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Abstract: Two criteria for processing additives introduced to control the morphology of bulk heterojunction

(BHJ) materials for use in solar cells have been identified:

(i) selective (differential) solubility of the fullerene

component and (ii) higher boiling point than the host solvent. Using these criteria, we have investigated
the class of 1,8-di(R)octanes with various functional groups (R) as processing additives for BHJ solar cells.
Control of the BHJ morphology by selective solubility of the fullerene component is demonstrated using
these high boiling point processing additives. The best results are obtained with R = lodine (I). Using
1,8-diiodooctane as the processing additive, the efficiency of the BHJ solar cells was improved from 3.4%

(for the reference device) to 5.1%.

Introduction

Polymer solar cells based on bulk heterojunction (BHJ)
materials comprising-conjugated (semiconducting) polymers

and fullerene derivatives have demonstrated promising per-

formancel=® In order to understand the BHJ materials and to
optimize the efficiency of BHJ photovoltaic cells, the nano-

structure has been studied using transmission electron micros

copy (TEM), X-ray diffraction (XRD), nuclear magnetic
resonance (NMR), and atomic force microscopy (AFM); the
achievement of high efficiency BHJ polymer solar cells requires
the existence of interpenetrating channel-like domains which
separate the polymer and fullerene phasé%12-16
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After annealing at elevated temperatures, relatively high
efficiency solar cells have been demonstrated using regioregular
poly(3-hexylthiophene) (rrfP3HT) with [6,6]-phenyl-C61-butyric
acid methyl ester (§-PCBM) and poly[2-methoxy-5-(3,7-
dimethyloctyloxy)]-1,4-phenylene-vinylene (MDMO-PPV) with
Cs1-PCBM; the annealed BHJ films fabricated with these

‘materials show well-defined bicontinuous interpenetrating net-

works. The importance of the solvent in determining the BHJ
morphology has also been established, with finer phase separa-
tion in films cast from chlorobenzene than in films cast from
toluenet®11

The addition of alkanedithiols into the solvent was recently
shown to improve the performance of BHJ solar cElI8y
incorporating a few volume percent of alkanedithiol into the
chlorobenzene from which BHJ films comprising the low band
gap polymer [2,6-(4,4-bis(2-ethylhexyl}4cyclopental2,1-
b;3,4-B]-dithiophene)alt-4,7-(2,1,3-benzothiadiazole)] (PCP-
DTBT) and G1-PCBM are cast, the power conversion efficiency
(AM 1.5G conditions) was increased from 2.8% to 5.5
Although evidence of the formation of phase separated BHJ
materials was clearly observed, there was no alkanedithiol in
thoroughly dried films. Thus, although the alkanedithiols
functioned as “processing additives” for improving the morphol-
ogy of the BHJ material, the mechanism by which this occurred
was unknown.

Herein, we clarify the mechanism by which processing
additives control the morphology, and using the insight provided
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Scheme 1 @

PCPDTBT

PCPDTBT/PCBM
b)
® (R)
R: SH, C1, Br, I, CN, CO,CH,
Additive

PCPDTBT C,-PCBM

a Schematic depiction of the role of the processing additive in the self-assembly of bulk heterojunction blend materials (a) and structures of, PCPDTBT
C71-PCBM, and additives (b).

by the mechanism, we identify an entire class of processing
additives which yields still higher efficiency solar cells than
those fabricated with 1,8-octanedithiol as the processing
additive.

The alkanedithiols do not react with either the polymer or
the fullerene; they function as processing additives. As indicated
by Fourier transform infrared (FTIR) spectroscopy, Raman
spectroscopy, and X-ray photoelectron spectroscopy (XPS), the
alkanedithiol is removed while drying the film under high
vacuum?® We find that the alkanedithiol selectively dissolves
the PCBM; G;-PCBM and G;-PCBM are readily dissolved in
alkanedithiol, but P3HT and PCPDTBT are not soluble in
alkanedithiol. Because the fullerenes are selectively dissolved 0.0
in alkanedithiol, three separate phases are formed during the
process of liquig-liquid phase separation and drying: a wavelength (nm)
fullerene-alkanedithiol phase, a polymer aggregate phase, andFigure 1. UV—visible absorption spectra of PCPDTBFAPCBM films
a polymer-fullerene phase. In addition, because the alkanedithi- processed with 1,8-octanedithiol: before removal of-RCBM with
ol has a higher boiling point than the chlorobenzene host solvent,?r'gg)nec‘z)'mgr éﬁ'i‘gkz,; eaf;ﬁrs J::)r:i‘g;’ a;piﬁl:ncgfwlpr\?vsm ea”;?:r;,eg{fg'.f." im
the PCBM tends to remain in solution (during drying) longer (green).
than the semiconducting polymer, thereby enabling control of

