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Abstract—Organic solar cells have attracted huge attention because of their potential in the low-cost manufacturing
of plastic solar modules featuring flexible, lightweight, ultrathin, rollable and bendable shapes. The power conver-
sion efficiency of organic solar cells is now passing ~10%, which is a critical sign toward commercialization because
organic solar cells surpass any other types of solar cells in terms of development speed. The encouraging efficiency
enhancement could be realized by introducing a ‘bulk heterojunction’ concept that overcomes the weakness of organic
semiconductors by minimizing their charge transport paths through making effective p-n junctions inside bulk organic
films. However, there are several hurdles for commercialization, including stability and lifetime issues, owing to the
bulk heterojunction concept. This review summarizes the important aspects of organic solar cells, particularly focusing

on conjugated polymers as an active layer component.

Keywords: Organic Solar Cells, Power Conversion Efficiency, Bulk Heterojunction, Conjugated Polymer, Flexible, Charge

Transport

INTRODUCTION

Solar cells, without any doubt, have been recognized as one of
the important energy conversion devices that can directly deliver
electricity from sun light. As far as the sun light shines to our planet,
the electricity production via solar cells is expected endlessly with-
out any payment for using the sun light. However, we understand
very well that the electricity from solar cells is more expensive than
conventional electricity from fossil fuel and/or nuclear power sta-
tions [1,2]. The reason is related to the high manufacturing cost for
conventional solar cells, which are mostly based on inorganic mate-
rials and need high temperature processes and expensive vacuum
systems [3-5].

BIRTH OF ORGANIC SOLAR CELLS

To overcome the cost issue in conventional solar cells, organic
materials have been introduced as a light absorption material from
1906 to 1995 (see Table 1) because of their potential for low tem-
perature and/or vacuum-free processes [6-20]. Of these early stud-
ies, three pioneering works can be highlighted when it comes to
the practical applications to date. The first pioneering work can be
attributed to the fabrication of bilayer-type organic solar cells using
small molecules [15]. The bilayer-type organic solar cells showed
a striking efficiency jump up to ~0.9%, which had never been ex-
pected for organic materials at that time. However, the drawback
of this work by Tang was that vacuum systems were still manda-
tory to deposit organic layers. The second pioneering work can be
assigned to the invention of bulk heterojunction structures by mix-
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ing soluble conjugated polymers and fullerenes in 1992 [17]. The
last pioneering work can go for the realization of bulk heterojunc-
tion structures with p-type and n-type polymers in 1995, which was
first published by Friend group and then Heeger group [19,20].
Fig. 1 summarizes three representative device structures of organic
solar cells and organic materials used for the devices. The single
layer structure (Fig. 1(a)) has an intrinsic limitation in achieving
high efficiency because the organic layer, where it is p-type or n-type,
between electrodes cannot properly generate individual charges (holes
and electrons) owing to the extremely low charge separation yield
originated from the nature of tightly-bound excitons in organic semi-
conductors [21,22]. To help the separation of charges from exci-
tons, a bilayer structure has been introduced by stacking p-type and
n-type organic layers (Fig. 1(b)). Although the bilayer structure could
improve the charge separation at the interfaces between p-type and
n-type organic semiconducting layers, a limitation still remains be-
cause of poor charge transport inside each organic layer [23,24]. In
this regard, the bulk heterojunction (BHJ) structure (Fig. 1(c)) is of
crucial importance because it can resolve two intrinsic issues, charge
separation and charge transport, in organic layers [17-20]. These
three are representative structures; however, they have a fundamental
limitation in terms of open circuit voltage (V) that is basically de-
termined by the offset energy between the highest occupied molec-
ular orbital (HOMO) of p-type organic semiconductors and the low-
est unoccupied molecular orbital (LUMO) of n-type organic semi-
conductors, even though the work functions of electrodes often affect
Ve [25,26]. To maximize the power conversion efficiency in organic
solar cells by increasing V., a tandem structure (Fig. 2) can be applied
because the overall voltage becomes the sum of individual V,,. values
in each sub cell (front and back cells) [27,28]. In addition, the overall
short circuit current density (J4) of tandem cells can be enhanced
by selecting complementary BHJ layers, which have different ab-
sorption ranges for maximizing solar light harvesting, even though
an adverse effect is also present owing to marginally increased electri-
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Table 1. Summary of key materials/structures used in organic solar cells reported from 1906 to 1995

