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Abstract

The rise in power conversion efficiency of organic photovoltaic (OPV) dewwer the last few years has
been driven by the emergence of new organic semiconductors and the growing understanding of
morphological control at both the moleaubnd aggregation scales. Non-fullerene OPVs adopting p-type
conjugated polymers as the donor and n-type small meleasilthe acceptor have exhibited steady progress,
outperforming PCBM-based solar cells and reaching efficiencies of over ih42%18. This review starts
with a refresked discussion of charge separation, recombination, agegl ldss in non-fullerene OPVs,
followed by a review of work undertaken to develop favorable molecular configuratignsed for high
device performance. We summarize several key approaches that have been employed to tunecéhe nano
morphology in non-fullerene photovoltaic blendemparing them (where appropriate) to their PCBM-based
counterparts. In particular, we discuss issues ranging from materials chidmisblution processing and
post-treatments, showing how this can lead to enhanced photovoltaic properties. Pattantian is given

to the control of molecular configuration through solution processing, whitthavea pronounced impact

on the structure of the solid-state photoactive layer. Key challenges, inclydieg solvent processing,
stability and lifetime, burn-in, and thickness-dependence in non-fullerene OPVs aredisigiilysed.
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1. Introduction

Photovoltaic solar cells convert the energy of sunlight into electrisityg the photovoltaic effect. In the
last decades, organic photovoltaic devices (OPVs) have emerged as promising syshenfield of solar
cell technology. OPVs usually comprise at least two types of semiconducting comipdheirt photoactive
layer, electron donors (D) where excitons are created upon photoexcitatiogleeindn acceptors (A) to
which the electronsratransferred and transported to an electrode to generate current flow. The D-A strategy
for OPVs quickly gained in popularity since they are solution processabteeftestive and potentially
scalable for industrial manufacture [1]. The fact that organic materials baablé bandgaps and energy
levels in both donor and acceptor materials offers significant research opporturittisaanea.

The architecture of OPVs has evolved from low efficiehilayer DA heterojunctionsto mixed DA
phase bulk heterojunction (BHJ) structures. Amongst BHJ solar cells, blendiighlight is the use of
fullerene derivatives as the acceptor material, in particular [6,6]-phenyb@§lic acid methyl ester
(PG:1BM or simply PCBM). From its rise in popularity in the 2000s, blends of a donor polwith a
fullerene acceptor rapidly progressed, with devices having power conversimanefés (PCE) in single
junction cells of around 11 % [2]. Polymer-fullerene systems are undoulatéitiyly successful route to
achieve a high PCE in OPVs, and in the last decade fullerenes have been the aadeptibe of choice
over their polymer and small molecule counterparts. This is likely due teeldtive ease of processing and
rapid improvement of the PCE of fullerene-based BHJ OPVs. Although some effartbde@avmade to tune
the energy levels of fullerene acceptors [3,4], the most common (non-tunedrfeldgrivatives, PGBM
and PG:BM, remain the dominant fullerene acceptors. However, progress has slothedl@st couple of
years for several reasons; fullerene derivatives are expensive to synthasgrepaurity [5], have poor light
harvesting ability [6], small bandgaps [5] and show limited electronic tunalBilitierene nanoparticles also
tend to migrate and aggregate in the solid photoactive layer, thereby reducingeffésiemecy and lifetime
[7,8]. This has meant that despite research into novel polymeric donors, progresiieddst the limits of
these fixed fullerene derivatives, to which no significant advancements are ngvidikel made. Given the
growth of research into BHJ D-A OPVs, research now increasingly addresskey/¢fh@pment of new non-
fullerene acceptor materials. Indeathrting from Zhan’s perylene diimide (PDI) acceptor in 2007 [9], a
wide range of n-type small molecule acceptors (SMAS) have emerged as a viabl® moonefullerene
solar cells, which increasingly appear to overcome the deficiencies ofulteriene counterparts. Here, the
last few years have seen SMAs successfully employed in non-fullerene OPVs accorbyaaigdpid
increase in device efficiency. Many researchers have demonstrated devices havirng S&ES0 % with
significant advances in the understanding of donor-acceptor compatibility, eeeegyuinability, molecular
design and processing techniques used to enhance device performance. At the tiniegofSegptember
2018), several groups have reported champion PCEs over 13-%3][Hhd 14 % [14,15] in single junction
non-fullerene devices, over 14 % in ternary OPVs [16,17], and over 17 % in tandem OPVs [18].

This review highlights ways in which researchers have used morphology comat-fiallerene-based
OPVs to obtain high device performance. We start by refreshinggtiesdion of charge generation process
in OPVs. A general requirement for efficient harvesting of solar energyaisttie energy level offset
between the highest occupied molecule orbital (HOMO) level of donor and the loveesupied molecular
orbital (LUMO) level of acceptor must be sufficient to overcome the excitadirig energy and facilitate
efficient charge generation. Here, Wi#set AEpa provides the energy required for charge separation [19].
This energy offset has been found to be significantly smaller in nardak OPVs compared with their
fullerene counterparts, and allows an exploration of the fundamental aspectshartigee generation process
in OPVs. We then describe favorable morphological features of non-full&ddeincluding molecular
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configurations and distributions that lead to high device efficiency. $Higllowed by a summary of how
material chemistry, ternary-strategy, solution-processing and post-treatnferdace molecular ordering
and phase separation in solution-cast BHJ photoactive layers. We finish by pgesdailenges and
perspectives for the future of non-fullerene OPVs.

