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a  b  s  t  r  a  c  t

Organic  photovoltaic  cells  made  with  semiconducting  polymers  remain  one  of  the  most  promising  tech-
nologies  for  low-cost  solar  energy  due  to  their  compatibility  with  roll-to-roll  printing  techniques.  The
development  of new  light-absorbing  polymers  has  driven  tremendous  advances  in  the  power  conversion
efficiency  of  these  devices.  In  particular,  the  use of  alternating  electron  rich  (donor)  and  electron  poor
(acceptor)  segments  along  the  polymer  backbone  can  produce  low  optical  bandgap  materials  that  capture
eywords:
rganic photovoltaic
onjugated polymer
emiconducting polymer
ulk heterojunction

more  of  the  solar  spectrum.  As  a result,  power  conversion  efficiencies  over  10%  are  increasingly  common
for this  technology.  This  review  summarizes  the  recent  advances  in  donor-acceptor  polymer  design  and
synthesis, highlighting  the  structural  features  that  are  key  to  providing  high  efficiency,  scalable  and  stable
devices.

© 2017  Elsevier  B.V.  All  rights  reserved.
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Fig. 1. Simplified energy level diagram for a donor-acceptor heterojunction in an
OPV  device with basic charge generation and separation processes indicated as fol-
S. Holliday et al. / Progress in

. Introduction

Organic photovoltaics (OPVs), which utilize light absorbing
olymers or small molecules to generate an electrical current from

ight, have received significant attention in recent years as a form
f highly scalable and inexpensive solar energy production. In
ontrast to the relatively heavy and brittle modules made with
norganic semiconductors such as silicon, OPVs offer the attractive
rospect of low-temperature, solution processed fabrication such
s roll-to-roll and inkjet printing, that have the potential to dra-
atically lower the cost of solar energy production. Furthermore,

he potential for large-area, lightweight and mechanically flexi-
le modules, with options for semi-transparent and colored films,
pens up new opportunities for building-integrated photovoltaics
mong other applications [1–3]. The field of OPV has advanced
normously in the last few decades, with frequent reports now of
ab-scale efficiencies >10%, which is often stated as the benchmark
or commercial viability [4]. A large part of this progress can be
ttributed to the development of new light-absorbing polymers.
rom the simple homopolymers such as MDMO-PPV and P3HT
hat were popular in the early days of the field [5–7], hundreds of

ore complex polymer structures have since been introduced with
mproved light absorption, charge generation and charge trans-
ort properties [8–10]. Significant advances have also been made

n other integral components of the device including the electron
cceptor [11,12], electrodes and interfacial layers [13,14]. In this
eview, we will detail the recent advances made in donor-acceptor
D-A) copolymers for OPV applications, with particular focus on
ey polymer structural features that contribute to their high per-
ormance. As a rough benchmark for high performance, we have
ncluded only polymers demonstrating power conversion efficien-
ies of 8% or over in this review.

. Working principles of OPV

.1. Bulk heterojunction OPV

Organic materials, which are typically considered insulators, can
ecome semiconductors when they possess sufficient conjugated
-bonding character. As the number of alternating single and dou-
le bonds in a �-bonded system is increased, such as in a highly
onjugated (sp2 hybridized) polymer or small molecule, the over-
ap of atomic orbitals increases and thus the energy gap between
he highest occupied molecular orbital (HOMO) and the lowest
noccupied molecular orbital (LUMO) becomes smaller. When this
nergy gap becomes small enough, the absorption of visible light
an photo-excite an electron in the material across this gap, analo-
ous to the band model of inorganic semiconductors. However, in
ontrast to inorganic semiconductors, in which free electron-hole
airs are produced upon photoexcitation, the photoexcitation of
rganic semiconductors produces bound electron-hole pairs, also
nown as excitons. These excitons have a large binding energy (typ-
cally 0.2–1.0 eV) that drives the electron and hole to recombine
fter photoexcitation [15]. A solution to this problem was pro-
osed by Tang et al. in 1986 [16], which involves combining two
rganic semiconductors with slightly offset HOMO and LUMO ener-
ies, such that the photoexcited electron in the first material (the

donor’) is transferred to the second material (‘acceptor’), allowing
or the charges to be separated at the junction between these two

aterials.
Fig. 1 demonstrates a simplified energy diagram for the pro-
ess of charge separation at this heterojunction. When the donor
bsorbs a photon, an electron is initially excited across the bandgap
rom the HOMO to the LUMO, forming an exciton (i). This exci-
on then diffuses towards the donor-acceptor interface, where the
lows: (i) absorption of a photon with energy >Eg, causing an electron to be excited
in  the donor to form an exciton; (ii) transfer of the electron to the acceptor; (iii) drift
of  electron and hole towards the electrodes.

electron can be transferred to the LUMO of the acceptor material,
provided that the difference between the LUMO energies (�ELUMO)
of the donor and acceptor is greater than the exciton binding energy
(ii). Likewise, for an exciton that is formed on the acceptor, hole
transfer to the donor can occur if the energy offset between the
HOMO energies (�EHOMO) is sufficient. It is from this weakly bound
charge transfer (CT) state that the free electron and hole can be gen-
erated, which can then drift towards their respective electrodes
(iii). However, it is also possible that the exciton can recombine
at the heterojunction prior to becoming free charges (geminate
recombination), or alternatively recombine with other free charges
generated from separate absorption events (non-geminate recom-
bination), and both of these processes can result in significant
efficiency losses in OPV devices [17].

The very short diffusion length of excitons (average length an
exciton moves between generation and recombination) in most
organic semiconductors (around 10 nm)  adds a further challenge, as
the donor and acceptor phases must to be close enough for excitons
to reach the interface in order to separate. For this reason, the donor
and acceptor components are typically blended on the nanoscale to
form a bulk heterojunction (BHJ). This morphological strategy was
first proposed in the early 1990s [18,19], and has since remained
the prevalent active layer structure in OPV research. Compared to
a bilayer structure, the BHJ archetype allows relatively thick films
of the active layer blend to be deposited so that more light can
be absorbed, while maintaining a large number of donor-acceptor
interfaces for efficient exciton dissociation. Such BHJ films are typ-
ically fabricated by co-depositing the two  semiconductors from a
mixed solution, and allowing the two  materials to phase separate
upon drying to form nanoscale domains of donor and acceptor. In
practice, predicting and controlling the extent of this phase sep-
aration is extremely challenging, as will be discussed in Section
2.5.

2.2. Solar cell characterization

The photovoltaic performance of a solar cell can be characterized
by illuminating the cell and obtaining the current density (J, output

current divided by the device illuminated area) in response to an
applied voltage (V). Several important parameters can be extracted
from this J-V curve, including the current density at short circuit
(JSC), the voltage at open circuit (VOC) and the fill factor (FF). The
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F is defined as the product of current density and voltage at the
oint of maximum power density (JMP, VMP) divided by the product
f the JSC and VOC, as outlined in Eq. (1):

F = (JMP x VMP)/(JSC x VOC) (1)

The power conversion efficiency (PCE) of a solar cell is the ratio
f how much power the cell can generate relative to the incident
ower from the sun. As outlined in Eq. (2), this can be calculated
rom the product of the JSC, VOC and FF divided by the incident power
ensity Pi, which is typically standardized as 100 mW cm−2 using

 solar simulator set to AM1.5G:

CE = (JSC x VOC x FF)/Pi (2)

All of the performance metrics listed above can be affected by
ultiple different factors. The JSC will depend on the amount of

ight absorbed, as well as the efficiency of charge generation and
osses associated with charge recombination, charge carrier mobil-
ty and the efficiency of charge collection at the electrodes. The VOC
s a measure of the maximum electrochemical potential of the cell
nd can be approximately related to the energy offset between the
OMO of the donor and the LUMO of the acceptor. This is suscep-

ible to various loss mechanisms which limit the device efficiency,
n aspect that has received increasing attention in recent years
20]. As will be demonstrated throughout this review, one of the
iggest challenges in OPV has been in balancing the need for a low
andgap in the donor polymer (to maximize JSC) with the need for

 low-lying HOMO in the donor (to maximize VOC). The FF, mean-
hile, is influenced by factors that determine how easily charges

an be extracted from the device. These include the relative charge
arrier mobilities of the donor and acceptor as well as the active
ayer morphology and various interfacial effects that can affect the
harge collection [21].