Year  First author Materials/Device structures PCE (%) Light intensity Reference
1906  A. Pochettino Anthracene crystals - - 6
1910  J. Koenigsberger = Benzene derivatives - - 7
1953  H. Mette Antracene - - 8
1957  H. Hoegel Poly(N-vinyl carbazole) (PVK) - - 9
1959  H. Kallmann Anthracene ~0.1% - 10
1960  O. H. Le Blanc Anthracene - - 11
1960  R. G Kepler Anthracene crystals - - 12
1962  P. Mark p-Terphenyl, p-quaterphenyl, anthracene - - 13
1966  N. Geacintov Tetracene-water - - 14
1986  C.W. Tang CuPc/PV 0.95% 75 mW/em? 15
1990  B. A. Gregg Liquid crystalline porphyrins Vo103V 100 mW/cm? 16

Jgo 1 0.4 mA/cm?
1992 N.S. Sariciftci MEH-PPV : C, 17
1995 G Yu MEH-PPV : PC,, BM 2.9% 20 mW/em? at 430 nm 18
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Fig. 1. Three representative device structures for organic solar cells:
(a) single active layer, (b) double active layer (p-n junction
bilayer), (c) bulk heterojunction active layer. The chemical
structures in each device structure show materials that were
first used for corresponding device structures.

cal resistances by the presence of additional interfaces and active
layers in series connection [27,28]. As illustrated in Fig. 2, both nor-
mal-type and inverted-type structures are possible by placing suit-
able electrodes with appropriate work functions on each side.

BULK HETEROJUNCTION (BHJ) STRUCTURE

As briefly mentioned above, the bulk heterojunction structure
(Fig. 1(c)) is one of the most practical structures because of simple
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Fig. 2. Two different structures of tandem organic solar cells: (a)
normal-type structure, (b) inverted-type structure.

fabrication of active layers similar to the single layer structure (see
Fig. 1(a)). As illustrated in Fig. 3, excitons are generated at the inter-
faces between p-type and n-type domains of organic semiconduc-
tors inside bulk organic composite (blend) films. Here we note that
the number of p-n junction interfaces is expected to reach a theo-
retical limit, if both p-type and n-type organic semiconductors are
mixed on a molecular scale, but it will be far less than the theoreti-
cal limit in actual devices. Then the excitons generated at the inter-
faces undergo charge separation processes, which are enabled by
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Fig. 3. Illustration for the mechanism (exciton generation, charge
separation, charge transport, and charge collection) in or-
ganic solar cells with bulk heterojunction active layers. Note
that an AFM image (P3HT : PC,,BM film) was inserted be-
tween the hole-collecting electrode and the electron-collect-
ing electrode in order to better explain the mechanism graph-

ically.
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Fig. 4. Change of energy bands in the bulk heterojunction (BHJ)
layer between hole-collecting electrode (HCE) and electron-
collecting electrode (ECE): (a) no contact (flat energy band),
(b) short circuit condition, (c) under light illumination (pho-
tovoltaic action).

the HOMO-LUMO offset energy between p-type and n-type organic
semiconductors as explained in the above section. This charge separa-
tion step produces individual charges, holes and electrons, which
transport through neighboring p-type and n-type organic semicon-
ductor domains, respectively, toward corresponding electrodes. As
shown in Fig. 4, the transport of holes and electrons to electrodes is
mostly driven by the built-in electric field caused by the Fermi level
alignment (Fig. 4b)) between the two electrodes in the presence of
the active layer. This can be assigned to a drift current associated
with the built-in electric field, but a diffusion current is also expected
to contribute to the overall current. As depicted in Fig. 4(c), the gen-
erated charges give rise to the actual work function difference of
electrodes upon illumination, which further increases the built-in
electric field leading to better charge transport in actual devices.
Note that the charge transport in the bulk heterojunction structures
is one of the most important limiting factors because p-type and n-
type organic semiconductors are mixed in the active layer.

