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New advances in non-fullerene acceptor based
organic solar cells

Chuanlang Zhan,* Xinliang Zhang and Jiannian Yao*

Non-fullerene organic solar cells (NF-OSCs), in which an n-type organic molecule instead of a fullerene
derivative is utilized as the electron-acceptor material, have recently emerged as a new topic in the field
of organic solar cells. Replacement of the traditional fullerene acceptor in the photoactive layer of
a normal organic solar cell with the organic acceptor gives rise to several advantages, like light
absorption and energy level tunability, diversity of donor-to-acceptor combination, and large-scale
production of acceptor materials. Studies on NF-OSCs can be traced back to 1986, when the first
bilayered organic solar cell was proposed. Unfortunately, they has been advancing very slowly and the
power-conversion-efficiency (PCE) was only approaching or exceeding 2% up to 2012. Fast advances
have been driven forward since 2013, when the PCE value first broke through 4%, and the reported PCE

value has now reached about 8% after a short period of 3 years. If we turn to natural systems such as the
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Accepted 1st October 2015 photosynthesis systems | and Il, in which Nature utilizes organic molecules to accomplish high-

efficiency solar-to-chemical energy conversion through the cascade unidirectional electron-hole
DOI: 10.1039/c5ra17715d transfer paths, we can rationally expect an even higher PCE and a convincing future for NF-OSCs. In this

www.rsc.org/advances review, we will address recent new progress in this sub-branch of organic solar cells.

fossil energy sources were used for 82.1% of total energy
consumption in the U.S. in 2013.* As we know, the reserves of
Energy consumption supports the economic development of fossil energy sources are limited and burning leads to the
the world, and currently fossil energy sources such as natural ~emission of CO, and other pollutant chemicals. Therefore, the
gas, petroleum and coal are the major sources. For example, development of clean and renewable energy sources has
become one of the major scientific and technological topics of
the 21* century and clean, green and sustainable solar energy is
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1. Introduction

nology, such as silicon or cadmium telluride based technology,

Chuanlang Zhan is a professor
of chemistry at the Institute of
Chemistry, Chinese Academy of
Sciences (CAS). His research
activities focus on synthesis and
self-assembly  of  functional
molecular  materials, solar
energy conversion and solar
cells. He received a PhD degree
(2000) in Organic Chemistry
from the Institute of Photo-
graphic Chemistry, CAS, under
the supervision of Prof. Duoyuan
Wang, and joined the Institute of Chemistry, CAS, as a post-
doctoral research fellow at CAS Key Laboratory of Organic Solids,
Institute of Chemistry, CAS, and later was promoted to Associate
Professor at this institute.

93002 | RSC Adv., 2015, 5, 93002-93026

Xinliang Zhang received his BS
degree from College of Chem-
istry and Molecular Engineering
at Peking University in 2011. He
is now a PhD student at the
Institute of Chemistry, Chinese
Academy of Sciences. His
research interests include the
synthesis and device engineering
of organic solar cells.

This journal is © The Royal Society of Chemistry 2015


http://crossmark.crossref.org/dialog/?doi=10.1039/c5ra17715d&domain=pdf&date_stamp=2015-10-29
https://doi.org/10.1039/c5ra17715d
https://pubs.rsc.org/en/journals/journal/RA
https://pubs.rsc.org/en/journals/journal/RA?issueid=RA005113

Published on 08 2015. Downloaded on 23.9.2025 11:20:44.

Review

holds the dominant position in industrial production, owing to
its relatively mature technology and high power conversion
efficiency (PCE) of over 20%.> Alternatively, organic photovoltaic
cells utilize synthesis-accessible organic molecules as the light-
capturing materials. They have several distinct advantages such
as low-cost, mechanical flexibility, light weight, color-tunability,
and semi-transparency. Particularly, the optoelectronic proper-
ties of organic materials can be easily tuned via organic
synthesis to improve their solar photon capturing capability.
The development of the bulk heterojunction (BH]J) structure®
spans the gap between the short exciton diffusion length
(typically, 5-20 nm) of organic semiconductors and the film
thickness (typically 100 nm) required for efficiently capturing
the solar photons. The solution-process technology endows
bulk heterojunction organic solar cells (BH] OSCs) with high
potential for the mass production of flexible and cost-effective
cells.

