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A History of Organic Photovoltaics
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Abstract. The history of organic photovoltaics has been characterised by the complex
interplay between fundamental research, large scale manufacture and commercializa-
tion activities. In addition, the field is highly interdisciplinary; ranging across physics,
chemistry and engineering. This environment has resulted in a frontier character to
the field, with researchers constantly expanding into new areas and confronting new
challenges as the area has developed. This article seeks to chart the developments in
organic photovoltaic research, with emphasis on the last two decades, to provide some
historical context to current status of the field.
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Come forth into the light of things,
Let Nature be your Teacher.
—William Wordsworth

We have dominated and overruled nature,
and from now on the earth is ours, a
kitchen garden until we learn to make our
own chlorophyll and float it out in the sun
inside plastic membranes.

—Lewis Thomas

1. GO WEST YOUNG MAN
(SETTING THE SCENE)

The interaction of light with matter has framed existence since the Earth
was first formed some 4.5 billion years ago, with the key step in abiogenesis
being the synthesis of complex organic molecules occurring via photochemi-
cal processes. Ultimately, the creation of the biosphere via photosynthesis
and the consequent development of our entire ecosystem has, of course, been
driven by light-matter interactions. More recently, the expansion of human
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civilization has been enabled by the energy resources
contained within fossil fuel sources; representing the
historically stored effects of ancient photochemical pro-
cesses.

The direct generation of electrical energy from light
is a much more recent phenomenon. Photoelectrochemi-
cal effects were first reported in 1839, with the French
physicist Alexandre Edmond Becquerel (1820-1891)
observing the photovoltaic (PV) effect via an electrode
in a conductive solution exposed to light.:2In 1876 Wil-
liam Grylls Adams (1836-1915) and his student, Richard
Evans Day, observed the photovoltaic effect in solidified
selenium, and published a paper; “The action of light on
selenium’ in the Proceedings of the Royal Society.? In
1883 the American inventor Charles Fritts (1850-1903)
developed the first selenium wafer based solar cells.
These cells, which were typically around 2 x 2.5 inches
in size, had a power conversion efficiency of around 1%
and employed an extremely thin layer of gold as a trans-
parent electrode.*

The history of the modern silicon solar cell (Figure
1) is much more recent. On April 25, 1954, Bell Labs
announced the invention of the first practical silicon
solar cell. Shortly afterwards, they were shown at the
National Academy of Science Meeting. These cells had
about 6% efficiency. The New York Times forecast that
solar cells may eventually lead to “the beginning of a
new era, leading eventually to the realization of one of
mankind’s most cherished dreams - the harnessing of
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Figure 1. Schematic of modern silicon solar cell. Light absorbed
in intrinsic region and creates free electron-hole pairs. The built-in
electric field separates charges with holes migrating to the p-doped
region and electrons migrating to the n-doped region; resulting in a
tilting of the conduction (Ec) and valence (Ey) energy bands in the
material.
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the almost limitless energy of the sun for the uses of civ-
ilization.” Since then there has been an enormous devel-
opment of silicon (and other inorganic) solar cell, tech-
nologies. Early work determined that the maximum the-
oretical efficiency of a single junction cell is 33.16%, the
Shockley-Queisser limit®, and maximum values of 27%
have been reached for single junction crystalline Si cells’,
with four junction cell efficiencies of 39% achieved.®

Perhaps surprisingly, the history of photoelectri-
cal processes in organic molecules is almost as long
as that of inorganic materials. The photoconductivity
of anthracene was first studied by the Italian physical
chemist Alfredo Pochettino (1876-1953) at Sassari, Italy
in 1906 ° and later by Max Volmer (1885-1965) at Leip-
zig in 1913.1 In 1958 the Nobel Laureate Melvin Calvin
(1911-1997) and his student David Kearns worked with
magnesium phthalocyanines (MgPc), measuring a pho-
tovoltage of 200 mV.!! This early work suggested that a
photovoltaic effect could be observed if a sandwich cell
consisting of a low work function metal, an organic layer
and a high work function metal (or conducting glass) is
illuminated. Throughout the 1960s and onwards many
organic dyes and biomolecules were discovered to exhib-
it photoconductivity and a photovoltaic effect, however
it was not until the mid-1970’s that this phenomenon
would be utilized to generate electrical currents.