The fabrication process for a normal-type solar cell with a bulk
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Fig. 5. Device structure (a) and fabrication process (b) for BHJ or-
ganic solar cells with a hole-collecting buffer layer.

heterojunction layer is briefly summarized in Fig. 5. The first step
is the preparation (cleaning and etching etc.) of substrates, which is
of importance because the states of substrate surfaces govern the
quality of whole devices. At the same time, solutions of p-type and
n-type organic semiconductors (mostly soluble conjugated poly-
mers) should be prepared desirably one day before for optimum
mixing between the two materials in the presence of solvents. Next,
a hole-collecting buffer layer (HCBL) is coated on the electrodes
of substrates, followed by appropriate soft-baking step. The quality
of HCBL does greatly affect the performance of organic solar cells
because it is closely related with the hole collection efficiency. On
top of the hole-collecting buffer layer, the bulk heterojunction layer
(BHIL) is coated and soft-baked to remove any possible solvent
molecules remained inside the BHJ layer. Finally, a top electrode is
deposited on the BHJ layer, which is carried out by thermal evapo-
ration of metals in vacuum and/or by wet-coating using metallic
inks [29,30]. The completed devices can be finally subject to post-
treatment processes according to the nature of organic semiconduc-
tors. For example, the bulk heterojunction layers containing regioreg-
ular poly(3-hexylthiophene) (P3HT) should undergo thermal an-
nealing processes to induce recrystallization of P3HT chains [31-
36]. However, a thermal annealing deteriorates the performance of
organic solar cells with a bulk heterojunction layer containing poly[2-
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methoxy-5-(3',7-dimethyloctyloxy)-1,4-phenylenevinylene] (MDMO-
PPV) or poly[[4,8-bis[(2-ethylhexyl)oxy]|benzo[ 1,2-b:4,5-b']dithio-
phene-2,6-diyl][ 3-fluoro-2-[(2-ethylhexyl)carbonyl]thieno| 3,4-b]thio-
phenediyl]] (PTB7) [37-41].

POLYMER : FULLERENE SOLAR CELLS

To date, the most popular bulk heterojunction structure is made
with the composites of conjugated polymers (p-type) and fullerene
derivatives (n-type), leading to polymer : fullerene solar cells. Since
early conceptual works [17,18], a significant breakthrough was made
by Shaheen et al. for polymer : fullerene solar cells through the nano-
morphology control of bulk heterojunction films [37]. They simply
changed solvent from toluene to chlorobenzene in order to dis-
solve MDMO-PPV and [6,6]-phenyl-Cy,-butyric acid methyl ester
(PC,BM), which delivered a finer film morphology (MDMO-PPV :
PC;,BM=1 : 4 by weight) leading to greatly enhanced short circuit
current density (Jo) from 2.33 mA/cm?® to 5.25 mA/cm? The fill
factor (FF) was also increased from 50% to 61%, which resulted
in the PCE improvement from 0.9% to 2.5% [37,38]. As shown in

