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solar cells: a review and
comparison of polymer:fullerene, hybrid polymer
and perovskite solar cells

Junfeng Yan and Brian R. Saunders*

The need for large scale low carbon solar electricity production has become increasingly urgent for reasons

of energy security and climate change mitigation. Third-generation solar cells (SCs) are solution processed

SCs based on semiconducting organic macromolecules, inorganic nanoparticles or hybrids. This review

considers and compares three types of promising 3rd-generation SCs: polymer:fullerene, hybrid polymer

and perovskite SCs. The review considers work reported since an earlier review (Saunders et al., Adv.

Colloid Interface Sci., 2008, 138, 1) and highlights the great progress that has been made in each area.

We consider the operation principles for each SC type and also review the state-of-the-art devices. The

polymer:fullerene and hybrid polymer SC open circuit voltages are compared to values predicted from

the well-known Scharber equation and similarities and differences discussed. The perovskite SCs are also

considered and their remarkable rate of power conversion efficiency performance increase is discussed.

The review considers the requirements for large-scale deployment in the contexts of semiconducting

polymer and hole transport matrix synthesis and materials selection. It is concluded that the 3rd-

generation SC technologies discussed here are well placed for major contribution to large scale energy

production. (This has already been partially demonstrated for polymer:fullerene SCs.) Looking further

ahead we propose that several of the 3rd-generation SCs considered here have excellent potential to

provide the low cost large-scale deployment needed to meet the terawatt challenge for solar electricity

generation.
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1. Introduction

Third-generation solar cells (SCs) are solution processable SCs
with excellent potential for large-scale solar electricity genera-
tion. This review updates and greatly extends an earlier review
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the use of colloid and polymer chemistry principles to improve the
morphology of the photoactive layers of hybrid polymer solar cells.
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by one of us in 2008.1 We consider three families of 3rd-
generation SCs technologies and discuss their operational
principles. The review focusses on the strong progress in both
their understanding and improvements in their power conver-
sion efficiencies (PCEs) achieved in the past 6 years. The 3rd-
generation SCs considered are polymer:fullerene, hybrid poly-
mer and perovskite SCs. The rst two SC types allow us to
compare and assess SC types where the principle difference is
the nature of the acceptor phase. Inclusion of perovskite SCs
enables comparison of mixed molecular (perovskite) and
colloidal organic/inorganic (hybrid polymer) SC technologies.
In each case we focus on systems which have potential for large
scale deployment in the future. Whilst excellent progress has
been made for dye-sensitised SCs2 (DSSCs) and small molecule
SCs3 a comprehensive discussion of DSSCs falls outside the
scope of this review. Perovskite SCs are a disruptive SC tech-
nology that has recently captured great attention due to their
outstanding power conversion efficiency (PCE) values.4 For the
polymer:fullerene and hybrid polymer SCs we compare the
performance of a key SC parameters to those predicted from
energy level theory. The relative performance of each SC family
is also compared and the potential deployment of the SCs for
large scale, cost-effective, energy generation is considered.
Because each of the 3rd-generation SCs considered are solution
processable with PCE values that range from respectable to very
high, each of the SC families are considered to have excellent
potential for large-scale deployment via roll-to-roll (R2R)
production. We propose that polymer:fullerene and perovskite
SCs have reached points in their technological evolutions where
large scale deployment is possible.
Fig. 1 Global cumulative solar cell capacity installation scenarios until
2017. The data were taken from ref. 16.
1.1 Current and future global solar electricity generation

More than 80% of the world's energy mix is derived from fossil
fuels,5 which in turn produce CO2. Coal, oil and gas accounted
for 81.6% of the world's total primary energy supply in 2011.6

Looking ahead, the world's energy demand is forecast to double
and electricity demand quadruple by 2050.7 The projected
future increase in energy use is expected to result in an 80%
increase in CO2 emissions without determined action to
incorporate low carbon energy generation alternatives.7 Smalley
estimated that 60 TW (6 � 1013 W) of power would be required
to provide the anticipated future population of 10 billion people
with the standard of living enjoyed by the developed world in
2004.8 Solar energy is the only renewable energy source capable
of providing all of the energy needs of man in a sustainable
manner. More energy arrives at the earth's surface in one hour
than is used by man in one year.9 Whilst impressive gains in
solar energy production have been achieved with parity reached
with fossil fuel derived electricity already in several countries
(below), a major expansion of SC manufacture and deployment
is urgently required to answer Smalley's terawatt challenge.

The Inter-governmental Panel on Climate Change (IPCC)
recently concluded that (a) the human inuence on the climate
system is clear; (b) that atmospheric concentration of CO2 has
increased to levels unprecedented in at least the last 800 000
years and (c) that the largest contribution to total radiative
This journal is © The Royal Society of Chemistry 2014
forcing is caused by the increase in CO2 concentration.10 The
report shows the direct relationship between global tempera-
ture and atmospheric CO2 concentration and also how future
global temperature increases can be modulated by reducing
CO2 output. The IPCC's Impacts, Adaption and Vulnerability
report11 concluded that there will be many more negative
impacts than positive impacts due to climate change in the
future. The key risks involving food insecurity, fresh water
access, ooding, extreme weather events, loss of marine and
costal ecosystems can be reduced by limiting the rate and
magnitude of climate change. Clearly, the sustainability of
ecosystems that support everyday life requires future atmo-
spheric CO2 increases to be minimised.

Unfortunately, progress toward reducing CO2 output has
been slow to date. The International Energy Agency (IEA) esti-
mates that the long term global temperature increase is on track
for12 3.6 �C, which is well above the internationally-agreed
increase climate target of 2 �C (relative to pre-industrial levels).
A global temperature increase of 6 �C is expected if the business-
as-usual case persists.13 A rapid transition to an energy mix
containing high proportions of renewable energy is urgently
required. The IPCC's mitigation document called for a tripling-
to-quadrupling of the share of zero to low-carbon energy supply
by 2050 to keep the temperature increase to below14 2 �C.
Electricity generation currently emits about 40% of energy-
related CO2 emissions.15 Hence, solar energy, a low-carbon
energy source, has a key role to play in mitigating climate
change.

Solar energy currently provides 2.6% of the electricity
demand and 5.2% of the peak electricity demand in Europe.16

Global installed photovoltaic capacity has been growing expo-
nentially since 2000 (see Fig. 1) and surpassed 100 GW in16 2012.
The rate of installation (Fig. 1) is highest when installation is
government policy driven. The impressive growth and adoption
of the technology in economies such as Europe and China (with
strong growth in the US17) coupled with the falling solar module
prices provides good reason for optimism about the potential
for solar electricity generation to become a major source of low
carbon energy in the future. Indeed, solar electricity has ach-
ieved price parity with the electrical grid since 2012 in Denmark,
Germany and Italy and many other European countries are
expected to follow this trend.18 The IEA predicts that by 2050
solar power could generate 22% of the world's electricity.19

However, the percentage of electricity generated could be even
RSC Adv., 2014, 4, 43286–43314 | 43287
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higher if low cost, large-scale production of SCs were to occur as
a result of new, disruptive, technologies. Here, we discuss new
3rd-generation SC technologies that offer realistic potential to
enable this much-needed low cost electricity.
1.2 Solar cell operational fundamentals

The principles of SC operation have been described in detail
elsewhere.20 A brief review is given here as a prelude to discus-
sion for the 3rd-generation SCs. 1st-generation SCs are based on
crystalline Si20 (c-Si); whilst, 2nd-generation SCs are based on
thin lm technology which has oen involved vapour deposited
semiconductors. By contrast, 3rd-generation SCs are solution
processed SCs based on organics, hybrids, inorganic semi-
conductors21 and include nanostructured SCs.22 All SCs harvest
solar radiation and convert this energy into electricity. SCs
achieve power conversion using the photovoltaic effect. For the
latter, photons that have energies greater than the band gap
energy (Eg) are absorbed and this process excites an electron
from the valence band to the conduction band. SCs have a built
in asymmetry so that an electrical potential causes the electrons
to reach the external circuit.20

SC performance is characterised by the measurement of the
current density as the voltage across the device is biased with
variable load during device irradiation by light (Fig. 2(a)). The
PCE is related to the short-circuit current density (Jsc) and the
open circuit voltage (Voc) by:

PCE ¼ JscVocFF

Psolar

(1)

where FF and Psolar are the ll factor and incident power from
solar irradiation, respectively. The value of FF is the ratio of Pmax

(¼ JmaxVmax) to the product of Jsc and Voc and is a measure of the
squareness of the J vs. V prole. It is noted that a recent article
has provided guidelines for how PCE data should be
reported.23

The Jsc value for a SC depends strongly on the value for Eg.
Because the photon energy (E) is inversely proportional to the
wavelength (E(eV) ¼ 1240/l(nm)), Jsc generally increases with
increasing l across the visible and infra-red regions of the solar
Fig. 2 Solar cell performance and solar radiation. (a) Example of a current
andmaximum achievable integrated short-circuit current density. (b) repr
to the original figure here.

43288 | RSC Adv., 2014, 4, 43286–43314
spectrum provided that E is greater than Eg (Fig. 2(b)). Although
the PCE increases with Jsc, there is a trade-off involving Voc
which means that an optimum Eg value exists for PCE. Gener-
ally, as the value for Eg decreases the values for Voc decrease. The
Eg value for achieving optimum PCE values for c-Si SCs20 is
between 1.0 and 1.6 eV (1240–775 nm). The maximum efficiency
for a SC with an Eg of 1.1 eV was calculated by Shockley and
Queisser to be 30%.25

The light intensity absorbed in a SC decreases exponentially
with lm thickness.20 Consequently, a key parameter governing
the PCE for a SC is the thickness of the photoactive layer
compared to the absorption length (1/a, where a is the
absorption coefficient in cm�1). The latter is the distance over
which the 63% of the incident (non-reected) light is absorbed.
It is because Si SCs have relatively low a values that the thick-
ness of their photoactive layers must be of the order of
hundreds of micrometres to millimetres. The latter adds
signicantly to the material and production costs for c-Si SCs.
2. Polymer:fullerene solar cells

The rst two SC families discussed are polymer:fullerene and
hybrid polymer SCs. Here, we focus on polymer:fullerene SCs.
However, many of the principles discussed also apply to hybrid
polymer SCs. Polymer:fullerene SCs have photoactive layers
comprising a semiconducting polymer and a fullerene and have
been the subject of several reviews.1,26–32 In the case of hybrid
polymer SCs the fullerene is replaced by a semiconducting
inorganic nanoparticle. Both of these SC families contain bulk
heterojunctions (BHJs). A heterojunction is an interface
between two different semiconducting materials. In 1986 Tang
reported an excitonic device consisting of two semiconductors
in a bilayer and achieved a PCE of about 1%.33 He recognised
that the performance depended on the nature of the interface
between the two semiconductors. Aer establishing photoin-
duced electron transfer between a semiconducting polymer and
a fullerene in 1992,34 Heeger et al. mixed MEH-PPV with PCBM
to give the rst SC containing a dispersed heterojunction in
1995. They referred to the mixed polymer donor and fullerene
density vs. voltage profile for a SC. (b) The global total solar photon flux
oduced with permission from ref. 24. The values for E have been added

This journal is © The Royal Society of Chemistry 2014
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composite as a BHJ.35 A key to the success of their SCs was the
greatly increased Jsc which improved efficiency in collection of
the photogenerated charges. In 1995 Halls et al. reported the
rst example of a polymer:polymer BHJ.36 BHJs can be consid-
ered as interpenetrating bicontinuous polymer/nanoparticle
network. The connected nanoparticle segments are separated
by a curved polymer phase. There is increasing evidence that the
polymer and fullerene phases may contain a degree of molec-
ular mixing (below).

Fig. 3(a) shows the components of the most widely studied
polymer:fullerene SC, poly(3-hexylthiophene):phenyl C61-
butyric acid methylester (P3HT:PCBM). Between 2002 and 2010
a total of 579 publications reported the PCE of P3HT:PCBM
SCs.37 The average PCE value reported for these SCs in 2010 was
3.0%. The use of vertically aligned fullerenes via a template
assisted construction strategy, combined with fullerene energy
level modication, has enabled a PCE value of 7.3% for
P3HT:fullerene SCs to be achieved.38 The energy level diagram
(Fig. 3(b)) shows that photoexcited electrons can hop from the
LUMO of the P3HT donor to the LUMO of the PCBM acceptor.
P3HT and PCBM act as the hole and electron transfer phases,
respectively. The phase separated photoactive layer was formed
during solvent evaporation and is a non-equilibrium, kinetically
trapped structure. The complex morphology of the photoactive
layer (Fig. 3(c)) consists of P3HT crystallites, PCBM clusters as
well as amorphous P3HT and intercalated (molecularly mixed)
PCBM molecules.39 Liao et al. showed that annealing promoted
PCBM cluster formation and charge transport which enhanced
the PCE.39 They demonstrated that the nanostructures could
evolve with time using moderate heating (150 �C for 15 min);
whereby, PCBM changed from well-separated to a partial
attachment regime. Molecular mixing of polymer and fullerene
parts is recognised to be present for many polymer:fullerene
SCs and this plays an important role in both charge separation
and recombination.26 The end-stage morphology for thermally
annealed P3HT:PCBM lms is phase separated domains of
P3HT and PCBM crystals.40 The latter morphology does not
enable efficient charge transport to the external circuit. (We
discuss polymer:fullerene morphology further in Section 2.5.)
The search for lower band gap semiconducting polymers (e.g.,
PTB7 (ref. 41)) and the use of processing aids for morphology
Fig. 3 Structures, energy levels and morphologies for polymer:fullerene
level diagram for P3HT:PCBM. VBI is the built-in voltage (see text) and q is
45 and 46, respectively. (c) Schematic of the phase-separated morpholog
crystallites, an amorphous P3HT chain region and a network of intercalate
from ref. 39.