the phase separation and the resulting morphology of the BHJijs maintained even after removal of the PCBM. The clear
material; see Scheme 1. observation of the morphology of the bare polymer network
Figure 1 shows the U¥visible absorption spectrum of  confirms that the selective solubility of the processing additive;
PCPDTBT/G:-PCBM BHJ films spin-cast from a blend solution  the implied control of the phase separation affects both the
containing 2.5% 1,8-octanedithiol in chlorobenzene (black) and polymer and the fullerene networks.
the UV—vis spectrum of a PCPDTBT network film which has Thus, two criteria for processing additives for use in the
been soaked in alkanedithiol to remove thg-ECBM (red). fabrication of BHJ solar cells have been identified: (i) selective
The absorption spectrum obtained from a pristine PCPDTBT (differential) solubility of the fullerene component of the BHJ
film is shown for comparison (green). The data confirm the material and (ii) higher boiling point than the host solvent. Using
selective removal of &-PCBM,; the absorption features ot these criteria, we have investigated the class of 1,8-di(R)octanes
PCBM are not detected in the BHJ film after soaking in with various functional groups (R) as processing additives for

normalized abs (a.u.)

300 400 500 600 700 800 900

alkanedithiol. We note that the red-shifted-z* absorption BHJ solar cells and obtained the best results with 1,8-
band with vibronic side bands of BHJ films processed with 1,8- diiodooctane. The 1,8-dibromooctane functions almost as well;
octanedithiol is not changed after removal of;-®CBM, both 1,8-diiodooctane and 1,8-dibromooctane give better results

indicating that the improved local structure within the PCPDTBT than1,8-dithioooctane.
3620 J. AM. CHEM. SOC. m VOL. 130, NO. 11, 2008
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0.6 Table 1. Photovoltaic Performances of the BHJ Polymer Solar
Cells Composed PCPDTBT/C7;-PCBM Fabricated with Various
05 Processing Additives?
additive Jsc (mAfem?)  Voc (V) fill factor  efficiency (%)
E 0.4 none 11.74 0.66 0.43 3.35
= HS—CgH16—SH 14.48 0.64  0.49 4.50
. Cl—CgH16—Cl 3.55 0.35 0.33 0.41
03 Br—CgH16—Br 15.26 0.64 0.48 4.66
|—CgH16—1 15.73 0.61 0.53 5.12
< 02 NC—CgH16—CN 7.98 0.63 0.47 2.38
CH30,C—CgH16—CO,CHs 7.84 0.64 0.47 2.38

0.1

a8 The optimum devices were fabricated with PCPDTBT/C71-PCBM
(1:3.6) films which were spin-cast at 2.000 rpm from pristine chlorobenzene

0.0 L L 1 L L and chlorobenzene containing 2.5 vol % of additives. The performances
300 400 500 600 700 800 900 are determined under simulated 100 m\W#cAM 1.5G illumination. For
Wavelength (nm) light intensity, calibrated standard silicon solar cells with a proactive window

made from KG5 filter glass traced to the National Renewable Energy
Figure 2. UV —vis spectra of (a) PCPDTBT/EPCBM films cast from Laboratory (NREL) were used. The active area of the device is 4.8. mm
cholorobenzene and PCPDTBT4&PCBM films cast from cholorobenzene
containing 2.5% of the following: (b) 1,8-octanedithiol (red), (c) 1,8-
dibromooctane (green), and (d) 1,8-diiodooctane (blue).
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Figure 3. Current ()—voltage ) characteristics of PCPDTBT#PCBM
composite films with various additives: (a) none (black), (b) 1,8-
octanedithiol (red), (c) 1,8-dicholorooctane (green), (d) 1,8-dibromooctane
(blue), (e) 1,8-diiodooctane (cyan), (f) 1,8-dicyanooctane (magenta), and
(g) 1,8-octanediacetate (yellow).