Fig. 6. (a) Chemical structure of MDMO-PPV and PC(BM. (b)
AFM images (height and phase modes) of MDMO-PPV :
PC,;,BM bulk heterojunction films prepared using chloroben-
zene (left) and toluene (right): Note that individual scans
were applied for each image (top: 5 tmx5 pm, bottom: 1 m
x1 pm).
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Fig. 6, our own measurement showed that the morphology of films
prepared using chlorobenzene and toluene was different from each
other in terms of fullerene domain enrichment on the film surface
but the size of phase segregation seemed to be similar. Interestingly,
the PCE was rather decreased from 1.23% to 0.49% by annealing
the MDMO-PPV : PC¢,BM film (1 : 1 by weight) at 110 °C, which
might be too high to make an optimum phase-segregated morphol-
ogy when it comes to the relatively low glass transition temperature
of MDMO-PPV (~80°C) [42]. This land-mark work initiated tre-
mendous interest and research in polymer : fullerene solar cells. How-
ever, the power conversion efficiency of MDMO-PPV : PC, BM
solar cells has an intrinsic limitation because the optical absorption
range of MDMO-PPV is less than 600 nm (wavelength). Hence
P3HT polymers have been introduced because they can absorb visible
light up to 650 nm and their glass transition temperature approaches
~110°C [31-36,43-45]. In addition, the external quantum efficiency
(EQE) of devices at a maximum wavelength reached more than
70% for P3HT : PC,,BM solar cells, compared to ~50% for MDMO-
PPV : PC,BM solar cells (see Fig. 7). Such high EQE for P3HT :
PC4BM solar cells can be ascribed to the extremely high tendency
of chain stacking (recrystallization) in regioregular P3HT films and
resulting high charge carrier mobility, which was confirmed from
the systematic study on the P3HT regularity effect by Kim et al.
[36]. However, the open circuit voltage (V) of P3HT : PC,,BM
solar cells is relatively lower than that of MDMO-PPV : PC,, BM
solar cells because the HOMO energy level of P3HT (—5.0eV) is
higher than that of MDMO-PPV (-5.3 eV) (see Fig. 8). Thus the
practical power conversion efficiency of P3HT : PC;,BM solar cells
was 4-5% when PC;BM was used as an electron-acceptor [31-36].
Here we note that the V,,. of P3HT : fullerene solar cells was notice-
ably increased by introducing bis-adduct fullerene derivatives such
as indene-Cg, bis-adduct (ICBA) [46].

To improve the power conversion efficiency of polymer : fullerene
solar cells, various conjugated polymers with narrower band gaps
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Fig. 7. (a) EQE comparison of organic solar cells with the P3HT:
PC,BM film and the MDMO-PPV : PCBM film. (b) Pho-
tographs of the P3HT : PC,;,BM films coated on a glass sub-
strate (left) and on a flexible plastic substrate (right).
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(a) 3.0 (compared to P3HT) have been developed [39-41,47-55]. The opti-
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Fig. 9. Photoelectron yield (PEY) spectra for two representative
electron-donating polymers (P3HT and PTB7) and two rep-
resentative electron-accepting fullerenes (PC,BM and Fig. 11. (a) Chemical structure of PTB7 and PC, BM. (b) Energy
PC,;,BM). The onset point, which is given on each plot, is minimized structures (top view and side view) of three re-
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Korean J. Chem. Eng.(Vol. 31, No. 7)



1100 H. Kim et al.

ionization potential of PTB7 is relatively higher than that of P3HT.
Considering the LUMO energy level of fullerene derivatives in solid-
state films (3.7 eV~—4.4 V) [56,57], the V- from the solar cells
with the bulk heterojunction films of PTB7 and fullerene derivatives
is expected to be ~0.8 V at least. In accordance with this estima-
tion, the measured V. values did fall into 0.7-0.8 V [39-41]. To
increase the built-in electric field for better charge transport and higher
Ve, various approaches have been attempted to modify the inter-
faces between active layers and electrodes or buffer layers inside
the PTB7 : fullerene solar cells [40,41]. The highest power conver-
sion efficiency of single stacked polymer : fullerene solar cells is so
far ~9.2% using the PTB7 polymer as an electron donor and [6,6]-

phenyl-C,,-butyric acid methyl ester (PC,,BM) as an electron accep-
tor [40,41]. Fig. 10 shows typical device structures of normal-type
and inverted-type P3HT : PC, BM solar cells. As mentioned, the
PTB7: PC, BM solar cells, whether they are normal or inverted
structures, can lose high efficiency once a thermal annealing applies.
The reason can be found from the molecular structure of PTB7, which
is different from that of P3HT [36]. As shown in Fig, 11(a), the PTB7
polymer has asymmetrically-attached alkyl chains in the backbone,
which is expected to prevent the PTB7 polymer chains from stack-
ing compactly each other. The random alignment of alkyl chains
and resulting backbone distortion can be seen from the energy mini-
mized structures in Fig. 11(b). The best performance of polymer :