2. RIDING THE RANGE (THE FIRST DEVICES)

The first true organic photovoltaic (OPV) devices
were developed in the 1970’s and incorporated small
organic molecules with porphyrins being a natural place
to start given their fundamental role in photosynthesis.
In 1975 Ching W. Tang (b. 1947) and Andreas C. Albre-
cht (1927-2002) at Cornell University showed that chlo-
rophyll-a (Chl-a) from green spinach (Figure 2) could be
sandwiched between metal electrodes and under optimal
conditions (Cr/Chl-a/Al) had a power conversion effi-
ciency (PCE) of 0.01%; orders of magnitude better than
other organic devices at the time (which had efficiencies
of around 10°¢ %) and arguably the first working exam-
ple of an organic solar cell.!? In 1978 Larry R. Faulkner
(b. 1944) and his student Fu-Ren OPVFan (b. 1946)
demonstrated the generation of short circuit photocur-
rent in zinc and free base phthalocyanines (ZnPc and Pc,
respectively) when sandwiched between an ohmic contact
(Au) and a blocking contact (Al or In).!® In 1979 Geof-
frey Chamberlain and Peter Cooney of Shell Research Ltd
observed similar effects in Al/CuPc/Au cells."*

In 1983 Chamberlain published “Organic Solar
Cells: A Review” proclaiming that “remarkable progress
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Figure 2. Structure of chlorophyll-a (Chl-a).

has been made in recent years in improving the sunlight
efficiency from about 0.001 % in the early 1970s to about
1% recently” and describing the range of porphyrin,
phthalocyanines and other small molecules which had
been been observed to produce photovoltaic effects.!®
Interestingly, even in these early days of organic photo-
voltaic research Chamberlain noted that “it is generally
accepted, however, that cell efficiencies must be as high
as possible and at least 5% to offset area-related costs
arising from encapsulation materials, support struc-
tures etc.”; beginning an efficiency-based bias which has
haunted the OPV field ever since.

In 1986, Ching Tang was able to show (by fabricat-
ing a bilayer device with copper phthalocyanine and a
perylene tetracarboxylic derivative) that the interfacial
region was responsible for the generation of photocharg-
es and therefore, for determining the devices photo-
voltaic properties. Exciton dissociation is known to be
efficient at interfaces between materials with different
electron affinities and ionization potentials, where the
electron is accepted by the material with larger electron
affinity and the hole by the material with lower ioniza-
tion potential. A significant advantage of this device
architecture over the prevalent single material devices
was that charge generation was no longer dependent on
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Figure 3. Schematic of Tang’s bilayer device using copper phthalo-
cyanine (CuPc) and a perylene tetracarboxylic derivative (PV).

the electric field but rather the work functions of the two
layer materials. A PCE of ~1% was achieved.!®

The process of photosynthesis (the conversion of
solar energy into chemical energy) involves two pro-
tein complexes, photosystem I (PSI) and photosystem
II (PSII), that drive photoinduced electron separation.
Interestingly, and despite decades of research, by 2017
the best solid-state solar cell device based on photosys-
tem I (PSI) still has a PCE of only 0.069%.!” However,
in 2018 Shengnan Duan fabricated devices by com-
bining Chl-a as the PSI simulator (electron acceptor)
with Chl-D as the PSII simulator (electron donor) in
an indium tin oxide (ITO)/ZnO/Chl-a/(Chl-Ds)/MoQ,/
Ag structure which mimicked the pathway of photoin-
duced electron transport from photosystem II (PSII)
to photosystem I (PSI) in nature (Figure 4).!® The opti-
mized devices had a PCE of 1.30%, much higher than
devices based on PSI alone.

PSI simulator

vy y b

Figure 4. Schematic of indium tin oxide (ITO)/ZnO/Chl-a/(Chl-
Ds)/MoO3/Ag devices mimicked the pathway of photoinduced
electron transport from photosystem II (PSII) to photosystem I
(PSI) in nature. Reprinted with permission from 18. Copyright
(2018) American Chemical Society.



102

Paul C. Dastoor, Warwick J. Belcher

N
N
n n H n
polyacetylene polyaniline polypyrrole
N OR' |
R
polyalkylthiophene MEH-PPV (R = CH;; R' = 2-ethylhexyl; X = H

P3HT (R = hexyl)

By comparison, the history of conjugated and con-
ducting polymers also dates back to the early 19t
century.” Beginning in 1834, various forms of oxi-
dized polyaniline were produced by Friedlieb Ferdi-
nand Runge (1794 -1867) via the oxidation of ani-
line, although the structure of these materials was not
determined until 1920.2° In 1963 an important break-
through in the field occurred when Donald Eric Weiss
(1924-2008) and coworkers at CSIR, Australia identi-
fied iodine doped derivatives of polypyrrole (Figure
5) with resistivities down to 0.1 Q.cm.?'"?* Until this
time, other than conductive charge transfer complex-
es, organic molecules were still considered insulat-
ing materials. However, publishing in the Australian
Journal of Chemistry, the initial results were not wide-
ly recognized or known. Nevertheless, a new class of
compounds was born and gradually additional reports
of conducting polymers encompassing new exam-
ples of oxidized polyacetylenes,?* polyanilines, 2528
and polypyrroles? surfaced. Finally, in 1977 Alan J.
Heeger (b. 1936), Alan G. MacDiarmid (1927-2007) and
Hideki Shirakawa (b. 1936) reported highly conduc-
tive, doped polyacetylene.’® Following their award of the
2000 Nobel Prize in Chemistry for “the discovery and
development of conductive polymers”, this developing
field became widely recognized and conducting polymer
research exploded.