.3. Device architectures

In order to make a photovoltaic cell, the semiconduct-
ng active layer is sandwiched between two electrodes. In
he conventional cell architecture, a high work function,
ransparent and conducting anode such as indium tin oxide
ITO) is typically used, with a hole selective interlayer such
s poly(ethylenedioxythiophene):poly(styrene sulfonic acid)
PEDOT:PSS) between the anode and the active layer to facilitate
ole injection. A low work function metal such as Al is then used
s the cathode, often with an additional thin layer of Ca or LiF
o create a favourable surface dipole at the interface for better
lectron injection. While this conventional architecture remains
idely used, it suffers from stability issues due to the oxidation

f low work function metals such as Ca and Al, as well as the
resence of pinholes that can allow oxygen and water to react
ith the active layer [22]. In addition, the highly acidic nature

f PEDOT:PSS can lead to further device degradation by reacting
ith the active layer or via etching of the ITO [23]. An alternative

o the conventional architecture is an inverted one, wherein an
-type semiconductor (e.g. ZnO or TiOx) is layered on the ITO to

acilitate electron collection, which allows a high work function,
nd therefore relatively air stable, metal such as Ag to be used as
he top electrode. MoO3 or other transition metal oxides are often
eposited in this case as the hole selective interlayer, in place

f PEDOT:PSS. As well as demonstrating significantly improved
tability, inverted devices can in many cases lead to higher effi-
iencies which has contributed to the increasing popularity of this
rchitecture in recent years [24,25].
er Science 70 (2017) 34–51

2.4. Electron acceptor materials

BHJ devices require an electron acceptor alongside the light-
absorbing polymer donor. From the early days of OPV research, the
materials used for this have been almost universally a fullerene
derivative, such as the archetypal phenyl-C61-butyric acid-methyl
ester (PC61BM)  [26]. One of the main problems with fullerene-
based acceptors is their high degree of molecular symmetry, which
leads to extremely limited absorption in the visible and near-IR
spectral regions. Given that the acceptor is accountable for approx-
imately half of the volume of the active layer, it significantly
limits the available photocurrent if this material does not absorb
visible light. The reduced symmetry of the C70 analogue phenyl-
C71-butyric acid-methyl ester (PC71BM)  results in more allowed
optical transitions and therefore significantly stronger absorption
in the visible region, which accounts for the widespread popu-
larity of this fullerene in high performance devices. However, the
cost of PC71BM production is even higher (market price ∼$900/g)
than for PC61BM (∼$300/g), creating a significant barrier to com-
mercial scale-up. Another critical issue with fullerene acceptors
is their strong tendency to diffuse through the polymer and self-
aggregate over time, a process that is particularly accelerated by
heat [27,28]. Furthermore, the optoelectronic properties of these
acceptors are not easily modified, since the addition of substituents
to the fullerene cage (e.g. via cycloaddition reactions) does not
allow for direct conjugation and therefore the only ways of mod-
ifying the energy levels are via weaker inductive effects [29,30].
In particular, the large electron affinity of most fullerenes makes
them very effective electron acceptors, but the ability to decrease
it slightly would be of significant benefit for the VOC. The difficulty
in achieving this with fullerenes is one reason why chemists have
instead focussed on developing donor polymers with large ioniza-
tion potentials to increase the VOC. It should be noted that some
fullerenes with smaller electron affinities do exist that give a higher
VOC, the most successful of which is indene-C60-bisadduct (ICBA),
but its cost is also prohibitively high (∼$1700/g).

Considering these shortcomings, it is not surprising that many
attempts have been made to develop alternative, non-fullerene
acceptors. One strategy is to use n-type polymers, but progress
here has been limited somewhat by difficulties in obtaining a
well-dispersed morphology in polymer-polymer blends [31]. An
alternative approach is to employ electron deficient, conjugated
small molecules. Tremendous advances have been made in this area
within the past few years, with the design of new small molecule
acceptors that can now match or even outperform fullerenes
[11,12,32]. Indeed, some of the highest device efficiencies to date
are achieved with non-fullerene acceptors [33]. One advantage of
using small molecule acceptors is that, unlike fullerenes, the HOMO
and LUMO levels can be easily tuned by changing the chemical
structure, allowing the energetic offset between donor and accep-
tor to be more readily optimized. This is exemplified by multiple
reports of fullerene-free devices giving VOC values greater than 1 V
[34–38], a difficult value to match with fullerene acceptors [39,40].
It also allows for the bandgap of the acceptor to be tuned, mak-
ing absorption at longer wavelengths a possibility. This provides an
exciting avenue for OPV research since the donor polymer no longer
needs to be considered as the main absorber at long wavelengths,
as has traditionally been the case with fullerenes. In addition, the
crystal packing properties of small molecules can be easily tuned
by the choice of various solubilizing alkyl chains, in order to con-
trol the active layer morphology. With the growing library of small
molecule acceptors that is now materializing, the future of OPV

research will increasingly involve carefully selecting both donor
and acceptor to achieve the best match in terms of energy levels,
spectral coverage and morphology [41,42].
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Fig. 2. Schematic of proposed PTB7 (blue) and PC71BM (red) aggregation in (a)
chlorobenzene (CB) and (b) chlorobenzene with DIO additive. [71], Copyright 2011,
S. Holliday et al. / Progress in

.5. Active layer morphology

The microstructure of the active layer BHJ in an OPV device
lays a key part in determining the performance, but is also
ne of the aspects that is most difficult to control [43–46]. The
im is to achieve a bicontinuous network of donor and accep-
or domains between 10 and 20 nm,  providing a large interfacial
rea between the two domains to allow for exciton dissocia-
ion, while forming a continuous percolating pathway to transport
ree charges to the electrodes. The degree of phase separation is
ritical, since domains that are too large (greater that the exci-
on diffusion length) will favor geminate recombination [47,48],
hereas too little phase separation can increase the rate of non-

eminate recombination [28]. Further complexity arises from the
act that there can be significant miscibility between the polymer
nd fullerene in some blends [49]. This led to the development of

 three phase model, whereby a mixed, amorphous region exists
longside discrete polymer and fullerene domains [49–51]. Analyt-
cal tools such as resonant soft X-ray scattering (R-SoXS)[52–54],
canning transmission X-ray microscopy (STXM) [52,55], near-
dge X-ray absorption fine structure (NEXAFS) spectroscopy[50]
nd spectroscopic ellipsometry[56] have helped refine this pic-
ure further to allow for the quantitative evaluation of domain
urity. However, the exact influence of domain purity on solar
ell performance is still under debate. It has been shown that
he energetic cascade formed between ordered and disordered
mixed) regions can create a driving force for charge separation
t this interface, helping to sweep charges out of the disordered
egion towards the electrodes [57,58], suggesting that at least some
egree of miscibility is beneficial. Conversely, there is evidence
hat impure domains lead to an increase in recombination losses
nd low charge carrier mobility, and this is found to be partic-
larly limiting in the case of thicker films [59,60]. Some of the
ighest performing polymer blends employing relatively amor-
hous benzodithiophene-based polymers such as PTB7 (Section
.1) have been suggested to have hierarchical morphologies [54,61]
r even no pure polymer domains at all [52]. On the other hand,
any of the recent crystalline oligothiophene-based donor poly-
ers (Section 4) exhibit small but extremely phase-pure domains,

nd demonstrate equally high efficiencies [62]. On this basis it has
een proposed that a single, ‘ideal’ morphology may  not actually
xist, but rather multiple different morphologies that can all lead
o high efficiency devices [63,64]. The active layer is typically pre-
ared by co-depositing the donor and acceptor from solution, and
llowing these two materials to phase separate upon drying. In a
aboratory setting, spin-coating is most widely used for this since
t is a relatively easy, versatile and inexpensive method of deposit-
ng thin films for test scale devices [65,66]. Multiple factors can
ffect the drying kinetics of the film, including the choice of cast-
ng solvent (boiling point, viscosity, polarity, surface tension etc),
olute concentration, temperature (of both substrate and casting
olution), deposition rate and annealing steps (thermal or solvent
apour annealing), and typically these parameters must all be opti-
ized by a somewhat trial-and-error approach to optimize the
orphology for a particular blend. Unfortunately, this technique

s rather wasteful of material since the majority of solution that
s dispensed onto the substrate is ejected during spin-coating, and
t is also inherently unsuitable for depositing large areas (over a
ew cm2). Techniques such as slot-die coating or inkjet printing are
onsiderably more scalable, but care must be taken in transferring
o more scalable methods since the resulting morphology can vary
ramatically [63,67]. High-boiling solvents such as chlorobenzene

nd dichlorobenzene are normally used to deposit the film in order
o allow the materials sufficient time to self-organize and phase
eparate as the film dries. In addition, an even higher boiling sol-
ent such as chloronaphthalene (CN) or 1,8-diiodooctane (DIO) is
Reprinted with permission from the American Chemical Society. (For interpretation
of the references to colour in this figure legend, the reader is referred to the web
version of this article.)

