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To optimize the performance of polymer solar cells, various techniques have been developed and reported
from various research fields. The introduction of processing additives in the polymer : PCBM bulk-
heterojunction solution is one of the efficient strategies used to improve the cell performance. Although
numerous solvents have been presented as processing additives, an appropriate processing additive is
always different for each polymer solar cell. In this manuscript, we demonstrate that diphenyl ether (DPE)

works as a widely beneficial processing additive, which provides high-performance polymer solar cells
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Accepted 5th January 2017 from all types of photovoltaic polymers. DPE acts like a theta solvent to photovoltaic polymers, helps to

form ideal bulk-heterojunction film morphologies and suppresses bimolecular charge recombination.
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Introduction

Polymer solar cells (PSCs) based on a bulk-heterojunction (BHJ),
which blends an electron-donor polymer and an electron-
acceptor fullerene derivative, have attracted a lot of interest
due to their numerous advantages, including low-cost solution
processability, light-weight, and mechanical flexibility for
portable photovoltaic devices.” The power conversion effi-
ciencies (PCEs) of PSCs have gradually improved up to 10% due
to intensive developments, such as synthesizing efficient sem-
iconducting polymers,* controlling the morphology of the
active layer,>® utilizing a ternary blend system,'*** introducing
an additional interfacial layer,"*"® and designing device
architectures.”'®

The morphology optimization of the active layer is one of the
effective strategies used to produce high-efficiency PSCs with
given materials. Several methods have been introduced to
control the morphology of the active layer, such as thermal
annealing, solvent-vapor annealing and the introduction of
a processing additive. The thermal annealing process has
benefits for crystallization and the nanoscale phase separation
of photoactive components, which enlarge the interfacial area
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regardless of the photovoltaic polymers used.

and enhance the charge-carrier mobility."** Solvent-vapor
annealing results in short -1 stacking distances by
increasing the degree of crystallinity within the active layer.*"*>

Compared to other methods, a processing additive is the
simplest and fastest way for morphology optimization of the
active layer. This method only needs the introduction of a small
amount of the processing additives into the BHJ solution
without any post-treatment. Representative processing addi-
tives are 1,8-octanedithiol (ODT),>*** 1-chloronaphthalene
(CN),>2* 1,8-diiodooctane (DIO),**** and diphenyl ether
(DPE).>**** These additives dramatically enhance the device
performance by improving the exciton dissociation and charge
transport induced by the formation of a donor-acceptor (D-A)
bicontinuous interpenetrating network. K. H. Park et al
demonstrated that the ODT helps polymer orientation, leading
to closer packing of the polymer chains and increased charge-
carrier mobility.”® Y. Kim et al. reported a great enhancement
of the PCE from 3.61% to 7.08% for quinoxaline polymer-based
solar cells using the CN additive. They found that CN promotes
nanoscale phase separation via the improved miscibility of the
polymer and [6,6]-phenyl-C,;-butyric acid methyl ester
(PC,;BM). This gave rise to balanced hole and electron mobility
and dramatic enhancements in the Jsc and FF values.”” In
addition, the device processed with DIO exhibited a high device
efficiency of 10% for 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):PC,;BM-based PSCs. It is
well known that DIO selectively dissolves PCBM aggregates in
the BH]J film, allowing the PCBM molecules to be intercalated
into the polymer domains.** C. H. Y. Ho et al. recently investi-
gated the influence of DIO concentration on the morphology

This journal is © The Royal Society of Chemistry 2017
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and charge-carrier mobility within the active layer in
PTB7:PC,;BM PSCs. They found that the amount of DIO in the
mother solvent affects the electron mobility, but not the hole
mobility. The optimized DIO concentration led to a PCE
enhancement from 4.2% to 7.0% by balanced hole and electron
mobility.**

The introduction of DPE into the BHJ film resulted in a high
PCE of 8.64% by balanced hole and electron mobility and nano-
fibrillar morphologies in the active layer of the poly[(2,5-bis-
(2-hexyldecyloxy)phenylene)-alt-(5,6-difluoro-4,7-di(thiophen-2-
yl)benzo[c][1,2,5]-thiadiazole)] (PPDT2FBT):PC,;BM PSCs.’
Choi et al. also utilized a mixed solvent of chlorobenzene (CB)
and DPE in small bandgap PSCs. The addition of DPE into CB
led to a remarkable PCE enhancement from 3.24% to 9.40%.
This improvement was attributed to the continuous and well-
distributed polymer networks in both the lateral and vertical
directions of the active layer.**

In this study, we demonstrate the effects of various pro-
cessing additives on the device performance as a function of
polymer crystallinity. Four processing additives, DPE, DIO, CN,
and ODT, were used to compare the photovoltaic characteris-
tics, morphologies, and charge carrier recombination rates.
Particularly, PSCs with DPE exhibited high-performance
regardless of the polymer crystallinity. The results indicate
that DPE has benefits to the photovoltaic performance as a
processing additive in all types of polymers.