This journal is © The Royal Society of Chemistry 2014
enhancement (e.g., 1,8-diiodoctane, DIO42–44) have resulted in
major improvements of the PCE of research grade polymer:-
fullerene SCs, which are approaching 10% for single junction
devices (later).
2.1 Charge generation and transport processes within
polymer:fullerene solar cells

The process of photo-generation and charge transport to the
external circuit within a photoactive layer consisting of a donor
and acceptor47 is depicted in Fig. 4 and can be separated into
ve steps. The rst step is light absorption and photogeneration
of an exciton (Fig. 4(a)). An exciton is an electrostatically bound
electron–hole pair. In the depiction given the geminate (initially
formed) exciton is created within the donor polymer phase. The
efficiency of the initial exciton generation is given by the photon
absorption efficiency, hA. This parameter depends on factors
such as the lm thickness compared to the absorption length as
well as Eg.

Excitons in semiconducting polymers are short-lived species
that tend to rapidly recombine (annihilate). Because most
semiconducting donor polymers have low dielectric constants
(of about48 3), excitons are tightly bound due to coulombic
attraction and have an exciton diffusion length (Lex) less than
about 10 nm.26 Consequently, the polymer phase domains
should be less than about 20 nm in size in order for an interface
with an acceptor to be close enough to permit exciton dissoci-
ation prior to geminate recombination.29 The efficiency of the
excitons reaching this heterojunction without geminate
recombination is given by the exciton diffusion efficiency (hdiff)
(Fig. 4(b)).

Having reached the donor/acceptor interface (Fig. 4(c)),
exciton dissociation may occur if the energy difference (offset)
between the LUMOs for the donor and acceptor exceeds the
exciton binding energy. The latter can be as low as 0.12 eV.49

Charge generation (from dissociation) for polymer-based exci-
tons involves electron transfer (rather than hole transfer).26 The
efficiency of the dissociation process can be described in terms
of the exciton dissociation efficiency, hdiss. The value for hdiss

approaches zero as the energy offset between the LUMOs
approaches zero.
composites. (a) shows the structures of P3HT and PCBM. (b) Energy
the electron charge. The energy levels for P3HT and PCBM are from ref.
y for P3HT:PCBM film comprising PCBM-dispersed P3HT phase, P3HT
d PCBMmolecules and PCBM clusters. (c) reproduced with permission

RSC Adv., 2014, 4, 43286–43314 | 43289
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Fig. 4 Processes responsible for photocurrent within photoactive donor/acceptor composites. The processes involve light absorption and
photogeneration of an exciton (a). The latter is followed by exciton diffusion to the donor/acceptor interface (b), exciton dissociation (c),
transport to the photoactive layer/electrode interface (d) and collection of the charges by the electrodes (e) which transfers the photogenerated
charges to the external circuit. Note that e� and h+ represent an electron and hole, respectively.

RSC Advances Review

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

6 
 2

01
4.

 D
ow

nl
oa

de
d 

on
 2

1.
2.

20
26

 1
0:

48
:5

4.
 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n 
3.

0 
U

np
or

te
d 

L
ic

en
ce

.
View Article Online
Once the exciton has dissociated the free electron and hole
migrate to the photocathode and photoanode, respectively.
There are a number of processes that may direct the ow of
charge carriers. The migration may occur due to the driving
force from the gradient in chemical potentials of the electrons
and holes at the donor–acceptor junction.27 The potential
energy gradient originates from the difference between the
donor HOMO and acceptor LUMO. Furthermore, charge
concentration gradients can produce diffusion currents.27

Electron- and hole-blocking layers are oen included in BHJ SCs
to direct the charge migration to the desired electrodes in order
to decrease recombination.

The photo-generated holes and electrons within BHJ pho-
toactive layers migrate (via hopping) through interconnected
donor and acceptor phases, respectively. In order to reach the
respective electrode holes and electronsmust avoid coming into
contact at an interface, and undergoing non-geminate (bi-
molecular) recombination. Unfortunately, a high interfacial
area favours non-geminate recombination, even though it
reduces geminate recombination. The efficiency of the sepa-
rated charges reaching the electrodes is given by the charge
carrier transport efficiency (htr) (Fig. 4(d)).

Finally, the separated charges must cross the photoactive
layer/electrode interfaces to reach the external circuit (Fig. 4(e)).
The efficiency of charge transfer across this interface is given by
the charge collection efficiency47 (hcc). This parameter is sensi-
tive to the nature of the electrical contact between the photo-
active layer and the electrodes and decreases if these interfacial
connections are highly resistive. It is also sensitive to the energy
levels of each phase.47
43290 | RSC Adv., 2014, 4, 43286–43314
The product of the above efficiencies gives the external
quantum efficiency (EQE):

EQE ¼ hAhdiffhdisshtrhcc (2)

The EQE is the ratio of the number of electrons collected in
the external circuit to the number of incident photons. Eqn (2)
illustrates the difficulty of achieving high panchromatic EQE
values for BHJ SCs because each of the ve efficiency parameters
must be optimised to give values as close as possible to unity.
The parameters hdiff and htr are highly dependent on
morphology. For some polymer:fullerene SCs EQE values of
100% have been reported over a limited spectral range.50

However, the EQE is usually signicantly less than 100% over
the whole solar wavelength range. Whilst the PCE generally
increases with EQE, a high EQE is not sufficient to guarantee a
high PCE. This caveat originates from the dependence of the
PCE on Voc and FF (eqn (1)). Conditions that favour high EQE
values (and high Jsc values) may lead to non-optimal Voc values.

Whilst the majority of polymer:fullerene SCs have a
conventional design,1 some of the more recent, highest PCE
devices, have adopted an inverted architecture.51,52 An example
inverted device is shown in Fig. 5(a). Inverted structures can
provide a PCE benet because of vertical phase segregation and
increased FF values.51 Inverted architectures are also more
compatible with R2R processing and their design avoids the
necessity of using reactive cathodematerials (e.g., Al), which can
be detrimental to device stability.53 An inverted geometry
enables the use of Ag which can be screen printed and is
compatible with R2R processing.54 For the research grade device
architecture shown in Fig. 5(a), ZnO and MoOx acted as the
This journal is © The Royal Society of Chemistry 2014
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Fig. 5 High performance polymer:fullerene solar cell architectures and morphologies. (a) Schematic of an inverted PBTI3T:PC71BM SC. (b)
Electron tomography image showing morphology for a polymer:PC71BM photoactive layer. The black and white areas are the PC71BM and
polymer, respectively. (c) Depiction of one ideal morphology for a polymer:PCBM layer. DPCBM and LPol are the PCBM column diameter and
polymer domain length, respectively. Figures reproduced with permission from (a) ref. 51 and (b) ref. 29.
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electron transport and hole transport matrix, respectively.51

Those layers prevented contact of the polymer and PCBM pha-
ses with the electrodes. ITO and Ag were the cathode and anode,
respectively. For a conventional polymer:fullerene SC architec-
ture, ITO is usually the photoanode.1

The overwhelming majority of BHJ SCs reported in the
literature comprise small area devices and have usually been
prepared using spin coating. Typically, a low concentration
polymer solution and a fullerene solution are prepared sepa-
rately and then mixed. Shortly aer mixing spin-coating of the
mixed solution onto substrate is conducted. Spin coating
results in rapid solvent evaporation and phase separation.
Solution processing additives such as DIO51 may be added to the
organic solvent (e.g., chloroform51) prior to spin-coating to
enhance the PCE. The composite lms are then thermally
annealed.51,52 The aim of these treatments is to increase the
structural order present within the photoactive layers so as to
reduce recombination. It is generally believed that establishing
more direct pathways to the electrodes decreases the probability
of bimolecular recombination. The photoactive layer thickness
for BHJ SCs is oen 80 to 200 nm.1,52

Fig 5(b) shows a high resolution electron tomography image
of a polymer:PC71BM lm.29 The latter diffracts electrons more
strongly than the polymer phase and appears black. The length
scale of the polymer phase separated domains (Lpol) within
these lms is of the order of �20 nm which is about twice the
value for Lex and this morphology is considered ideal in terms of
achieving high hdiff values. Whilst the morphology shown in
Fig. 5(b) is isotropic, the optimum morphology for a BHJ SC to
achieve maximum hdiff and htr values is believed to be aniso-
tropic and is depicted in Fig. 5(c). This morphology would
consist of columns of vertically aligned acceptor phase (with
electrically connected acceptor species and for aggregates
within each column). The columns would be located within and
separated by the polymer donor phase. Ideally, the columns
should be equally spaced. The columns are depicted to be
separated by Lpol x 20 nm. An ultimate goal of BHJ SC research
is to devise methods whereby this anisotropic, vertically
oriented, morphology spontaneously forms both in research
grade SCs and R2R-processed modules. Progress towards
achieving this goal is discussed in Section 2.5.
This journal is © The Royal Society of Chemistry 2014
2.2 Factors controlling polymer:fullerene solar cell
performance parameters

We next consider factors controlling the three parameters that
determine the PCE in eqn (1). Although the discussion given
below concentrates on polymer:fullerene SCs, it also applies to
the hybrid polymer SCs that are discussed in detail later.

The value for Jsc is determined by the EQE. Indeed, the
integrated area of an EQE vs. wavelength plot is oen used to
test the validity of Jsc measured from J–V plots.55 Therefore, the
Jsc value is controlled by the optical properties of the light
absorbing phase (Eg and a) as well as the blend morphology. In
addition, a key factor controlling Jsc is the charge mobility
within the polymer phase. Photoactive layers with thicknesses
that are small compared to the absorption length have low hA

values. Although thicker lms will have higher hA values, the
relatively low mobility of the polymer phase (typically 10�3 to
10�4 cm2 V�1 s�1 (ref. 56)) means that higher series resistance
decreases FF and, hence, PCE. A low charge mobility also
increases recombination. Polymer-based SCs require a thick-
ness trade-off to be made between hA and htr.

According to eqn (1) the PCE is proportional to the Voc value.
In a seminal study, Scharber et al.45 compared the Voc values for
26 polymer:PCBM SCs to the HOMO positions of the polymer
donors. They showed that the following relationship applied:

Voc ¼ 1

q

���EDðHOMOÞ
��� ��EPBCMðLUMOÞ

���� 0:3 (3)

where q is the electron charge. The value of 0.3 V was initially
considered to be an empirical factor,45 but was later shown to
result from the temperature-dependence of the quasi-Fermi
levels in the polymer and fullerene domains.57 The value for
(ED(HOMO) � EA(LUMO))/q is equal to the built-in potential (VBI)
and the latter is depicted in Fig. 3(b).

Eqn (3) was (and remains) very important for the design of
polymer:fullerene SCs because it showed that Voc could be
maximised by using polymer donors with deep HOMO energy
levels. Scharber et al.45 also established a quantitative theoret-
ical contour plot to guide polymer design to achieve improved
PCE values. Their work showed that achieving a single poly-
mer:fullerene with a PCE of 10% was theoretically possible. It
followed from their study that to achieve a PCE of 10% for a
RSC Adv., 2014, 4, 43286–43314 | 43291
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polymer:PCBM SC the value for ED(LUMO) of the polymer donor
should be less than ��3.9 eV and Eg should be less than45

1.74 eV. A suitable ED(HOMO) value would be ��5.7 eV. Fig. 6
shows PCE data from plotted as a function of polymer Eg for
60 polymer:fullerene SCs. It can be seen that the devices
with the top 7 PCE values contained polymers with Eg values
of 1.7 � 0.2 eV, which supports the recommendation regarding
Eg. We consider the other parameters later.

The FF value is determined by competition between sweep-
out of the photogenerated charge carriers and their recombi-
nation.29 The sweep-out of charge carriers is driven by the
internal electric eld, Vint, which is given by:29

Vint ¼ Voc � Vapplied

d
(4)

where Vapplied and d are the applied potential and thickness of
the BHJ layer, respectively. The sweep-out rate is limited by the
polymer mobility and also the distance the holes and electrons
must travel to reach their respective electrodes. It follows that
the morphology of the BHJ layer has a strong inuence on the
sweep-out rate. For the morphology depicted in Fig. 5(c) the
sweep-out rate and FF should be maximised because the
distance the dissociated charges have to travel to the electrodes
and also the probability of non-geminate recombination
occurring would be minimised.
Fig. 7 Structures and energy levels for selected polymer donors. The
energy levels for P3HT are taken from ref. 45 and 46. The energy levels
for MEH-PPV, PCPDTBT, MDMO-PPV, PDTPBT, PTB7 and PBDTTPD
are taken from ref. 62, 63, 64, 65, 41 and 66. The energy levels for
PCBM are shown for comparison and are from ref. 45. The red and
blue units are the donor and acceptor units, respectively.
2.3 Polymer donors

Semiconducting polymers are the electron donors of the BHJ
SCs discussed here and have been the subject of comprehensive
reviews.24,56,58 Here, we focus on the key aspects of the polymers
from the viewpoints of Voc, PCE and potential scale up. The
overall aim of semiconducting polymer backbone design is to
decrease and optimise Eg and ED(HOMO), respectively, to maxi-
mise Jsc and Voc. Strategies for decreasing Eg include58 using
polymer backbones with donor–acceptor units;59,60 stabilising
the quinoid structure and incorporation of electron with-
drawing groups.

Fig. 7 shows the structures and reported ED(HOMO) and
ED(LUMO) energy levels for polymers that have been frequently
been used for polymer:fullerene SCs. The polymers are classi-
ed as homopolymers (P3HT, MEH-PPV and MDMO-PPV),
donor–acceptor (PCPDTBT, PDTPBT)61 and quinoid type (PTB7
Fig. 6 Variation of PCE with Eg for polymer:fullerene SCs. The vertical
line corresponds to 1.74 eV (see text). These data were taken from
Table 1. The identities of the acceptors are shown in Fig. 8.