often added in small amounts (1–5 vol%). These solvent additives
can improve the film morphology by selectively dissolving one of
the active layer components, and by allowing this component to
remain in solution for longer during film formation because of the
significantly higher boiling point of the additive relative to the host
solvent [68]. DIO has been especially useful in blends containing
PC71BM as it has been shown to effectively prevent the forma-
tion of large PC71BM aggregates that can be detrimental to device
performance. Due to the greater solubility of PC71BM in DIO rela-
tive to the polymer, it remains in solution during film formation,
allowing it sufficient time to penetrate the polymer network dur-
ing film drying, as demonstrated in Fig. 2 [52,61,69–71]. The more
finely dispersed morphology can be beneficial for charge genera-
tion, reducing recombination (both geminate and non-geminate)
and increasing charge carrier mobility in the blend [72]. It has also
been suggested that DIO results in a more favourable concentra-
tion gradient within the active layer to further improve charge pair
dissociation and reduce recombination [61]. As such, the major-
ity of high performance OPV devices that are published now use
solvent additives. However, the added complexity for device fab-
rication, as well as the toxicity of DIO, creates a disadvantage for
large-scale manufacture. There is also evidence that some additives
can be detrimental for device stability. The high boiling point of DIO
(332.5 ◦C at 760 mmHg) means that it is difficult to remove from the
film after device fabrication, with some reports suggesting that a
small amount remains even after electrode deposition [73]. DIO is
also unstable to light [74], forming radical species that may cause
degradation of the polymer if not fully removed [75].

2.6. Donor-acceptor polymers

Since most fullerene acceptors do not absorb strongly in the
visible and near-IR portion of the spectrum, where solar radiation
is highest, the role of light absorption in OPV devices has tradi-
tionally fallen on the donor. This means that a large amount of
the research has focused on reducing the optical bandgap Eg of
the polymer. As described in Section 2.1, the bandgap in semicon-
ducting polymers arises from overlap of �-orbitals, and therefore
can be reduced by creating a more planar polymer backbone in
order to extend the conjugation. Various techniques have been
employed by chemists to this end, such as using fused ring sys-
tems (e.g. thienothiophene, benzodithiophene) and bridging atoms
(e.g. fluorene, indenofluorene, cyclopentadithiophene), as well as
increasing the degree of quinoidal character and minimizing tor-
sion due to steric effects along the backbone. For example, the

increased quinoidal character of the two thiophene rings in Fig. 3a
leads to greater sp2 bonding character compared to the two  coupled
phenyl units, and this therefore favors a more planar conforma-
tion. A further planarization effect occurs in this case due to the
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ig. 3. (a) Comparison of the torsional angle between two coupled phenyl (top) and 

hemical Society; (b) Diagram showing reduced bandgap Eg in donor-acceptor (D-A

educed steric torsion effects from the �–protons on coupled thio-
hene rings compared to those on adjacent phenyl groups. For this
eason, thiophene based polymers have been ubiquitous in the field
f organic electronics for some time, most notably in the form of
oly(3-hexylthiophene) (P3HT), which remains one of the most
idely used polymers in OPV research [7,76]. The planar back-

one of P3HT is also beneficial for charge carrier mobility due to
he shorter intermolecular contacts between chains, resulting in
ole mobilities of 0.1–0.3 cm2 V−1 s−1 for this polymer in organic
eld effect transistors [77,78].

Despite its very planar backbone, P3HT has a relatively wide
andgap of around 1.9 eV, which means that this polymer can only
arvest approximately 22% of photons from the sun and this lim-

ts the JSC that can be generated [80]. In order to further reduce
he bandgap, the technique of donor-acceptor (D-A) hybridiza-
ion is now widely used, whereby alternating electron-rich and
lectron-poor segments are incorporated along the polymer back-
one. The molecular orbital mixing that occurs between of the
onjugated donor (D) and acceptor (A) units leads to the forma-
ion of a new set of hybridized molecular orbitals with an effective
andgap Eg that is smaller than either of the individual compo-
ents, as demonstrated in Fig. 3b. This allows D-A polymers to
chieve significantly lower bandgaps than via backbone planariza-
ion alone, which can account for their rise in popularity in OPV
esearch [8,10,81]. Control over the bandgap and the energy lev-
ls can be achieved by judicious choice of monomers, since the
OMO and LUMO of the polymer are principally determined by the
OMO and LUMO of the donor and acceptor components, respec-

ively. Popular electron-rich donor units include fused and bridged
hiophene-based ring systems such as benzodithiophene (BDT),
ndacenodithiophene (IDT) and cyclopentadithiophene (CPDT), for

hich the high electron density can be attributed to lone-pair
onation from the S atoms into the �-bonded system. Common
cceptor units, meanwhile, typically feature electron withdrawing
etone, thiadiazole, ester and fluorine groups as found in dike-
opyrroloyrrole (DPP), thienopyrrolodione (TDP), benzothiadiazole
BT), 5,6-difluorobenzothiadiazole (ffBT) and thienothiophene (TT)
hat has appending fluorine and/or ester groups. The rest of this
eview will cover the D-A polymer structures that are currently
emonstrating the highest efficiencies in BHJ organic solar cells,
hich have been broadly be categorized by their component D and

 units. Only polymers found to give at least 8% PCE are discussed, as
 rough benchmark for ‘high efficiency’, but the reader is referred to
everal other reviews for a more comprehensive account of donor

olymer development if required [8,10,82,83].
l (bottom) rings; [79], Copyright 2012, Adapted with permission from the American
mers via molecular orbital hybridization.

3. Benzodithiophene polymers

3.1. Benzodithiophene-thienothiophene polymers

D-A polymers based on the benzo[1,2-b:4,5-b′]dithiophene
(BDT) unit have undoubtedly been amongst the most successful
in the last decade, now yielding efficiencies >10% in single junction
and tandem devices [84–86]. The rigid, planar structure of fused
rings in BDT affords a highly delocalized �-system that is benefi-
cial for hole transport and for reducing the bandgap. In addition,
the 4,8-positions allow for the incorporation of various side-chains
on the central benzene ring. Starting from 3-carboxylic acid, a 3-
step synthesis gives the BDT-dione intermediate, which can then
be substituted with alkyl, aromatic or alkoxy groups as required.
The fused thieno[3,4-b]thiophene (TT) ring system is frequently
chosen as a co-monomer for BDT due to its ability to stabilize
the quinoidal structure (Fig. 4), which has contributed to lower-
ing the bandgap in many OPV polymers [87–90]. Substitution of an
electron-withdrawing ester group affords acceptor character to the
TT moiety, which further helps to lower the bandgap via molecu-
lar orbital hybridization. Representative BDT-TT based polymers
(P1–8) and their device characteristics are shown in Fig. 5 and
Table 1. Several D-A polymers were designed initially with the
BDT-TT structure that gave moderate device performance [91–93],
however the addition of a fluorine atom to the TT unit in P1 (else-
where known as PTB7) led to significantly higher efficiency devices
of 7.4% [94]. The fluorine substituent had the effect of lowering
the HOMO (−5.15 eV) but also the LUMO (−3.31 eV), resulting in a
higher VOC relative to the unsubstituted counterpart, whilst main-
taining a high JSC thanks to the narrow bandgap. A large wave
of studies subsequently followed to investigate the fundamental
device physics with this polymer and further optimize the per-
formance [84], and a PCE of 9.2% was  achieved by changing to an
inverted device architecture [25]. Recently, conventional devices
giving 10% PCE were reported with P1 using a non-conjugated small
molecule electrolyte to replace the Ca interlayer [95].