2. Discussion of charge separation, recombination, and Voc loss

The relationship between the PCE of a device and its key parameters; open circuit veliagieokt
circuit current dc and Fill Factor FF is given by the following equation (whekeidthe incident solar
power) [20]. The so-called Shockley and Queisser limit defines the maximunblposfiiciency for a
single-junction PV device, that in OPVs has been estimated to be around 35 % [21,22]. However,dhis appli
to ideal systems subject to only intrinsic losses, when in realitg @rer multiple sources of loss that will
have an adverse effect on individual parameters and the PCE. In many cases theateaimplic
interdependence of these parameters, in particular the trade-off between photcaudr photovoltage, is
seen as one of the biggest challenges for improvement in OPVs [23]. Energy @R¥s can be split into
two types: (1) radiative loss incurred due to charge generation, which is tbftemodynamically
unavoidable, and (2) non-radiative losses incurred during charge separatioanapdrtr a process termed
recombination.

Charge generation in OPVs occurs when photons from an incident ray of ligitsarbed by the active
layer components, with an electron immediately promoted to the LUMO of the dondmnofas s the
diagram of figure &) via quasi-adiabatic charge transfer, leaving a hole in the HOMO. In organic
semiconductor systems, this electron-hole pair, known as an exciton, exigténtermediate bound state
with a columbic binding energy of around 0.5 eV due to the low permitt¥igrganic materials [24]This
bound pair of charge-carriers remains electrostatically attractedcientain time until they disassociate or
recombine. In order to generate a photocurrent, the exciton must diffasiotomr-acceptor heterojunction
and disassociate into free charge carriers in a process known as chargiosefsge figure 1b). If the
charge carriers can be fully separated, this leads to the generation of a phontqmes figure 1c). This
charge generation process occurs via an interfacial charge transfer (CTarstakeads to the first part of
energy lossAEcs, with AEcs=Eg-Ect [25]. Here, Er is the energy of th€T state, and Eis the smallest
optical energy-gap of the two constituent materials. The second part of évesgjue to recombination to
the ground state or other recombination processes (as shown in figure 1d) candmbasekr-qVoc [26].
The total energy lossi&=(Es-Ecr)+(Ec-qVo0)=Eg-qVoc, with the elementary charge [27]. Typical values
of in fullerene-based BHJ OPVs range from 0.6 to 1.0 eV.

It is noteworthy that the nature of the technique used to deterngiige ditical, with this having an
impact on the measured voltage loss. For examgleafEbe determined from the onset of the absorbance or
EQE spectra, or from the crossing point of the absorption and emission spectra. et aengew, Wang et
al. highlighed problems with these methods, and showed thatakies determined using optical methods
were reduced as a result of shifts in the absorption spectra caused as d bésudting different materials
together [28]. Instead, two useful methods were highlighted that religcdborEQE measuremeniamely

extracting § from the edge of the EQE spectﬁégge, or as a derivative of the EQE cul§¥. Such

measurements were shotaproduce more consistent results without the necessity of using aatteabind
using such methods an upper limit of PCE of around 18 % was predicted.

The relatively large binding energy of the CT state in OPVs indicageadéd for &driving force’ to
ensure charge separation. A way to achieve this is by having an offset between the LUM® tsia@snor
and acceptor respectivelyEpa=Diumo-ALumo) [29]. Many polymer-fullerene systems were engineered with
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such a driving force of around 0.3 eV, such that € Ey in order to drive charge generation. Without this
offset, D-A pairs with bandgaps close terthave been seen to suffer from losses due to recombination of
electron-hole pairs or exciton decay directly to the ground state [5,30]. Many DsAwsi engineered to
utilize large energy offsets in order to successfully generate chamgesnable charge separation rather than
recombination. However, this comes at the costrefduction in internal quantum efficien@nd - since the
donor must have a high LUMO to achieve this offset - restricts the tunadfilibhe donor bandgap. Whil
increasing AEpa can help overcome the Coulomb barrier, promote charge separation and reduce losses
through recombination, this offset is detrimental to other device parameters, inl@aklissl For example,
Vohra et al. explored PNTz4T:RPBM inverted cell solar cells that relied on an offset of ~0.5 eV to achieve
a PCE of alImost 10%, at the expense e Yf around 0.7 V) with a totalfs of 1.0 eV [31]. In fullerene
systems, there are a few examples breaking thislimnit, but advances in non-fullerene SMAs has led to
more and more systems that combat this problem. Various attempts to reduce thisyoliésetring the
LUMO level of the acceptor material have resulted in a voltage loss and andvieg, iPCE and external
quantum efficiency (EQE) [1,32,33]. Other groups have demonstrated an impreyedpslymer-fullerene
systems, with values exceeding 1 V, but always at the cost [#4]35] or optical losses [6].
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Figure 1. (ac) Schematic showing photogeneration, charge transfer state and charge separation process
across the D:A heterojunction in organic solar cells. (d) Qualitative scloérie energy landscape of an
organic donocracceptor solar cell. At the interface of donor (D) and acceptor (A) phbsasharge transfer
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(CT) state is formed, causing the singlet exciton S1 at either the doniee acdeptor state to undergo
charge transfer. From the weakly bound CT state, dissociation into separatedazrarsys (CS) can take

place by either using excess energy from the singlet state (hot CT) or by thertagioexfriom the relaxed

CT state (cold CT). Besides dissociation, CT excitons may also recombine radiatinely-radiatively to

the ground state. If the solar cell is driven by an external chemical pqtéegatharge carriers are injected

and recombine from the lowest available energy level, the CT state, leading to electroluminescence emission.
figure 1d and caption reproduced with permission from reference [36].