43292 | RSC Adv., 2014, 4, 43286–43314
and PBDTTPD).58 D–A polymers contain alternating electron-
rich (donor) and electron decient (acceptor) units. Internal
charge transfer (ICT) from the donor to acceptor promotes
backbone copolarity and is responsible for the decreased Eg
values. One of the key advantages of D–A polymers is the ability
to individually tune the ED(HOMO) and ED(LUMO),56 which results
from the ability to independently adjust the electron donating
ability of the donor and electron affinity of the acceptor.58 Fig. 7
illustrates donor and acceptor units. Whilst a weak donor
decreases ED(HOMO) a strong acceptor decreases Eg by enhancing
ICT.58

Because the quinoid form has a lower resonance energy than
the aromatic, polymer backbone design to favour quinoid
formation across the repeat unit has been an effective strategy
to decrease Eg.67 This approach uses two aromatic units fused
together whereby one of the units has a larger resonance energy
than the other.58 Substituent engineering can be used to
decrease ED(HOMO)

68 for semiconducting polymers. Fluorine is
the smallest electron withdrawing group and has a high Pauling
electronegativity and decreases the ED(HOMO).41,67 Fluorine also
has a strong effect on polymer interactions and physical prop-
erties. Conversely, inclusion of electron donating groups
increases ED(HOMO).69 In addition to altering the electronic
properties, substituents can also affect the overall crystallinity
This journal is © The Royal Society of Chemistry 2014
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Fig. 8 Structures and energy levels for selected fullerenes. The energy
levels for PCBM, PC71BM, ICBA, C60-bp-CN and bis-PCBM are from
ref. 45, 52 and 75, 76 and 77, respectively. The energy levels for P3HT
are shown for comparison. The UV-visible spectrum is reproduced
with permission from ref. 73.
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of photoactive layers. Meager et al. showed that improved
crystallinity and SC performance were obtained for diketo-
pyrrolopyrrole polymers where the alkyl chain branching point
was moved further from the backbone.70

The electrochemical Eg values for PCPDTBT, PDTPBT, PTB7
and PBDDTTPD are 1.7, 1.8, 1.85 and 1.8 eV, respectively. In this
respect, these polymers (especially PBDDTTPD) most closely
match the Eg design criteria from Scharber et al.45 discussed
above (Eg < 1.74 eV). It can be seen from Fig. 7 (and elsewhere56)
that there are now a wide range of polymers available for max-
imising the difference between EPBCM(LUMO) and ED(HOMO) as
well as minimising Eg. Many of these are commercially avail-
able; however, their cost generally increases strongly with repeat
unit complexity.

A limitation of the D–A polymers is that they generally have
poor spectral coverage at low wavelengths. SCs containing D–A
polymers oen rely on the acceptor (usually PC71BM) to absorb
photons from the lower wavelength region (to give comple-
mentary absorption) and contribute photocurrent.24 In this case
excitons are created within the PC71BM phase and dissociation
may involve hole charge transfer to the polymer phase.26 By
tuning the Eg to the region of 1.74 eV the new D–A and quinoid-
type polymers have enabled major increases in Jsc to be
achieved.

An important property that has favoured success of poly-
mer:fullerene SCs is the tendency of substituted fullerenes (e.g.,
PCBM and PC71BM) to have good compatibility with semicon-
ducting polymers. The fullerenes are small enough and are
sufficiently structurally similar to polymers such as P3HT that
they can diffuse through the polymer matrix during annealing
which improves the morphology. Cates et al.71 showed that
intercalation of fullerenes could occur (i.e., molecular mixing)
between the polymer side chains provided the latter were
sufficiently well spaced to allow fullerene entry into this region.
In that work intercalation increased the PCE due to an
increased Jsc.71 The structure of the polymer can strongly
inuence (and even direct) the packing of the fullerene accep-
tors within polymer:fullerene SCs.

Whilst D–A and quinoid polymers have enabled preparation
of BHJ SCs with very high PCE values, their complicated
synthesis and high expense severely limits their potential for
large scale use. Synthesis for the monomers usually involves
more than 6 steps. In the case of PTB7 a total of 16 synthetic
steps is required.24 Whilst multistep synthesis and expensive
materials may be acceptable for the pharmaceutical industry,
this is not likely to be the case for large scale deployment of
polymer:fullerene SCs. For example a recent calculation for
P3HT:PCBM SCs indicated that a solar array with an area of 137
km2 of SC foil would be required for production of 1 GWpeak.
(The required area will of course decrease with increasing PCE.)
The P3HT:PCBM SC foil in that study had a PCE of 1.5%.72 If we
assume a hypothetical PTB7:fullerene SC foil efficiency of 3.0%
it can be shown that about 7 tons of D–A polymer would be
required to achieve 1 GWpeak! The masses of starting materials
for a 16 step synthesis would be enormous. (Our PCE value used
for this calculationmay be optimistic because the PCE of scaled-
up polymer:fullerene SCs does not always follow that of research
This journal is © The Royal Society of Chemistry 2014
grade devices.72) Clearly, semiconducting polymers with low
numbers of high yield (low cost) synthetic steps are essential for
achieving low-cost large-scale deployment of polymer:fullerene
SCs with short energy payback times.
2.4 Fullerene acceptors

Fullerenes are both n-type semiconductors and good electron
acceptors. They have been reviewed extensively elsewhere.73 We
focus on the key aspects of fullerenes here. PCBM (i.e., PC61BM)
was rst synthesised by Hummelen andWudl et al.74 and can be
synthesised in four steps.73 PCBM has good solubility in many
organic solvents. Unfortunately, PCBM has a weak absorption
in the visible region (Fig. 8) and relatively high absorption
lengths (below). Consequently, PCBM does not contribute
substantially to Jsc within polymer:fullerene SCs. Because of this
deciency fullerenes which absorb more strongly in the solar
spectrum have been developed.

PC71BM was synthesised from C70 in order to increase the
acceptor a value and spectral range.78 PC71BM is used in
RSC Adv., 2014, 4, 43286–43314 | 43293
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polymer:fullerene SCs to extend the absorption to 380–500 nm
and is reported to give a PCE increase for polymer:fullerene SCs
of about 10% compared to PC61BM.73 This success led to the
synthesis of fullerenes with larger sizes (and more extensive
conjugation) in order to further increase the light harvesting
contribution from the acceptor. An increase in the size of the
fullerenes to PC84BM increased a further and the absorption in
the red part of the visible spectrum (Fig. 8). Unfortunately, the
solubility of PC84BM decreased compared to PCBM. MDMO-
PPV:PC84BM SCs had relatively low Voc and PCE values79

compared to MDMO-PPV:PCBM.
Considerable effort has been applied to synthesising

substituted fullerenes with HOMO and LUMO levels that can be
tuned by the substituents. Substituted PCBM derivatives have
been used to adjust the Voc values of the SCs through modi-
cation of the EA(LUMO) levels (Fig. 8.). Although relatively high Voc
values have been achieved,75,77 the PCE values for these poly-
mer:fullerene SCs have not yet surpassed those of the highest
reported values for the leading polymer:PC71BM SCs to our
knowledge.
Fig. 9 Polymer:fullerene solar cell performance characteristics.
Literature data for Voc (a), Jsc (b), FF (c) and PCE (d) from 60 selected
polymer:fullerene SCs plotted as a function of ED(HOMO) � EA(LUMO).
The latter energy levels are depicted in Fig. 4(a). The full list of data
appears in Table 1. Eqn (3) is plotted as the diagonal line in (a). The
vertical line in (d) corresponds to ED(HOMO) ¼ �5.7 eV. The legend
applies to all of the graphs. The x-axis for these figures is equal to qVBI

and has the same numerical value as VBI.
2.5 Polymer:fullerene morphology

The morphology of polymer:fullerene photoactive layers is a
major factor affecting SC performance.80–83 It is widely accepted
that efficient polymer:fullerene SCs require a BHJ morphology
that achieves a compromise between charge dissociation and
transport.82 Perfect dispersion of the acceptor within the donor
matrix would maximise dissociation but not provide a pathway
for the electrons to the photocathode. A morphology that
provided perfect connectivity of an acceptor phase for electron
transport would minimise dissociation. The best morphology
for achieving high PCE values is believed to have a signicant
fraction of molecularly mixed polymer:fullerene phase next to
phase separated pure material82 (polymer and fullerene
domains). Indeed, as the PCBM concentration is increased
within the photoactive layer it can be considered to ll the
mixed phase until saturated and excess PCBM phase
separates.80

The morphology of polymer fullerene SCs has a signicant
effect on Eg and Voc. For example, aggregation of P3HT
can cause a red shi of up to 0.5 eV.84 It is for these reasons
that annealing of P3HT:PCBM, which promotes phase sepa-
ration, usually results in a decrease of Voc and an increase in
Jsc.82 PCBM aggregates are proposed to have a deeper EA(LUMO)

compared to dispersed PCBM.85 This morphology is
depicted in Fig. 3(c) and provides a mechanism whereby
dissociated electrons can be transported from the mixed
phase to the better inter-connected aggregated PCBM phase.
Accordingly, the morphology of P3HT:PCBM is considered as
a ternary blend of pure P3HT and PCBM phases with a
P3HT:PCBM mixed phase.80 Annealing or the use of solvent
additives or polymer structural modication alter the
proportions of each of the phases. Generally, solvent addi-
tives (such as DIO) provide increased fullerene solvency and
facilitate domain development82 in the phase separated
regions.
43294 | RSC Adv., 2014, 4, 43286–43314
One exciting area of polymer:fullerene morphology study
involves vertically aligning the morphologies to achieve the type
shown in Fig. 5(c). The highest PCE example of this general
morphology for a polymer:fullerene SC to date involves the use
of anodised alumina template-assisted nanoimprint lithog-
raphy.38 Although much progress has been made using this
nanoimprint lithography86,87 which is a potentially scalable
technique, there have yet to be any studies reported that have
demonstrated large-scale vertically aligned BHJ SCs. More work
is urgently required with a view to applying the nanoimprinting
stage to R2R production methods. Indeed, this could be an area
where the PCE of large-scale R2R modulus could be greatly
improved with major energy payback time reductions.

2.6 Comparing Voc values for polymer:fullerene solar cells
with the Scharber equation

The Scharber equation (eqn (3)) has been widely used in the
literature to guide rational design of polymer:fullerene SCs.
Fig. 9(a) shows Voc data from 60 polymer:fullerene SCs plotted
as a function of ED(HOMO) � EA(LUMO). The data shown do not
include inverted SCs.51,52 The values used for ED(HOMO) and
EA(LUMO) are shown in Table 1. Whilst the data are scattered they
are generally consistent with the values calculated from eqn (3).
The polymer:bis-PCBM (blue circle) and polymer:ICBA (yellow
circle) SCs were designed to provide increased Voc as discussed
above. (These acceptors are shown in Fig. 8.). Although high Voc
values were obtained (close to 1.0 V), they were well below that
predicted from eqn (3). It appears from the data shown in
Fig. 9(a) that the maximum Voc values that can be readily ach-
ieved for polymer:fullerene SCs is in the vicinity of 1.0 V. This
This journal is © The Royal Society of Chemistry 2014
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Table 1 Materials and performance parameters for polymer:fullerene SCsa

Entry System Voc/V Jsc/mA cm�2 FF PCE/% Ref.