CN-PPV (R = R’ = hexvl; X = CN)

Figure 5. Chemical structures of some common conducting polymers.

2.1 Single layer junctions - the earliest polymer OPVs

Interest in conjugated polymers as photovoltaic
materials really commenced in 1994 when Heeger and
co-authors fabricated photodiodes of poly[2-methoxy-
5-(2-ethylhexyloxy)-1,4-phenylenevinylene] (MEH-PPV;
Figure 5) between indium tin oxide and calcium elec-
trodes. The open circuit voltage (Voc) and short circuit
current (Isc) under 20 mW/cm? were 1.05 V and 1.1 pA/
cm?, respectively, and the sensitivity and the quantum
yield at - 10 V were 5x10 mA/W and 1.4% el/ph (elec-
trons per photon).’!

Schottky cell devices fabricated from other conju-
gated polymers at the time (such as polyacetylene®* and
poly(alkylthiophenes)®®) showed similar (low) efficien-
¢y photovoltaic behavior. In 1996 Lewis J. Rothberg (b.
1956) and coworkers, working on PPV diode devices®>3®,
showed that a significant issue associated with sim-
ple single material organic diodes and solar cells is that
exciton dissociation must occur at the dye/polymer elec-
trode interface since the built in electric field imposed
by the electrode materials is insufficient to drive charge
separation. This limitation severely restricts the charge
generation efficiency of the device and increases the
likelihood of recombination of separated charges. In
1996 Richard Friend (b. 1953), Andrew Holmes (b. 1943)
and co-workers produced bilayer MEH-PPV/Cy, OPV
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Figure 6a. Chemical structure of phenyl-C61-butyric acid methyl
ester (PCBM).

devices. They showed that excitons generated in the
MEH-PPV layer had a diffusion length of 7+1 nm and
that photocurrent was only generated by excitons formed
within this distance of the MEH-PPV-fullerene interface.
Devices with a PCE of ~1.5% were achieved.”’

2.2 Bulk heterojunctions - altering the paradigm of poly-
mer OPVs

However, one of the most significant advances in
polymer OPV research occurred in 1995 when Richard
Friend, Andrew Holmes and co-workers applied the
principles observed by Ching Tang in 1986 to produce
highly efficient photodiodes from interpenetrating net-
works of MEH-PPV and poly(2,5,2",5 -tetrahexyloxy-
7,8’-dicyano-p-phenylene vinylene (CN-PPV; Figure 5).
Phase separation of the two materials led to the spatially
distributed interfaces necessary for efficient charge pho-
togeneration, as well as the connected domains required
to collect both the electrons and holes.**

Coincidentally, also in 1995, Fred Wudl (b. 1941)
and co-workers overcame a major barrier to the use of
fullerenes in OPV devices by reporting the synthesis of
a range of soluble methanofullerene derivatives suitable
for solution deposition of active layers.4

Previous work by Alan Heeger, Fred Wudl and
co-workers in 1992 had demonstrated picosecond
charge transfer from photo-excited conducting poly-
mers (MEH-PPV) to fullerene (Cg).’® Alan Heeger,
Fred Wudl and co-workers then combined these ideas,
taking advantage of the near perfect charge transfer
between conducting polymers and fullerene by blending
MEH-PPV with one of these methanofullerenes (phe-
nyl-C61-butyric acid methyl ester or PCBM; Figure 6)
together in an OPV device active layer with a 1:4 ratio.
The resultant bicontinuous network (or bulk heterojunc-
tion; BHJ) resulted in devices with a PCE of 2.9%, more
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Figure 6b. Schematic of bulk heterojunction (BH]J) structure and
charge generation process in OPV devices. An incident photon
generates a coupled electron-hole pair (exciton) which diffuses to a
donor (polymer) - acceptor (fullerene) interface to form a bound
electron-hole pair. This bound state can then either recombine or
separate into free charge carriers to generate a photocurrent.

free carriers

than two orders of magnitude higher than devices of
MEH-PPV alone.*!