As discussed above, fullerene acceptoedimited by a high binding energy of the charge transfer state
and it has often been seen that an excess of driving force can assist cparggosethus enhancing
efficiency. However, this driving force results in energy loss due to theretiife in energy of the polymer
singlet excited state and the charge transfer state, which can vary between 0.1eAhb,@3F. This is a
problem unigque to organic photovoltaics, since non-organic and perovskite PV devices have sharp absorption
edges, no CT states, and thus do not require a driving force nor suffer fronpéhef tgss [37]. It is often
assumed that small molecule acceptors share similar charge separation chmsaetéhstullerenes, and
thus have similar CT state binding energies of around 0.3 eV. However, the evofub®V materials and
particularly non-fullerene acceptors has challenged the notion of the rdle dfiving force, as there are
growing examples of systems that function well withautEpa of 0.3 eV. The implication is that the
binding energy can be lower than 0.3 eV, and that charge separation can oceurapidly than was
initially thought. An explanation comes in the form of delocalized charge trastafes It is known that the
delocalization of electrons and holes occurs in OPV materials, and charge separfwlitated by the
overlap of delocalized charges at the D-A blend interface. When excitons arategmeyar an interface,
rapid charge separation occurs due to the delocalization of charges, with leindigges below & (below
ksT), facilitaing the separation of the electron-hole pair [38,39]. Megtkal. provided an explanation in
terms of the relationship between the lowest singlet excitation energy (oheteérby E) and the coulomb
potential as shown in figure 2 [27]. In order to overcome the Coulomb barrier and digassbdiatances
beyond the Langevin recombination radius (ca. 5 nm), the energy of the charf stats must be greater
than the long-range coulomb potential (as in the case gf $lthe case of systems with high charge
mobility and small charge separation distance, delocalized CT states carateel @t energies lower than
the long range coulomb potential and still disassociate).($lence, delocalized states are generated at
interfaces within picoseconds (ps) of excitation at energies lowetthkataditional kv, with these states
possibly being responsible for improved charge separation. Gélinas et al. used tinagéent adsorption
spectroscopy to reveal the behavior of excitons in the first femtosecondstéiskexcitation, recording
electrostatic peaks 40 fs after charge generation, corresponding to a chargeogegigtatice of 4 nma
distance at which the exciton binding energy is much smaller. These resigideridat large LUMO level
offsets are in fact not vital for charge separation, since deledatimb-Er states can separate if located
within several nanometers of the D-A interface. These states are of considenadsl binding energy than
Ecr and, as such, a much smaller or negligiiia is sufficient for charge transfer in these cases. Bearing
this in mind, it is not surprising to see more and more examples of polymer:reneiellOPVs which have
little to no AEpa but high \bc together with reduced recombination and improved efficiency. Various
examples of energy loss in fullerene and non-fullerene systems are plotted thg#ingic, PCE and EQE
in figure 3.
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Figure 2. Schematic for charge generation in systems with a large offset energyhati¢het difference
between the lowest singlet exciton energy (S1 or equivalegjhyafd the charge transfer state-Eis
greater (case A) or less (case B) than the long-range Coulomb powftialiich needs to be overcome in
order to separate charge and create free carriers beyond their Langevin redamiadais. For low Ess
systems, case B will dominate. Free carriers can be generated from localizeateSTegher by thermal
promotion to delocalized states or by successive hopping. Figure and caption reproducedmisdiope
from reference [27].
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Figure 3. Comparison of the relationship between energy loss ando@bY PCE, and (c) PCE vs. EQE for
OPVs employing fullerene and non-fullerene acceptors. Energy loss is calcutateli.f=E;-qVoc. The
grey solid and dashed horizontal lines offer a guide to the eye to show whkiemsyachieve anik of
below 0.6 eV and 0.3 eV respectively.



The fact that high efficiency can be achieved in non-fullerene OPVs in whighithittle or no energy
offset between donors and acceptors motivates a rethink of the charge sepavagsa and mechanisms.
Hou et al. have provided weinsight as to why charge separation is more efficient in non-fullerene OPVs
compared to their fullerene counterparts by studying their electrostaticipb(E®P) [40]. They found that
positive and negative charges were concentrated on the surface of the donor and aqoegtivehgsvhich
can be represented through models of the molecules as shown in figure 4. Thisdritigafor the small
molecule acceptor, large parts of the surface have a positive ESP, while théna®m@onet negative ESP,
with all conjugated regions excluding the backbone having negative E&Pre§hlts in the creation of a
strong intermolecular field, favoring exciton disassociation and electron tramsfedémor to acceptor. This
can be compared to the ESP @f,@n which case a homogeneous delocalization of charges over the surface
is observed. While this distribution allows aker-n interactions necessary for charge separation, the ESP is
much weaker (0.11 eV) compared to a maximum of 0.98 eV for the SMA. Itdshbeuhoted that non-
symmetrical fullerene derivatives such &Cs:BM and PC:BM were created with this in mind,
incorporating side-chain blocks adjacent to thg¢@o sphere to generate a less even charge distribution and
favor fast charge transfer. However, it is apparent that non-fullerene ascépi@ significantly better
charge transfer properties, in part due to their uneven and strongly negative E@faaghich enables fast
charge transfer @& D-A interface.
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Figure 4. ESP distributions on the polymer donor (DCBT-2fe non-fullerene acceptor HIF’, C60 and

PG:BM. Blue represents a strong positive electrostatic potential (ESP), while regemysr a strong
negative ESP, and green a neutral ESP. Reproduced (adapted) with permissioeféremce [40].
Copyright 2018 American Chemical Society.