1 PDEBOC8/PC61BM 0.60 7.35 0.55 2.4 90
2 PTQTI-F/PC61BM 0.93 12.58 0.54 6.3 91
3 PDHF-TBT/PCBM 0.40 1.85 0.30 0.2 92
4 PBBTzBT-DT/PC61BM 0.83 7.17 0.54 3.2 93
5 PBnDT-DTffBT/PC61BM 0.91 12.91 0.612 7.2 94
6 P1/PC61BM 0.49 0.83 0.344 0.1 95
7 PTTTBO/PC61BM 0.85 11.6 0.54 5.3 96
8 PQTVTDPP/PCBM 0.50 7.6 0.51 2.0 97
9 P4/PCBM 0.70 8.0 0.537 3.0 98
10 PF12-TBT/PCBM 1.02 7.24 0.559 4.1 99
11 PTTBDT-FFT/PC71BM 0.80 14.7 0.68 7.4 100
12 PDPP2TBP/PC71BM 0.80 11.5 0.63 5.7 101
13 PBDT-TBTF/PC71BM 0.88 13.21 0.534 6.2 102
14 P1/PC71BM 0.90 9.26 0.636 5.3 103
15 PQT12oBT/PC71BM 0.82 8.9 0.624 4.4 104
16 PNDT-TET/PC71BM 0.62 9.1 0.626 3.5 105
17 PTB7/PC71BM 0.76 15.4 0.706 8.2 52
18 PC-TBT-TQ/PC71BM 0.87 9.0 0.414 3.5 106
19 P1/PC71BM 0.69 7.0 0.6 2.9 107
20 PBDTTPD/PC71BM 0.92 10.94 0.604 6.1 108
21 P(4)-4T-SiDT/PC71BM 0.85 9.25 0.63 4.9 109
22 P1/PC71BM 0.86 9.4 0.39 3.2 110
23 P-C10/PC71BM 0.72 13.4 0.62 5.9 111
24 IsoDPPT/PC71BM 0.76 10.28 0.65 5.1 112
25 PIDT-C12NT/PC71BM 0.90 10.21 0.55 5.1 113
26 PEBDTPD/PC71BM 0.72 13.5 0.54 5.3 114
27 PDTP-DFBT/PC71BM 0.70 18 0.634 8.0 115
28 PQCTQx/PC71BM 0.85 7.6 0.549 3.6 116
29 PDFCDTBT/PC71BM 0.91 9.5 0.55 4.8 117
30 DPP-DINI/PC71BM 0.61 9.7 0.53 3.0 118
31 PBTT4BT/PC71BM 0.72 11.58 0.67 5.6 119
32 PBDT-TFQ/PC71BM 0.76 18.2 0.581 8.0* 120
33 BDT-TTBTT/PC71BM 0.73 9.15 0.53 3.5 121
34 PDPTT/PC71BM 0.70 8.03 0.6 3.4 122
35 PCDSeBT/PC71BM 0.79 11.7 0.45 4.1 123
36 PIDTT-DFBT/PC71BM 0.95 12.21 0.61 7.0 124
37 PQCDTB/PC71BM 0.79 5.6 0.558 2.5 125
38 PCZDTB/PC71BM 0.85 7.2 0.401 2.5 125
39 DTS-C6/PC71BM 0.90 8.96 0.51 4.9 126
40 P1/PC71BM 0.86 8.5 0.43 3.1 127
41 PDTSCBT/PC71BM 0.82 11.1 0.567 5.2 128
42 PBDT-FBT/PC71BM 0.86 12.05 0.599 6.2 129
43 PDTSTPD/PC71BM 0.88 12.2 0.68 7.3 130
44 PTB7/PC71BM 0.74 14.5 0.6897 7.4 41
45 PHCPDTMBI/PC71BM 0.39 1.14 0.34 0.2 131
46 PCzTh-TVDCN/PC71BM 1.03 5.75 0.365 2.2 132
47 PBTHDDT/PC71BM 0.63 7.22 0.64 3.0 133
48 PDTTTPD/PC71BM 0.85 8.99 0.67 5.1 134
49 P2/PC71BM 0.81 10.2 0.53 4.4 135
50 EH-PCzDCN/PC71BM 0.91 8.94 0.51 4.2 136
51 PCPDTTPD/PC71BM 0.75 14.1 0.607 6.4 137
52 PCPDTTTz/PC71BM 0.75 12.2 0.59 5.4 138
53 SilDT-BT/PC71BM 0.88 9.93 0.52 4.5 139
54 PBSTDTBT/PC71BM 0.80 8.8 0.516 3.6 140
55 PCDTBT/PC71BM 0.90 8.18 0.573 5.3 141
56 PFTTQx/PC71BM 0.90 7.4 0.59 4.4 142
57 PBDTTPD/PC71BM 0.85 9.81 0.66 5.5 143
58 P3HT/C60-bp-CN 0.52 5.5 0.23 0.7 76
59 PTTTz/ICPA 0.94 7.5 0.64 4.5 75
60 PBDTBDD/bis-PCBM 1.00 10.02 0.6054 6.1 77

a Certied PCE values indicated with an asterisk.

This journal is © The Royal Society of Chemistry 2014 RSC Adv., 2014, 4, 43286–43314 | 43295
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Table 3 Materials and performance parameters for hybrid polymer
SCsa

Entry System Voc/V
Jsc/mA
cm�2 FF PCE/% Ref.

1 P3HT/CdS 0.84 4.85 0.532 2.17 156
2 P3HTcopol/CdS 0.75 5.1 0.53 2.03 180
3 P3HT/CdS 0.8 1.9 0.4 0.6 155
4 P3HT/CdS 1.1 10.9 0.35 4.1 155
5 MEH-PPV/CdSe 0.69 2.86 0.46 1.13 62
6 P3HT/CdSe 0.616 6.04 0.562 2.09 181
7 PCPDTBT/CdSe 0.76 7.25 0.38 2.1 182
8 PCPDTBT/CdSe 0.67 9.0 0.515 3.13* 183
9 PCPDTBT/CdSe 0.614 6.89 0.276 1.9 184
10 PCPDTBT/CdSe 0.588 8.16 0.553 2.65 181
11 MEH-PPV/CdSe0.53Te0.47 0.63 0.65 0.35 0.18 62
12 MEH-PPV/CdSe0.78Te0.22 0.69 1.57 0.36 0.49 62
13 P3HT/HgTe 0.44 7.1 0.419 1.3 185
14 PDPPTPT/PbS 0.46 11 0.45 2.3 186
15 PDTPBT/PbS 0.57 13.06 0.51 3.8 161
16 PDTPQx/PbS 0.38 4.2 0.34 0.55 187
17 P3HT/TiO2 0.6 1.65 0.42 0.42 176
18 P3HT/TiO2 0.44 2.76 0.36 0.42 166
19 MDMO-PPV/ZnO 1.14 2.3 0.42 1.1 188
20 MDMO-PPV/ZnO 1.03 2.0 0.41 0.7 189
21 P3HT/ZnO 0.73 3.2 0.47 1.1 189
22 P3HT/ZnO 0.69 2.19 0.55 0.92 190
23 P3HT/ZnO 0.75 5.2 0.52 2.0 157
24 MDMO-PPV/ZnO 0.81 2.4 0.59 1.6 191
25 MEH-PPV/ZnO 0.88 3.45 0.5 1.52 192
26 PDTPBT/PbSe0.4S0.6 0.57 14.66 0.66 5.5 193

a Certied PCE values shown with an asterisk.
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conclusion is further supported by the recent study of Casey
et al.88 There may be an intrinsic maximum Voc value limitation
in the region of 1.0 V for polymer:fullerene SCs.

The variation of Jsc with ED(HOMO) � EA(LUMO) is shown in
Fig. 9(b). The average Jsc values for these polymer:fullerene SCs
containing PC71BM and PCBM were, respectively, 10.3 mA cm�2

(SD ¼ 3.1 mA cm�2) and 7.7 mA cm�2 (SD ¼ 4.1). The variation
of the FF values with ED(HOMO) � EA(LUMO) is shown in Fig. 9(c).
The average FF for the polymer:PC71BM and polymer:PCBM SCs
are 0.57 (SD ¼ 0.09) and 0.51 (SD ¼ 0.1), respectively. The
average Jsc and FF values are much less than the maximum
values possible (e.g., Fig. 2(b)) which is due to considerable
recombination. A recent study has shown that the value for Jsc is
sensitive to polymer orientation and increases as the polymer
chains become increasingly face-on with respect to the polymer/
fullerene interface.89

Fig. 9(d) shows the variation of the PCE values with ED(HOMO)

� EA(LUMO). The vertical line corresponds to a ED(HOMO) of �5.7
eV for SCs containing PCBM and PC71BM. The latter was
reported by Scharber45 as being one factor that should provide
SCs with a PCE of 10%. Accordingly, SCs with values of ED(HOMO)

� EA(LUMO) to the le of the vertical line in Fig. 7(d) (and
ED(HOMO) values greater than �5.7 eV) are expected to have high
PCE values (depending on other factors such as Eg and ED(LUMO)

values). It is noticeable that many of the PCE values obtained for
SCs near the middle of this region are relatively high.

For the data shown in Fig. 9(d) the average PCE values for the
polymer:fullerene SCs containing PC71BM and PCBMwere 4.8%
(SD¼ 1.7%) and 3.4% (SD¼ 2.4%). These values are statistically
different based on a student's t-test. Whilst the data shown
indicate signicant improvements in the PCE for
polymer:PC71BM SCs compared to polymer:PCBM SCs, this
must be tensioned against the fact that the former devices
generally contained more advanced polymers with lower Eg
values. Nevertheless, the view that the PCE for polymer:PC71BM
SCs is higher than that of polymer:PCBM SCs73 is supported
from the present limited analysis.

Table 2 shows data for the polymer:fullerene SCs published
in the open literature that had the highest PCE values between
2008 and the time of writing (May, 2014). Polymer:PC71BM SCs
had the highest PCE values for each years between 2010 and
May 2014. Whilst we have searched the literature as best we
Table 2 Materials and performance parameters for high efficiency
polymer:fullerene solar cells reported in the open literaturea

Polymer Acceptor PCE/% Voc/V
Jsc/mA
cm�2 FF Year Ref.

PTB7 PC71BM 8.2 0.76 16.4 0.658 2014 144
PBTI3T PC71BM 8.7 0.85 12.8 0.763 2013 51
PTB7 PC71BM 9.2* 0.75 17.5 0.70 2012 52
PBTTPD PC71BM 7.3 0.92 13.1 0.61 2011 145
PTB7 PC71BM 7.4 0.74 14.5 0.69 2010 41
PBDTTT-CF PCBM 6.8* 0.76 13.4 0.664 2009 67
PSiF-DBT PCBM 5.4 0.9 9.5 0.507 2008 146

a Certied PCE values indicated with an asterisk.
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could, it is not possible to be certain that we have captured the
record SCs for each of the years considered. However, the trend
is certainly clear. The PCE and Jsc values have been increasing
steadily over the past 6 years. We return to this point later.

There have been several announcements from companies
concerning polymer SCs with efficiencies greater than 10%.
Mitsubishi Chemical Corporation announced PCE values of
11.0 (ref. 147) and 11.7% (ref. 148) in 2012 and 2013. Heliatek
announced a PCE of 12.0% in 2013.149 At least one or more of
these SCs may have two or more junctions. It is hoped that their
processes are able to maintain high PCEs upon scale-up and
their technologies translate to large scale, low cost, SC deploy-
ment in the near future.
3. Hybrid polymer solar cells

Hybrid polymer SCs contain photoactive layers comprising at
least two components each with a distinct chemical composi-
tion. For this discussion one component is an organic semi-
conducting polymer and the other is an inorganic
semiconducting nanoparticle (NP). A number of reviews have
been published concerning hybrid polymer SCs.1,150–153 The
blending of the NPs with the polymer matrix can be achieved
either by mixing,154 linking both components together155 or by in
situ NP growth.156,157 One-pot preparation methods have also
been used.158 The term nanocrystal (NC) is used here to describe
This journal is © The Royal Society of Chemistry 2014
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Fig. 10 Architectures and energy levels for selected inorganic
acceptors. TEM images of PbS NCs (a), ZnO NRs (b), CdSe tetrapods (c)
and hyperbranched CdSe (d). (e) Energy levels for various NCs. The
energy levels for CdS, CdSe, PbS, TiO2 and ZnO were obtained from
ref. 62, 155, 165, 166 and 167. (f) Size dependence of PbS NC energy
levels plotted from the data reported in ref. 165. Figures reproduced
with permission from: (b) ref. 168, (c) ref. 163 and (d) ref. 164.
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nanometre-sized crystals; whereas, nanorods (NRs) represents
rod-shaped nanometre-sized particles. NP is used to encompass
NC and NR or nanometre-sized particles of arbitrary shape.
Semiconducting NCs and NRs are also known as quantum dots
and quantum rods, respectively.

The rst demonstration of a hybrid polymer SC was by Ali-
visatos et al.159 A design aim for hybrid polymer SCs is to use the
high a values for semiconducting NPs to provide acceptors that
strongly contribute to Jsc. Semiconductor NPs typically have a

values of about160 105 cm�1, which gives absorption lengths of
about 100 nm. The latter value is within the thickness range of
hybrid polymer SC photoactive layers.1 The high a values for
NPs can extend to near-IR wavelengths, which is an additional
advantage for hybrid SCs.

Semiconducting NPs can be prepared using solution based
methods (i.e., solvothermal methods). Their synthesis proce-
dures allow ne control of the NP size and this, in turn, allows
ne control of their a values, energy levels161,162 and Eg values.
Moreover, the NP synthesis can oen be simply modied to
enable preparation of NRs163 and other geometries164 which
means that there is design exibility afforded by NPs that is not
present for fullerenes. Whilst NCs (Fig. 10(a)) and NRs
(Fig. 10(b)) are common other morphologies have been used in
hybrid polymer SCs. CdSe is one of the most versatile in this
regard and can be prepared as NCs, NRs, tetrapods (Fig. 10(c))
and hyperbranched forms (Fig. 10(d)). Semiconducting NPs
usually have high crystallinity and mobilities, which are quali-
ties that are advantageous for charge transport.

Semiconducting NPs usually aggregate when dispersed in
the organic solvents used to prepare hybrid polymer SCs (such
as chlorobenzene or dichlorobenzene). An exception to this rule
is ZnO NCs which have good dispersion stability due to surface
acetate groups that are produced during synthesis.163 The dis-
persibility of semiconducting NPs can be improved greatly by
coating the NPs with ligands that comprise binding groups and
hydrophobic sequences. The ligands also increase the
compatibility of the NPs with the hydrophobic semiconducting
polymers during lm deposition. Unfortunately, the ligands are
usually insulating, which obstructs charge transport involving
the NPs within photoactive lms. Consequently, the ligands
must be removed in order to enable efficient charge separation
and transport.