Since the first bilayered organic solar cell was proposed in
1986,* organic solar cells have been studied for over 30 years.
Their efficiency has been increased from the initial 1% to the
current 10-12% through donor-material and cell-structure
innovations.>® Recently, a new research topic has emerged in
the field of organic solar cells: non-fullerene organic solar cells
(NF-OSCs). Traditional OSCs utilize fullerene acceptors, typi-
cally [6,6]-phenyl-Ce; (or C,4)-butyric acid methyl ester (PC4;BM
or PC,;BM) as the electron-acceptor materials, while n-type
organic molecules are selected to replace fullerenes as the
acceptor materials in NF-OSCs. In the past 3 years, NF-OSCs
have been paid increasing attention and fast advances have
been achieved. Several review papers were published addressing
small-molecule and polymeric organic acceptors before the end
of 2013.7"* Several review papers have been recently published
to address this research topic, typically from the molecular
point of view."**¢ In addition, this topic has been included in
several recent review papers.””** On the basis of the fast success
in this newly emerging topic, we herein focus mainly on recent
advances in the molecular design of organic acceptors, and,
particularly, on the realization of efficient non-fullerene solar
cells by addressing the donor-to-acceptor combinations, from
the following three aspects: spectral coverage, energy level
matching and film morphology.
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In this review article, we first introduce “Concept, classifi-
cation and recombination mechanisms” (part 2), which
includes the subparts of “What are NF-OSCs”, “Why are NF-
acceptors under consideration”, “Classification of NF-OSCs”,
and “Recombination loss in a cell device” which is a key issue in
developing an efficient NF-OSC as well as “Design principles for
efficient organic acceptors”. Then, we will go into the recent
advances in both small-molecule (part 3) and polymer (part 4)
acceptors and the challenges in designing high-efficiency NF-
OSCs (part 5). The final part is about the conclusions and
outlook (part 6).

2. Concept, classification and
recombination mechanisms
2.1. What are NF-OSCs?

For a typical organic solar cell, the photoactive organic layer is
sandwiched by a transparent and back electrode, respectively,
forming a single-junction cell device. A single-junction cell device
can be fabricated in either a conventional or an inverted config-
uration, depending on the flow direction of the mobile charge
carriers (Fig. 1A). The free holes are collected by the transparent
electrode and the mobile electrons are gathered by the back
electrode in the convention-structured solar cell, while the holes
and electrons are collected in an opposite manner in the inverted
solar cell. Modification of the electrode surface by using an
interlayer with an appropriate work function is necessary to form
an Ohmic contact and energy level alignment between the inor-
ganic electrode and the photoactive organic layer, allowing
selective collection of the mobile charge carriers on the right
electrode.>®* For example, the work function of PEDOT:PSS
(poly(3,4-ethylenedioxythiophene):poly(styrenesulfonate)) is about

5.0 eV. Modification of the ITO surface with PEDOT:PSS can
selectively allow the efficient transport of the mobile holes, down
to the ITO electrode in a normal cell structure, while MoO, is
a commonly used hole transporting layer in an inverted configu-
ration (Fig. 1B).

In BH]J OSCs, the photoactive layer comprises electron-donor
(D) and electron-acceptor (A) materials, blended in a BHJ
structure. The donor materials can be the polymer or small
molecule and the acceptors can be the fullerene derivatives, i.e.
PC¢:BM or PC;;BM or n-type organic molecules. On the basis of
the kind of acceptor material used in an OSC, either fullerene or
organic, the resulting cell is called a fullerene or non-fullerene
organic solar cell. For fullerene organic solar cells, the well-
known polymer organic solar cells (PSCs) and small-molecule
organic solar cells (SM-OSCs) are fabricated using polymers
and small-molecules as the donor materials, respectively.