In polymer-fullerene systems, charge recombination is seen as a major sourdb,4a4s42]. This
phenomenon can occur thorough both geminate and non-geminate recombination, witméhedfarring
to the recombination of a hole-electron pair soon after (<100 ms) charge separation (i.e. still in aab@ynd st
and the latter referring to the recombination some time (and distance) aftgehave been separated.
Organic semiconducting materials usually have low charge mobility, meaningd¢hatit a greater chance
of geminate recombination for those materials with low charge separation energy AEcs [43]. Non-geminate
recombination can occur especially in BHJ devices since there is hmameecof chargeie-meeting during
their transport process within the interdispersed D-A phases, leadifmdtetular recombination [44,45].
Another type of non-geminate recombination is trap-assisted recombination, lvdieseor electrons are
firstly trapped within the band gap and then recombine with an oppositely charged &aducing the trap
density in the BHJ layer can reduce trap-assisted recombination and henceeiricee&F of OPVs, e.g.
trap-filling of the polymer donors with the additive F4-TCNQ has been deratatst[46]. The primary
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source of such non-radiative (recombination) losses in OPVs remains under disdugsibig generally
accepted that non-geminate recombination is the dominant method in BHJ devecessult of increased
electron and hole recombination in the interdispersed bulk phase-{86]4Recombination in OPVs was
initially described by Langevin dynamics [51], but theoretical studies [4242and experimental
measurements (including transient photovoltage and differential charging experiment$, [#arsient
absorption spectroscopy (TAS) [56], time-of-flight transient spectroscopy i linearly increasing
voltage (such as photo-CELIV) [48,50,58]) have since shown that the recombinatias irafact several
orders of magnitude lower than predicted, leading to reduced or suppressed raegevhbination
[42,47,50,54,59]. This can be quantified as a total recombinationg,atéhich can be expressed simply as
the Langevin recombination rate odified by a dimensionless prefactge, which is a function of current
density or charge mobility [47].

kg = yprekL :%(up + Hy) Eq. 1

Hereg is the combined D-A permittivity, g the elementary charge, arahd s are the electron and hole
mobility respectively. Wetzealer et al. extended this to derive the mefacterms of carrier current, and
found that the values ofye were typically on the order of £0and 1@ for fullerene and non-fullerene
systems respectively, with differences occurring due to different electroditynabd recombination rates,
with the coefficient determined by the slowest carrier mobility. Credgingt Durrant derived the
relationship between recombination and the open circuit voltage for polyhezene systems, and showed
that non-geminate recombination limitsdf49].

Tuning the donor-acceptor energy offset to achieve charge separation whilst mmiitage loss from
factors such as recombination to achieve a high i¥ an issue that researchers have started to address in
non-fullerene donor-acceptor systems. There is mounting experimental evidence shawviefficient
charge separation can occur with@utriving force, i.e. where D-A HOMO/LUMO levels are in near-
equilibrium [60-63]. For example, fast charge transfer can occur by improving the mobility vé deyier
materials, thus enabling donor-acceptor pairings with smaller energy gaps to hawd redudosses
[23,27,63,64]. Furthermore, the small offset due to low-lying HOMO levels reducegivadosses from
absorption above the charge transfer energy but below the bandgap [65,66]. Early examgpkeew with
polymer-fullerene systems using low bandgap polymer donors [23,67,68]. with work taskaw and
coworkers achieving a 3¢ of 0.96 V and an efficiency of 8% due to fast charge transport @harrow
bandgap polymer donor PNOz4T with PCBM [69]. In fullerene devices, it was filnatchigh internal
guantum efficiency (IQE) values could be obtained with no dependence on the charge statefd61].
High values of IQE indicate that very few generated charges are losiorbimation, i.e. most generated
charges are separated and make it to the electrodes.

The link between energy loss and quantum efficiency has since been exploredfullenene OPV
devices, with Li and coworkers finding that PTB7-Th:IDTIDT-IC devicesehagry high internal and
external qguantum efficiency (EQE) values angsE 0.6 eV. It was suggested that this was to planar -

n stacking of the IDTIDT-IC acceptor enhancing charge mobility, or decreasing the exciton bindiny energ
of the CT state [70]. Thus the measured losses are attributed to rattiafgs only (i.e. losses due to
recombination are negligibleYhe following equation was used to quantify non-radiative Wss as a
function of EQE (where EQE is radiative quantum efficiency) [70]:

Aypen-rad — _ kq—Tln EQEg, Eq. 2



Qian and coworkers demonstrated experimentally that such a relationship betweer\EQE, holds
true, with systems such as PDCBT-2F:IT-M and PTB7-Th:IEICO that have high B@Qkes also have
high Voc values and low voltage losses due to reduced recombination rates. Furthermore, they tiraposed
systems that otherwise demonstrate high efficiencies but with low value3ef Ehay show capacity for
improvement if non-radiative recombination rates can be reduced [71]. As 8gutemonstrates, there is a
strong correlation between EQE and device performance, stemming from the VidehdfQE and non-
radiative recombination. Indeed, improvements in thin film morphology that reswfficient charge
dissociation are likely to result in improved short circuit current and corresgindigher EQE values. Liu
and coworkers [64] achieved an internal quantum efficiency of 87 % with an invetgdsgh Voc of 1.11
V resulting in a PCE of 9.5 % in a P3TEA:SF-PDI2 non-fullerene system. Adttage loss of 0.61 V was
reported as a result of high mobility and efficient charge separatidn veigligible driving forces, and
furthermore it was found that by comparing systems with different drivireg$othe low driving force did
not have a negative impact on device performance. This voltageds reduced to 0.54 V in subsequent
follow-up work, where the positions of the alkyl side chains and carboxylate substivenet switched to
create the polymer P3TAE [72]. This leddaaownshift of energy levels, which reduced the driving force
and resulted in a high ¢ of 1.2 V. Here, the more twisted polymer backbone inhibited molecular
aggregation, although botbcland EQE were reduced. Nevertheless, this potentially offers a route to tuning
crystallinity and photovoltaic properties in donor polymers. In a further exa@péx and coworkers found
that a high PCE of 10.% could be achieved usirgPffBT2T-TT:O-IDTBR system in which the energy
levels of the donor and acceptor were aligned. The higho¥/1.08 and low Vss of 0.55 V observed were
thought to result from reduced non-radiative recombination rates whichcawesdated with a high EQE
of ~1 x10*[73].