The NP dispersion stability decreases upon ligand removal
which has adverse effects on photoactive layer morphology if
the ligand is removed prior to solvent evaporation. An early
approach to removing bulky ligands used ligand exchange with
pyridine154 for CdSe NPs. Pyridine was subsequently removed
from the CdSe surface by heating. Although this approach was
successful in increasing the PCE of the SCs the colloidal
stability of the dispersions was compromised and NP aggrega-
tion was evident in the composite lms.154 The morphology of
lms prepared from colloidally unstable dispersions is very
sensitive to the mixing procedures used and can adversely affect
reproducibility. Achieving reproducible, controlled, morphol-
ogies is especially important in the context of future translation
of hybrid SCs to large scale deployment.
This journal is © The Royal Society of Chemistry 2014
Whilst it is understood that valence and conduction bands
are strictly more appropriate for bulk semiconductors, many of
the inorganic semiconducting NPs discussed here are subject to
quantum connement. The latter causes the energy levels to
become discrete. Consequently, HOMO and LUMO will be used
throughout this discussion for NP energy levels, as is oen used
for semiconducting NCs such as PbS.165 When the size of
semiconducting NCs is comparable to their Bohr radius, size-
tuneable energy levels and also Voc and Eg values result. This
size-tuneability of the energy levels is unique to semiconducting
NCs and NRs and is readily achieved by varying the reaction
time.169

There are a range of NPs that have been used for hybrid
polymer SCs and the energy levels for selected systems are
shown in Fig. 10(e). In order to provide suitable energy offsets to
act as efficient acceptors the relative order of the NP HOMO and
LUMOs compared to the polymer donors should be the same as
those for the P3HT:PCBM SCs (see Fig. 3(b)). In addition to size-
tuneable energy levels, NPs also provide the ability to tune the
energy levels and Eg values by alloying. A recent hybrid polymer
SC used PbSxSe1�x NC alloys.170 A key advantage of alloying is
that energy level tuning can be conducted at constant NC size.
RSC Adv., 2014, 4, 43286–43314 | 43297
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PbS NCs have recently been shown to provide relatively high
PCEs (of up to 3.8%) for hybrid polymer SCs.161 This improve-
ment became possible due to identication of the energy levels
for PbS NCs. Hyun et al.165were the rst to report the variation of
the HOMO and LUMO energy levels for PbS NCs (Fig. 10(f)).
Those data enabled the rational design and selection of a
polymer donor with a HOMO that was less deep than that of
PbS161 (energy levels shown in Fig. 11(b)).

NCs subject to quantum connement have the potential to
provide more than one electron per photon within SCs.171 This
process, termed multi-exciton generation (MEG) could provide
SCs with efficiencies that exceed the Shockley–Queisser theo-
retical limit25 of 30%. The thermodynamic limit for the PCE
from a MEG-based cell is 66%.171 MEG has been reviewed in
detail elsewhere.171–173 When the energy levels within NCs are
quantised the rate of thermal energy loss from a photoexcited
electron decreases. A photoexcited electron may give up some of
its energy to the lattice through collisions and excite another
electron across the band gap. In order for MEG to occur the
incident photon energy must be at least integer multiples of Eg.
Multiple electrons have been extracted from PbS NCs within
photosensitised dye sensitised solar cells.174 However, multiple
electron collection required an incident photon energy that was
at least 2.5Eg. MEG has recently been successfully used to
increase photocurrent generation by about 4% in a solid state
PbSe NC based SC.175 However, more work is needed to push the
MEG-onset threshold closer to 2Eg, where a 30% increase in
photocurrent is predicted.175 MEG would seem to have good
potential for increasing the PCE for hybrid polymer SCs. In
order to fully benet from MEG the donor and acceptor should
have complementary absorptions and the Jsc contribution due
to the acceptor should be maximised. A high NP content within
the hybrid polymer SC would also be needed.
Fig. 11 Hybrid polymer solar cell construction and energy levels. (a) Assem
of the SC photoactive layer.161 The structure of PDTPBT is shown in Fig
diagram for the SC constructed using values in ref. 161. The arrows used
The excitons depicted in (b) were created in the polymer phase; whereas,
permission from ref. 161.

43298 | RSC Adv., 2014, 4, 43286–43314
3.1 Overcoming the ligand and morphology challenges for
hybrid polymer solar cells

Two key challenges that adversely affect the PCE of hybrid
polymer SCs are the presence of residual insulating ligand and
poor morphology. Dispersed semiconducting NPs have signi-
cant inter-particle attraction due van der Waals attraction,
depletion interactions and dipole–dipole interactions (for CdSe
NRs).1 These attractive interactions cause NP aggregation and
polymer phase separation during solvent evaporation and
hybrid polymer lm formation. This feature is pronounced for
inorganic NPs (cf. fullerenes) because of their larger size.
Consequently, there are strong driving forces that promote
uncontrolled NP aggregation within hybrid polymer lms
prepared by blending NP dispersions and semiconducting
polymer solutions.1 Furthermore, because of their large size the
NPs are less able to migrate when hybrid polymer lms are
annealed. Consequently, the kinetically trapped NP phase is
locked in place. NP aggregation results in low Jsc values due to
geminate recombination which occurs because a high propor-
tion of excitons formed in the relatively large polymer domains
do note reach a NP interface before recombining. NP aggrega-
tion increases the average polymer domain size to beyond about
20 nm. A number of workers have developed innovative alter-
native approaches for avoiding NP aggregation as well as insu-
lating problems from residual insulating ligand and these will
be discussed below.

Fig. 11(a) shows a novel hybrid polymer SC fabrication
approach used for PDTPBT:PbS SCs. Seo et al.161 established a
method for avoiding the colloidal stability problems associated
with ligand displacement prior to hybrid lm deposition. Aer
spin coating PDTPBT:PbS lms, they added 1,2-ethanedithiol
(EDT) to the top of the lms using another spin coating step.
EDT was able to permeate through the PDTPBT:PbS layer and
displaced the oleic acid (OA) ligand. Moreover, EDT acted as a
bly of EDT-treated PDTPBT:PbS SC. The SEM image shows a side view
. 7. OA and EDT are oleic acid and 1,2-ethanedithiol. (b) Energy level
here depict photogeneration of charges from both PDTPBT and PbS.
those depicted in (c) were created in the NC phase. (a) reproduced with

This journal is © The Royal Society of Chemistry 2014
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(short) bridging ligand that promoted electrical contact
between neighbouring PbS NCs. Their hybrid polymer SCs had
photocurrent contributions from both the PDTPBT and Pb NCs.
Although the NC sizes were not reported,161 when the HOMO
and LUMO energy levels given in that study are compared to
those reported by Hyun et al.165 (see Fig. 10(f)) an average PbS
NC diameter was between about 3 and 4 nm can be estimated.
Their hybrid polymer SCs had a maximum PCE of 3.8%, which
was a record for hybrid polymer SCs containing PbS.

Fig. 11(b) and (c) depict the proposed exciton formation and
transport pathway for the hybrid:polymer SC where both the
polymer and NC produce excitons when irradiated. For illus-
tration purposes we use the energy levels that apply to the SC
reported by Seo et al.161 The general charge transport pathway
for hybrid polymer SCs depicted in Fig. 11(b) and (c) has been
discussed by Reiss et al.152 The diagram shows how judicious
selection and control of the energy levels within hybrid polymer
SCs is required to provide exciton dissociation from the polymer
and NC phase and maximise contributions to Jsc. The
PDTPBT:PbS SCs of Seo et al.161 contained polymer and NCs that
absorbed photons in complementary regions of the spectrum,
and gave two sources of photocurrent that contributed to the
relatively high PCE values obtained.

Another method for reducing the effects of poor morphology
control within hybrid polymer SCs is to use anisotropic NPs.
Recently, scanning transmission electron microscopy using
high-angle annular dark-eld imaging (STEM-HAADF) was used
to visualise the morphologies of P3HT:TiO2 NC and NR lms176

(Fig. 12(a)–(d)). Those workers found that the NRs provided
fewer network junctions and reduced inter-NP hopping which
increased the charge transport efficiency. The conclusion that
the use of high aspect ratio nanoparticles (i.e., NRs) increases
the PCE of hybrid polymer:nanoparticle lms conrmed the
earlier conclusion reached by Alivisatos et al. in their study of
Fig. 12 Nanomorophologies of P3HT:TiO2 films. STEM-HAADF electron
thin films viewed from different angles. The insets for (c) and (d) show con
of P3HT:CdS films prepared (e) without grafting and (f) with grafting usin
are from ref. 176 and 155, respectively. Figures reproduced with permiss

This journal is © The Royal Society of Chemistry 2014
P3HT:CdSe SCs.177 Although the values for Voc for the
P3HT:TiO2 SCs were respectable (0.60 to 0.69 V) the Jsc values
were low (less than or equal to 3.10 mA cm�2). The impressive
high resolution topography images (Fig. 12(a)–(d)) reveal
signicant nanometre scale inhomogeneity of the NC and NR
distributions within the composite lms, which suggests that
aggregation occurred. It appears that randomly oriented NRs do
not seem capable of providing a solution to the aggregation
problem on their own. Several groups have blended NRs with
NCs in an attempt to use the NCs to ll the voids between
NRs168,170 and benecial increases in PCE occurred.

Ren et al.155 used added non-solvent to form P3HT nanowires
and graed CdS NCs onto the nanowire surfaces via a solvent
exchange method. They suggested that addition of specic
solvents changed the NC deposition from a non-graed
(Fig. 12(e)) to a chemically graed state (Fig. 12(f)) which used
the heterocyclic S on the P3HT as a ligand for the CdS NCs.
Good electrical contact between neighbouring CdS NCs was
achieved using a post lm-deposition EDT treatment. Although
important questions remain concerning the design rules for
driving the heterocyclic S–CdS interaction using added non-
solvent, the study is arguably the best example of achieving
morphology control for hybrid polymer SCs. The PCE of 4.1%,
was a record value for a hybrid polymer SC.

An innovative approach for circumventing both the ligand
and morphology problems for hybrid polymer:NP lms involves
in situ NP formation within semiconducting polymer lms.156,157

The advantages of an in situ approach are that the initial state
for the NP precursors is a molecularly dispersed solution and
ligand is not required. This approach has been used for
P3HT:ZnO (ref. 157) and CdS:P3HT (ref. 156) lms. The
maximum PCE value achieved for these NC-based SCs were 2.0
(ref. 157) and 2.2%,156 respectively. The limitations of in situ NC
preparation approaches are that it is difficult to achieve very
tomography images of P3HT:TiO2 NC (a and c) and NR (b and d) hybrid
nective networks along the film direction. (e) and (f) show TEM images
g by a solvent exchange method. The images from (a)–(d) and (e) to (f)
ion from: (a)–(d), ref. 176; (e) and (f), ref. 155.

RSC Adv., 2014, 4, 43286–43314 | 43299
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high NC loadings and control over the NP particle size poly-
dispersity. In both studies discussed above there was evidence
of NP aggregation.156,157

3.2 Comparing Voc values for hybrid polymer solar cells with
the Scharber equation

It is oen assumed that the Voc value for hybrid polymer SCs is
proportional to the magnitude of ED(HOMO) � EA(LUMO).152 This
was tested using polymer:NC SC data from 26 systems (see
Fig. 13(a)). The polymer:ZnO systems were exemplary because
they had relatively high Voc values with all values greater than
those predicted from eqn (3). ZnO appears to behave as an
exceptional acceptor for hybrid polymer SCs in this regard. The
Voc behaviour for the polymer:ZnO SCs contrasts to the other
polymer:NC SCs which had Voc values that were mostly much
lower than those expected from eqn (3). This trend contrasts to
the behaviour observed for the polymer:fullerene SCs (Fig. 9(a)).
There is also some evidence of linearity for the data from the
hybrid polymer SCs not containing ZnO shown in Fig. 13(a) with
a gradient that is lower than that predicted from eqn (3) if the
P3HT nanowire/CdSe system155 is neglected (red open square).

Whilst it is not possible to be certain about the origin of the
differences in the trends for the Voc values between the hybrid
polymer SCs containing ZnO NCs and the others shown in
Fig. 13(a) there appears to be one general feature that distin-
guishes the data sets, which is the absence of added ligand
during NC preparation. ZnO dispersions do not require added
ligand for colloidal stability.163 By contrast the other (non-ZnO)
NC dispersions required added ligand, which was oen tri-
octylphosphine oxide (TOPO) or OA, or else the NCs were
generated in situ. It is known that coordinating ligands can
Fig. 13 Hybrid polymer:nanocrystal solar cell performance charac-
teristics. Literature data for Voc (a) and Jsc (b), FF (c) and PCE (d). The
data are from 26 selected polymer:NC SCs. The data appear in Table 3.
Eqn (3) is plotted as the diagonal line in (a). Data for hybrid polymer SCs
containing NRs or tetrapods are not included. The legend for (c)
applies to all figures. The x-axis for these figures is equal to qVBI and
has the same numerical value as VBI.

43300 | RSC Adv., 2014, 4, 43286–43314
affect Voc through modication of EA(LUMO).178 It can be seen
from Fig. 13(a) that a major challenge for the majority of the
non-ZnO containing hybrid polymer SCs is to increase the Voc
values to closer to that predicted by the Scharber equation. A
recent study has shown that NC size is important in deter-
mining Voc for polymer:CdSe SCs. It was found that Voc
decreased due to traps, which became increasingly signicant
as the NC size decreased.179

The hybrid polymer SCs that have given the highest Jsc values
to date are those containing PbS or PbSe0.6Se0.4 alloys
(Fig. 13(b)). The CdS/P3HT nanowire SC155 is an exception to
this trend and demonstrates how increasing order of the NCs
and polymer can increase Jsc. The average Jsc value for the hybrid
polymer SCs (5.4 mA cm�2, SD¼ 3.8 mA cm�2) is about half that
for the polymer:PC71BM SCs (Fig. 9(b)). The lower Jsc for the
hybrid polymer SCs is attributed to NC aggregation and/or the
presence of residual ligand.

The FF values for the hybrid SCs (Fig. 13(c)) have an average
value of 0.46 (SD¼ 0.09), with the highest being 0.67 for the SCs
containing PbSe0.6S0.4. These are relatively low FF values
compared to the average FF for the polymer:PC71BM SCs above.
This difference is probably due to the greater extent of recom-
bination that occurs within hybrid polymer SCs.