o Fums

Results and Discussion

Figure 2 shows the U¥visible absorption spectra of
PCPDTBT/G:-PCBM films: (a) cast from pure cholorobenzene
(black curve), (b) cast from cholorobenzene containing 2.5%
1,8-octanedithiol, (c) cast from cholorobenzene containing 2.5%
1,8-diiodooctane, and (d) cast from cholorobenzene containing '
2.5% 1,8-dibromooctane. Note that these films were spin-cast =iy — S - - T
from solution under identical conditions with the same spin rigure 4. AFM topography of films cast from PCPCTBT/GPCBM with
speed (2000 rpm); the absorption spectra are not normalized .additives: (a) 1,8-octanedithiol, (b) 1,8-cicholorooctane, (c) 1,8-dibromooc-
As shown in Figure 2, the peak in the absorption band of tane, (d) 1,8-diiodooctane, (e) 1,8-dicyanooctane, and (f) 1,8-octanediacetate.
PCPDTBM in the PCPDTBT/&-PCBM composite deposited We find that photovoltaic cells based on PCPDTBH/C
from solution with the processing additives is red-shifted by PCBM processed with 1,8-diiodooctane as the processing
41 nm (to 800 nm) compared with that from film cast from additive exhibited the highest short circuit curredsd), the
solution without any processing additive. The z* absorption highest fill factor £F), and an efficiency that is approximately
band intensities of the BHJ films processed using the 1,8- 10% higher than that obtained using 1,8-octaneditfiGigure
dibromooctane and 1,8-octanedithiol processing additives are3 shows the currentJ{—voltage ¥) curves under AM 1.5
nearly the same, but the band intensity of the BHJ film processed conditions (100 mW per cf of PCPDTBT/G-PCBM BHJ
using 1,8-diiodooctane is higher than that of the films cast using solar cells made using the various processing additives. The
the other additives. data obtained from Figure 3 are summarized in Table 1.

J. AM. CHEM. SOC. = VOL. 130, NO. 11, 2008 3621
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100 nm

Figure 5. TEM image of films cast from PCPCTBT#PCBM with
additives: (a) none, (b) 1,8-octanedithiol, and (c) 1,8-diiodooctane.

Performance optimization involved over 2000 devices made §&
from over 400 independently prepared PCPDTB;I/ECBM o
devices. The most efficient photovoltaic cells were fabricated ¥
using a polymer/fullerene ratio of approximately 1:3.5, a spin &
speed between 2000 and 2500 rpm, a polymer concentration ing
solution between 0.7 and 1.0 wt %, and a processing additive
concentration between 2.5 and 3.0 vol % in chlorobenzene. The
optimum thickness of the BHJ films obtained under these fmcaiiiE : - - | :
conditions was approximately 200 nm. As shown in Figure 2 Figure 6. r']L\FM ar;d TEM images C:jf EHIJ fllrcT;s cast fzjom PCPCTBT{C )
and Table 1, the devices made using the 1,8-octanedithiol, 1,8- Pf(t:e'?'\fevr‘c]tc)\‘/’;t 2 G‘l"’g Céla ‘i’rf‘%n:J '}”:g ?F“‘jﬁli’}?:gee ';fcga}‘?”Tr:e(g’;’or S
dibromooctane, and 1,8-diiodooctane exhibited enhadeed without and (b) with 1,8-octanedithiol; AFM image of exposed polymer
compared to films made without any processing additive, but networks (c) without and (d) with 1,8-octanedithiol; and TEM image of
the devices made with 1,8-dichlorooctane, 1,8-dicyanooctane,exposed polymer networks (c) without and (d) with 1,8-octanedithiol.

and 1,8-octanediacetate exhibited reduisem All the processing

additives (except for 1,8-dichlorooctane) caused the fill factor films processed using 1,8-di(R)octanes with-RCI, CN, and

to increase. The most efficient devices, obtained using 1,8- CO,CHs showed large scale phase separation with round-shape
diiodooctane, had an average power-conversion efficiency of domains and no indication of bicontinuous networks.

5.1% under 100 mW/chwith short-circuit currenfsc= 15.7 TEM images are shown in Figure 5. The morphology of BHJ
mA/cn?, fill factor FF = 0.53, and open-circuit voltagéoc= film processed with 1,8-octanedithiol (b) and 1,8-diiodooctane
0.61V,i.e., an~10% higher efficiency than that obtained with  (c) showed larger scale phase separation than that in the BHJ
the use of 1,8-octanedithiol. Note that because of batch-to-batchfilm made without using any processing additive (a). Whereas
variation in the quality of the PCPDTBT, the efficiency obtained fibril-like domains are observed over the entire area of the TEM
using 1,8-octanedithiol was only 4.5% compared with the 5.5% images of the BHJ films processed with 1,8-diiodooctane, these
reported earliet® Thus, solar cells processed with 1,8-diio- fibril-like domains are observed only in some areas of the BHJ
dooctane are expected to be capable of efficiencies above 6%film processed with 1,8-octanedithiol.