Thanks to community scientists’ great efforts in the molec-
ular design and synthesis of donor materials, either small-
molecules or polymers, processing techniques for the optimi-
zation of organic blend film morphology, judicious interfacial
engineering, and cell device structure, the PCE has been
recently boosted to 10-11% for a single-junction state-of-the-art
fullerene solar cell with small-molecules®*** or polymers>**>* as
the donor materials, and up to 11-12% for a tandem cell.***%”
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Fig.1 (A) Depiction of a typical conventional and inverted device structure, in which a hole transporting layer (HTL) and an electron transporting
layer (ETL) are selectively utilized to modify the transparent and back electrode, respectively, to allow the selective collection of the mobile holes
and electrons. (B) Schematic models of energy level alignments in the conventional and inverted cell.
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Fig. 2 The molecular structures of typical small-molecule and poly-
mer donors from which a PCE of 10-11% or 11-12% has been realized
for single-junction or tandem solar cells. The molecules are reported
as follows: PTB7 (Egpt =163 eV),22 PTB7-Th (1.58 eV),? DTS(FBTTh,),
(1.55 eV),?* DRCNS5T (1.60 eV),? PBDT-TS1 (1.51 eV),?¢ PffBT4T-20D
(1.55 eV),5 and PNTz4T (1.54 eV).3*

Fig. 2 presents typical polymer and small-molecule donors from
which over 10% PCE has been realized.

With respect to the fullerene counterpart, the NF-OSC is slow
over a long period of time. The reported PCE value went below
or above 1% before 2010 (Fig. 3). The PCE value first broke
through 2% at the end of 2010 by using a blend of a 2-dimen-
sional (2D) conjugated polymer donor* and a perylene diimide
(PDI) based polymer acceptor (with a PCE of 2.23%).* A year
later, another value of 2.54% was published for a naph-
thalimide-vinyl-benzothiadiazole based small molecule
acceptor blended with poly(3-hexylthiophene) (P3HT).* In
2013, the PCE value further broke through 4% by using
a thienyl-bridged PDI dimer acceptor, so-called bis-PDI-T-EG,
which was blended with the conjugated polymer of PBDTTT-
C-T.*" In this year, there were reported two kinds of PDI dimer
acceptors, in which two PDI chromophores were covalently
linked through their imide positions via a single bond** or
through their bay positions via an aromatic unit.***** The former
gave a PCE of 3.2% when blended with PBDTTT-C-T.** The latter
yielded a PCE of 0.3-2.5% when blended with P3HT, depending
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on the structure of the bridged aromatic unit**** and the
number of the substituent groups on the bay region of the PDI
dimer.* Very recently, a PCE of close to 8% has been reported.*®
From Fig. 3, one can see that NF-OSCs have been advancing
faster and faster since 2013 thanks to the great efforts of the
community in acceptor material design, selection of the donor-
to-acceptor system, optimization of the film morphology, as
well as interlayer engineering between the organic photoactive
layer and the electrode, as addressed in parts 3 and 4 of this
paper. In short, NF-OSCs have emerged as a new, growing and
interesting sub-branch in the field of organic solar cells in
recent years.

2.2. Why are organic acceptors under consideration?

PCBM (including both PCe;BM and PC,;BM hereafter) is an
excellent acceptor material, in particular, for utilization in
organic solar cells. PCBM can not only finely intermix with
donors to quench excitons but also forms nanoscale aggregate
domains which, combined with its high electron affinity,
benefits the acceptance of electrons from the donor semi-
conductor. Its spherical conjugated structure can not only
greatly increase the chance of forming a beneficial alignment
with the donor m-system in all directions for charge separation,
but it also shows the capability of forming carrier-transport
favourable nanoscale interpenetrating networks with the
donor, which is helpful for charge transportation from the
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Fig. 3 A representative depiction showing the key historical PCE
values achieved from solution-processed BHJ NF-OSCs versus the
dates of the papers received by the publishers.
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active layer to the electrode. Nevertheless, PCBM has several
small drawbacks.”” For example:

(1) There are no hydrogen atoms covalently linked to the
fullerene backbone and an adduction reaction is the most
frequently used way to chemically modify the fullerene back-
bone. Following this reaction, the energy level of the lowest
unoccupied molecular orbital (LUMO) is raised by breaking
down the conjugation of the m-electrons,*® while it is difficult to
establish conjugation between the m-electrons of the fullerene
and those of the covalently attached functions, which limits the
fine-tuning of its optoelectronic properties, shifting, for
example, the absorption to the long wavelength range and
further enhancing the absorptivity in the visible and near
infrared (IR) region.

(2) The adduction reaction on the fullerene backbone is
weakly selective and this not only lowers the yield of the target
product but also magnifies the purification difficulty. Given that
the impurity may be severely detrimental to the power conver-
sion efficiency of PCBMs, specialist techniques, like high
performance liquid chromatography (HPLC), are needed to
produce high quality PCBMs,* which then elevates the PCBMs’
price and limits the practical applications.