Subsequently, N. Serdar Sariciftci (b. 1961), Jan C.
Hummelen and coworkers showed that control of blend
morphology in MDMO-PPV:PCBM devices was criti-
cal to optimized device performance.*? Interestingly,
the authors proposed that the PCE of 2.5 % achieved in
these devices “approaches what is needed for the prac-
tical use of these devices for harvesting energy from
sunlight”. Indeed, the BHJ active layer morphology has
remained the basis for the majority of OPV devices to
this day.

2.3 The Focus on Metrics — the millstone around the neck
of OPVs

From the first days of OPV there has been an argu-
ably disproportionate focus on PCE as the key metric for
device performance. From 1993, Martin Green (b. 1948)
has published regular (biannual) sets of solar cell and
module efficiency tables summarizing the highest inde-
pendently confirmed results for different technologies in
Progress in Photovoltaics. As well as keeping researchers
informed of the state-of-the-art in the field, a stated aim
of these tables is “the encouragement of researchers to
seek independent confirmation of research results and
the further simulation of intercomparison of measure-
ments between designated cell test centres”.*?

Unfortunately, despite the importance of this topic
and the clear necessity for rigorous characterization of
devices in the field, independent confirmation of device
performance (and in particular PCE) is still not com-
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monplace. Whilst the highest performing devices are
routinely tested by certified laboratories, such as the
National Renewable Energy Laboratory (NREL), logistics
and expense prohibit the vast majority of devices in pub-
lished reports from being tested outside of the reporting
laboratory.

This situation has led to some controversy in the
field. In 2007 Rene Janssen (b. 1959) published a rebut-
tal of a paper by Wong et al. (July 2007 issue of Nature
Materials) that presented a new platinum metallopoly-
yne donor polymer (P1) with a bandgap of 1.85 eV that
provided a photovoltaic power-conversion efficiency,
n, of up to 4.93% in combination with a C60 fullerene
derivative (PCBM) as acceptor. This high efficiency rep-
resented an important step towards the development of
more efficient plastic solar cells. Rene Janssen argued,
however, that the optical properties of the new poly-
mer presented in the paper were incompatible with the
published high efficiency and that — based on the opti-
cal data — the efficiency was unlikely to exceed 2%.%*
In response, in 2008 the journal Solar Energy Materials
and Solar Cells resorted to using an editorial to provide
a guide on how efficiency data should be reported, espe-
cially whenever power conversion efficiencies require
external quantum efficiencies (EQE) values above 50%
over a large range of wavelengths or when reported
power conversion efficiencies exceed 2.5%. In particular
they stated that “extra care should be taken in submit-
ted manuscripts to document the measurement’s quality,
relevance and independent verification”.*®

In 2011, the International Summit on OPV Stabil-
ity (ISOS) published a series of generally agreed test
conditions and practices to allow ready comparison
between laboratories and to help improve the reliabil-
ity of reported values.*® In 2012 Henry Snaith (b. 1978)
published “The perils of solar cell efficiency measure-
ments”, a critique on the use of PCE for characteris-
ing OPV devices.” He pointed out that PCE as a per-
formance metric has become so influential and has
such a high level of perceived importance that it is now
widely used as a key parameter for assessing the value
or worth of an entire solar technology, particularly
for new and emerging solar technologies, which must
constantly justify their existence. Furthermore, in the
specific field of OPV, ignorance and negligence are fre-
quently causing solar cells to be mischaracterized, and
invalid efficiency results have been reported in a num-
ber of journals.*

Unfortunately, little has changed since this time.
Independent certification of “record” devices is now
essentially mandatory for publication, but routine cer-
tification of published device performance is not com-
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monplace. In light of the import which is placed upon
OPV device efficiency by researchers and reviewers this
oversight is a major problem and poses a significant bar-
rier to the transfer of knowledge between practitioners.

3. THE TAMING OF THE OLD WEST (THE NEW
MILLENNIUM AND THE MATURING OF THE FIELD)

In 2002, Pavel Schilinsky (b. 1974) reported the
characterization of new poly(3-hexylthiophene):metha-
nofullerene [6,6]-phenyl C61 butyric acid methyl ester
(P3HT:PCBM) solar cells, with a PCE of 2.8% and began
a fascination with this material system which dominated
the OPV research scene for a decade, and has continued
to this day.*® The appeal of the P3BHT:PCBM system is
not hard to see. Even the initial Schilinsky publication
highlighted the excellent interpenetrating “bulk hetero-
junction” phase morphology, ideal for efficient photovol-
taic performance.