Results and discussion
Photovoltaic properties

The molecular structures of various processing additives (DPE,
DIO, CN, and ODT) are shown in Fig. 1a. As a non-halogenate
and non-thiol solvent, DPE has strength in terms of being
an environmentally-friendly solvent for use in PSCs.*® Five
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Fig. 1 The molecular structure of the (a) processing additives and (b)
donor polymers. (c) The energy band diagram of the components in
the PSCs.
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photovoltaic polymers with different crystallinity were chosen
as donor polymers for the photoactive layer in PSCs (Fig. 1b).
We classify the polymers according to the degree of crystallinity,
where poly(3-hexylthiophene) (P3HT) is a highly crystalline
polymer; poly(di(2-ethylhexyloxy)benzo[1,2-b:4,5-b']dithiophene-
co-octylthieno[3,4-c]pyrrole-4,6-dione) (PBDTTPD), PPDT2FBT,
and PTB7 are semi-crystalline polymers; and poly[N-9’-heptade-
canyl-2,7-carbazole-alt-5,5-(4,7-di-2-thienyl-2',1’,3’-benzothia-
diazole]) (PCDTBT) is an amorphous polymer.

We fabricated PSCs with a simple and conventional structure
of ITO/PEDOT : PSS/polymer : PCBM/Al. Fig. 1c presents the
energy band diagrams of the components of the PSCs. We have
only focused on the effect of processing additives on the device
performance of PSCs based on different donor polymers
without any interlayers. CB was used as the main solvent for
depositing the active layer via a spin-coating method. The
detailed methods for device fabrication are described in the
Methods section. Fig. 2a-e show the current density versus
voltage (J-V) characteristics of the PSCs with different donor
polymers and processing additives. The external quantum effi-
ciency (EQE) curves of the corresponding PSCs are shown in
Fig. 2f and S1.f Furthermore, the detailed photovoltaic
parameters for all the PSCs are summarized in Table 1.

There is no significant effect of the processing additives on
the performance of the P3HT : PCBM PSCs. The control device
without additive already showed a high PCE of 3.29% when
compared to those of the devices with additives. However, the
introduction of all the processing additives led to a slight
increase in the fill factor (FF). Among the various processing
additives studied, the device with DPE showed the highest FF
value of 0.70 and a PCE of 3.77%. The devices with DIO and CN
also achieved high device efficiencies of 3.68% and 3.73%,
respectively. In contrast, the device with ODT showed a lower
open-circuit voltage (Voc) of 0.55 V when compared to the other
devices (0.61-0.62 V).

There are numerous differences in the device performance
between the PBDTTPD-based devices with and without the
processing additives. The device without additive exhibited
a PCE of 2.98% with a short-circuit current density (Jsc) of 6.10
mA cm 2, Voc of 0.88 V, and FF of 0.55. It is noticeable that all
the devices with the additive showed high PCEs over 5% that are
mostly attributed to remarkable increase in Jsc (up to 12.41 mA
cm?). The same tendencies were observed in the PPDT2FBT
and PTB7-based devices. The introduction of an additive has
a great effect on the performance of the devices based on a semi-
crystalline polymer (PPDT2FBT: 3.23% — 8.64% and PTB7: 3.48
— 7.70%). In particular, both the PPDT2FBT and PTB7 devices
with DPE exhibited the highest Jsc and PCE values among the
devices with various processing additives. Compared to other
donor polymers, a different tendency was observed in the device
based on PCDTBT, which is known as one of the amorphous
polymers used in PSCs. The control device without additive
showed a PCE of 5.07%. Apart from the device with DPE, the
other processing additives resulted in a significant decrease in
the FF or Jsc values. In contrast, DPE improved the device effi-
ciency up to 6.27% due to a simultaneous increase in all the
photovoltaic parameters.