Whilst it is difficult to discern a clear trend for the PCE
values (Fig. 13(d)) the highest values occurred when |ED(HOMO)�
EA(LUMO)| is 0.9 to 1.5 eV, which is broadly in line with the results
for the polymer:fullerene SCs (Fig. 9(d)). The average PCE value
was 1.8% (SD ¼ 1.3%) which is about 40% of the average value
for the polymer:PC71BM lms determined from the data shown
in Fig. 9(d). The lower PCE is mostly due to relatively low average
Jsc and FF values (above). The hybrid polymer SCs that achieved
the highest PCE values are those containing PbS, CdS or CdSe.
For each of these SCs the NCs can contribute photocurrent to
the overall Jsc value.

Table 4 shows device performance data for hybrid polymer
SCs that achieved the highest PCE value (that we were able to
nd) in the literature each year since 2008. The best hybrid
polymer SC to date in terms of PCE is193 PDTBT:PbS0.4Se0.6
which achieved an impressive PCE of 5.5%. In order to achieve
that PCE a NC layer was required on top of the PDTBT:PbS0.4-
Se0.6 layer which acted as a hole blocking layer. The
PDTBT:PbS0.4Se0.6 SC currently holds the world record PCE for
hybrid polymer:NP SCs to the best of our knowledge.

When compared to the state-of-the-art for hybrid polymer
SCs in 2008,1 remarkable improvements in the PCE values have
occurred in the past 6 years. However, more progress is required
if the full potential of hybrid polymer SCs is to be reached. The
morphology and ligand challenge discussed in the earlier
review1 still seem to plague hybrid polymer SCs although very
good progress has been made in minimising their
effects.155,161,193 What is still lacking are ligand-free methods to
improve the compatibility of the NPs with the conjugated
polymers and a method to control NP morphology to optimise
Jsc. Part of the reason why hybrid polymer SCs are lagging
behind polymer:fullerene SCs is because fewer researchers are
working on hybrid polymer SCs. Also, there appears to be fewer
(if any) major industrial research programmes for the hybrid
This journal is © The Royal Society of Chemistry 2014
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Table 4 Materials and performance parameters for high efficiency hybrid polymer solar cellsa

Polymer Acceptor NP type PCE/% Voc/V Jsc/mA cm�2 FF Year Ref.

P3HT CdSe Tetrapods 2.2 0.63 7.56 0.471 2014 194
PDTPBT PbS0.4Se0.6 NC & bilayerb 5.5 0.57 14.66 0.66 2013 193
PCPDTBT CdSe NR and NC 3.6 0.48 13.86 0.51 2012 168
P3HT CdSe NC 4.1 1.10 10.9 0.35 2011 155
PCPDTBT CdSe Tetrapods 3.1* 0.67 9.02 0.515 2010 183
P3HT CdS NR 2.9 0.65 9.0 0.48 2009 195
P3HT TiO2 NR 0.98 0.64 2.73 0.56 2008 196

a Certied PCE values shown with an asterisk. b NC BHJ and NC bilayer present.
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polymer SCs as far as the authors are aware. Hopefully, the good
progress reviewed here will attract more workers (and indus-
tries) into this eld to accelerate the rate of PCE improvement.
4. Perovskite solar cells

Remarkable increases in the PCE of perovskite SCs has occurred
since 2008. The latter are a new family of SC. The principles
governing their operation are increasingly becoming
clear.4,197,198 Perovskite SCs are new 3rd-generation SCs that
appear to have a very good chance of contributing to large scale
solar energy production based on their high PCE and compat-
ibility with scalable processes199 and are therefore included in
this review. Perovskite SCs warrant discussion because never
before in the history of SC research has such rapid progress in
increasing the PCE been witnessed as that which has occurred
for these SCs.

We briey introduce DSSCs here because they led to the
development of perovskite SCs. DSSCs are third-generation SCs
and consist of several major components.200 These are a trans-
parent conductive substrate, a high surface area n-type semi-
conductor (usually TiO2), a dye (sensitiser) which absorbs light
and an electrolyte containing a redox mediator and a counter
electrode. The dye is usually strongly bound to the surface of the
n-type semiconductor. DSSCs have reached impressive PCE
values of �11% (ref. 201) and have also been studied in solid
state form.202 It was the replacement of dyes with CH3NH3PbI3
and CH3NH3PbBr3 NCs203 within DSSCs that provided the rst
demonstration of the ability of perovskite to act as light har-
vesting materials within SCs and was a key step that led to the
explosion of interest of perovskite-based SCs. The reader is
directed to several very good reviews to learn more about
DSSCs.2,200,204,205

Perovskites have the general formula of ABX3 where A and B
are monovalent and divalent ions, respectively. X is either O, C,
N or a halogen.22 They are named aer L. A. Perovski, a Russian
mineralogist and have a cubic structure.206 The earliest perov-
skite example is CaTiO3. The most common perovskites
currently used for SC applications are CH3NH3PbI3, CH3NH3-
PbBr3 and the mixed halide system, CH3NH3PbI3�xClx. Both
materials are semiconductors. The structures for CH3NH3PbI3
and CH3NH3PbBr3 are shown in Fig. 14(a). Part of the success of
perovskites is due to their ability to form crystals of very high
This journal is © The Royal Society of Chemistry 2014
quality rapidly using solution processing methods and
moderate temperatures. Temperatures in the range of room
temperature to 150 �C have given crystalline perovskite mate-
rial.207 The energy levels for the key perovskites are shown in
Fig. 14(b). Whilst the HOMO position is similar for all three
systems, it can be seen that the LUMO energy is sensitive to the
nature of the halogen. This feature allows energy level and Eg
tuning and has been found to be particularly effective for
CH3NH3Pb(I3�xBrx)3 perovskites.208 For the latter the Eg value
varied from 1.55 to 2.3 eV following a quadratic relationship as x
was changed from 0 to 1.0 (see Fig. 14(c)).

One of the earliest studies of CH3NH3PbI3 and CH3NH3PbBr3
was reported by Tanaka et al.212 They investigated optical
absorption and magnetoabsorption spectra for these systems.
Table 5 shows selected PCE values that exemplify the rapid
progress made by perovskite SCs since 2008. In 2008 Kojima
et al.203 measured a PCE of 3.8% for a NC-sensitised SC that
contained CH3NH3PbI3 and CH3NH3PbBr3 NCs deposited on
TiO2. Im et al.213 conducted a systematic study of perovskite NC-
sensitised SCs in 2011 and reported a PCE value of 6.5%. In
2012 the rst solid-state mesoscopic SC employing CH3NH3PbI3
and spiro-MeOTAD as the hole transporting was reported214 and
an impressive PCE of 9.7% was reported. The rate of PCE
improvement accelerated well past 10% during this period. Lee
et al. reported meso-superstructured perovskite SCs in 2012
where mesoporous alumina was used as an inert scaffold for
perovskite photoactive.215 That paper established that the mixed
halide perovskites (CH3NH3PbI3�xClx) behaved both as a charge
generator and transporter and a PCE of 10.9% was reported.
Burschka et al. prepared CH3NH3PbI3 perovskite SCs using a
sequential deposition method and achieved PCEs of about 15%
in 2013. Wang et al.216 reported mixed halide perovskite SCs
containing graphene which enhanced charge collection and
gave a PCE of 15.6% (Table 5). The entire device was prepared
using solution based approach with temperature less than
150 �C.216 It would seem to be ready for R2R processing if gra-
phene can be prepared at large scale, cost-effectively, and a low
cost HTM could be used. Liu et al.217 reported a PCE of 15.7%
from CH3NH3PbI3 perovskite SCs prepared using ZnO NCs as
the photocathode. This value has also been equalled in recent
work by the Snaith group using meso-superstructured SCs and
halogen bond passivation.218 The fact that three different
groups achieved very high PCEs (greater than or equal to 15%)
RSC Adv., 2014, 4, 43286–43314 | 43301
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Fig. 14 Structure and energy levels for perovskites used in solar cells. (a) Unit cell for CH3NH3PbI3 and CH3NH3PbBr3 perovskites. (b) Energy
levels for CH3NH3PbI3, CH3NH3PBI3�xClx and CH3NH3PbBr3. The energy levels for the latter were taken from ref. 209, 210 and 211 respectively.
(c) Variation of Eg with Br composition for CH3NH3Pb(I3�xBrx)3. (c) reproduced with permission from ref. 208.
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with a variety of SC architectures shows that the preparation of
high quality perovskite photoactive layers is robust. This prep-
aration robustness differs markedly from the BHJ SCs discussed
above where the preparation method employed has a major
inuence on the morphology obtained as well as the PCE values
achieved.

Table 6 lists selected physical, spectroscopic and electronic
data for the key perovskites used for SCs. The exciton binding
energy is comparable to the thermal energy and this gives rise to
large diffusion lengths for perovskites. Because of their rela-
tively low exciton binding energies both free charge carriers and
weakly bound excitons are believed to coexist.21

Perovskites have direct band gaps, panchromatic light
absorption and high a values. The latter values were initially
reported as 1.5� 104 cm�1 at 550 nm (1/a¼ 665 nm) by Im et al.213

who studied perovskite NCs deposited onto TiO2. Later, Stranks
et al.21 reported absorption lengths of 100–200 nm (Table 6).

The average diffusion length (LD) for CH3NH3PbI3�xClx was
determined21 using LD ¼ ffiffiffiffiffiffiffiffi

Dse
p

where D and se are the diffusion
coefficient and recombination lifetime in the absence of a
quenching species, respectively. The values for D and se, and
hence LD, were measured using photoluminescence quenching
measurements.21 The authors noted that the possibility that the
LD values for the holes and electrons corresponded to diffusion
of a weakly bound exciton could not be excluded.21 They
reported LD values of more than 1 mm (Table 6). Edri et al. have
also reported that the LD values for holes and electrons within
mixed halide perovskite SCs are more than 1 mm.222 The diffu-
sion lengths for CH3NH3PbI3�xClx are 5–10 times greater than21

1/a. This difference is in striking contrast to the BHJ systems
Table 5 Materials and performance parameters for high efficiency pero

Perovskite SC typea SC components

CH3NH3PbI3�xClx Meso-super Graphene/TiO2/CH3NH3PbI3�xClx/S
CH3NH3PbI3 Planar ZnO/CH3NH3PbI3/Spiro
CH3NH3PbI2Cl Meso-TiO2 TiO2/CH3NH3PbI2Cl/Spiro
CH3NH3PbI3 Meso-TiO2 TiO2/(CH3NH3)PbI3/Spiro
CH3NH3PbI3 Sensitised TiO2/CH3NH3PbI3/DSSC
CH3NH3PbI3 Sensitised TiO2/CH3NH3PbI3/DSSC

a Perovskite-sensitised SC, meso-TiO2 ¼mesoscopic TiO2 inltrated with p
is spiro-OMeTAD (see Fig. 15(d)). c Year of submission of work.

43302 | RSC Adv., 2014, 4, 43286–43314
discussed above (when Lex � 1/a). As a consequence the
requirement of nanostructuring the photoactive layer is relaxed
for CH3NH3PbI3�xClx SCs.
4.1 Preparation of perovskite solar cells

A number of different methods have been used to prepare
perovskite SCs and methods are depicted in Fig. 15. They
illustrate the inherent robustness of perovskite SCs because the
three different SCs provided high (6.0%) to very high (15.4%)
PCE values. Other designs have also been used which give very
high PCEs.217 Each device depicted in Fig. 15 has the formation
of a TiO2 (hole) blocking layer on FTO coated glass as the rst
step. The latter should be scrupulously cleaned and a variety of
cleaning methods have been reported.9,21,223 The method
reported by Christians et al. for hole blocking layer formation9 is
the most straightforward because it does not require specialist
equipment. The hole blocking layer can be formed either by
spin casting213 or spray pyrolysis.223 The method reported by Im
et al.213 only requires a spin coater and an oven. The hole
blocking layer thickness is typically about 100 nm.9

Aer depositing the blocking layer, the SC fabrication
processes shown in Fig. 15 diverge. The rst design considered
here in more detail is that shown in Fig. 15(a). This SC was
designed with a sintered mesoporous TiO2 NP network as the
medium to transfer photoexcited electrons to the photocathode
(FTO). The TiO2 NP network was essential because the LD values
of CH3NH3PbI3 were less than 1/a (Table 5). This layer is typi-
cally prepared by spin coating a commercial TiO2 dispersion9,223

followed by washing and sintering at 500 �C to give good elec-
trical contact between neighbouring TiO2 NPs.
vskite SCs

PCE/% Voc/V Jsc/mA cm�2 FF Yearc Ref.

pirob 15.6 1.04 21.9 0.73 2013 216
15.7 1.03 20.4 0.75 2013 217
10.9 0.98 17.8 0.63 2012 215
9.7 0.89 17.6 0.62 2012 214
6.5 0.71 15.8 0.59 2011 213
3.8 0.61 11.0 0.57 2008 203

erovskite, meso-super¼meso superstructured photoactive layer. b Spiro

This journal is © The Royal Society of Chemistry 2014
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Table 6 Selected perovskite physical, spectroscopic and electronic data

Perovskite property CH3NH3PbI3 Ref. CH3NH3PbI3�xClx Ref. CH3NH3PbBr3 Ref.

Molecular weight/(g mol�1) 620.0 — 528.5 (x ¼ 1) 479.0 —
Wt% Pb 33.4 — 39.2 — 43.3 —
Density (g ml�1) 4.1 219 — — — —
Mobility (cm2 V�1 s�1) 66 219 — — — —
Dielectric constant 6.5 220 — — 4.8 212
Electron LD

a/nm 129 � 41 21 1069 � 204 21 — —
Hole LD

a/nm 105 � 32 21 1213 � 243 21 — —
Exciton binding energy/meV kT 37 (1.5) � 50 (2.0) 220 and 221 — — 2.9 212
Absorption length (1/a)/nm �100 21 100–200 21 — —
ELUMO/eV �3.9 209 �3.75 210 �3.36 211
EHOMO/eV �5.4 209 �5.3 210 �5.38 211
Eg/eV 1.5 — 1.55 — 2.02 —

a Diffusion length.