Xie [62] and Zhang [74] repat similar results with PBDB-T:IT-M and PBDB-T:ITIC OPVs
respectively, citing the out-gftane 7-r stacking of the donor as a source of high mobility. The acceptor
ITIC has been shown to have a broad absorption spectrum, and its high mobility and lowerléxéidO
allowed good compatibility with low bandgap donors such as PTB7-Th and PBDB-T7[75<u and
coworkers achieved a PCE of 12.8 % with PBDTS-TDZ as donor and ITIC as aceéiita Voc of 1.1 V
and kss Of 0.48 eV [12]. Li achieved an impressive PCE ofa2rom IT-M coupled with PBDB-T. This
occurred as a result of favorable phase separation, despite resulting in a lshgtliZQE [78]. In an early
work, Chen showed that interchain aggregation of a conjugated polymer could be benefibigh for
mobility, allowing a low-bandgap donor to achieve high efficiency over a rangecife layer
thicknesses [30]. Zhang also achieved a high PICE.8 % using n-n conjugated polymers (based on PffBT)
as donors with ITIC as the acceptor, with an offset of only @@479]. Shi et & amongst others
highlighted the importance of device morphology, stating that optimal device structureatestig
recombination losses due to slow charge transfer [60,61,80]. Figure 3c highlights theéaricgoof
achieving a high EQE in high efficiency systems.

There are several other photovoltaic analysis techniques that can be used ito opdntify charge-
carrier mobility, and thus shed light on recombination processes in OP\sstcl experimental tests are
measurements of (i) photocurrent density) (s a function of effective voltage &, and (i) Voc or Jc
versus light intensity (). The saturation point &) of the photocurrent density can be correlated with the
disassociation of charge carriers, and a higtislindicative of low recombination. High values ef; also
correlate with a broader EQE spectrum [81]. By characterizing devices at a ralgj# oftensities and
determining the gradient of the subsequest ¥6. In(R.) and log(d¢) vs. log(R.) curves, information can be
obtained regarding the degree of monomolecular, bimolecular or trap-assisted recomf@htion



In general, by controlling the conjugation lengths and stacking properties of photoxmdtarials, losses
due to recombination can be minimized, meaning less dependence on driving force wed tegemsure
charge separation. This has reduced the dependence on energy offset betweanddacoeptor, and hence
allows lower bandgap materials to be used. There are a growing number of examplesutierene OPVs
which do not suffer losses and have high valuesgf Wutperforming other OPVs in this respect as seen in
figure 3a. This is through careful design advances such as improving changéertrefficiency and
increasing charge mobility to reduce recombination loss and increase IEQEved charge transfer
efficiency has also been achieved through favorable mixing of D/A phases, regulshgrter distances
between donor and acceptor phases; an effect that also reduces recombination losses pauosetidrge
mobility. These factors have significantly reduced non-radiative recombinatises and raised thexy/
which in turn means thatsignificant energy level offset (previously required for driving chargarséipn)
is not necessary, thus materials can be utilized with smaller bandgaps andmdaser-HOMO/LUMO
levels.

It is well accepted in the OPV community that film morphology and aggregatiomlacular length-
scales play critical roles in controlling the optoelectronic propenies|ts effects on light absorption,
exciton dissociation, charge generation and recombination. For this reason, a growintantidgrsf the
use of processes to control and tune morphology through chemical or processiodsniellowing rapid
progress to be made in the development of efficient OPVs. In the foll@stigpns, we will highlight how
molecular morphology can be tuned through chemical design and processing control, teedadipigpved
photovoltaic properties.

3. “Favorable” morphology leading towardsimproved performance

In the present generation of OPVs, active layer morphology is one of the main fhetoirsfluence
charge separation and transport properties. In contrast to bilayers, a mixed dontor-at@se in which D-
A junctions are distributed throughout the bulk has been widely reported to be osteeffective
morphology for good OPV device performance [5]. In a heterojunction devicabl@iB¢A polymers form
multiple phases that result in interconnected domains. Optimal devices combine a high afed:A
interfacial contact, while maintaining pure D/A domains to achieve high mobilityoeanbid recombination.
To this end, various processing technigues (such as solvent additives [83], solvemtrvegading [84] and
thermal annealing [85]) have been employed to modify the morphology of the acéveBayh molecular
parameters and processing techniques play a significant role in determeasegibrphological properties,
which then determine the device performance. This relationship is shown schematically if.figure
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Figure5. Relationship between chemical structure, film processing and properties of photovoiizes.dev