RSC Adv., 2017, 7, 7476-7482 | 7477
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Fig.2 J-V characteristics of the BHJ PSCs based on (a) P3HT, (b) PBDTTPD, (c) PPDT2FBT, (d) PTB7, and (e) PCDTBT with different processing
additives. (f) The EQE spectra of all the PSCs with DPE.

Table 1 The detailed photovoltaic parameters of the devices using
different donor polymers and processing additives

Polymer Additives  Jsc[mAcem™?] Voo [V] FF PCE [%)]
P3HT Control 8.76 0.62 0.61 3.29
DPE 8.85 0.61 0.70 3.77
DIO 8.91 0.61 0.68 3.68
CN 8.79 0.61 0.69 3.73
ODT 9.02 0.55 0.64 3.18
PBDTTPD Control 6.10 0.88 0.55 2.98
DPE 12.4 0.85 0.52 5.40
DIO 11.9 0.83 0.51 5.03
CN 11.8 0.84 0.54 5.37
oDT 10.6 0.86 0.58 5.32
PPDT2FBT  Control 6.16 0.84 0.63 3.23
DPE 15.7 0.78 0.71 8.64
DIO 13.4 0.76 0.68 6.84
CN 12.3 0.80 0.71 6.97
oDT 13.2 0.79 0.71 7.32
PTB7 Control 10.2 0.76 0.45 3.48
DPE 17.6 0.75 0.59 7.70
DIO 17.2 0.72 0.61 7.55
CN 15.9 0.75 0.55 6.57
oDT 15.7 0.74 0.57 6.65
PCDTBT Control 10.8 0.88 0.53 5.07
DPE 11.7 0.91 0.59 6.27
DIO 10.7 0.82 0.45 3.97
CN 7.49 0.87 0.58 3.78
oDT 3.68 0.79 0.48 1.38

Morphology characteristics

To understand the reason why DPE gives rise to the highest PCE
among the various processing additives, we checked the solu-
bility of the five donor polymers in each of the processing

7478 | RSC Adv., 2017, 7, 7476-7482
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Fig. 3 The solubility tests for five donor polymers in different pro-
cessing additives (2.5 mg of polymer in 1 mL of solvent).

additives at 60 °C. As shown in Fig. 3, it is easily noticed that CN
is a good solvent for all the polymers, whereas the other addi-
tives appear to act as a poor solvent. Interestingly, the colors of
the polymer solutions dissolved in DPE were deeper than those
of the solutions dissolved in DIO and ODT. This implies that
DPE satisfies the theta condition at 60 °C, in which the solutions
were stirred overnight to fabricate the active layers of PSCs,
indicating that DPE can play a role as a theta solvent for all the
polymers in poor solvents.*” In a theta solvent, the polymer coils
act like ideal chains because the interaction between a theta
solvent and a polymer is balanced at the theta point (the
enthalpy of mixing is zero).*® Therefore, DPE can be widely used
as a beneficial processing additive for BH] PSCs regardless of
the polymers crystallinity.

The morphologies of the BH]J films with different processing
additives were investigated via atomic force microscopy (AFM).
The AFM topography images are shown in Fig. 4. The BH]J film

This journal is © The Royal Society of Chemistry 2017
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Fig.4 AFM topographical images of the (a) P3HT, (b) PBDTTPD, (c) PPDT2FBT, (d) PTB7, and (e) PCDTBT BHJ films without processing additives
(1°* column) and with DPE (2™ column), DIO (3 column), CN (4" column), and ODT (5" column) deposited on ITO/PEDOT : PSS substrates. The
root mean square values of the roughness for each film are given at the bottom-left corner of each image.

based on P3HT without additive had a uniform surface with
a low root-mean-square (RMS) roughness of 1.12 nm (Fig. 4a).
The PCBM cannot aggregate freely in the intense interactions
between the crystalline polymer chains, and therefore phase
separation is difficult during solvent evaporation.® After intro-
ducing the processing additives, small or large islands were
observed, which may be attributed to the separation and growth
of the PCBM molecules. Among the BHJ films with additives,
the film with DPE exhibited the lowest RMS roughness of
4.89 nm (DIO: 6.74 nm, CN: 5.54 nm, and ODT: 7.53 nm).