Another significant step was taken by replacing the alkoxy side-
chains of P1 with 2D-conjugated alkylthienyl groups (P3). This
resulted in a deeper HOMO level and therefore a higher VOC, as
well as improved �-stacking, which contributed to a higher hole
mobility and reduction in the optical bandgap. As such, efficiencies
of up to 10.7% were possible with P3 (otherwise known as PTB7-
Th, PBDTTT-EFT or PCE-10) with PC71BM as the acceptor [24]. In
addition, 8.7% PCE was  achieved with the non-fullerene acceptor

ITIC-Th, although in this case the efficiency was limited by the over-
lapping absorption spectra of the two  materials [96]. Recently an
off-center spinning method was  used to deposit the active layer,
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Fig. 4. Generic structure of BDT-TT polymer, wherein the thieno[3,4-b]thiophene (TT) unit helps to stabilize the quinoidal structure and planarize the backbone.

Fig. 5. Benzodithiophene-thienothiophene polymers with >8% efficiency.

Table 1
Benzodithiophene-thienothiophene polymers with >8% efficiency in single junction OPV devices.

Eg
opt (eV) IP (eV) EA (eV) Acceptor additive architecture JSC (mA  cm−2) VOC (V) FF PCE (%) Refs.

P1 1.64 5.15 3.31 PC71BM DIO conventional 19.3 0.76 0.68 10.0 [95]
P2 1.58 5.10 3.25 PC71BM DIO inverted 17.7 0.77 0.67 9.1 [99]
P3 1.58 5.20 3.56 PC71BM DIO inverted 19.3 0.81 0.70 10.9 [97]

ITIC-Th CN inverted 15.9 0.80 0.68 8.7 [96]
P4 1.64 5.20 3.30 PC71BM DIO conventional 15.2 0.78 0.72 8.6 [101]
P5 1.60 5.19 3.25 PC71BM none inverted 15.4 0.83 0.69 8.8 [104]
P6 1.57 5.41 3.27 PC71BM none conventional 15.3 0.84 0.65 8.4 [107]
P7 1.51 5.33 3.52 PC71BM DIO conventional 20.5 0.78 0.63 10.5 [111]
P8 1.56 5.44 3.31 PC71BM DIO inverted 15.1 0.89 0.71 9.6 [112]
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hich apparently resulted in a more favorable vertical phase sep-
ration and efficiencies of nearly 11% were reported [97]. Similarly
o P1,  the fluorinated TT unit showed superior performance rela-
ive to the unsubstituted counterpart P2 [98,99]. The effect of the
uorine substituent on the TT unit has been investigated systemat-

cally by varying the feed ratio of fluorinated and non-fluorinated
T monomer [100]. Within this study, it was found that reducing
he fluorine content resulted in a higher-lying HOMO and there-
ore a reduced VOC, as well as a reduction in fill factor due to the
ower hole mobility and a less favourable, highly phase-separated

orphology. From these results it appears that the fluorinated
T monomer is certainly beneficial to photovoltaic performance.
n another study, fluorine atoms were added to the alkylthienyl
ide-chain on the BDT as well as the TT unit, in this case with a
hiophene �-bridge included between the BDT and TT moieties (P4)
101]. A similar trend in VOC was found, with a maximum PCE of
.6% for the polymer with fluorine atoms in both positions. It has
reviously been observed that selenium substitution for sulfur in
hiophene can yield higher charge carrier mobilities and reduced
ptical bandgaps in semiconducting polymers due to enhanced �-�
nteractions [102]. This has also been demonstrated for full back-
one substitution in BDT-TT polymers, with a significantly higher

SC obtained relative to the thiophene equivalent polymer [103].
ikewise, substitution of the alkylthienyl side-chains in P3 with
lkylselenophenyl groups (P5) was shown to result in stronger
ntermolecular interactions, which allowed for optimum device
erformance of 8.8% PCE to be achieved without any solvent addi-
ives [104]. Alkylfuranyl substituents, meanwhile, produced even
tronger �-stacking due to the lower dihedral angle of the conju-
ated side-chain substituent, but in this case the intermolecular
nteractions were found to be too strong which resulted in exces-
ive phase separation for the device [105]. Elsewhere, the alkyl
hain on the conjugated alkylthienyl side-chains was  replaced with
n alkylthio group (P6–8). This resulted in a lower-lying HOMO
nergy for P6,  in this case measured to be 0.1 eV lower than the
lkylthienyl analogue P3.  The moderate electron-acceptor charac-
er of alkylthio substituents has been previously attributed to the
bility of divalent sulfur to accept �-electrons from the conjugated
ystem into its empty 3d-orbitals, in contrast to alkoxy side-chains
hich are found to raise the HOMO by their electron-donating char-

cter [106,107]. The relatively large VOC obtained in P6 devices led
o a moderate PCE of 8.4%, although it should be noted that the
lkylthio substituents led to considerably decreased thermal sta-
ility [107]. Changing from branched to linear alkylthio side-chains
P7) led to significantly increased short circuit current values due to
he stronger interchain �-� packing in this polymer [108,109], an
ffect that was further enhanced by using the regioregular poly-
er  (10.2% PCE) over the regiorandom version (9.7%) [110]. An

dditional enhancement up to 10.5% PCE was obtained for P7 by
mploying a novel hybrid structure of carbon nanotubes with a self-
ssembled molecule as the cathode interlayer [111]. Replacement
f the ester side-chain on the TT unit with a carbonyl substituent,
.e. removing the electron-donating alkoxy group, led to an even
ower-lying HOMO for P8 and this resulted in a VOC of 0.89 V.

.2. Benzodithiophene-benzodithiophenedione polymers

Several polymers (P9–13)  with >8% PCE have been pub-
ished with BDT units co-polymerized with benzo[1,2-c:4,5-
′]dithiophene-4,8-dione (BDD), as shown in Fig. 6 and Table 2.
he BDD acceptor can be synthesized in 4 steps in moderate
ields [113], and allows for the incorporation of two  alkyl chains

or greater control over solubility. Compared to the BDT-TT poly-

ers discussed in Section 3.1, BDT-BDD polymers tend to have
ider bandgaps (1.8–1.85 eV) and therefore slightly reduced pho-

ocurrents, however the low-lying HOMO of this structure can
er Science 70 (2017) 34–51

produce VOC values of >0.9 eV. In addition, the wider bandgap of
these materials makes them ideal partners for lower bandgap, non-
fullerene acceptors as a pathway to devices with both high VOC
and high JSC values [33,96]. For example, the polymer P9 gave
8.75% PCE with PC61BM as the acceptor, which is notably high
for this fullerene with its limited visible wavelength absorption
[114]. However, replacing PC61BM with the low bandgap small
molecule acceptor ITIC resulted in efficient photocurrent gener-
ation between 300 and 800 nm thanks to the complementary
absorption profiles of the materials, and as such devices achieved
11.2% PCE, as well as benefitting from improved morphological
stability relative to the fullerene device [33]. P9 also exhibited
strong temperature-dependent aggregation in solution, which has
been suggested to be helpful for the formation of pure polymer
domains that have been shown to suppress non-geminate recom-
bination [62,113,115]. Elsewhere, the BDT unit itself was modified
to give the benzodifuran monomer seen in P11, for which the
more electronegative oxygen atom resulted in a deeper HOMO
and therefore larger VOC relative to the thiophene equivalent P10
[116]. Replacement of the sulfur atom on the BDD unit with sele-
nium also yielded a large VOC of 0.91 V for P12, when paired with
a perylene diimide-based small molecule acceptor [117]. The rela-
tively high hole mobilites in this case (2.6 × 10−3 cm2 V−1 s−1) were
attributed to the more diffuse selenium electron cloud, which leads
to increased Se-Se intermolecular interactions, however the lack of
absorption beyond 700 nm may  have limited the photocurrent in
this case. An extended BDT monomer dithienobenzodithiophene
was also introduced in P13 in order to reduce conformational dis-
order and therefore improve the charge transport properties via
the fused ring structure, resulting in 9.7% PCE with PC71BM [118].
This polymer showed similar performance with the non-fullerene
acceptor ITIC-Th, with a slightly higher JSC that can be attributed to
the more complementary absorption of these materials [96]. Simi-
larly to P9, this polymer also demonstrated significant aggregation
behaviour in solution.