Table 2. Summary of key materials/structures used in organic solar cells with polymer : fullerene bulk heterojunction layers

Year First author Materials/Device structures PCE (%) Light intensity Reference
2001 S.E.Shaheen MDMO-PPV:PC,BM 2.5% 80 mW/cm’ 37
27 mW/cm?
2003 F. Padinger P3HT : PC,,BM 3.5% 80 mW/cm® 31
2005 Y. Kim P3HT : PC,,BM 3.0% 100 mW/cm? 32
2005 G.Li P3HT : PC,,BM 4.0% 100 mW/cm? 33
2005 G Li P3HT : PC,,BM 4.4% 100 mW/cm? 34
2005 W.Ma P3HT : PC, BM 5.0% 80 mW/em® 35
2006 Y. Kim P3HT : PC, BM 4.4% 85 mW/em® 36
2007 J.Y.Kim PCPDTBT : PC,,BM, P3HT : PC,,BM (Tandem) 6.5% 100 mW/em® 58
2007 J. Peet PCPDTBT : PC,,.BM 5.5% 100 mW/em? 47
2009 S.H. Park PCDTBT: PC,BM 6.1% 100 mW/em? 48
2010 Y. Liang PTB7 : PC,,.BM 7.4% 100 mW/cm? 39
2009 H. Chen PBDTTT-CF : PC, BM 7.73% 100 mW/ecm? 49
2011 S. C. Price PBnDT-FTAZ : PC,, BM 7.1% 100 mW/cm? 50
2012 Z.He PTB7 : PC,,BM (Inverted) 9.2% 100 mW/cm? 40
2012 J.S.Moon PCDTBT : PC; BM 6.9% 100 mW/cm? 51
2013 W.Li DT-PDPP2T-TT : PC,.BM 6.9% 100 mW/cm? 52
2013 M. Zhang PBDTP-DTBT : PC,,.BM 8.07% 100 mW/cm? 53
2012 L.Dou P3HT : ICBA, PBDTT-DPP : PC,,BM (Tandem) 8.62% 100 mW/cm? 59
2013 W.Li PCDTBT : PC,BM, PMDPP3T : PC,BM, 9.64% 100 mW/cm? 60
PMDPP3T : PC;,BM (Triple Junction)
2013 S.H. Liao Zn0-C/PTB7-Th : PC;BM (Inverted) 9.35% 100 mW/cm? 54
2013 X. Guo PBTI3T : PC,;BM in CF+DIO (Inverted) 8.46% 100 mW/cm? 55
(Highest FF record >75%)
2013 J. You P3HT : ICBA/PDTP-DFBT : PC;,BM (Tandem) 10.6% 100 mW/cm? 61
2014 S. Woo ZnO/PEI/PTB7 : PC;BM (Inverted) 9.2% 100 mW/em® 41
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Substrate
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Fig. 12. Illustration of major issues affecting the stability and lifetime of organic solar cells with bulk heterojunction active layers.
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Table 3. Summary of key materials/structures used in organic solar cells with all-polymer (polymer : polymer) bulk heterojunction layers