Similar to P3HT, the introduction of a processing additive
increased the surface roughness of the BHJ films based on
PBDTTPD (Fig. 4b). Unlike the P3HT system, these rough
surface morphologies remarkably enhanced the performance of
the PBDTTPD : PC,;BM devices. The film with CN had a lower
roughness of 3.71 nm compared to that of the films containing
the other additives (DPE: 4.98 nm, DIO: 5.78 nm and ODT: 5.57
nm). However, all the devices exhibited similar PCEs regardless
of the additive used. We found that there is no correlation
between surface roughness and device performance.

The morphologies of the BH]J film based on PPDT2FBT can
be significantly modulated using the processing additive
(Fig. 4c). The film without an additive showed an uneven
surface with large domains (few hundreds of nanometers in
diameter).* This morphology led to poor device performance. In

This journal is © The Royal Society of Chemistry 2017

contrast, the introduction of the processing additives induced
a uniform and smooth surface morphology. Among the addi-
tives, the smoothest surface roughness and nanofibrillar
structure formed with DPE resulted in the highest device
efficiency.

The morphologies of the BH]J films based on PTB7 were
analogous to the PPDT2FBT system (Fig. 4d). The processing
additives led to a uniform film with smooth surface roughness.
However, the films prepared with CN and ODT exhibited larger
agglomerations when compared to those with DPE and DIO.
This differences gave rise to a distinction of the Jsc. Specifically,
a more even and smoother surface using DPE and DIO resulted
in higher PCEs.

The PCDTBT : PC,;BM BH] films with DPE and DIO exhibi-
ted smooth surface roughness compared to that of the films
with CN and ODT (without additive: 1.10 nm, DPE: 0.449 nm,
DIO: 0.384 nm, CN: 4.58 nm and ODT: 6.04 nm) (Fig. 4e). The
difference in the Jgc value of the device based on PCDTBT can be
attributed to morphological changes due to the different
additives.

According to the AFM results obtained for various BH] films,
although a smooth and uniform surface induced by the intro-
duction of an additive had a tendency to give rise to higher
device performance, these morphologies did not guarantee the
highest PCEs. Among the processing additives, however, the

RSC Aadv., 2017, 7, 7476-7482 | 7479
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Fig. 5 The Jsc dependence on light intensity for the PSCs based on
additives (control) and with DPE, DIO, CN, and ODT.

BHJ films with DPE have a low surface roughness (although not
the lowest) and bicontinuous morphologies between polymer
and PCBM, which could be the attributed to how DPE works as
a theta solvent during the formation of the active layer film.

To investigate the changes in the molecular ordering and
orientation in the BHJ films as a function of the processing
additive, we measured the grazing incidence wide-angle X-ray
scattering (GIWAXS). However, there are no significant changes
in the polymer chain packing and intermolecular ordering when
using different processing additives (Fig. S21). This indicates that
the processing additives play a role in changing the phase
separation of the polymer and PCBM domain, but not the
strength of intermolecular ordering or the direction of polymer
chain packing. The line-cuts of the GIWAXS patterns and detailed
crystallographic parameters are shown in Fig. S3 and Table S1.f
The GIWAXS results do not support the effect of the different
additives on the device performance.

Charge carrier recombination

The morphological changes in the BH]J films using different
additives are deeply related to the degree of bimolecular
recombination. The dependence of Jsc on the light intensity can
provide information on the bimolecular recombination occur-
ring in the active layer.*>** Therefore, we compared the Jsc
dependence with the light intensity (Js¢ vs. light intensity) of the
devices as a function of the processing additive. The logarithmic
plots of Jsc vs. light intensity for each PSC are shown in Fig. 5.
According to the power-law Jsc dependence on the light inten-
sity, the linear curves were fitted using eqn (1).

JSC < P (1)

where [ is the intensity of incident light and s is an exponent
constant for the PSCs. As s is closer to unity, the bimolecular

7480 | RSC Aadv., 2017, 7, 7476-7482
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P3HT, PBDTTPD, PPDT2FBT, PTB7, and PCDTBT without processing

recombination is more suppressed.* We calculate the standard
deviations of the slopes differing with the processing additive
for each PSC. The device based on P3HT showed the lowest
standard deviation of 0.009, indicating that the processing
additives have little effect on the bimolecular recombination of
a crystalline polymer. In contrast, the highest standard devia-
tion of 0.0253 was observed for the devices based on PCDTBT.
The morphology of the amorphous polymers was highly influ-
enced by the processing additives. Other semi-crystalline poly-
mers (PBDTTPD, PPDT2FBT, and PTB7) have a moderate
standard deviation of 0.01-0.02. The jsc vs. light intensity
results are consistent with the j-V characteristics and AFM
images. All PSCs with DPE exhibited the highest s values. The
results evidently support the improvements in the Jsc and FF
values by the reduced bimolecular recombination. Further-
more, DPE, which is a universal additive and theta solvent,
minimizes the bimolecular recombination by optimizing the
morphology of the BHJ films, leading to the best device
performance.