In polymer:fullerene and polymer:non-fullerene systems alike, the influencenocophology and
particularly molecular ordering within domains, domain size, domain purity and domaircteity@lay a
key role in determining device efficiency. A requirement for good deviceiegifiy is the proximity of
excitations to domain boundaries, with domain size being correlated with extffosion length to
minimize exciton decay. In polymer:fullerene systems, this parameter has been rbstenmsing
photoluminescence measurements as a function of layer thickness, with valuesroh &g reported. In
non-fullerene blends this diffusion length has been reported to be 10-20 #0][86or this reason, domain
sizes on the order of ~20 nm are necessary when using organic materialsortitixciton diffusion lengths
[91-93]. Pure crystalline phases, however promote increased mobility and thus redwiecudan
recombination, thus a morphological trade-off exists for domain size [83,92,94] be&ashown that poor
domain purity, i.e. poor control of aggregation and over-mixing results in ainrmperformance in both
fullerene and non-fullerene systems [793H]. It is therefore important that the phases are not over-mixed
(i.e. forming small or impure domains). Higher domain purity helps improve chamgragion [98], as
shown by Liu and coworkers who found that by using thermal annealing to control the domaiofpamity
ITIC derivative (T-M) it was possible to improve electron mobility and reduce the aletje thickness
dependence on OPV performance [99].

There are several techniques that are commonly employed to investigate the ogicphptoperties of
semiconducting and conjugated materials at the molecular level. Grazing-Incidencéngieex-ray
Scattering (GIWAXS) can provide valuable insight into the morphology of crystakigions in conjugated
materials, with this techniqgue being used extensively to characterize moleoudaring and
orientation [11,32,94,96,9905]. Grazing-Incidence Small-Angle X-ray Scattering (GISAXS) and Resonant
Soft X-ray Scattering (R-SoXS) can be used to determine the average domain fiezenit gphases, with
the later able to provide information on domain purity [100;108]. Neutron Scattering (N$109,110],
Near Edge X-ray Absorption Fine Structure (NEXAFS), Secondary-lon Mass Spectr¢8id§) [111-

113] and X-ray Photoelectron Spectroscopy (XPS) with ion-etching ability can also b® wheddcterize
the distribution of components in the photoactive layema ivertical direction [81,114116]. Scanning
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electron/probe microscopy techniques have been widely used to identify phase wemardtisurface
roughness of photovoltaic films [82,117]. Figure 6 lists these techniques and their aglvamzdjmitations
in the study of morphology of photovoltaic blends.
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Figure 6. Comparison of different solid-state characterization techniques for photovbitafdrhs. Images
in the “data” column are adapted with permission from the following referencesJV-Vis [81], XPS [81], R-
SoXs [118], GIWAXS & GISAXS [119], NR [120], SIMS [113], AFM &EM[117].

3.1. Molecular Configuration

Molecular configuration is an important factor in controlling the optoelectraoigepties of OPVs, e.g.
light absorption, exciton diffusion, charge separation and transg®rivell as controlling the physical
morphology of the system [64,87,12AP4]. Interactions between conjugated materials can influence
solubility and miscibility [125] of photovoltaic blends in a liquid statet hlso affectr-n stacking and
crystallization in solid-state films. Indeed, charge mobility correlatel avit stacking intensity and the
degree of planar alignment and is often used as an indicator of good photovoltaic ggesé[h26131]. In
OPVs, the preferential orientation of conjugated materials in photovoltaic btemdssponds to face-on
orientation, that is, with the conjugated backbone of the molecule laying ptordhliel substrate, as opposed
to edge-on (in which case it is oriented perpendicular to the substrate). Facertation is preferential
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because as it can result in improved orbital overlap between donor and aeceptiso improve charge
transport and exciton dissociation. An increased degree of face-on orientataedbeen seen to benefit
charge transport and reduce recombination [31,132], thereby leading to higher EE[288]J

Lamellar
stacking:
Slow charge |
transport _Jund

Figure 7. (a) n—n stacking between conjugated molecules and between PCBM nanoparticles. (b) Stacking
orientations and their charge transport efficiency (c) Face-on and edge-on armenfamolecules on a
substrate. (d) Schematic models of H-aggregation (ta€zee), J-aggregation (slipped fateface), anl

helical aggregation between conjugated molecules. (e) Depictions oftideatacking orientation between
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donor and acceptor in both fullerene and non-fullerene OPVs. Modified and repraticgoermission
from authors [125].

PCBM molecules undergo close packing, forming isotropic domains. This results in comparedde cha
transport mobility in all directions, which is one of the reasons that PCBMideal electron acceptor when
combined with various electron-donating materials. This isotropic nature hoveewet present in non-
fullerene OPVs. As shown in figure 7, SMAs can undergo H-aggregation t¢ff@ee), J-aggregation
(slipped faceo-face), or helical aggregation. This anisotropic © stacking leads to anisotropic charge
transport properties, with a higher mobility along ther stacks. A preferential orientation of both donors
and acceptors with a face-on configuration is expected to be ideal for high perfoonifigilerene OPVs.

A longstanding question in organic electronics concerns the effect of fawledentation at donor/acceptor
heterojunctions. By investigating a well-controlled donor/acceptor bilayemnsydtguyen et al. determined
that devices containing donor molecules that are face-on to the acceptor enteafeec a higher charge
transfer state energy and undergo less non-radiative recombination, resultlagger @pen-circuit voltage
and higher radiative efficiency. In contrast, devices containing donor molecules that have edgetatioori
at the acceptor interface are more efficient at charge generatieafusef attributed to reduced electronic
coupling between charge transfer states and the ground state, together with eclivatoraenergy for
charge generation [134].