Figure 4 shows the surface topography, measured by AFM, We have characterized the polymer networks after selectively
of films cast from PCPCTBT/@-PCBM with the various dissolving out the fullerene from BHJ composite films using
processing additives. The 1,8-octanedithiol (a), 1,8-dibromooc- alkanedithiol. With this approach, we can directly probe the
tane (c), and 1,8-diiodooctane (d) gave phase-segregated morexposed polymer networks (rather than indirectly infer the
phologies having finer domain sizes than those obtained with regions of PCPDTBT and &PCBM in the BHJ films using
1,8-dichlorooctane (b), 1,8-dicyanooctane (e), and 1,8-octanedi-conventional AFM and TEM tools) resulting in the clear
acetate (f). The morphology of films processed with 1,8- interpretation of improved charge transport and enhanced
diiodooctane showed more elongated domains than thoseperformance by processing with the additive. Figure 6 shows
processed with 1,8-octanedithiol and 1,8-dibromooctane. The AFM images of BHJ films cast from PCPCTBT/EPCBM
1,8-di(R)octanes with SH, Br, and |, which gave finer domain without and with 1,8-octanedithiol and AFM and TEM images
sizes, exhibited more efficient device performances than thoseof exposed PCPDTBT networks after selective removal-qf C
with R = CI, CN, and CQCHs;. The AFM images of the BHJ PCBM from the BHJ film. AFM images of the BHJ films

3622 J. AM. CHEM. SOC. = VOL. 130, NO. 11, 2008
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processed with the additive exhibit larger interconnected regionscomponent in the BHJ blend was demonstrated. Using these
of PCPDTBT and larger porous domains (thg-ECBM regions criteria, we have investigated the class of 1,8-di(R)octanes with
prior to selective removal) compared with images of the BHJ various functional groups (R) as processing additives for BHJ
film cast without using the processing additive. The TEM solar cells and obtained the best results witk Ror Br. Using
images are consistent with the AFM results. The polymer 1,8-di-iodooctane as the processing additive, the efficiency of
networks and porous regions are imaged in the TEM as darkerthe BHJ solar cells was improved from 3.4% (for the reference
and lighter colored, respectively. The sharp, high contrast TEM device) to 5.1%.

images reveal that while both. filmg .contain WeII-conne.cted Experimental Methods

PCPDTBT networks, the BHJ film initially cast from solution

Conta'”'f‘g the, processing addl'tlve showed I'arger z'ireas Offrom Konarka Technologies, Inc. BHJ films were prepared under
Connec_t'v't_y with larger CaneCt'Ve cross sections. Since the optimized conditions according to the following procedure reported
short circuit current and fill factor are strongly dependent on previously: The indium tin oxide (ITO)-coated glass substrate was first
the transport properties of the networks in the BHJ film, it is cleaned with detergent, ultrasonicated in acetone and isopropyl alcohol,
clear that, at least in part, the improved device performance and subsequently dried overnight in an oven. Poly(3,4-ethylene-
results from improved hole transport as a result of the formation dioxythiophene)/poly(styrensulfonate) PEDOT/PSS (Baytron P) was
of the larger domains with wider connective cross sections spin-cast from aqueous solution to form a film of thickness-d0
within the PCPDTBT network. nm. The substrate was dried for 10 min at 14D in air and then
AFM and TEM images are shown in Figures 4 and 5. After transferred intq ggloveng to spin-cast the charge separation Igyer. A
selective removal of §-PCBM from the BHJ film processed ~ SClution containing a mixture of PCPDTBT/EPCBM (1:3.6) in

. - o hlorobezene with or without 2.5 vol % additives was then spin-cast
with 1,8-diiodooctane, the exposed PCPDTBT network exhibits ¢ .
. A . on top of the PEDOT/PSS layer. A PCPDTBT network film was
a finer porous and fibril-like structure. After selective removal P Y

. . A prepared by rinsing the PCPDTBTAPCBM BHJ film with al-
of C7-PCBM from the BHJ film processed with 1,8-dichlo- i anedithiol for 5 s. The AFM images were obtained with a Dimension

rooctane, the exposed PCPDTBT network exhibits larger hole- 3100 atomic force microscope. TEM specimens were prepared by
like “craters” than those observed from 1,8-octanedithiol (see detaching a BHJ film from the substrate onto the surface of deionized
also Figure S3 in the Supporting Information). From these water and picking it up with a copper grid. TEM images were obtained
results, it becomes clear that the exposed PCPDTBT networkswith a FEI T20 transmission electron microscope operated at 200 kV
are closely related to the morphology of BHJ films processed under proper defocus conditions.

with different additives. These data provide a better understand-  Acknowledgment. We thank Konarka Technologies Inc. for
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additives introduced to control the morphology of BHJ materials
for use in solar cells. Two criteria for processing additives for
use in the fabrication of BHJ solar cells have been identified:
(i) selective (differential) solubility of the fullerene component

and (ii) higher boiling point than the host solvent. The control
of the BHJ morphology by selective solubility of the fullerene JA710079W

The PCPDTBT and the soluble fullerene derivatives were obtained

Conclusion

Supporting Information Available: UV—vis data, postan-
nealing effects, AMF images, and boiling point of additives.
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