Monochromatic (550 nm, the absorption maximum)
external quantum efficiencies of up to 76% and internal
quantum efficiencies of close to unity were reported and
recombination of photoinduced carriers was negligible
when operated in the photovoltaic mode. As a polymer,
P3HT was easy to synthesize at large scale,**->* consider-
ably more soluble and oxidatively stable than the PPV-
based polymers which had been studied previously> and
P3HT’s semi-crystalline nature meant that thermal® %7
and solvent-annealing®® of the blended active layer could
be readily used to optimize donor and acceptor domain
sizes and crystallinity.

Consequently, P3HT:PCBM solar cells became the
“Best Seller in Polymer Photovoltaic Research” with
Guillaume Wantz (b. 1977) and co-workers reviewing
579 papers published between 2002 and 2010 alone. The
PCE of the P3HT:PCBM solar cells reported in these
publications is moderate at best, with a wide range of
reported values averaging around 3% and approaching
5% at best.” Nonetheless, P3HT remains a key model
polymer for research in organic solar cells. However, as
pointed out by Darren Lipomi (b. 1983) and co-workers,
P3HT is structurally and morphologically very different
from the majority of new generation polymers in OSC
research. Consequently, the validity and value of trans-
ferring design and processing knowledge from the P3HT
material system must be questioned.®® Ultimately, how-
ever, the relatively poor overlap between the absorption
of P3HT and the sun’s irradiance spectrum prohibits
significantly higher PCEs and this mismatch has driven
the development of polymers with lower bandgaps which
better match the suns irradiation.®!
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3.1 Lower Band gap materials

In polymer:fullerene solar cells the primary light
absorbing component is the polymer, since most fuller-
enes do not absorb strongly in the visible and near-IR,
where terrestrial solar intensity is at its greatest. Indeed,
Paul Dastoor (b. 1968) and coworkers have shown that
PCBM contributes only ~13% of the photocurrent in a
P3HT: PCBM device under AM 1.5 illumination.®? Con-
sequently, over the last decade or so, attention has been
focused at tuning and reducing the optical bandgap, Eg,
of the polymer to increase device light absorption.®?

The bandgap which determines light absorption
in a conjugated polymer is a result of overlap and delo-
calization of m-orbitals along the polymer backbone.
Increasing the planarity of this backbone maximizes the
p-orbital overlap and extends the n-delocalization, low-
ering the bandgap.

A range of both structural and electronic meth-
ods have been employed to alter polymer planarity and/
or m-delocalization.®* Structurally, fused ring systems
(either fully aromatic or using bridging atoms) and the
use of steric peripheral groups on the backbone are both
routinely used to enhance polymer planarity. Increas-
ing the quinoidal nature of linked ring systems breaks
aromaticity (and thus electron confinement to the ring),
which allows more extensive delocalization. This last
effect is particularly prevalent in polythiophene poly-
mers, in part explaining their success in the OPV field.

Planarity of the polymer backbone is not the whole
story however. P3HT itself can form ordered micro-
crystalline domains in which the polymer backbone
is highly planar,®® but has a wide bandgap of ~1.8 eV
(which means it has a maximum solar photon absorp-
tion of ~ 46 %).%°

The optical bandgap can be further reduced by alter-
nating electron rich (donor, D) and electron poor (accep-
tor, A) subunits along the polymer backbone. The result-
ing molecular orbital mixing and intermolecular charge
transfer between the D and A moieties produces a new
set of hybrid molecular orbitals with a bandgap that can
be lower than either of the subunits alone. In addition,
it has been proposed that alternation of the donor and
accepting components increases the double bond char-
acter between the units, which could enhance planarity
and further decrease the bandgap.®’

In 2006 Paul Blom (b. 1965) and co-workers pre-
sented model calculations for the potential for polymer:
fullerene solar cells. They predicted that lowering the
band gap of the polymer would result in devices exceed-
ing 6% and that, ultimately, with optimized level tuning,
band gap, and balanced mobilities polymeric: fuller-
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ene solar cells could reach power conversion efficiencies
approaching 11%.%® The first truly low bandgap polymer,
poly(isothianaphthene) was reported by reported by Fred
Wudl in 1984, with a bandgap of ~1.0 €V, but initially
the synthesis of suitable, soluble low band gap materi-
als proved difficult.”” However, in 2002 Christoph Bra-
bec (b. 1966) et al. reported ~1% efficient devices from
the recently synthesized poly(N-dodecyl-2,5,-bis(2’-the-
nyl)pyrrole-alt-2,1,3-benzeothiadiazole) (PTPTB) with
PCBM. PTPTB consists of alternating electron-rich
N-dodecyl-2,5,-bis(2’-thenyl)pyrrole (TPT) and electron
deficient 2,1,3-benzeothiadiazole (B) units and is the first
example of the use of a molecularly engineered lower
bandgap material in OPV devices. The electrochemical
bandgap of the polymer was determined to be 1.77 eV,
placing just within the range of low bandgap materials
as defined by the authors (Eg <1.8eV) but higher than
the official definition as set in the Handbook of Con-
ducting Polymers. (Eg <1.5¢V)7!