(3) As Fig. 4 displays, PCs;BM has a very weak absorption
beyond 425 nm in the solution state or beyond 545 nm in a thin-
film, while PC,;BM shows relatively stronger absorption in the
visible region, typically before 750 nm. Therefore, the donor
material in the fullerene solar cell plays an important role in
absorbing the solar photons distributed in the visible and near
infrared wavelength region. Thanks to the efforts of materials
scientists, numerous donor materials have been successfully
synthesized to harvest the solar photons at wavelengths longer
than 500 nm. The absorption band position and shape, the
bandgap or the absorption onset, and the LUMO/HOMO energy
levels can be successfully fine-tuned with several synthetic
strategies, such as the well-known and facile donor-acceptor
(D-A) conjugation strategy and chemical modifications with
polar heteroatoms, for example, for the synthesis of the high-
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efficiency small-molecule and polymer donor materials shown
in Fig. 2. However, it is as yet a big challenge to synthesize
a donor material that can absorb across a wide wavelength
range, spanning, for example, 400 to 800 nm, and even up to
1000 nm, to capture solar photons as much as possible.

In striking contrast to fullerene acceptors, the chemical
structure of non-fullerene organic acceptors can be more easily
modified and their source materials are much more readily
available. Their spectral coverage can be more easily tuned
through chemical modification of the w-system. Therefore, the
full coverage of the solar spectrum can become more easily
attainable by judicious design of the acceptor molecules and
then selection of an organic-donor-to-organic-acceptor combi-
nation, by combining, for example, a narrow bandgap donor
material (E, < 1.6 eV) with a medium bandgap acceptor material
(1.6 < E; < 2.2 eV), whose spectral coverage is complementary to
that of the donor. For example, the PBDTTT-C-T:bis-PDI-T-EG
system** whose absorption spectra are shown in Fig. 4. Mean-
while, tunability of the LUMO and HOMO energy levels of the
organic acceptor can allow us to not only match the LUMO
energy but also the HOMO energy between the organic donor
and non-fullerene acceptor, which guarantees efficient charge
separation for the excitons generated by the donor and acceptor
phases, which dissociate through the so-called electron and
hole transfer paths, respectively.*

As shown in Fig. 4a, the absorptivity of the PC,,;BM solution
is above the order of 1 x 10* M~" em ™" in the visible region,
typically from 400 to 550 nm. This absorption coefficient is
comparable to most organic chromophores such as the well-
known PDL." Upon casting into a thin film, the absorbance of
the PC,;BM neat film is only slightly weaker, as the wavelength
is beyond 500 nm, than that of a typical PDI dimer, bis-PDI-T-
EG. From the blend films with PBDTTT-C-T as the donor
material, for example, one can see that the PBDTTT-C-T film
blended with bis-PDI-T-EG even has a relatively weaker
absorption than the PC,;BM blended film in the wavelength
range before 500 nm, although a comparable absorption can be
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Fig. 4 The absorption spectra of PCgBM (red), PC;,BM (green) and bis-PDI-T-EG (blue) in (a) chloroform (obtained with a concentration of 1 x
1075 M) and (b) pristine films (spun-cast from the corresponding chloroform solution). (c) The absorption spectra of PBDTTT-C-T:PCg,BM (red +
triangles), PBDTTT-C-T:PC7,BM (green + triangles), PBDTTT-C-T:bis-PDI-T-EG (blue + triangles) blended films (1 : 1, wt/wt). The PBDTTT-
CT:PCe1BM and PBDTTT-CT:PC7,BM blended films were spun-cast from the corresponding o-dichlorobenzene (o-DCB) solution with 1,8-
diiodooctane (DIO, 3% v/v). The PBDTTT-CT:bis-PDI-T-EG blended films were spun-cast from o-dichlorobenzene (o-DCB) solution with DIO
(2% v/v) and treated by solvent vapour annealing as shown in the reported literature.*® Each spectrum was obtained by averaging the data of five
parallel experiments. The spectra in (c) are hormalized to see the contribution of the acceptor materials to the absorption of the blend film.

This journal is © The Royal Society of Chemistry 2015
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seen when the wavelength of the incident light is beyond 500
nm. Therefore, only the PCs;BM blend film may have weaker
absorption than organic acceptor blend, while the PC,;BM
blend normally absorbs the visible and near infrared solar
photons in strength comparable to the organic acceptor blend
with the same donor material.