3.3. Benzodithiophene with other comonomers

2,1,3-Benzothiadiazole (BT) is a popular building block in semi-
conducting polymers because of its commercial availability and
strong electron acceptor properties that can be further tuned
by substitution at the 5,6-positions [119–121]. In addition, facile
bromination at the 4,7-positions allows access to a variety of
cross-coupling chemistry. Representative BT containing polymers
(P14–21) and their device characteristics are shown in Fig. 7 and
Table 3. Using Suzuki cross-coupling, the co-polymer of BDT with BT
(P14) could be produced in large quantities via highly scalable flow
synthesis techniques, yielding 9.5% PCE in devices [122]. It should
be noted that two alkyl chains were appended to the thienyl group
in this case, which allowed high molecular weight (>100 kg mol−1)
polymers to be synthesized despite the lack of solubilizing sub-
stituents on BT. Elsewhere, alkylated thiophene spacer groups have
been used to ensure solubility (P15–16) [123]. Encouragingly, P16
gave optimum device performance without any solvent additives
or post-treatment, and a minimal loss in efficiency was  observed for
thicker films up to 300 nm,  both of which are favourable for roll-to-
roll printing applications. P17 also formed an optimum morphology
without solvent additives, although thermal annealing was  used in
this case to promote reorganization of the polymer [124]. In addi-
tion, the >8-step synthesis of this benzotriazole based monomer is
not ideal for large-scale fabrication. By contrast, the difluoroben-
zotriazole monomer used in P18 was synthesized more easily in

4 steps [40]. The 1.9 eV bandgap of this polymer made it an ideal
partner for the low bandgap, small molecule acceptor ITIC, resulting
in efficient photocurrent generation between 300 and 800 nm and
promising efficiencies of 9.5%. Linear alkylthio side-chains on the
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Fig. 6. Benzodithiophene-benzodithiophenedione polymers with >8% efficiency.

Table 2
Benzodithiophene-benzodithiophenedione polymers with >8% efficiency in single junction OPV devices.

Eg
opt (eV) IP (eV) EA (eV) Acceptor Add −itive Arch −itecture JSC (mA  cm−2) VOC (V) FF PCE (%) Refs.

P9 1.80 5.33 2.92 PC61BM DIO conventional 14.3 0.88 0.70 8.8 [114]
ITIC DIO inverted 16.8 0.90 0.74 11.2 [33]

P10 1.81 5.43 3.52 PC71BM DIO conventional 13.1 0.86 0.72 8.1 [116]
P11 1.83 5.32 3.52 PC71BM DIO conventional 13.3 0.92 0.77 9.4 [116]
P12 1.85 5.34 3.53 SdiPBI-S DIO conventional 12.8 0.91 0.69 8.2 [117]
P13 1.85 5.36 3.43 PC71BM DIO conventional 14.1 0.92 0.75 9.7 [118]

ITIC-Th CN inverted 16.2 0.88 0.67 9.6 [96]

Fig. 7. Benzodithiophene polymers with other comonomers giving >8% efficiency.
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Table  3
Other benzodithiophene polymers with >8% efficiency in single junction OPV devices.

Eg
opt (eV) IP (eV) EA (eV) Acceptor Addit −ive architecture JSC (mA cm−2) VOC (V) FF PCE (%) Refs.

P14 1.75 5.45 3.70 PC71BM none inverted 15.7 0.92 0.66 9.5 [122]
P15 1.70 5.35 3.34 PC71BM DIO conventional 12.9 0.88 0.71 8.1 [123]
P16 1.70 5.31 3.20 PC71BM none conventional 15.4 0.78 0.69 8.3 [132]
P17 1.81 5.34 3.46 PC71BM none conventional 13.5 0.87 0.74 8.6 [124]
P18 1.93 5.32 3.08 ITIC none conventional 17.4 0.89 0.61 9.5 [40]
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P19 1.80 5.56 3.75 PC71BM CN 

P20 1.73 5.52 3.30 PC71BM DIO 

P21 1.70 5.36 3.56 PC71BM DIO 

DT unit were found to promote stronger interchain �-� stacking
n this case, which may  account for the more favorable morphology
hat was obtained without solvent additives. Other acceptor units
hat have successfully been incorporated into BDT polymers with
8% PCE include thienopyrroledione (TPD), as demonstrated in P19
125–127], and difluoroquinoxaline (P20–21) [128,129]. Fluorine
ubstitution is widely used in D-A polymers as a way  of improv-
ng the active layer morphology and charge carrier mobility due
o the inter- and intramolecular interactions that arise from the
nduced dipole at the fluorine [82,130,131]. The same principle was
pplied for P20, although in this case it was not reflected in a par-
icularly high FF. For P21, fluorine atoms were also introduced at
he meta position of the alkylphenyl substituents, which may  have
ontributed to the higher FF devices.

. Oligothiophene polymers

As discussed in Section 2.6, the planar backbone of the thiophene
olymer P3HT, and the highly ordered lamellar and �-stacking
roperties that benefit from this, have made P3HT one of the most
idely used polymers in organic electronics. Recently, the alky-

ated oligothiophene (bi-, ter- and quaterthiophene) segments have
ecome increasingly popular in D-A polymers (P22–33,  Fig. 8 and
able 4). Arguably the most influential contribution in this area
as the publication of three alkylated quaterthiophene donor poly-
ers giving >10% PCE with multiple different fullerenes [62]. The

igh performance for all three polymers (P22–24) was  attributed to
he strong temperature-dependent aggregation properties (Fig. 9a).
ince the polymer is already partially aggregated in solution prior
o spin-casting, this can encourage the formation of very pure and
rystalline domains during film formation, as has been observed
or similar structures elsewhere [133–135]. In this case, the highly
rdered but small domains contributed to high hole mobilities
1.5–3 × 10−2 cm2 V−1 s−1) with minimal charge recombination.
his allowed for a high FF to be achieved with relatively thick
300 nm)  active layers. As shown in Fig. 9b, this increased thick-
ess was beneficial in terms of light absorption, with a 30% higher

SC obtained relative to 150 nm films. Thicker films are also more
ractical for industrial applications due to the greater roughness
olerance and ease of deposition, which makes this a promising
evelopment for OPV scale-up. By contrast, the optimum film thick-
ess for devices with most BDT-TT polymers is around 100 nm [86],
hich may  be related to the relatively amorphous, impure polymer
omains that are characteristic of these blends [50,52]. As discussed

n Section 2.5, domain purity has been shown to be important for
harge transport and to minimize recombination in thicker films
59,60,136,137]. The chain length and branching point in polymers
22–24 was found to be critical in determining the length scale of
hase separation during film formation, as is the case for many D-A
olymers [138–140]. Polymers with 1-position branching demon-

trated no aggregation in solution and therefore produced films
ith poor crystallinity, whereas 3-position branching resulted in

xcessive aggregation even in warm solutions, resulting in films
hat gelled immediately upon spin-casting. Meanwhile, increasing
nventional 12.6 0.97 0.70 8.5 [125]
nventional 18.2 0.76 0.58 8.0 [128]
nventional 14.5 0.85 0.70 8.6 [129]