Since these humble beginnings, a wide range of
donor-acceptor low band gap polymers have been syn-
thesized from a growing catalogue of donor and accep-
tor building blocks.

In 2011 Mitsubishi Chemical announced the first
certified single junction organic solar cell with a PCE of
>10%.7> The device was certified at NREL, but no detail
information on either the active layer composition or the
device structure was given.

The first device to reach the n > 10% milestone
published in a full peer review journal, was a poly-
mer tandem solar cell with a PCE of 10.6% reported by
Yang Yang (b. 1958) and coworkers in 2013.7 The D-A
polymer used was poly[(5,5-bis(3,7- dimethyloctyl)-
5H-dithieno[3,2-b:2°,3’-d]pyran-2,7-diyl)-alt-(5,6-dif-
luoro-2,1,3-benzothiadiazole-4,7-diyl)] (PDTP-DFBT)
with a reported bandgap of 1.38 €V, in conjunction with
PC71BM. A single-junction device was also reported
with a spectral response that extended to 900 nm and
which had a PCE of 7.9%. Since then, progress in OPV
development has been rapid, especially in terms of elec-
trode interfacial layers, new active layers (ternary sys-
tems), and the synthesis of new low bandgap polymers.
The current certified efficiency record for a single junc-
tion organic solar cell lies at 11.2 + 0.3% by Toshiba.® 7

3.2 Understanding the Fundamental Physics

It was realized early on that the physical behavior of
semiconducting polymers is dominated by their relatively
low dielectric constant compared with that for inorganic
semiconductors (gpsyr~3 Vs €g~11). Thus, there is much
less screening in organic devices and so tightly bound



106

Frenkel excitons are formed upon light absorption rather
than free electron-hole pairs. As a consequence, the ener-
gy levels in organic are localized and thus a band trans-
port picture no longer holds. Instead exciton (and charge
transport) occurs via a hopping mechanism. Finally, the
picture for organic solar cells is further complicated by
the fact that charge separation occurs via an intermediate
charge-transfer state at the heterojunction.

The realization of these key differences has driven
a re-evaluation of classical p-n junction theory and the
development of new formalisms in understanding how
organic solar cells work. Early work on different elec-
trode materials suggested that V. depended on work
function difference between electrodes.

However, work by Christoph Brabec on differ-
ent acceptors in 2001 showed that changing the nature
of the acceptor played a much bigger role than chang-
ing the work function. It was argued that Fermi level
pinning through charged interface states between the
npative metal electrode and the fullerene reduction
potential caused the insensitivity to work function.’°
Two possible origins for V,. are either the HOMO-
LUMO cross gap (V,) or the electrode work function
difference (V,,). In 2003, work by Blom’s group showed
that in the presence of non-ohmic contacts then Voc
could depend strongly on work function difference.8! A
key driver for device design is to try to increase the V.
to increase the power conversion efficiencies of OPVs.
However, even when the HOMO-LUMO gap domi-
nates we never observe V. equal to the calculated gap
potential. In 2006, Scharber developed an empirical set
of rules for determining the V. of a BHJ device with
PCBM as the acceptor; arguing that there was always
a general 0.3V loss in V,. For more than 26 differ-
ent material combinations, no influence of the contact
work function on the V,_ is observed. The 0.3V loss was
postulated to be due to the dark current characteristics
(~0.2V) and the field driven nature of the charge sepa-
ration process (~0.1V) since the the open-circuit voltage
depends on the slope of the field-driven current around
the built-in voltage (V).

In around 2008-2009 it was realized that electron-
ic coupling at donor-acceptor interfaces, or in donor-
acceptor blends, leads to the formation of an intermo-
lecular charge-transfer complex that simultaneously
influences the photogeneration of mobile charge carri-
ers and the dark current due to thermal generation.84-8¢
Later work (2010) argued that for bilayers, there are
relatively “flat” donor-acceptor (D/A) and metal-organic
(M/O) interfaces. There is a large distance between D/A
and M/O interfaces and a large barrier resulting in a low
electric field at the M/O interface and Fermi-level pin-

Paul C. Dastoor, Warwick J. Belcher

ning. As such, unipolar transport dominates at inter-
faces and there is little effect of electrodes upon V,. For
BH]J devices, however, intimate contact between D/A
regions produces large field at M/O interface. In addi-
tion, it is possible to obtain an ambipolar carrier distri-
bution at the electrodes. Both effects lower the barrier at
the M/O interface and photogenerated carriers can no
longer ‘pin’ electrode Fermi level 3