Year First author Materials/Device structures PCE (%) Light intensity Reference
1995 J.J. M. Halls MEH-PPV : C6-CN-PPV Voc=0.6 V 550 nm, 19
EQE=6% 0.15 mW/cm*
1995 G Yu MEH-PPV : MEH-CN-PPV 0.25-0.9 430 nm, 20
(BEQE=1-6%) 20 mW/cm’~
1 pW/em?
1998 M. Granstrm POPT/MEH-CN-PPV (19 : 1))MEH-CN-PPV : POPT (19: 1) 1.9% 77 mW/cm? 69
(Laminated double layer)
2001 A.C. Arias PFB : F8BT EQE=2-4% at3.2eV 70
2004 Y. Kim P3HT: F8BT 0.13% 100 mW/cm’ 71
2004 M. M. Alam PPV/BBL 1.5% 80 mW/cm’ 72
2005 T. Kietzke M3EH-PPV : CN-ether-PPV 1.7% 100 mW/cm? 73
2007 C.R. McNeill P3HT : FSTBT 1.8% 100 mW/em? 74

2007 X.Zhan BTVI12-PT6 : P(PDI2DD-DTT) >1% (1.5%) 100 mW/cm® 75
2008 Z.Tan TTV4-PT6 : P(PDI2DD-DTT2) 1.48% 100 mW/cm? 76
2009 T. W. Holcombe POPT/MEH-CN-PPV 2% 100 mW/cm’ 77
2009 J. A. Mikroyannidis PPHT : P(PDI-PEPEP) 2.3% 30 mW/em® 78
2010 X.He P3HT/F8TBT (20 nm planar patterned) 1.85% 100 mW/cm? 79
2011 D. Mori P3HT : PFI2TBT 2.0% 100 mW/cm’ 80
2011 S.Nam P3HT : F8BT-EBSA (6 : 4) 0.3% 100 mW/cm’ 81
2011 E.Zhou PT1 : PC-PDI 2.23% 100 mW/cm’ 82
2011 J.R. Moore P3HT : P(NDI20OD-T2) 0.21% 100 mW/cm? 83
2012 S.Nam P3HT-EBSA : FSBT-EBSA 0.4% 100 mW/em? 84
2012 D. Mori P3HT : PFI2TBT 2.7% 100 mW/em? 85
2012 X.Liu P3HT : PCPDTBT (with BrAni additive) 1.33% 100 mW/em? 86
2012 A. Facchetti group - 5.2% (NREL) 100 mW/cm? 87
2012 M. Schubert P3HT : PINDI-TCPDTT) P3HT : P(NDI2OD-T2) 1.1%, 1.4% 100 mW/cm? 88
2012 K. Nakabayashi P3HT : P3HT-PNBI-P3HT 1.28% 100 mW/cm’ 89
2012 E.Zhou P3HT : PF-NDI (with DIO additive) 1.63% 100 mW/cm’ 90
2013 Y. Tang PTB7 : P(NDI2OD-T2) 1.1% 100 mW/cm’ 91
2013 N. Zhou PTB7 : P(NDI2OD-T2) 2.7% 100 mW/cm’ 92
2013 T. Earmme PSEHTT : PNDIS-HD/Inverted 3.26% 100 mW/cm’ 93
2013  A. Facchetti group - 6.4% (NREL) 100 mW/cm’ 94

fullerene solar cells is summarized in Table 2. The power conver-
sion efficiency of polymer : fullerene solar cells now passes over
~10% by employing a tandem structure [58-61].

Although the power conversion efficiency of polymer : fullerene
solar cells has been improved due to new conjugated polymers and
interface control technologies, the stability (lifetime) issue is the
most problematic point for polymer : fullerene solar cells. We can
separate the stability issue into three sub-categories: (1) degradation
of electrodes, (2) chemical degradation of polymers and/or fullerene
derivatives, (3) gradual deformation of BHJ morphology (see Fig.
12). As well experienced for commercializing organic light-emit-
ting devices [62], the degradation of metal electrodes can be wisely
resolved by hermetic encapsulation to protect from the attack of
moisture and/or oxygen. The corrosion of transparent electrode (in-
dium tin oxide - ITO) by the acidic HCBL, for example poly(ethyl-
enedioxythiophene) : poly(styrenesulfonate) (PEDOT : PSS), in the
case of normal-type solar cells can be also prevented by control-
ling the acidity of corresponding solutions and/or by post-treatment
processes [63,64]. The chemical degradation of materials requires

new design of molecular structures that are resistant against the attack
of singlet oxygen under illumination. However, it is supposed that
the gradual deformation of BHJ morphology is not so easy to over-
come, even though the glass transition temperatures of both p-type
and n-type materials are far higher than typical temperatures upon
illumination of solar light [65-68]. Hence a critical study should be
concentrated on the stability issue in organic solar cells.