Why are we interested in replacing the currently dominant
and efficient fullerene acceptor with the n-type organic mole-
cule? The reasons are related to, but not limited to, the above-
mentioned drawbacks of PCBM over organic acceptors.
Indeed, if we look to Nature, we can see that the natural
photosynthetic systems I and II do utilize organic molecules to
accomplish high-efficiency solar to chemical energy conversion,
in which the photoinduced excitons can be efficiently separated
and exploited with an internal quantum efficiency of nearly
100% through the cascade unidirectional electron-hole transfer
paths. Accordingly, we reasonably believe that replacement of
the fullerene acceptors with organic molecules should make
sense. The big issue is which organic molecule can achieve high
efficiency and how to realize it.

2.3. Classification of organic acceptors and NF-OSCs

Like donor materials, of which there are polymer and small-
molecule types, organic acceptor materials can also be classi-
fied into small-molecule and polymer types. There are therefore
four possible donor-to-acceptor combinations, from polymer
donor and acceptor as well as small-molecule donor and
acceptor, giving rise to four kinds of NF-OSCs, as Fig. 5 shows.
Small-molecule acceptors have identical molecular structures
and molecular weights, and high purity as well as batch-to-
batch reproducibility. They are commonly synthesized from
photoactive m-aromatics by stepwise coupling procedures. In

NF-PSCs AllPSCs

All SMSCs NF-SMSCs

Fig. 5 Four possible organic-donor-to-organic-acceptor combina-
tions arising for non-fullerene solar cells: the combination of polymer
donor to polymer acceptor gives rise to the so-called all polymer
organic solar cells (all PSCs);%? the combination of small-molecule
donor to small-molecule acceptor gives rise to the so-called all small-
molecule organic solar cells (all SMSCs).#>* Herein, we named the
polymer donor to small-molecule acceptor and the small-molecule
donor to polymer acceptor systems non-fullerene polymer organic
solar cells (NF-PSCs) and non-fullerene small-molecule organic solar
cells (NF-SMSCs), simply following the classifications of the fullerene
based organic solar cells; i.e. polymer organic solar cells (PSCs) and
small-molecule organic solar cells (SMSCs), respectively.

93006 | RSC Adv., 2015, 5, 93002-93026
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contrast, polymer acceptors are normally synthesized by poly-
merization from photoactive -aromatics and there is generally
a distribution of molecular weight, as deduced from the weight-
average molecular weight (M,), number-average molecular
weight (M,), and polydispersity index (PDI). Studies have
pointed out that different molecular weight distributions
should lead to different cell performances.” Therefore, the
batch-to-batch difference in the cell performance of polymer-
based solar cells is normally significant.

2.4. Recombination loss in OSCs

The PCE (%) of a solar cell device is defined by the equation
PCE = J,.VocFF/P;,, wherein J,. is the short-circuit current-
density in mA cm™2, Vo is the open-circuit voltage in V, FF is
the fill-factor in %, and P;, is the incident light intensity in mW
cm ™2 Under the standard illumination conditions, the incident
light intensity is 100 mW cm ™2, which can be provided by an
AAA-grade simulated AM 1.5G light source. The cell parameters
of Jsey Voo, and FF are derived from the experimental current-
density-voltage (/-V) curve (Fig. 6). The FF is the graphic
measurement from the j-V curve and is defined as FF =
(Vpp/mpp)/(VocJsc), where Vi, and Jipp are the J and Vvalues at
the maximum power point (mpp).

Today, the efficiency of NF-OSCs lags behind their fullerene
counterparts. Because the LUMO energy level of organic
acceptors can be tuned towards a higher-lying level than that of
PCBMs, the V,, is normally higher than PCBM based solar cells
when blended with the same donor material and using an
identical cell structure. The lower efficiency is usually derived
from the lower J. and FF, both of which are deeply related to the
recombination loss and carrier mobility and lifetime. We herein
paid attention to the recombination loss in a solar cell device.