In non-fullerene OPVs, the molecular orientation at the D/A interfagrtiemely important for charge
generation efficiency [135]. As for fullerene derivatives, it has been fouhdbthsystems in which there is
isotropic nonplanar z-stacking, devices have better efficiencies than comparable systems with planar
stacking. There are a series of rylene diimide based functionalized polyoegtas which have been
successfully employed due to their favorable absorption and mobility propegiegll as tunability [136].

For example, Rajaram and coworkers show that the non-planar orientation of their peiyhete (PDI)-
based acceptors significantly improves photovoltaic properties [137], with hon-planar eddbfBitderived
acceptors also showing improved performance [138]. By increasing the dimengiohtii acceptor (thus
increasing the spatial dimensions of the D-A interface), charge sepag#ittency can be improved [139].
This is because the Coulombic attraction energy is inversely praparto the separation length; indeed it
has been estimated that the Coulombic energy drops from ~0.4 to 0.1 eV at a distance of 4 nm [140]. Ye et al.
show the influence of molecular orientation by changing the planarity of the potioner PBDTBDD
using alkylthienyl side groups to create PBDTBDD-T. When blended with the acédgbl, the modified
donor had a much more anisotropic orientation [141]. Molecular orientation alsctsaffnolecular
aggregation in solution, resulting in improved phase separation. Their déawogporating non-planar-
orientated PBDTBDD have superior current density, EQEadd \bc than their planar counterparts, with
PCE increasing from 2.4 to 5.8 %. Here, the non-planar orientation results in marbfe
n— interactions between donor and acceptor, improving charge transport efficiency.

3.2. Vertical component distribution

It is known that efficient charge transport can be achieved through controtediadial properties
between transport layers and active materigbr example, by controlling interlayer morphology [142],
roughness [143] or work function [144] it is possible to increase charget®tiratficiency. Similarly, the
vertical component distribution of donor and acceptor materials towards their respectiredel can result
in improved charge extraction and collection processes. Stratification withie awditerials can result from
methods employed to control thin-film vertical morphology, including theramaealing [110], solvent
annealing [145,146], washing [117], or novel preparation techniques such as offspegmteasting [147],
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the use of chemical/solvent additives [106,148,149] or tuning component surface efidjS0]. The
degree of stratification is often investigated using optical techniques subl$,aBlEXAFS, XPS and
SIMS.[114]. The extent to which vertical stratification affects non-fullerenecdsviemains an open
guestion, in part due to the difficulty of obtaining high-resolution depth psofif the active layers. Despite
this, there are growing examples of favorable donor enrichment at the substrdaeénthat benefit device
performance when an enriched region is in contact with its corresponding electrbdibRl5Here, figure
8 depicts a favorable component distribution in the vertical direction in the phet¢okgter of a non-
fullerene OPV.

Non-fullerene acceptor

Polymer donor

Figure 8. Graphical representation of vertical component distributions within the pheméayer of a non-
fullerene OPVModified and reproduced with permission from reference [81].

In fullerene systems, the mechanisms controlling vertical stratification havadgewed by Yan et al.
who described the main contributing factors to be the thermodynamics in solution, solubilitymeahifiig
kinetics, along with the surface free-energies of the different mat¢®i@]. Here, as the solvent evaporates,
interactions between active materials will increase, which promotes phase isapd@a4] and drives
stratification of donor or acceptor materials. It is widely repomefdlierene systems that thermal annealing
invokes vertical stratification via the diffusion of PCBM to the aieiface, which can be beneficial for
charge extraction in OPVs having a conventional device structure. For example, in P3HTRG8M
fabricated in ambient conditions, Rujisamphan et al. saw an unfavorable P3HT-rich layer datiee][$65]
while van Bavel et al. found that thermal annealing created a PCBM rich slayacdan the same blend
[146]. In a non-fullerene system, Vaynzof and coworkers used XPS to identiffiesira¢gions in non-
fullerene solar cells, with an enriched P3HT layer found at the filnasaiffl51]. However, they found that
they could not distinguish whether the annealing increased the donor/acceptaraticatifin a recent study
from our laboratory, Li and coworkers used XPS depth profiling to identifyfategiton of the active layer
components as shown in figure 10 [8lt]was found that both surface free energies and thermal annealing
affected the vertical component distribution imanfullerene PBDB-T:IT-M system, noting that under
ambient processing, a polymer-rich layer was located at the film surface, as mabsewed in fullerene
systems. Likewise, thermal annealing resulted in the depletion of this polymdmyechf the PBDB-T:IT-
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M blend was positioned on a PEDOT:PSS substrate. This was found to be advaritagemrs/entional
device structure as the polymer acted as a blocking layer hindering electron transport.

Surface and interfacial energies also play an important role in the selfehgssindonor/acceptor
materials in the active layer. By modifying the surface energy of the icisdrfayer, or by adjusting
processing techniques, a donor or acceptor material can be made to preferectédlyat either the
substrate or the air interface. Yan et al. used a methanol rinsing techmiqdade stratification of PCBM
to the film surface, finding the PCBM-rich interface was beneficial to chaageport [117]. Huang et al.
found that stratification occurred in both polymer:fullerene and polymer:nonenéeblends, and showed
that by reducing the surface energy of the ITO it was possible to eneotlragpolymer phase to
preferentially locate at this interface, thereby leaving an acceptotayer towards the air interface. By
applying suitable layers of small molecules to control the ITO surface elitengg also possible to control
the degree of vertical stratification which enhanced overall device pamoe [116]. Recently, Wang and
coworkers used XPS to characterize the top and bottom regions of their PTB7-Tactilayer, finding
that ITIC was located towards the substrate, as shown in figure 9. The readus, fmthough not explored
in the article, is presumably the preferential migration of ITIC to thetsubsnterface (away from the air
interface) due to its higher surface energy. This stratificatioefiiea the inverted device structure (where
the acceptor-rich region located near the cathode), which had a PCE of 7.89 % compdredddor the
conventional device, as well as significantly improving device stabili86][1As in polymer-fullerene
systems, the acceptor-rich region positioned at the cathode reduces the praifabitiynbination and aids
charge extraction, with the same being true for a donor rich region located at the anode.