the chain length to 2-decyltetradecyl (P25) led to a reduction in
average domain purity and crystallinity, as well as a slight reduction
in absorption coefficient due to the larger fraction of non-absorbing
alkyl chains in the film, both of which may  contribute to the poorer
device performance [62,133,141]. However, longer chains were
also found promote face-on orientation of the polymer, which is
known to be beneficial for charge transport OPV devices [142–144].
To balance these factors, the intermediate chain 2-nonyltridecyl
(P26) was introduced. This polymer demonstrated an even higher
efficiency of 11.7% when processed from non-halogenated solvents,
which is greatly encouraging for the development of more environ-
mentally friendly and industrially applicable OPV [145]. It should
also be noted that P22 has demonstrated high efficiencies in blade-
coated devices, a technique that can be seen as a prototype for
the more scalable and industrially applicable slot-die coating [63].
Interestingly, the blade-coated device performance was  compa-
rable to the spin-coated device despite the different morphology
obtained (edge-on orientation with bimodal phase separation),
supporting the idea that there is no ‘ideal’ morphology in OPV, but
multiple different morphologies that can lead to high performance.
Modification of the fluorinated benzothiadiazole (ffBT) acceptor
unit has also been explored. P27 replaces this with difluoroben-
zoxadiazole (ffBX), which leads to a 0.1 eV increase in VOC thanks
to the lower-lying HOMO energy associated with the more elec-
tronegative oxygen atom [146]. However, the reduced active layer
thickness in this case was  found to limit the JSC compared to ffBT
devices. It should also be noted that the synthesis and bromina-
tion of BX derivatives is considerably more complex relative to BT
[146,147]. An improved VOC of 0.93 V was  also obtained using the
structural isomer of ffBT difluorobenzo[d][1,2,3]thiadiazole (P28)
[141]. Elsewhere, BDD has instead been used as the electron defi-
cient unit, along with fluorinated thiophene spacer groups (P29).
This polymer gave efficiencies over 9% with PC71BM as the acceptor
[148], as well as comparable OPV performance with the non-
fullerene acceptor ITIC [149]. As an alternative strategy to lower
the HOMO, carboxylate substituents at the 3-position of the thio-
phene have been shown to increase the VOC (P30–31) [150,151].
Interestingly, it was found that blends of terthiophene polymer
P31 with a non-fullerene acceptor SF-PDI2 could achieve high
efficiencies despite having a negligible driving force for charge
separation. This small energy offset, combined with low rates of
bimolecular recombination, resulted in much smaller voltage losses
compared to typical OPV devices so that a VOC of 1.11 V could be
achieved. Another terthiophene polymer, this time with an asym-
metric arrangement of alkyl chains on the backbone (P32), gave
efficiencies of 10.7% without DIO. This promising result indicates
that decreasing the ratio of thiophenes to ffBT units along the
backbone may  be beneficial for moving towards additive-free pro-
cessing. Meanwhile, the bithiophene polymer P33 was  synthesized
wherein diketopyrrolopyrrole (DPP) was co-polymerized with ffBT

as a second acceptor unit [152]. The strong electron deficient nature
of DPP contributed to significantly lowering the bandgap to 1.43 eV,
enabling a high JSC of 18 mA cm−2 despite the relatively thin active
layer (100 nm). P33 was also reported to offer good air stability,



S. Holliday et al. / Progress in Polymer Science 70 (2017) 34–51 43

Fig. 8. Oligothiophene polymers with >8% efficiency.

Table 4
Oligothiophene polymers with >8% efficiency in single junction OPV devices.

Eg
opt (eV) IP (eV) EA (eV) Acceptor Add- itive Architecture JSC (mA cm−2) VOC (V) FF PCE (%) Refs.

P22 1.65 5.34 3.69 TC71BM DIO inverted 18.8 0.77 0.75 10.8 [62]
P23 1.63 5.20 3.57 PC71BM DIO inverted 18.2 0.77 0.74 10.4 [62]
P24 1.53 5.24 3.71 PC71BM DIO inverted 19.8 0.76 0.68 10.1 [62]
P25 1.66 5.50 3.90 PC71BM DIO conventional 16.5 0.76 0.71 8.8 [141]
P26 – – – PC71BM PN inverted 20.4 0.78 0.74 11.7 [145]
P27 1.66 5.51 3.85 PC71BM DIO inverted 13.8 0.88 0.68 9.4 [146]
P28 1.80 5.70 3.80 PC71BM DIO conventional 13.1 0.93 0.74 9.0 [141]
P29 1.74 5.42 3.53 PC71BM none conventional 13.6 0.95 0.75 9.2 [153]

ITIC DPE inverted 15.0 0.94 0.61 8.7 [149]
P30 1.77 5.72 3.95 PC71BM DIO conventional 14.9 0.87 0.71 9.3 [150]

inv
inv
inv

w
w
a
b
T
u
d
o
d
a

P31 1.72 5.37 3.57 SF-PDI2 ODT 

P32 1.63 5.31 3.68 PC71BM none 

P33 1.43 5.33 3.62 PC71BM DIO 

ith a minimal drop in efficiency after 30 days shelf storage, as
ell as maintaining a stable morphology with high temperature

nnealing. While this is advantageous, it should be noted that sta-
ility studies were not found for the other device data reported in
able 4, and there is evidence that devices with P22 may  be quite
nstable [39]. It is also worth mentioning that the temperature-
ependent aggregation of these polymers, while beneficial in terms

f morphology, may  create barriers to scale-up due to engineering
ifficulties associated with the elevated and very specific temper-
ture range required for deposition.
erted 13.3 1.11 0.64 9.5 [151]
erted 18.9 0.82 0.69 10.7 [154]
erted 18.0 0.82 0.62 8.6 [152]

5. Other >8% PCE polymers

Several other D-A polymers have demonstrated promising OPV
performance with efficiencies >8% (P34–39, Fig. 10 and Table 5). The
strong electron deficient nature of diketopyrrolopyrrole (DPP) is
responsible for significantly stabilizing the LUMO in P34, resulting
in a low bandgap of 1.39 eV [155]. However, the VOC is limited in this

case due to the lack of HOMO stabilization. The bandgap is further
reduced by exchanging the bridging thiophene for selenophene
(1.37 eV) and tellurophene (1.32 eV), due to the reduction in aro-
maticity with increasing chalcogen atom size, although this also
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Fig. 9. (a) UV-vis spectra of P22 in solution at different temperatures, demonstrating temperature dependent aggregation; (b) J-V curve and EQE (inset) for P22 devices at
150  nm (black) and 300 nm (red) thickness. [62], Copyright 2014, Adapted with permission from the Nature Publishing Group.

Fig. 10. Other D-A polymers with >8% efficiency.

Table 5
Other polymers with >8% efficiency in single junction OPV devices.

Eg
opt (eV) IP (eV) EA (eV) Acceptor Add −itive Architecture JSC (mA cm−2) VOC (V) FF PCE (%) Refs.

P34 1.39 5.08 3.69 PC71BM none inverted 23.5 0.57 0.66 8.8 [155]
P35 1.86 5.40 2.80 PC71BM DIO inverted 14.3 0.88 0.73 9.2 [158]
P36 1.77 5.10 3.30 DBFI-EDOT none conventional 13.8 0.93 0.63 8.1 [160]

c
c
c

f
P
l
[
d
a
r
b
E
w
e
t
[
a
d
a

P37 1.82 5.50 3.68 PC71BM DPE 

P38 1.38 5.26 3.64 PC71BM none 

P39 1.76 5.45 3.69 PC71BM DPE 

urther reduces the VOC. The pentacyclic lactam acceptor used in
35 results in a wider bandgap material that has a significantly

ower JSC, but balanced by a larger VOC from the deeper HOMO
156,157]. The thiazolothiazole-dithienosilole polymer P36 has
emonstrated promising device performance with both fullerene
nd non-fullerene acceptors [158–160], although the photocur-
ent in the best performing cells (DBFI-EDOT acceptor) may  have
een limited by the relatively narrow absorption of P36 [160].
lsewhere, 9.1% PCE was  demonstrated with the polymer P37,
hich incorporates an asymmetric indenothiophene donor moi-

ty co-polymerized with monofluorinated BT, challenging the idea
hat symmetric monomers are important for high performance

161]. Other BT based polymers include P38, which introduces

 dithienopyran (DTP) donor building block [162]. The electron-
onating oxygen in the pyran ring afforded DTP a high-lying HOMO
s well as strong D-A intramolecular interactions with the ffBT
onventional 15.4 0.90 0.66 9.1 [161]
onventional 18.0 0.70 0.63 8.0 [162]
onventional 16.3 0.79 0.73 9.4 [130]

co-monomer, both of which contributed to the small bandgap
of 1.38 eV. P38 also improved solubility relative to other com-
monly used donor units, allowing high molecular weights to be
obtained using less bulky side-chains (3,7-dimethyloctyl). Finally,
the ffBT polymer P39 was designed to take advantage of the pla-
narizing effects of non-covalent, intramolecular interactions along
the backbone [130]. Facilitating non-bonding interactions such as
dipole-dipole interactions, H-bonding and attractive N· · ·H, F· · ·S
or O· · ·S interactions has been widely demonstrated as an effec-
tive strategy to reduce backbone torsion whilst maintaining good
solubility [82,163–167]. In the case of P39, the dialkoxypheny-
lene building block allows for seven possible attractive interactions

