DIS CUS SION

The Voc of devices gradually decreases with increasing DIO additive
Previous studies have demonstrated the effect of solvent additive

content. The devices with 0.25 vol% DIO have the highest PCE with

(DIO) on the performance of OPVs, which were mainly fabricated by

Voc, Jsc, FF, and PCE of 0.61 V, 8.96 mA/cm2, 50.4%, and 2.73%,

conventional spin‐coating process at the laboratory scale. To date,

respectively. The devices processed with 0.5 vol% DIO exhibited a

there are very few publications reporting how the solvent additive

similar performance of devices with 0.25 vol% DIO. Noteworthy, the

affects the performance of the devices manufactured by the R2R pro-

average PCE of devices was reduced from 2.46% to 2.11% as the

cess. It is a challenge to develop an easy R2R coating for achieving the

DIO content increased from 0.5 to 1 vol%. According to our previous

high‐performance OPV. Because of the continuous coating features,

study,17 the early stage of polymer crystallization during film drying

such as stress on substrate, fluid flow, and viscosity, of roll‐to‐roll pro-

process in the moving R2R step plays a critical role in the BHJ film

cess, the printed wet films must be controlled to be entirely dried

morphology and device performance. Considering combinational

before they entered into the roller. In usual, the addition of the solvent
additive into the active layer would reduce the film drying speed due to
its high boiling point and thus hinder the coating rate and the
formation of well‐BHJ structure of R2R process. For overcoming this
hindrance, we firstly studied the relationship between the content of
the

solvent

additive

and

the

feasible

parameters

of

R2R

slot‐die–coated process on the flexible substrate. For the blend of
P3HT:PC61BM as the model system, the added amounts of DIO are
0.25, 0.5, and 1 vol%. The R2R oven temperature was set at 110°C.
Figure 2 shows the J‐V curves of slot‐die–coated devices (cell area:

TABLE 1

Performance of the P3HT:PC61BM solar cells based on
various DIO amounts without additional thermal annealing. The devices
area is 0.3 cm2 and the average PCEs are averaged over 15 devices
Jsc, mA/cm2

Voc, V

FF, %

PCE, %

PCEave, %

0

1.87

0.61

41.5

0.48

0.38 ± 0.11

0.25

8.96

0.61

50.4

2.73

2.58 ± 0.08

0.5

8.44

0.59

54.3

2.70

2.46 ± 0.15

1

7.43

0.57

56.2

2.36

2.11 ± 0.19

DIO Amount

FIGURE 1 Schematic diagram of structure of (A) devices and (B) module. In the structure of the module, the cathode (marked in “−”) is the etching
ITO and the anode (marked in “+”) is the thermally evaporated silver [Colour figure can be viewed at wileyonlinelibrary.com]
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effect of drying temperature and additive, we increased the tempera-

To demonstrate the universal applicability of abovementioned

ture of R2R oven from 110°C to 130°C and 150°C for each additive

R2R slot‐die coating procedure for the LBG‐polymer–based OPVs,

amount set at 0.25 and 0.5 vol%, respectively. Figure 3 shows the

we transferred this processing concept to the PTB7/PC71BM system

J‐V curves of these slot‐die–coated OPV devices (cell area:

that is known to perform high efficiency based on the conventional

1 × 0.3 cm2), and the corresponding performances are listed in

spin coat process. Several research groups have reported that the

Table 2. These results show that the highest PCE tuned by the content

PCE of spin‐coated PTB7:PC71BM OPVs achieved over 9%. To attain

of solvent additive varies with the R2R oven temperature. As the R2R

the commercialization target of OPV, a researcher group transferred

oven temperature increases from 110°C to 130°C, the optimal solvent

the PTB7‐Th–based OPV from spin coating under inert atmosphere

additive amount is shifted to 0.5 vol% from 0.25 vol%. Thus, the

to doctor‐blade–coating under air environment.40 The PCE of the

highest PCE achieves 3.1% from 2.63% mainly due to the increasing

PTB7‐Th OPV on glass substrate fabricated under air was only 5.3%,

Jsc. Moreover, the same development trend of PCE was present as

but the performance can be improved to 8.3% by a posttreatment with

the R2R oven temperature was increased to 150°C. These results indi-

alcohol‐based solvent. Although the LBG‐based OPVs have shown to

cate that the PCE of additive‐based devices manufactured by the R2R

be a promising potential to realize OPV commercialization, the PCE

slot‐die coating is also strongly influenced by the early stage of film

of flexible LBG‐polymer–based devices manufactured by R2R mass

formation from wet film to solid film. Therefore, we can further com-

production is still limited.41 According to the previous results of the

bine the use of solvent additive and R2R oven temperature to precisely

P3HT:PC61BM:DIO devices, the combination of addition content of

control the film formation and thus optimize BHJ morphology.