The experimental current (J), as shown in the J-V character-
istic curve, can be expressed by the formula J = neuE, where n is
the photogenerated carrier concentration, e is the electric
charge, u is the carrier mobility and E is the electric field. The
mobile carrier’s concentration and mobility are two experi-
mental factors that we can manipulate through material design
and film morphology control.
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Fig. 6 Typical current-density—voltage (J-V) characteristics (black)
and the relative output electric power—voltage curve (red) from a BHJ
solar cell under illumination by an AAA-grade AM1.5G simulator.
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The mobile carriers are initially generated at the donor-to-
acceptor interfaces and transport, respectively, through the
interpenetrating acceptor and donor phases. Then they are
collected by the right electrode. The ultimate concentration of
the mobile carriers by the right electrode, n, is defined by
exciton generation and recombination losses, and can be
written as n = n, — an,, where n, is the total concentration of the
excitons generated by both the blended donor and acceptor
phases, a is a dimensionless parameter, as defined by a = (n, —
n)/ne, representing the recombination loss during the exciton
diffusion and separation as well as mobile carrier drift and
collection. Normally @ < 1. This is because recombination loss
always exists in organic semiconductor films.

The recombination mechanisms in a BHJ solar cell device
involve both the so-called geminate and non-geminate recom-
bination losses. In the photoactive layer of a BHJ OSC device, the
blended donor and acceptor materials can both absorb solar
photons and generate excitons, the singlet excitons (Fig. 7A).
The excitons’ concentration is dependent on the light-capturing
ability of the photoactive layer. The excitons can be relaxed
down to the ground state via both the radiative and nonradiative
paths before they get to the donor-to-acceptor interface.

After accessing the donor-to-acceptor interface, the excitons
are separated via the electron and hole transfer paths (Fig. 7B),
respectively, forming mobile carriers, ie. free electrons and
holes. Current studies demonstrate that there exists an inter-
mediate charge-transfer (CT) state associated with the exciton
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Fig. 7 Schematic depictions of the generation of donor excitons and
acceptor excitons, electron and hole transfer, and loss mechanisms via
exciton decay (A), recombination of bound electron-hole pairs (B),
and recombination of mobile electrons and holes as trapped by deep
states (C) or in a bimolecular mechanism (D).
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dissociation. For example, after the excited electron goes from
the lowest unoccupied molecular orbital (LUMO) of the donor
to that of the acceptor, the electron and hole are both bound
together strongly by their mutual Coulombic force, forming
a CT state.* The bound electron-hole pairs are then spatially
dissociated, driven by the internal field (Viy), forming free
electrons and holes, i.e. free charge carriers.*® The V;,,, is defined
by the equation Vijne = Vi,; — Vapp. Here Vy; is the build-in voltage
defined as Jp1, is zero and Vjp,, is the applied bias. Other than the
separation, the bound electron-hole pairs can be recombined to
go back to the ground state (Fig. 7B).

The free electrons and holes, respectively, drift across the
acceptor and donor phases, driven by the internal field, and are
swept out down to the right electrode and then collected.
Accompanying the carrier transportation and collection, the
free carriers can be captured by traps (band tails) (Fig. 7C) or
recombined between the mobile electron and hole pairs
(Fig. 7D).

Taken together, the factor a is a product of the losses from
exciton decay, recombination at the donor-to-acceptor inter-
faces and that from carrier transportation and collection.
Nonradiative decay is an important way of inducing exciton loss
before they move to the donor-to-acceptor interface (Fig. 7A).
The effective exciton diffusion length is usually short, typically
5-20 nm, in organic semiconductor films and control of the
phase size so that it is comparable to the exciton diffusion
length is a prerequisite for realization of efficient BHJ OSCs. The
exciton loss restricts the maximum generation rate of the
obtainable bound electron-hole pairs (G4, in m® s™)**% in

a given cell device. The relationship between the GSh and the

maximum generation rate of the excitons (G29”, in m® s )
can be presented by an exciton loss factor of a; according to
GSR = (1 — a)GES™™, The G&P, is defined by the formula
Geh = Jph,sat/eL,’>*” where L is the thickness of the active layer
and Jph sac is the reverse saturated photocurrent, J,,, which is
related to the experimental light current j;, and the dark diode
current Jp on the basis of /o, = /i — Jp. In a state-of-the-art cell
device, the phase size follows the length range of the effective
exciton diffusion length and the exciton loss factor of a, can be
assumed to be close to one.