So, the question remains - does the HOMO-LUMO
cross gap or the electrode work function determine V..
The answer is that both can affect the open circuit volt-
age. In the case of non-ohmic (blocking) contacts then
we see that the V. is dominated by the electrode work
function. However, for ohmic contacts we see that elec-
trons can flow into the M/O interface producing accu-
mulated charges and leading to band bending and Fer-
mi-level pinning. The device structure also affects the
V,. since the distance of the D/A interface can affect the
electric fields at the M/O interface. Large distances result
in unipolar charge distributions at the M/O interface
(and little dependency of V. on work function) whereas
for ambipolar distributions the opposite is true.

In polymer-fullerene systems (and building from
earlier work in organic light emitting diodes (OLEDs)
and dye-sensitized solar cells), charge recombination
was identified as a major loss mechanism; whether gemi-
nate (electron hole-pair recombines while still bound)
and non-geminate (electron hole-pair recombines after
charges have been separated). It is widely understood
that non-geminate recombination in the blended bulk
phase dominates in BH]J devices.®”-9

4. OF RANCHERS, FENCES AND RANGE WARS
(INITIAL ATTEMPTS TO UPSCALE
AND COMMERCIALIZE)

Attempts to commercialise the technology has fea-
tured early in the history of organic photovoltaics with
numerous start-up companies founded, growing, merging,
being acquired or going bankrupt. Moreover, the commer-
cialization space has encompassed companies focused on
materials and devices. However, given the commercially
sensitive nature of establishing start-up companies, publi-
cations in the area are few and piecing together the history
of OPV commercialization is challenging.

4.1 The Early Promise

One of the earliest companies in this space was
Quantum Solar Energy Linz (QSEL), founded in 1997
on the back of advances made at the Linz Institute for
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Organic Solar Cells (LIOS) under the leadership of N.
Serdar Sariciftci. In 2001, Konarka Technologies, Inc.
was founded in 2001 as a spin-off from the University
of Massachusetts, Lowell. Named after the Konark Sun
Temple in India and co-founded by, amongst others,
the Nobel laureate Alan Heeger, the company initially
decided to work on both solid-state polymer-fullerene
solar cells and liquid dye-sensitized solar cells (DSSCs).
In 2003, Konarka acquired QSEL, in a move that was
described at the time as designed to “make the company
the worldwide leader in organic photovoltaics™.

Meanwhile, again in the US, Plextronics was found-
ed in 2002 in Pittsburgh as a spin-off company from
Carnegie Mellon University primarily as a materials sup-
ply company based on the ability to synthesise regioreg-
ular P3HT developed by Richard McCullough (b. 1959).
The business was aimed at supplying the anticipated
market for conductive inks and process technologies
with the advent of organic solar cells and organic light-
emitting diode lighting. In the early days, Plextronics
was extremely successful, highlighted as one of Pitts-
burgh’s fastest growing companies in 2008 and raising
over $40 M in equity capital.

On the west coast of the USA, Solarmer Energy was
founded in California in 2006. The company licensed
OPV technology developed by Yang Yang at the Univer-
sity of California, Los Angeles and new semiconducting
material technology developed at the University of Chi-
cago. Solarmer established a facility in El Monte, Cali-
fornia and initially worked on developing OPV with a
goal to demonstrate commercial grade devices and
indeed its devices held the record for OPV efficiency in
2009 and 2010. However, it rapidly focused on supplying
advanced organic materials to the research community.

A little later, in the UK, Ossila was founded in 2009
by David Lidzey (b. 1967) and James Kingsley at the
University of Sheffield. The focus of the company was on
the supply of materials and equipment for organic elec-
tronics research. Meanwhile, in Cambridge, the compa-
ny Eight19 was founded in 2010 to commercialise organ-
ic solar cell technology developed by Richard Friend at
the Cavendish Laboratory of the University of Cam-
bridge. The company was named after the time taken for
light to travel to the Earth from the Sun and raised over
$7 million from the Carbon Trust and Rhodia to devel-
op plastic organic solar cells.

4.2 The Crash

After nearly a decade of research and development,
it became increasingly clear that the pathway to com-
mercial scale OPV was challenging and unlikely to be
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realized in the short term. The inability to deliver on
its initial promises resulted in a number of these initial
start-up companies filing for bankruptcy and closing
down. Probably the most dramatic was in May 2012,
when Konarka filed for Chapter 7 bankruptcy protec-
tion and laid off its approximately 80-member staff. This
event sent shockwaves through the OPV community and
was the subject of much discussion at OPV conferences
around the world. This event was followed by Plextronics
filing for Chapter 11 bankruptcy in January 2014.