Fig. 15 Assembly of different perovskite solar cells. (a) A device for which a TiO2 NP network interpenetrates the perovskite phase. The example
PCE and design for this type of SC are taken from ref. 9. (b) A meso-superstructured perovskite SC. This SC design and PCE are taken from ref.
224. (c) A planar perovskite SC design which used a vapour deposited mixed perovskite. This SC design and PCE are taken from ref. 225. The
energy level diagram for this device is assumed to be the same as that shown in (b). (d) Structure of spiro-OMeTAD. The energy levels for TiO2,
CH3NH3PbI3, CuI, Au, CH3NH3Pb3�xClx, spiro-OMETAD, Ag, and FTO are taken from ref. 166, 209, 9, 216, 210, 217, 217 and 216, respectively.

This journal is © The Royal Society of Chemistry 2014 RSC Adv., 2014, 4, 43286–43314 | 43303
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The next step is the formation of the CH3NH3PbI3 phase
within the mesoporous TiO2 network. This step can be con-
ducted using pre-mixed solutions of CH3NH3I and PbI2 (ref. 9)
or sequentially by rst inltrating and drying PbI2 and subse-
quently CH3NH3I.223 The latter work resulted in SCs with a PCE
of 15.0%. In the case of a one-step inltration9 high concen-
trations of CH3NH3PbI3 solutions are used, e.g., 40 wt%.9

Ball et al.224 replaced the TiO2 with an insulatingmesoporous
Al2O3 network. Because the Al2O3 did not play a direct role in
charge transport, the SCs were termed meso-superstructured
thin lm perovskite SCs.224 CH3NH3PbI3�xClx was used for that
system (Fig. 15(b)). Remarkably, those SCs showed very high
PCE values (e.g., 12.3%). That work demonstrated that mixed
halide perovskites can full the three key SC operations of light
absorption, free charge carrier generation and efficient ambi-
polar charge transport. The mesoporous Al2O3 scaffold
decreased the perovskite crystal size to less than 100 nm (ref.
224) (as determined from X-ray diffraction data and the Scherrer
equation) and was believed to act as a buffering layer that
inhibited leakage of current between the electrodes.224 The
landmark study of Ball et al. was also highly signicant for
future large-scale production of perovskite SCs because the
scaffold was prepared using temperatures that did not exceed
150 �C. Hence, low temperature solution processing of highly
efficient perovskite SCs was demonstrated. The same group has
recently demonstrated that the thermal annealing protocol
used during perovskite phase crystallisation is critical for the
performance of mixed halide SCs.226

Fig. 15(c) shows a planar mixed halide perovskite that was
also established by the Snaith group.225 In that important study,
which used vapour deposition, it was demonstrated that
nanostructuring of the perovskite was not required to achieve
very high PCE values (15.4%). The work demonstrated that
simplied planar architectures could be used, which brought
the SC architecture closer to traditional Si SCs. A simple, planar,
SC device architecture offers major production benets.
However, for low cost R2R production to be realised using this
geometry, a key step that will be required is the demonstration
of highly efficient planar pervoskite SCs processed using low
temperature (and low energy), solution, methods.

The penultimate step in SC preparation for all of the device
geometries aer perovskite layer formation is deposition of a
hole transporting matrix (HTM). A good HTM should have high
hole mobility, thermal and UV stability as well as a HOMO
energy level that is well matched to that of the perovskite.227

Furthermore, it should inltrate the mesoporous phase effi-
ciently to optimise device efficiency.228 Spiro-OMeTAD
(Fig. 15(d)) has been used as the HTM in perovskite SCs that
have given the highest PCE values to date.217,223,225 However, the
complexity of the spiro-OMeTAD synthesis and this materials
high cost (greater than 10 times the cost of Au9) imply that it is
not likely to be a viable multi-ton scale, commodity, HTM for
the preparation of large scale, low cost perovskite SCs. Alter-
native, lower cost, HTMs are therefore urgently required. A
promising alternative HTM to Spiro-OMeTAD appears to be
poly(triarylamine) because of its higher hole mobility and high
work function.227 CuI has also been investigated as a low cost
43304 | RSC Adv., 2014, 4, 43286–43314
HTM (see Fig. 15(a)). This family of SCs was shown to give a
good PCE9 (6.0%) and the SC was prepared using a solution
deposition method. The primary reason for the lower PCE
compared to perovskite SCs prepared using spiro-OMeTAD was
a reduced Voc due to an enhanced recombination rate.9

However, the good potential for low cost scale up will surely
warrant further study on this type of HTM. Furthermore, the
initial investigations of stability appeared promising.9 Recently,
it has been reported that perovskite SCs can be prepared with an
efficiency of 10.5% without a HTM.229 The latter were consid-
ered to be heterojunction SCs and offer considerable potential
cost saving if the high efficiencies can be maintained upon scale
up. The nal step of perovskite SC construction is evaporation
of the photocathode (Ag or Au). Ag can be applied using low
temperature methods.
4.2 Perovskite solar cell operation principles

Perovskite SCs have been identied as a new type of SC197 with
unique operation principles. Because of their low exciton
binding energies (Table 5), the photoexcited charges exist as
Wannier-type excitons.212 These excitons can dissociate in the
bulk of a perovskite layer at room temperature.224 For CH3-
NH3PbI3�xClx SCs cast onto an inert scaffold (e.g., Al2O3) a built-
in electric eld is induced by the two selective (asymmetric)
contacts which can drive charge separation throughout the
photoactive layer.230 In cases where the electrodes result in a
built-in voltage that is small, the hole-blocking and hole
transporting layers (electron blocking) direct electron and hole
ow.209 The energy offset between the perovskite valence band
and hole-transporter valence band is responsible for selective
charge transfer.4 It has been noted that exciton diffusion can
occur both within the bulk and at interfaces.209

Ponseca et al. have recently attributed the nearly ideal
perovskite solar properties to highly mobile electrons and holes
that form rapidly (within picoseconds) and mobilities for both
species that are balanced and remain high for timescales of
microseconds.198 In a recent SEM-based study Edri et al.222

reported the rst direct evidence that perovskite SCs operate as
a p–i–n device. An addition benecial feature of perovskite SCs
is that there is no requirement for a BHJ due to the low exciton
binding energies. Consequently energy losses due energy level
offsets required for BHJ SCs are not present and the ratio of Voc
to Eg is very high,4 which, in turn, increases the PCE (eqn (1)).
The main factor that is believed to limit perovskite SC perfor-
mance is the equilibrium between the series and shunt resis-
tance.227 Whilst a relatively thick HTM layer is required to
prevent leakage through pinholes, it also increases the series
resistance. Hence, HTM thickness optimisation is required.

The value of Voc for perovskite SCs is in part determined by
deep level defects which act as non-radiative recombination
centres. Yin et al. have shown231 that perovskite defects have low
formation energies and shallow trap levels. This behaviour,
which provides low recombination rates and higher Voc values,
results from strong Pb lone pair s orbital and I p orbital anti-
bonding coupling and high ionicity of CH3NH3PbI3. It follows
that Pb plays a critical role in the excellent device performance
This journal is © The Royal Society of Chemistry 2014
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of Pb-containing perovskite SCs. Accordingly, it may not be
possible to achieve the high PCE values for perovskite SCs
without Pb being present. The presence of Pb should not need
to be a “show stopper” for widespread use of this technology
provided appropriate safeguards are built into the modules to
prevent environmental contamination as discussed below.
4.3 Perovskite solar cell performance and implications for
scale-up

Given the very high PCEs achieved with research grade perov-
skite SCs (Table 5), low cost versions of perovskite SCs may
already be ready for mass production. Furthermore, perovskite
SCs have been demonstrated on exible substrates (e.g., PET232)
which also implies compatibility with R2R processes. Because
of the enormous potential for cost effective production of
perovskite SCs it is highly likely that low cost alternatives to
spiro-OMeTAD will be found. The potential for large scale
production of perovskite SCs appears to be excellent because (a)
the photoactive materials are relatively cheap and abundant
(below), (b) the PCE values are already above 15% for R2R-
friendly solution processed systems216 and (c) PCE efficiency
increases to beyond 20% are considered likely.227,233 However,
about 33 to 43 wt% of the perovskite photoactive layer contains
Pb (Table 5). An important (and perhaps critical) environmental
concern is the possible release of water-soluble Pb species in the
event of rainfall on modules where the encapsulation has
ruptured.207 The presence of soluble Pb in drinking water can
cause diseases such as anaemia.234 The EU limit for Pb in
drinking water is 0.05 mg l�1.235

A potentially important question is what the maximum
potential release of Pb(II) is from perovskite SCs. To answer this
question we assume a CH3NH3PbI3/TiO2 photoactive layer with
a porosity of 0.6 (ref. 236) that is fully inltrated with CH3-
NH3PbI3. Using a layer thickness of 1 mm and a perovskite
density of 4.1 g cm�3 (Table 6) it can be shown that the Pb(II)
content per unit area of active SC top surface corresponds to 23
Pb(II) ions per Å2. (The value per unit module area would be less
than this value because the geometric ll factor would less than
unity.) This value corresponds to the nominal maximum
concentration of Pb(II) that could be released at the surface of
this SC if all the release were to occur at once and the Pb(II) was
to be placed at the top surface.

There are a wide range of materials that remove Pb(II) from
water and these include functional polymers.237–239 It can be
shown that a surface containing a sufficiently high surface
density of polymer chains with repeat units that bind Pb(II)
could be produced that could bind all of the Pb(II) present
within the SC photoactive layer (equivalent to 23 Pb(II) ions per
Å2). It should be possible to build in an efficient, transparent
(and automatic) lead binding/absorption system within the
encapsulating layer for perovskite SCs. A fail-safe design should
be capable of mitigating potential contamination. Containment
appears to be the key to this issue. We already live in close
proximity to Pb(II), which can be contained safely in car
batteries. Of course, non-Pb containing perovskites that provide
high PCE values are an obvious solution to the Pb concern and
This journal is © The Royal Society of Chemistry 2014
are being investigated240 with Sn (ref. 241) and Cu (ref. 227)
based perovskites attracting interest as possible replacements.
A recent study has reported lead-free CH3NH3SnI3 SCs with a
PCE of 5.73%.242 If the improvements of PCE for the latter
system can follow a similar path for the Pb-based perovskite
SCs, then there will be much excitement generated by these SCs
in the future. To be truly scalable, Pb-free replacement perov-
skites should comprise abundant elements that have relatively
low toxicity. Alternatively, the SC modules should be designed
so as to prevent release of toxic elements in the event of rupture.
5. Comparisons of the different third-
generation solar cells

Comparison of the data shown in Tables 2, 4 and 5 show that
the PCE's for 2013–2014 decreased in the order: perovskite >
polymer:fullerene > hybrid polymer SCs. Table 7 presents a
qualitative comparison of the three different SC types discussed
here. Whilst the polymer:fullerene and hybrid SCs require BHJs
for maximising PCEs, the perovskite SCs do not. This difference
is because of the excitons for the former two systems are Frenkel
type with higher binding energies than the weakly bound
Wannier excitons present within perovskites. The principle
difference between the polymer:fullerene and hybrid polymer
SCs is that the acceptors are inorganic. The perovskite SCs can
also be considered as an hybrid organic/inorganic blend on the
molecular level (Fig. 14(a)). Each of these SC types can be con-
structed using solution processing methods, which is one
criteria that enable them to be capable of R2R processing. The
latter has been demonstrated for P3HT:PCBM SCs.72 For R2R
processing, the lms must also have mechanical stability when
strained. The strain which a thin lm (e.g., 100 nm) can with-
stand upon bending before fracturing is strongly determined by
its thickness.243 P3HT:PCBM lms have a crack onset strain of
9%.243 Although similar data are not available for polymer:-
hybrid or perovskite SCs to our knowledge, exible perovskite
SCs on PET that withstood repeated strain cycling have been
reported.244 P3HT:PCBM lms have been shown to have suffi-
cient mechanical stability for R2R processing.72

Cost analyses have been conducted for polymer:-
fullerene245–247 and hybrid polymer245 SCs. In a comprehensive
study Azzopardi et al.246 calculated a levelised electricity cost
(LEC) of between 0.19 and 0.50 V per kW h for a 1 kWp system
with an efficiency of 7% and a 5 year module lifetime. An
equivalent analysis has not been reported for polymer hybrid or
perovskite SCs to our knowledge. From a related study that
considered the energy payback time for hybrid polymer SCs245 it
is reasonable to conclude that these SCs should have an LEC
cost comparable to that of the polymer:fullerene SCs because
the NCs should be solution processable.