The recombination losses of the bound electron-hole pairs
and the free electrons and holes include so-called mono-
molecular and bimolecular loss mechanisms. The mono-
molecular one refers to any first-order processes, involving the
geminate losses of the bound electron-hole pairs, i.e. the CT
states recombine before the bound electron-hole pairs separate
(Fig. 7B), and the Shockley-Read-Hall (SRH) recombination
induced by the deep states at the donor-to-acceptor interfaces,
organic domain-to-domain interfaces and active layer-to-
electrode interfaces and in the donor/acceptor domain phases
(Fig. 7C). The geminate loss can be reflected by using femto-
second (fs) transient absorption pump-probe experiments.*
The bimolecular one is a second-order process, referring to the
recombination of free electrons and holes (Fig. 7D). If we use a,,
a; and a, to describe the loss following the geminate recombi-
nation of the CT states, SRH recombination and bimolecular
mechanism of free electrons and holes, respectively, the total
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loss can be written as a = a,a,aza,. However, it is as yet difficult
to quantify these loss factors.

The recombination losses of the free electrons and holes can
be qualitatively reflected by the incident light power dependent
J-V characteristics, which are measured from a given cell device
by varying the incident light power (P,). For example, from one
sun down to 0.01 sun. At short-circuit where the V;,, is large
enough to efficiently sweep out the photogenerated free elec-
trons and holes prior to recombination, the loss is dominated
by the SRH recombination. This mechanism can be described
using J,. « Py*.*° If all of the free electrons and holes can be
collected under the short-circuit conditions, meaning the
bimolecular loss is negligible, the Ji. should be linearly
dependent on the incident light power with « = 1. When the
fitting « value is smaller than one it suggests contribution from
the bimolecular mechanism, and a smaller « value means that
a more serious bimolecular loss is involved. At open-circuit the
photogenerated free electrons and holes all recombine. The
recombination mechanism can be reflected by the formula V.
o« nkT/q In(P),*® where k, T and q are the Boltzmann constant,
the temperature in Kelvin and the elementary charge, respec-
tively. Principally, if the bimolecular process dominates the
recombination, the fitting n value should be one. As the SRH
mechanism is involved, the recombination from shallow traps
competes with the bimolecular and the fitting n value deviates
from one: A larger n value indicates a more serious loss is
involved for the SRH recombination.

In addition to manipulating the recombination loss by
optimization of the film morphology and modifications of the
electrode surface, enhancement of the light-capturing ability of
the photoactive donor and acceptor materials can increase the
maximum generation rate of the excitons. Hence, synthesizing
donor and acceptor materials with a higher absorptivity, a wider
solar spectrum coverage, and a lower bandgap is another goal,
besides the reduction of the recombination loss, of materials
scientists towards improving the current-density (Fig. 8A).

The energy offset between the LUMOs of the donor and
acceptor materials (AEpymo = Erumo,donor — Erumo,acceptor), and
that between the highest occupied molecular orbitals (HOMOs)
of the donor and acceptor materials (AEgomo = Fromo,donor —
Enomo,acceptor) are the driving forces for the singlet excitons to
overcome their mutual Coulombic binding energy, driving the
excited electron transfer from donor to acceptor and the hole
transfer from acceptor to donor, respectively. It is normally
accepted that the LUMO energy level of the donor should be at
least 0.3 eV higher than that of the acceptor for efficiently
driving the separation of the singlet donor excitons. The V. is
widely observed to correlate with the energy level difference
between the donor HOMO and the acceptor LUMO, as defined
by Epa = ELUMO,acceptor - EHOMO,donor' Upon photoexcitation,
a CT state is formed at the donor-to-acceptor interface. A shift of
the energy level of the CT state will lead to a change of V,..*!
Electronic coupling® and composition®® between the donor and
acceptor materials, and energy ordering®* are other factors that
influence the V,. value. Since the energy level of the frontier
molecular orbitals, i.e. the LUMO and HOMO, determine the
material’s bandgap, judiciously engineering the energy levels of
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Fig. 8 (A) The solar spectrum (black), integrated irradiance versus
wavelength (red) and modelling absorption spectra (green and blue) of
donor—acceptor materials. (B) Schematic depiction of phase-sepa-
rated donor and acceptor rich phases and their interface. The acceptor
molecules are shown by the spherical PCBM molecules (upper) or by
planar rectangles representing organic molecules (lower), respectively.

the frontier molecular orbitals and the absorption spectrum are
both the most important issues, while it is as yet a big challenge
to meet the criteria required for the synthesis of efficient donor-
acceptor mater