(N· · ·H, N· · ·S, F· · ·H, F· · ·S, F· · ·H, O· · ·H and O·  · ·S), as depicted in
Fig. 11. This afforded a highly planar backbone with tight inter-
chain packing, which in turn led to the formation of a highly
ordered, nanofibrillar network morphology with balanced electron
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ig. 11. Proposed non-covalent interactions planarizing the polymer chain of P39. 

nd hole mobilities, allowing for optimum solar cells performance
n thick (290 nm)  films. This ‘conformational locking’ strategy holds
reat promise for developing planar, highly ordered materials that
emain highly soluble, and fortunately it is also attracting increas-
ng attention in the theoretical community to understand the
ature of these interactions and predict their effects [168].

. Cost-effectiveness in OPV

One of the main attractions of OPV is the potential for low-
ost solar energy. However, despite a rapid development in the
erformance of OPV, the cost-effectiveness of this technology is
till questionable and there have been relatively few publications
ddressing the question of how to reduce the overall cost of this
echnology. In terms of fabrication, the solution processed tech-
iques used in OPV already offer a significant advantage relative
o traditional vacuum deposition techniques used for inorganic
olar cells. For materials costs, the organic semiconductors and
lectrodes must of course be considered, as well as any addi-
ional electron- and hole- transport layers. It was  estimated in
007 that the cost of a photovoltaic system should be less than
10 m−2 in order for solar energy to compete with fossil fuels for
rimary energy consumption [169]. However, the current cost of
PV modules, considering only the active layer materials (not the
lectrodes, interlayers, substrates, encapsulants etc)  still exceeds
his. If we consider the current average market prices for the tradi-
ional active layer blend of P3HT and PC61BM (mass ratio: 1:1, layer
hickness: 200 nm), the cost of P3HT (market price: ∼$300 g−1,
ensity: ∼1.1 g cm−3) is ∼$51 m−2 and the cost of PC61BM (mar-
et price: ∼$400 g−1, density: ∼1.5 g cm−3) is ∼$38 m−2, resulting
n a cost of ∼$89 m−2 for the active layer. Looking instead at
igher performance materials, for example PTB7 and PC71BM (mass
atio: 1:1.5, layer thickness: 100 nm), the cost of PTB7 (market
rice: ∼$2000 g−1, density: ∼1.1 g cm−3) is ∼$148 m−2 and the
ost of PC71BM (market price: ∼$900 g−1, density: ∼1.5 g cm−3) is
$44 m−2, which results in a total cost of ∼$192 m−2.

Estimation of material cost in $ m−2 is calculated as follows:

Material 1 (Polymer) : cost = (thickness) ×
(

price/g
)

( )

× density1 × density2

mass ratio × density1 + density2

Material 2 (fullerene) : cost = (thickness) ×
(

price/g
)

 Copyright 2014, Adapted with permission from the Royal Society of Chemistry.

×
(

mass ratio × density1 × density2
mass ratio × density1 + density2

)

It should be noted that the bulk prices for manufacture should
be considerably lower than current market prices, as has been esti-
mated elsewhere [170], however it is clear that the cost of high
performance active layer materials is prohibitively high at this
stage.

A more comprehensive analysis of manufacturing costs for OPV
modules was published in 2009 [171]. In this report, the levelized
cost of electricity (LCOE) of an OPV module was calculated between
49 ¢/kWh and 85 ¢/kWh under the assumption of 5% efficiency and
5-year lifetime, which was  consistent with the low efficiency and
stability of OPV at that time. More recent calculations indicate that
the LCOE of mass-manufactured OPV modules could be as low as
10–13 ¢/kWh in future decades due to improvements in the man-
ufacturing process as well as the materials production [172–175].
However, in order to really compete with fossil fuels as well as tra-
ditional silicon solar cells, the LCOE of OPV needs to be as low as
7 ¢/kW, which in turn requires the efficiency and lifetime to rise to
15% and 15–20 years, respectively. Considering the present record
OPV module efficiency of 9.7% [176] and their relatively short-term
stability, it would appear that OPV technology in its current stage is
still very young and significant improvements are still needed for
mass manufacture.

One important factor in the cost of OPV is the use of toxic
reagents and solvents during both the synthesis of organic semi-
conductors and manufacture of the devices. Halogenated solvents
such as chlorobenzene, 1,2-dichlorobenzene and DIO are typically
used in OPV device fabrication due to their ability to effectively
dissolve most of the organic semiconductors in question as well
as their suitable boiling point and vapor pressure for promoting
an optimal BHJ morphology. However, these solvents are rela-
tively expensive to produce as well as adding to the production
costs because of the extra steps required for safe handling and
disposal of these toxic and environmentally hazardous materi-
als. To directly circumvent this issue, it is important to explore
alternative, more environmentally benign solvent systems based
on non-halogenated, non-aromatic or even alcohol-based sol-

vents, and also to consider tailoring the structures, in particular
the side-chains, of these polymers to increase their solubility in
such solvents [177,178]. There have recently been some highly
encouraging results published in this area, both in terms of using
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on-halogenated solvents in the polymer synthesis [179] and in
evice fabrication. Power conversion efficiencies over 8% have now
een achieved in several instances using non-halogenated sol-
ents and additives [180–183], and even the present record PCE
or a single junction OPV (11.7%) was achieved using hydrocar-
on solvents (1,2,4-trimethylbenzene with 1-phenylnapthalene as

 solvent additive) [145], offering a very encouraging signal that
he field is moving now in this direction.

Besides solvents, another important aspect of production costs
ntails synthesizing the semiconducting polymers. For many of the
igh performance polymers in the literature, including the majority
f >10% PCE polymers, their synthesis entails highly toxic organotin
nd highly flammable organolithium reagents, as well as synthesis
outes that are often complex with over 10 steps and low yields
f 1–5% [24,33,62,110,145,154]. For mass manufacture of OPV, this
ssue of synthetic complexity is therefore likely to become increas-
ngly important. In an earlier report on the cost of OPV materials and
heir commercial viability, the number of synthetic steps was  cor-
elated with the total cost of a material by taking into account the
osts of reagents, solvents, work-up and purification [170]. A lin-
ar relation was given (Fig. 12a), indicating a typical bulk material
ost of $31 g−1 step−1 for the organic semiconductors considered.
nother recent review discussing the synthetic complexity of OPV
aterials evaluated the total cost in terms of synthetic steps, cost

f raw materials, reaction yields, purification steps and safety of
eagents [184]. A figure of merit (FOM) was derived to describe the
ost-effectiveness of certain OPV polymers that takes into account
oth the synthetic complexity (on a scale of 1–100) and efficiency
f the corresponding devices, as shown in Fig. 12b. It is noted that
3HT has the lowest FOM of the materials studied, while the more
omplex D-A polymer structures have a high FOM primarily due to
he larger number of synthetic steps. Some important steps have
een taken to try to develop more efficient synthetic methods for
olymer production, such as through the use of controlled poly-
erization methods [185,186], C-H activation chemistry to reduce

he number of synthetic steps and avoid the use of toxic organ-
tin reagents and/or unstable boronic esters [187,188], the use of
atural products as precursors[189] and the development of more
fficient and scalable techniques such as flow synthesis [190]. These
romising results should be taken as inspiration for chemists to
evelop high performance D-A polymers using more efficient, envi-
onmentally friendly and cost-effective routes.