ALL-POLYMER SOLAR CELLS

In the case of polymer : fullerene solar cells, fullerene derivatives,
which are basically classified as one of small molecules though their
molecular weight is more than 720, are used as electron acceptors.
Hence, strictly speaking, the polymer : fullerene solar cell is not
recognized as a perfect plastic solar cell but understood as a poly-
mer composite solar cell. The polymer : fullerene solar cells have
an intrinsic limitation because the fullerene derivatives (small mol-
ecules) in the polymer : fullerene composite films are vulnerable to
migration (or extraction) from one position to another (neighbor-
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Intimate Mixing Phase Segregation
m ho’e
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Fig. 13. Importance of forming appropriate charge percolation paths in all-polymer bulk heterojunction films: (left) poor device perfor-
mance by the presence of huge charge blocking resistances, (b) good device performance by well-organized p-n junctions inside

bulk heterojunction films.

ing) position upon bending or rolling so that the stability of result-
ing flexible solar cells can be poor. To achieve a perfect (flexible)
plastic solar cell that can be bendable or rollable, the electron accep-
tors should be composed of polymers. This type of organic solar
cells can be called polymer : polymer solar cells or all-polymer solar
cells. The first all-polymer solar cells were reported in 1995 [19,
20], but their efficiency was quite low and no standard measure-
ment condition was applied. To date, various approaches have been
attempted so that the power conversion efficiency of all-polymer
solar cells has been increased up to ~3% based on officially pub-
lished reports [69-93]. We note that ~6.4% efficiency is announced
from conference presentations [94]. The reason for the relatively
lower efficiency in all-polymer solar cells, compared to polymer :
fullerene solar cells, has been suggested as huge charge blocking
resistances caused by the intimate mixing of p-type and n-type poly-
mers [71]. As shown in Fig. 13(left), when the p-type and n-type
polymers are mixed intimately, each counter (p-type versus n-type)
chain acts as a charge blocker leading to poor charge transport effi-
ciency. However, if both p-type and n-type polymers can make an
optimum phase segregation state, the charge blocking resistance is
expected to be minimized so that the charge transport will not be a
crucial limiting factor in achieving high efficiency.

FUTURE OUTLOOK

Organic solar cells, whether they are made with small molecules
or polymers, have been a challenging research target because of

July, 2014

their potential for next generation solar cells. Although the power
conversion efficiency of organic solar cells has been impressively
enhanced for such a relatively shorter period, it is thought that a
challenging race is yet to come forward for commercialization of
organic solar cells. The priority should be on understanding the stabil-
ity and lifetime of organic solar cells, even though new organic semi-
conductors such as conjugated polymers should be developed at
the same time for breaking new efficiency records. Another effort
is also necessary to develop new device structures, which should be
more suitable for organic solar cells than for conventional inorganic
solar cells. In terms of fabrication technology, a variety of coating
processes including slot-die coating method have been tried so far
but they should be standardized for individual layers. Finally, it should
be stressed that synthesis of well-defined and high purity organic
semiconductors is of utmost importance to maintain a commercial
level solar cell. For example, chemists and chemical engineers need
to concentrate on the technology of large-scale synthesis for achieving
high-purity conjugated polymers with narrow polydispersity index
and constant molecular weights. Further detailed information on a
focused category of polymer-based solar cells can be found in previ-
ous reviews [95-99].
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