Conclusion

In conclusion, we successfully investigated the influence of
various processing additives on the performance of devices
based on five donor polymers with different crystallinity. The
morphologies of the BHJ films based on the donor polymers
with crystallinity are easily influenced by the processing addi-
tives. Although the morphological changes are not consistent
with device performance, all the PSCs with DPE achieve the
highest device efficiency regardless of the polymers crystallinity.
These high PCEs are clearly attributed to the minimized
bimolecular recombination within the active layer upon the
introduction of DPE. In other words, DPE results in an ideal
morphology in the BHJ system by acting as a theta solvent. This

This journal is © The Royal Society of Chemistry 2017
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study can offer an effective way to control the morphology of the
BH] film and optimize the device performance using DPE in the
BH] PSCs regardless of the photovoltaic polymers used.

Experimental
General

The AFM height and phase images were obtained using a Veeco
AFM microscope in tapping mode. The light intensity depen-
dence of the Jsc value was measured with neutral density filters.
GIWAXS measurements were carried out at the PLS-II 9A U-SAXS
beam line of the Pohang Accelerator Laboratory.

Fabrication and characterization of the PSCs

The device configuration of the PSCs was a conventional
structure of glass/ITO/PEDOT : PSS/active layer/Al. Firstly, the
patterned ITO coated glass substrates were cleaned in an
ultrasonicator using deionized water, acetone, and isopropyl
alcohol, and then, the substrates were dried in an oven at 100 °C
overnight. The PEDOT : PSS (Baytron Al 4083) layer was spin
coated on the substrate at 4000 rpm for 40 s, then baked on
a hot plate at 140 °C for 10 minutes in the air. After baking, the
substrates were moved into a glove box filled with nitrogen.

P3HT (number-average molecular weight (M,,) = 60 kDa, poly-
dispersity index (PDI) = 1.4) was purchased from Organic Semi-
conductor Materials (OSM, Republic of Korea). PBDTTPD (weight-
average molecular weight (M,,) = 39.5 kDa, PDI = 2.2), PTB7 (M,, =
10.8 kDa, PDI = 2.4), PCDTBT (M,, = 33 kDa, PDI = 2.3) were
purchased from 1-Material. PPDT2FBT (M,, = 42.6 kDa, PDI = 2..8)
was synthesized by us.®* The PSCs based on the five donor polymers
were fabricated using different experimental conditions including
solution concentration, D : A ratio and amount of the processing
additive (DPE, DIO, CN and ODT). The solutions for P3HT : PC;-
BM (1:0.8, ww), PPDT2FBT:PC,BM (1:1.5, ww),
PBDTTPD : PC,,BM (1 : 1.5, w/w), PTB7 : PC,;BM (1 : 1.25, w/w)
and PCDTBT : PC,;BM (1 : 4, w/w) were dissolved in chloroben-
zene (CB) with polymer concentrations of 13, 14, 8, 12 and 7 mg
mL~* with 2, 3, 5, 3 and 3 vol% of the additives, respectively. With
the exception of PBDTTPD (110 °C), the other solutions were stirred
at 60 °C overnight. After coating the active layer, the substrates were
brought into a high vacuum chamber (~10~° Torr), and Al (100
nm) was deposited via a thermal evaporation process. In the case of
the P3HT PSCs, after deposition of the Al layer, the devices were
thermally annealed at 150 °C for 10 minutes to obtain an optimum
device performance. The device area was 13 mm?® Measurements
were conducted in a glove box using a high quality optical fiber to
lead the light from a xenon arc lamp solar simulator. The /-V
characteristics were measured under AM 1.5G illumination (100
mW cm %) with a Keithley 2635A source measurement unit, and
the EQE was measured in air using an EQE system (Model QEX?)
via PV measurements Inc. (Boulder, Colorado).
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