. Efficiency limits in OPV

Although the efficiency of OPV devices has steadily increased
nd has now surpassed 10% PCE, the efficiency limit of OPV devices
s still under active debate since the exact mechanism of photo-
oltaic processes, as well as the relationship between the device
rchitecture and performance, are still not fully understand. For
alculating the detailed balance limit (efficiency limit calculated
sing the Shockley-Queisser approach) of OPV devices, thermody-
amic approaches with or without kinetic consideration according
o Shockley-Queisser (SQ) theory, have been applied. In both
pproaches, the charge transfer (CT) state formed between the
onor and the acceptor has been extensively studied and proven to
lay an important role in device properties [191–193]. Vandewal
nd others have applied the aspect of electronic transport to the SQ
heory and revealed a reciprocal relationship between the quan-
um efficiency for current extraction and the quantum efficiency
or electroluminescence of solar cells, which helps to rationalizes

he open-circuit voltage (VOC) loss and further the efficiency loss in
PV devices [194–196].

The thermodynamic approach was directly justified by the
bservations of CT states in OPV devices. Kirchartz et al. esti-
er Science 70 (2017) 34–51

mated an efficiency limit of ∼23% for BHJ solar cells from this
approach [197]. Their results also indicated that the low effi-
ciency of BHJ solar cells is predominantly caused by the energy
loss from non-radiative recombination at the donor and accep-
tor interface. Meanwhile, a dilemma for state-of-the art BHJ solar
cells was stated in their report, suggesting that efficient quench-
ing of photoluminescence of donor facilitates exciton dissociation
at the donor-acceptor interface but significantly increases the rate
of radiative recombination. Giebink et al. took a similar approach
and related the free energy of charge transfer (�GCT < 0) to the effi-
ciency limit of BHJ solar cells [198]. For current state of the art
BHJ solar cells with −�GCT = 0.3 eV, the efficiency limit is ∼27%. In
addition, it is theoretically possible for BHJ solar cells to reach SQ
limit if −�GCT = 0.1 eV is given. According to a detailed empirical
study of CT state in BHJ solar cells by Veldman et al., there are three
approaches to achieving a low −�GCT [199]. One is minimizing
the difference between the HOMO of donor and LUMO of acceptor.
Another is enlarging the band gap of donor. The other is increasing
the dielectric constant of donor to reduce the Coulomb energy of the
CT exciton. Koster et al. [200] and Gruber et al. [201] discussed the
role of CT exciton in BHJ solar cells. They suggested that although
the CT state in BHJ solar cells leads to predominantly non-radiative
recombination and causes low efficiency, OPV devices could still
achieve over 30% PCE in the case where CT exciton exhibit either
a very weak absorption or a strong absorption. A weak absorption
helps to decrease Voc loss while a strong one allows to increase Jsc

by collecting additional photons.
The above thermodynamic approaches are based on the

assumption of quasi-thermal equilibrium of charges in different
energy states, which do not consider the kinetic limitation of
the dissociation of CT exciton. Therefore, in order to achieve a
more accurate, detailed balance limit of OPV devices, the kinetic
processes should also be considered. The first attempt to apply
kinetic limits to a thermodynamic approach on estimating the effi-
ciency limit of OPV devices was  made by Nelson and co-workers
[202,203]. The authors presented a model based on a two-level,
light absorbing system, connected to external electrodes by chains
of charge transporting orbitals, deriving an expression governing
the steady-state current-voltage characteristic of OPV devices using
a generalized Planck equation for photon absorption and emission
and Marcus theory for electron transfer. In this way, a detailed bal-
ance limit of ∼20% was  proposed for OPV devices. A purely kinetic
approach was  elsewhere applied and similar results were found
as for the thermodynamic approach, suggesting that an efficiency
limit, highly dependent on �GCT and efficiency, close to SQ limit
is possible for OPV devices [204]. Alongside several efforts to find
the detailed balance limit of OPV devices, empirical approaches
also provide a method with fewer physical theories and use sim-
ple calculations to estimate the practical limit of OPV devices. The
derivation of the practical limit primarily includes an empirical
equation that correlates VOC to the donor and acceptor energy lev-
els, and presumed values of external quantum efficiency (EQE) and
fill factor (FF). Scharber et al. made one of the first, most critical
contributions to studying the practical limit of OPV devices (using
PC61BM as the acceptor) and proposed several quantitative rules
for designing donors in BHJ solar cells [4]. These guidelines sug-
gested that an efficiency of ∼10% could be achieved with a donor
LUMO level 0.3 eV higher than that of PC61BM and a band gap at
∼1.5 eV for the donor, accompanying a constant EQE  and FF of 0.65.
Recently, Scharber modified this empirical approach by increasing
the maximum EQE and FF to 0.70, raising the practical limit to ∼13%;
this is in line with the many high-performance BHJ solar cells fabri-

cated with efficiencies over the initial calculation in the last decade
[205]. Similar empirical approaches have been proposed elsewhere,
with different empirical equations employed for VOC, all suggest-
ing practical limits within the range of 10–15% [199,206,207]. These
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ig. 12. (a) Relationship between number of synthetic steps for OPV materials a
dapted with permission from the Royal Society of Chemistry; (b) Figure-of-merit
ith  permission from the American Chemical Society.

tudies suggested that low values of −�GCT (<0.5 eV) are desired
or high-efficiency OPV devices, which is consistent with the results
btained from the calculation for detailed balance limit.

. Conclusions and outlook

In the last few years, many new polymer structures have been
eveloped for OPV that give >8% PCE, and even >10% PCE devices.

n addition, several of the polymers that were developed in earlier
ears are now reported with significantly higher efficiencies than
heir original values, reflecting how important the developments
n device architecture, materials and processing conditions have
een for performance. Improved electron acceptor materials have
een a significant part of this, with almost all of the high efficiency
evices discussed in this review using PC71BM as the acceptor as
pposed to the more traditional PC61BM.  In addition, the emerging
opularity of small molecule acceptors that have intense absorp-
ion in the visible and near-IR part of the spectrum, as well tunable
UMO energies, may  influence the way that donor polymers are
esigned in the future. For the D-A polymers discussed in this
eview, much of the focus has been on reducing the bandgap of
he polymer whilst increasing the VOC, normally with some com-
romise made between the two. However, low bandgap acceptors
ow offer the opportunity for wider bandgep (1.8–1.9 eV) polymers
o be used alongside these acceptors, achieving simultaneously the
road absorption needed to maximize the photocurrent, whilst
aintaining a large VOC. The recent exploration of systems with

ery low voltage losses can also contribute to this. Polymers based
n benzodithiophene donors, in particular BDT-TT structures with
lkylthienyl and thioalkylthienyl substituents, remain some of the
est performing polymers, with increasingly high efficiencies pub-

ished every year thanks to improvements in processing and cell
esign. However, the recent emergence of consistently high per-
orming oligothiophene polymers is certainly impacting on the
PV landscape. The temperature-dependent aggregation proper-

ies that many of these polymers share, in the presence of a
econd-position branched alkyl chain between the thiophene rings,
s shaping a new paradigm in the ‘ideal’ morphology of BHJ devices.

hereas the most common BDT-TT blends are characterized by
elatively amorphous polymer domains that have a large degree of
iscibility with the fullerene, the high efficiency oligothiophene

lends are characterized by very crystalline and pure, but also suf-
ciently small, polymer domains. Importantly, this morphology

ppears to be much more compatible with thicker films, allowing
or >300 nm films to be made without a significant reduction in FF.
his is significant for increasing the light harvesting of the device,
ut also for transferring to industrial printing processes, for which
eir cost (including estimated work-up/purification costs). [170], Copyright 2013,
) of OPV polymers arranged in ascending pattern. [184], Copyright 2014, Adapted

thicker films are necessary. On the other hand, the need to deposit
these polymers from warm solution in order to achieve the appro-
priate morphology could create barriers for scale-up. It should also
be noted that most of the high efficiency data reported in the liter-
ature is for small-scale devices with active areas typically <1 cm2,
whereas much larger areas are needed for industrial production. For
this technology to be commercially viable, is also important that the
materials can be produced on a large scale, with a minimum num-
ber of synthetic steps. The use of toxic reagents, such as organotin
compounds and halogenated solvents, should likewise be avoided
in industrial applications, and there are increasingly encouraging
results in this direction with non-halogenated solvents for pro-
cessing. The final challenge is to design polymers with improved
stability (both thermal and photochemical) to give devices with
useful operating lifetimes that can compete with inorganic mod-
ules.
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