DIO and the R2R oven temperature could greatly influence the film

J‐V curves of the P3HT:PC61BM solar cells (cell area: 1 × 0.3 cm2) prepared with (A) 0.25 vol% and (B) 0.5 vol% of DIO under the R2R
oven temperature of 110°C, 130°C, and 150°C [Colour figure can be viewed at wileyonlinelibrary.com]

FIGURE 3

TABLE 2

Performance of the P3HT:PC61BM solar cells with 0.25 and 0.5 vol% DIO amounts under various R2R oven temperatures. The devices
area is 0.3 cm2 and the average PCEs are averaged over 15 devices
Oven Temp

Jsc, mA/cm2

Voc V

FF, %

PCE, %

PCEave, %

0.25

110
130
150

8.96
7.289
6.498

0.61
0.62
0.615

50.4
58.3
61.4

2.73
2.63
2.45

2.58 ± 0.08
2.50 ± 0.12
2.11 ± 0.28

0.5

110
130
150

8.44
9.809
8.677

0.59
0.583
0.584

54.3
54.2
59

2.70
3.10
2.99

2.46 ± 0.15
3.04 ± 0.09
2.8 ± 0.17

DIO Amount

TABLE 3

Performance of the PTB7:PC71BM solar cells and module based on various DIO amounts with the R2R oven temperature of 130°C. The
devices area are 0.3 and 2 cm2, and the module area is 20 cm2. The average PCEs of single cells and modules are averaged over 15 devices and 5
devices, respectively
DIO Amount

Jsc, mA/cm2

Voc, V

FF, %

PCE, %

PCEave, %

0.5
1
1.5
2
3

9.07
10.97
14.01
15.91
12.24

0.69
0.74
0.77
0.76
0.76

33.1
43.2
57.0
60.3
53.9

2.06
3.52
6.14
7.32
5.02

1.79 ± 0.42
3.427 ± 0.11
6.007 ± 0.13
6.93 ± 0.44
4.68 ± 0.51

2

2

14.14

0.75

53.5

5.7

5.30 ± 0.57

Module

2

1.44

7.21

41.8

4.34

4.125 ± 0.24

Device Area
0.3
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formation and BHJ morphology on the flexible ITO/PET during the

these PTB7:PC71BM devices (cell area: 1 × 0.3 cm2). Figure 4 plots

R2R slot‐die process under air. These 2 effects are coupled herein.

the J‐V curves of the corresponding devices under simulated AM

To obtain highly efficient R2R slot‐die–coated OPVs, we firstly tuned

1.5G illumination (100 mW/cm2). By increasing the DIO content from

the DIO addition content from 0.5 to 3 vol% for PTB7/PC71BM

0.5 to 1 vol%, the PCE of devices was improved from 1.79% to 3.43%

system. Table 3 presents the overall photovoltaic performances of

because of the enhanced Jsc and FF. The PTB7/PC71BM device with
2 vol% DIO successfully demonstrates a Jsc of 15.91 mA/cm2, Voc of
0.76 V, and FF of 60.3%, yielding a PCE of 7.32%. To the best of our
knowledge, this is the highest efficiency that has been achieved so
far in the reported flexible OPVs manufactured by R2R slot‐die
process under air. During the processing optimization, the additive
DIO content is more critical to the variation of R2R oven temperature.
The appropriate temperature of R2R oven in set at 130°C.
To investigate the evolution of BHJ morphology of the R2R
slot‐die–coated films tailored by the DIO content and the R2R oven
temperature, we have measured the morphology of these films by
using AFM. Figure 5 shows the AFM images of BHJ morphology of
P3HT:PC61BM films with various DIO contents (0 and 0.5 vol%)
and R2R oven temperatures (110°C, 130°C, and 150°C), respectively.

FIGURE 4

J‐V curves of the PTB7:PC71BM solar cells prepared with
various DIO contents (cell area: 1 × 0.3 cm2) [Colour figure can be
viewed at wileyonlinelibrary.com]

FIGURE 5

Figure 5A was the morphology of the blend film without DIO under
the R2R oven temperature of 110°C, and the root‐mean‐square
(RMS) roughness determined by AFM was 1.4 nm. Although a

Atomic force microscopy images of the roll‐to‐roll slot‐die–coated P3HT:PC61BM films prepared with various DIO contents and at
different roll‐to‐roll oven temperatures. A, pristine P3HT:PC61BM film coated under roll‐to‐roll oven temperature of 110°C; B, P3HT:
PC61BM:0.5 vol% DIO film coated under roll‐to‐roll oven temperature of 110°C; C, P3HT:PC61BM:0.5 vol% DIO film coated under roll‐to‐roll oven
temperature of 130°C; and D, P3HT:PC61BM:0.5 vol% DIO film coated under roll‐to‐roll oven temperature of 150°C [Colour figure can be viewed
at wileyonlinelibrary.com]
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smooth film was obtained under the coating condition, the R2R

increase of large interfacial area resulted from the fine domains plays

slot‐die–coated film without DIO and thermal annealing presents a

an important role in the improvement of PCE.