An important question concerns the compatibility (or
benignity) of each of the SC types with the environment. The
latter is a particularly important issue considering the very large
scale manufacture that will be required in the future for mass
producedmodules to signicantly contribute to CO2mitigation.
The work of Azzopardi et al.245 indicated a lower CO2-eq per kW
RSC Adv., 2014, 4, 43286–43314 | 43305
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Table 7 Comparison of properties for the three 3rd generation solar
cell types considereda

Property
Polymer:
fullerene

Hybrid
polymer Perovskite

Bulk heterojunction Yes Yes No
Exciton type Frenkel Frenkel Wannier
Hybrid organic/inorganic No Yes Yes
Solution processable Yes Yes Yes
Roll-to-roll friendly Yes Yes Yes
Levelised electricity cost Low Low Not known
Environmental
compatibility

Best Good if
recycled

Not known

Mechanical stability Good Not known Good
Environmental stability Good Not known In progress

a See text for details concerning the assessments.
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h for hybrid polymer SCs compared to polymer:fullerene SCs.
Equivalent data for perovskite SCs are not yet available. The Pb-
containing hybrid polymer SCs161,193 and perovskites share the
potential problem of Pb contamination discussed above.
However, the Pb content is lower for the hybrid polymer SCs
compared to most perovskites. The organic polymer:fullerene
SCs have a potential advantage in terms of environmental
compatibility because they do not contain signicant quantities
of heavy metal ions.
6. Towards large scale deployment of
third-generation solar cells

R2R processing is generally considered to offer a viable route to
mass production of polymer:fullerene modules cost effectively.248

Polymer:fullerene SCs have recently been argued to be the only
PV technology that enables fast manufacture of an energy
producing system with a thin outline using abundant elements.72

The recent, rapid, progress for perovskite SCs implies that
these new SCs may soon challenge this claim, especially since
R2R-friendly processing methods have been established.199,216

For large scale production to be feasible simple synthesis and
processing procedures are essential. Small research grade SCs
based on components which involve (costly and low yield)
multiple-step synthesis are not consistent with the needs of large
scale, cost-effective, processing and mass deployment even if the
PCE of the SC is high.72 Cost-effective photoactive layer compo-
nents are required. Scale-up using mass production processes
(such as R2R) results in substantial efficiency decreases for
modules compared to small area research grade SCs.72 Two sour-
ces that contribute to the PCE decrease for SC modules are ohmic
losses due to relatively low conductivity of transparent electrodes
and also aperture loss (or area loss).249 A key parameter for SC
modules is the geometric ll factor, which is the ratio of the
photoactive area to the total module area. This factor is usually
signicantly lower than 1.0. However, innovations in SC architec-
ture such as formation of metal-lamentary nanoelectrodes within
photoactive layers249 may offer a means to reduce aperture and
ohmic losses on scale up, and increase the geometric ll factor.
43306 | RSC Adv., 2014, 4, 43286–43314
The best candidate for large scale preparation of polymer:-
fullerene SC is currently considered to be P3HT:PCBM.72

Because the PCE values of these systems are modest, large areas
are needed which, in turn, requires fast, efficient, deployment
processes. An innovative Innity concept for simultaneously
installing and removing P3HT:PCBMSC foil at rates of 100mmin�1

has been demonstrated.72 Furthermore, the energy pay back
times have decreased to 0.5 years in Spain. The technology
appears viable for low carbon energy generation. The SCs had a
constant PCE of about 1.6 to 1.8% (ref. 72) (14.7 m2 active area)
on exible ITO-free substrates. These SC foils require relatively
large areas for energy generation. However, even modest
improvements in PCE will greatly reduce the area requirement.

Krebs et al. have proposed that the materials developed for
SCs should t the process (R2R) if realistic large-scale deploy-
ment is to be viable.72 Their pioneering work denes a clear
direction for 3rd-generation SC scientists committed to
designing new SCs with realistic potential for scale-up. It
follows that scalable SC systems should comprise materials
which can be prepared with relatively few synthetic steps and
are prepared from abundant raw materials that are cheap. The
device architectures should be compatible with exible (poly-
meric) substrates (and low temperature processing) to enable
R2R processing with layers that can be deposited and solidied
rapidly. A number of other design criteria for polymer fullerene
SCs destined for R2R manufacture have been identied. The
polymers (or other SC materials) should be accessible as pure
materials250 and be cost-effective to manufacture.72 The photo-
active material should also be sufficiently stable in solution to
give ink formulations that can be deposited. These
general criteria would also apply for hybrid polymer and
perovskite SCs.

Because the NCs used to prepare hybrid polymer SCs can be
prepared by solution methods they are also scalable. For
example the PDTPBT/PbS0.4Se0.6 SC has the highest reported
PCE for a hybrid polymer SC of 5.5% (Table 4). For that system
the NCs were prepared using a solution based solvothermal
method and a maximum temperature of 150 �C.193 The prepa-
ration method used is scalable in principle. Moreover, the fact
that there are companies that focus on the scalable manufac-
ture of semiconducting NCs251 provides greater opportunity for
large scale NC preparation.
6.1 Raw material supply constraints for large-scale
production of third-generation solar cells

Material supply for SCs is a key factor for future large scale
deployment. Wadia et al. investigated 23 different semi-
conductor materials for potential large scale SC deployment.252

Of those materials, 9 were identied as having the capacity to
meet or exceed the annual worldwide electricity consumption
(17 000 TW h) whilst being more cost effective than c-Si (see red
and yellow diamonds in Fig. 16). A number of well-known
semiconductors appear in the lower le quadrant which indi-
cates that they were not considered to be viable alternatives for
generating a large proportion of the World's future energy
demands.
This journal is © The Royal Society of Chemistry 2014
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Fig. 16 Indexed materials extraction costs and annual potential energy production relative to crystalline Si. All values were calculated as the
natural logarithm of the calculated values divided by the result for crystalline silicon (c-Si). Materials that are most attractive for large-scale future
deployment appear in the upper right quadrant (in red). Materials in yellow were considered as attractive but have lower performance limits. The
inset in the upper left quadrant shows energy band diagrams for selected “red diamond” systems. The main graph has been redrawn from ref.
252. The energy levels for FeS2, CZTS, Cu2O, CuO, Cu2S and Zn3P2 were obtained from ref. 253, 254, 255, 256, 257 and 258, respectively.
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Considering the hybrid polymer SCs discussed above in the
context of Fig. 16 it is suggested that polymer:PbS SCs161 have
good potential for meeting future worldwide energy production
requirements in principle. A number of the other NPs have
energy levels that may enable useful hybrid P3HT SCs to be
prepared and these are shown in the inset of Fig. 16. These NPs
include FeS2, CuO and Cu2O. Unfortunately, a study of
P3HT:FeS2 SCs did not show high PCE values.259 Further work is
warranted for polymer:FeS2 SCs given the potential for large
scale production of these hybrid SCs. Perovskite semi-
conductors were not considered by Wadia et al.252 The perov-
skites contain Pb and I. Whilst Pb is abundant, I is less
abundant. Iodine occurs naturally in the world's oceans. The
Sn- and Cu-based perovskites mentioned in Section 4.3 are
compositionally related to CZTS and Cu species shown in the
top right quadrant of Fig. 16, which implies good potential for
mass deployment. Research into hybrid polymer SCs using the
nine semiconductors in the upper right quadrant is encouraged
because overcoming technical barriers for their use in SCs
should provide realistic opportunities for large scale SC
deployment.
6.2 Solar cell stability

Long term SC PCE stability is an important issue affecting the
potential for deployment. Methods for measuring polymer SC
stability have been explained in detail by Gevorgyan et al.260 The
different test protocols have been detailed.53 The latter includes
thermal cycling between �40 and 85 �C. An aim of SC research
is to prepare SCs which show little degradation in performance
This journal is © The Royal Society of Chemistry 2014
with time. The gold standard for stability performance is Si SCs.
The latter can have operational lifetimes of about 25 years.

Organic polymers undergo reaction when illuminated by
light via photolytic and photochemical reactions.53 They also
react to oxygen and water. The susceptibility of conjugated
polymers to chemical degradation is linked to their backbone
structure, side chains and substituents. The stability tends to
decrease with inclusion of side chains for donor groups.53 For
polymer SCs the use of inverted architectures has positively
contributed to device stability54 because high work function
metals (e.g., Ag) can be used in place of more reactive metals
(e.g., Al).

Polymer SCs also suffer frommorphological instability when
heated at temperatures consistent with operation (up to 80 �C
under full sun illumination). Heating enables thermally assis-
ted reorganisation of their morphology (i.e., annealing). This
process occurs because of the low glass transition temperature
of the polymer phase and can lead to macroscopic phase
separation.53 A realistic balance between stability and cost
effectiveness has been achieved for large scale (solar park)
deployment of P3HT:PCBM SCs with recycling forming a key
part of the overall deployment strategy72. Impressive stabilities
have been reported by Peters et al.261 for encapsulated
PCDTBT:PC71BM SCs with lifetimes approaching 7 years.

Hybrid polymer SCs have been less studied in terms of
stability, which is probably due to the major emphasis for this
family of SCs still residing on PCE improvement. Meanwhile,
perovskite SCs have been the subject of stability studies and the
initial results appear promising. Leijtens et al.262 reported that
RSC Adv., 2014, 4, 43286–43314 | 43307
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Fig. 17 Extrapolation of global installed solar cell capacity. The graph
shows fits of the data between 2012 and 2017 from Fig. 1 using years
since 2000 as the time axis. The horizontal line corresponds to
Smalley's 60 TW figure required for a global population of 10 billion
(see text).
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their SCs retained a PCE of 6% aer 1000 h exposure to white
light aer undergoing an initial PCE decrease. Matteocci et al.263

reported the rst solar modules based on perovskites very
recently and found that those prepared using spiro-OMeTAD as
the HTM retained 60% of their initial PCE in air aer 170 h. In
each of these cases262,263 there was an initial decrease in PCE
which implies some form of instability was present. However,
the subsequent PCE stabilisation is encouraging andmore work
will undoubtedly be performed on this aspect. The sources of
perovskite SC instability include UV-photodegradation caused
by TiO2 (ref. 262) and also decomposition under humid condi-
tions.208,264 The stability of polymer:fullerene SCs can be good
compared to the other systems considered here (Table 7) if
encapsulated. The stability for hybrid polymer SCs is less clear.
For perovskite SCs, the treatments/encapsulation required to
achieve long term stability are still being optimised. Clearly, a
barrier to water vapour will be required for the latter.
7. Conclusions and outlook

There are a number of reasons to believe the third-generation SCs
have the potential to meet the Smalley TW challenge.8 Poly-
mer:fullerene SCs are already at the point where they can be
provide the most rapid power supply deployment of any SC72 and
there is good potential for PCE improvement within that process.
Furthermore, high efficiency perovskite SCs are an exciting new
SC technology that have now been produced using low temper-
ature R2R-friendly processes216 and modules.263 Moreover, the
tremendous achievements for the published PCE's of perovskite
SCs do not appear to have beneted (yet) from industrial
collaborations –which are in progress. Positive results from these
collaborations are eagerly anticipated. All three 3rd-generation
technologies continue to improve in terms of their PCEs (Tables
2, 4 and 5) andmany researchers aremindful of future large scale
deployment processes (e.g., R2R). Extrapolations of global
installed SC capacity are shown in Fig. 17 based on exponential
relationships that are already established for current modules. If
cost-effective 3rd-generation modules can be manufactured via
R2R processing and deployed using concepts such as Innity
(Section 6) then the exponential growth in the installation
capacity could bemaintained and the Smalley 60 TW gure could
be achieved well before 2050. Of course this is a very optimistic
43308 | RSC Adv., 2014, 4, 43286–43314
scenario; however, it is one that 3rd-generation solar scientists
and industrialists should strive to achieve. Indeed, there is good
reason to be critical of the major emphasis that is currently given
by most research groups and funding organisations to obtaining
record breaking PCE values of laboratory-scale devices fabricated
using processes and materials that have little realistic chance of
being mass produced. The taxpayer, who ultimately fund most
this research, may well expect a greater proportion of their
research investment to be spent on truly transformative (and
scalable) solar electricity generation research.265 That research
will more closely relate to low cost electricity generation with
signicant CO2 mitigation. There is a strong argument that it is
this direction that the 3rd-generation SC community and funders
should move towards in order to provide realistic solutions to the
urgent energy issues discussed above that challenge mankind.

There are several areas that warrant further work. For poly-
mer:fullerene SCs more research is required on improving the
PCE of P3HT:PCBM modules prepared by the R2R process.
Methods that enable control of the morphology (e.g., Fig. 5(c)),
perhaps using scaled up versions of nanoimprint lithography,87

and t that process should provide important PCE increases
and greatly reduce the area required for GW electricity
production. Of course, efforts to prepare perovskite modules are
important263 and their fabrication using R2R processes should
be accelerated. Hybrid polymer SCs continue to hold a great
deal of promise; however, they need more investment to
increase the gradient of the PCE evolution. For these SCs new
approaches to addressing the ligand and morphology chal-
lenges are needed. For perovskite SCs replacing the spiro-
OMeTAD HTM with a cheap (sustainable) alternative is clearly
required. Of course, replacing Pb with one of the abundant (less
toxic) elements from Fig. 16 is desirable and may be critical to
mass deployment. However, research to build in Pb(II) trapping
systems into the perovskite modules would be strategic as this
may help enable their larger scale deployment.

The 3rd-generation SC research reviewed here has shown
very impressive progress. At least two of the technologies are
well placed to contribute new SC types that could enable SCs to
contribute substantially to the low CO2 energy required for the
future that is urgently needed now. Indeed, it is through low
cost module production (and R2R) that the future “Smalley”
target of 60 TW shown in Fig. 17 might be achievable by 2050 (or
earlier with policy driving) through enabling the current rate of
exponential deployment to be maintained.
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45 M. C. Scharber, D. Mühlbacher, M. Koppe, P. Denk,
C. Waldauf, A. J. Heeger and C. J. Brabec, Adv. Mater.,
2006, 18, 789–794.

46 Y. Kim, S. A. Choulis, J. Nelson, D. D. C. Bradley, S. Cook
and J. R. Durrant, Appl. Phys. Lett., 2005, 86, 063502.

47 A. Moliton and J.-M. Nunzi, Polym. Int., 2006, 55, 583–600.
48 C. Tanase, E. J. Meijer, P. W. M. Blom and D. M. de Leeuw,

Phys. Rev. Lett., 2003, 91, 216601.
49 X. Gong, M. Tong, F. G. Brunetti, J. Seo, Y. Sun, D. Moses,

F. Wudl and A. J. Heeger, Adv. Mater., 2011, 23, 2272–
2277.

50 S. H. Park, A. Roy, S. Beaupré, S. Cho, N. Coates, J. S. Moon,
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