4.3 Rising from the Ashes

The assets and rights of Konarka’s German opera-
tions (Konarka Technologies GmbH) were acquired
by Belectric, a Germany-based solar developer, finan-
cier, and construction firm in late 2012, who established
Belectric OPV GmbH with the aim of manufacturing
bespoke OPV devices for the building integrated PV,
automotive and consumer electronics markets. Their
approach was to overcome the short lifetime of OPV’s by
creating thin plastic laminates that could be readily inte-
grated into a range of products. Commencing with con-
sumer products (such as OPV based garden ornaments)
by 2016, Belectric OPV had already showcased instal-
lations such as the German Pavilion at the World Expo
in Milan in 2015. In 2017, Belectric OPV was renamed
OPVIUS developing a range of OPV products based on
small OPV modules encased in polycarbonate laminates.

In March 2014, Solvay SA, an international chemical
group headquartered in Brussels, completed the acquisi-
tion Plextronics Inc. to bolster its OLED electronic dis-
play technology and launch a new development platform
with a strong Asian foothold.

In 2016, and after 6 years of technological partner-
ship with the major names of the global chemical indus-
try and an investment of €40 million, the French com-
pany ARMOR launched industrial production of a new
generation of photovoltaic material, designed and manu-
factured in France. Called ASCAQ, it is a OPV material
based on combining the expertise of a number of differ-
ent partners: CEA-INES France (devices and durabil-
ity testing), CNRS-IMS France (materials and devices),
CAMBRIOS Advanced Materials USA (silver nanow-
ires), MERCK Germany (photoactive polymers and
interface materials), LCPO France (organic polymers),
AMCOR France (films and encapsulation), and ADHEX
France (technical adhesives).

In May 2019, OPVIUS and ARMOR announced the
decision to merge OPVIUS development, integration
and marketing activities for flexible organic photovol-
taic films with those of ARMOR. Their stated common
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Figure 8. The three key parameters for successful photovoltaic tech-
nology: efficiency, lifetime, and cost.

objective was “to pool know-how in order to become the
global benchmark company in flexible organic photovol-
taic technology.”

In parallel with these commercialization activities
there has been significant research effort undertaken
in developing the scale-up technologies needed to mass
manufacture OPV devices. Primarily based around roll-
to-roll (R2R) printing®, one of the earliest pioneers of
large scale manufacturing was Frederik Krebs who was
originally based at the Riso National Laboratory, Den-
mark and subsequently went on to found InfinityPV,
with a focus on providing materials and tools to the
research community.

5. HIGH NOON (THE VERDICT)

Devices with PCEs in excess of 15 % are now pos-
sible, far in excess of the 5 % efficiency threshold pro-
posed by Chamberlain 1983, so why is OPV not a com-
mercially viable technology? The last decade of research
and commercialization attempts have highlighted that
the successful commercialisation of OPVs is governed by
three key parameters: device efficiency, lifetime and cost
(Figure 7). As identified in this review, the OPV research
community has primarily been focussed on improving
device efficiency with device lifetime becoming increas-
ingly recognised as an important research topic. Howev-
er, reducing the cost of OPV materials has thus far had
much less attention, yet is an equally important scientific
challenge that is crucial to the future development of
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OPV. Indeed, it is the high cost of materials that is cur-
rently holding back scientific research at the large scale,
and it is increasingly recognised that advances in the
cost and scalability of organic photovoltaic (OPV) active
materials are urgently required for the rapid industrial
development of printed solar technologies.”

More recent work has highlighted the development
of low cost materials for OPV manufacture®® and the
importance of understanding how the cost of materi-
als and upscaling material manufacture impacts upon
the viability of OPV as an energy generating technol-
ogy®*. However, one explanation for the fact that OPV
has yet to become a viable commercial prodict is that
R2R equipment is very costly to acquire, and as a conse-
quence reports of large scale R2R processing are limited
to very few research groups®.

Looking to the future, it is clear that OPV is in the
process of emerging from the classic “Valley of Death”
commercialization phase with a number of restruc-
tured and consolidated companies developing large scale
OPV products. Interestingly, those companies that have
focused on supplying materials and tools to the research
community appear to be those that have survived the
“OPV crash” most successfully. Further development of
the field requires the community to focus less on deliv-
ering ever higher efficiency OPV devices but rather to
develop low cost efficient materials and architectures
that can manufactured at scale to deliver on OPV’s
promise for a low cost sustainable energy technology.
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