low PCE because of the insufficient charge transport paths resulted

Furthermore, we scale up the cell area to 1 × 2 cm2. The PCE of

from the lack of suitable bicontinuous network of P3HT and PC61BM

PTB7/PC71BM device is reduced to 5.7% (Jsc = 14.1 mA/cm2,

phases within the film. For the films prepared with 0.5 vol% DIO,

Voc = 0.75 V, FF = 53.5%). The reduction of PCE may be attributed

they exhibit the well phase‐separation between P3HT and PC61BM

to the coating uniformity and processing defects of active layer from

to form the effective BHJ structure with large domains into

the environment without good dust and humidity control, which can

bicontinuous network (Figure 5B‐D). According to our previous

be improved in the future. The corresponding J‐V curve is shown in

study,17 the R2R oven temperature has an impact on the RMS

Figure 7. Based on these solid processing parameters, we prepared a

roughness and P3HT crystallization of R2R slot‐die–coated films.

flexible module of active area 20 cm2 (series and parallel connected

The similar morphological evolution was presented in the P3HT:

20 cells). The module PCE is 4.34% (Jsc = 1.44 mA/cm2, Voc = 7.21 V,

PC61BM blend films prepared with the high‐boiling‐point additive.

FF = 41.8%), and the corresponding J‐V curve is shown in Figure 8A.

The films coated under the R2R oven temperature of 110°C,

In addition, the stability of the module is shown in Figure 8B. The

130°C, and 150°C show the RMS roughness of 5.2, 3.0, and

stability measurement was performed in the dark with ambient

3.9 nm, respectively. These results elucidate that the BHJ morphol-

conditions tested according to ISOS‐D‐1 (shelf),42 and the PCE was

ogy of the R2R slot‐die–coated films can be manipulated by varying

normalized to the corresponding initial value. The normalized PCE of

the additive content and the R2R processing temperature. In compar-

the module maintains 92% of its original performance after 65 days.

ison to the increase of polymer crystallinity, the control of hierarchi-

The stability of our OPV flexible module is comparable to that of

cally phase‐separated BHJ morphology by additive has the critical

PTB7:PC71BM devices on ITO/glass electrode.43,44 This present study

effect on the PCE of OPVs.

demonstrates the universal R2R slot‐die coating approach for various

Likewise, we applied this method to control the BHJ morphology
of films consisting of PTB7 and PC71BM. The solvent additive DIO

polymers (P3HT ~ LBG polymer) with respect to the up‐scaling from
small high‐PCE cell to large area module.

greatly improved the performance of the devices based on PTB7:
PC71BM blend film. The widely accepted reason for the performance
improvement is that the DIO can reduce the nanoscale component
domain size, thereby increasing interfacial area, exciton dissociation,
and the associated photocurrent. Therefore, we focus on how the
morphology of the PTB7:PC71BM films evolves with DIO contents of
1 and 2 vol%. Figure 6 shows the AFM images of the R2R
slot‐die–coated PTB7: PC71BM films with various DIO contents. It
can be clearly observed from these images that there is a substantial
difference in the film morphology. A large domain size representing
the large‐scale phase separation was clearly revealed in the film processed with 1 vol% DIO (Figure 6A). The large domains of phase separation lead to a poor efficiency of exciton dissociation. Upon addition
of 2 vol% DIO, a significant reduction in the domain size represents
the well mixing of phase separation, as shown in Figure 6B. In this case,
which is different from the P3HT:PC61BM blend films, the marked

FIGURE 6

FIGURE 7

J‐V curve of the PTB7:PC71BM solar cells with device area
of 1 × 2 cm2 [Colour figure can be viewed at wileyonlinelibrary.com]

Atomic force microscopy images of the roll‐to‐roll slot‐die–coated PTB7:PC71BM films prepared with various DIO contents of (A) 1 vol
% and (B) 2 vol% [Colour figure can be viewed at wileyonlinelibrary.com]
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A, J‐V curve and picture of the PTB7:PC71BM OPV module (1 × 1 cm2 for each cell area). B, Normalized PCE of the encapsulated PTB7:
PC71BM OPV module stored for 65 days in air under ambient conditions [Colour figure can be viewed at wileyonlinelibrary.com]

FIGURE 8

4
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C O N CL U S I O N S

We developed the facile R2R slot‐die coating approach to significantly
enhance the PCE of the flexible OPVs by combination of the
additive and the R2R oven temperature universally for general polymers. The amount of DIO additive in the photoactive layer solution
was used to significantly improve the performance by tailoring the
nanomorphology and intermixing phase separation during the early
stage of film formation during R2R oven drying. The highest PCE
of 7.32% based on PTB7:PC71BM:2%DIO is achieved using R2R
slot‐die coating process. Our study demonstrates a feasibility of
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to roll‐to‐roll coating. Energ Environ Sci. 2016;9:2835‐2846.
12. Hong S, Kang H, Kim G, et al. A series connection architecture for
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solution‐processable and environmental‐friendly slot‐die–coated high
performance OPVs and the up‐scaling to large area module.
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