These few studies demonstrate that vertical stratification in non-fullerestensy follows similar
mechanisms to that observed in fullerene-containing devices. That is, both solutiofimaddyifg
dynamics together with surface energy play an important role in determi@nggettical stratification of
active layer materials, with polymer components often preferentiallyedgt the top surface without
thermal annealing. Control of active component distribution can result in enrimped lat the anode or
cathode which facilitate hole or electron transport. Care must be taken to eothelatratification with

device architecture, since an enriched layer that facilitates electron transpoet configuration may act as
an electron blocking layer in an inverted structure device.
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Figure 9. XPS spectra for (a) the individual PTB7-Th and ITIC films and (b) Ntsn(fiTIC) XPS spectra

measured for the top and bottom surfaces of the PTB7-Th:ITIC blend film. Repidoditbepermission
from [156]. Copyright 2017 American Chemical Society
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4. Approachesfor morphological optimization

In many cases, molecular design using e.g. conjugated backbone moieties, side-chains, fluorine
substitution [88,96,126,157,158], or promoting intksin 7-n stacking [127,128,130has a pronounced
influence on the nanoscale morphology of photovoltaic blends. Early SMAs, particBRaiy were
incompatible with existing donors and suffered from strong self-aggregation duartplémar core [159].

Small molecule acceptors have differing miscibility compared to fullereneghea the same polymer-
donors were used, the NFAs were seen to be poorly miscible as in the case of PBDTand
PDI[153,160] (also, see reviews by Eftaiha or Lin, or Hou, Li or Yan for examples lgr szal new
acceptors, respectively [40,66,77,161,162]). In another example, Zhou used a fluoranthenmifiesed i
acceptor with poly(3-hexylthiophene) P3HT, and compared its performance wiBNPCL63]. While this
work demonstrated the viability of non-fullerene acceptors, the poor miscailityaggregation resulted in a
poor comparative device-performance. Indeed, early SMAs did not have complementgpticadspectra
with polymer-donors such as P3HT resulting in poor light harvesting and Id& \EEQues [164]. More
recently, new acceptors have ebesynthesized that have suitable energy levels and complementary
adsorption spectra for existing donors such as P3HT (a material that rerpamdar donor material owing
to its relatively simple synthesis [165] and potential for upschlifi®1,166-168]. However, the
performance of OPV devices using P3HT are limited by their adsorption spectreaivgly high energy
levels. Donors such as PBDB-T and PTB7-Th have better-aligned HOMO and LUMO teeglsidit the
reduced need for an energetic driving force, and have better miscibility @mtbtdnal compatibility with
NFAs, aswill be explored in the following section [11,99,169,170]. Further advancements have been made
17



by modifying the chemical structure of donor/acceptor molecules to enhance etierigy levels,
compatibility and performance. The energy levels of P3HT, PBDB-T and PTB7-Th can rbdnsee
comparison to other polymer donors in figure 13.

4.1. Acceptor design

Figure 11 shows the chemical structure and energy levels of NFAs discussed in ¢is Iteigi of note
that many of the new generation of SMAs utilize electron withdrawing inédabased end groups and an
aromatic fused-ring core resulting in a ladder-like donor-acceptor-donor (Atixe@kbone structure [17.1]
Such structures are beneficial since they result in strong intra-chain chemggertrbetween donor and
acceptor moieties, creating materials that have high extinction coafficmal high absorbance (almost
double that of PDI-based acceptors) while also having narrower bandgaps [172].nran¢hetich a core
structure allows four side chains to be attached to the aromatic corepertprthat opens significant
structural and electronic tunability, many examples of which will be outlinetthis section. A notable
example was reported by Zhan et al. in 2015, who showed that ITIC (3,9-bis(2ytertb{3-(1,1-
dicyanomethylene)-indanone)-5,5,11,11-tetrakis(4-hexylphenyl)-dithiend{2,3-d']-s-indaceno [1,2-
b:5,6b']dithiophene), could surpass the PCE of fullerenes when coupled with PTBFZ5]. ITIC combines
a broad absorption spectruhiigh charge-carrier mobility and lower LUMO levels, allowing compatibility
with low bandgap donors. ITIC has good electron-withdrawing properties due dgaits- and carbonyl
groups, with the rigid structure of the large alkyl-phenyl side chainétdiog - interchain overlap.
Together with ITIC, there are many other examples of molecular engineeringdmasethceno[2,1-b:6,5-
bO]dithiophene (IDT) or indacenodithieno[3,2-bJthiophene (IDTT) backbones, wlamphich have been
shown to be improvements on ITICi and coworkers’ IDT-IC and IDTIDT-IC are similar in nature to ITIC
and are also based on fused ring molecules, with higha@hieved upon combination with PTB R This
comes, in the case of IDTIDT-IC, as a result of higher LUMO levels and low becation [70]. IDTIDT-

IC has the larger conjugation length of the two, and a lower degretatibnal freedom, the first of which
decreases the exciton binding energy of charges in the CT state, resultingli recombination and &ss,
with the latter extending PL lifetime. Several recent publications from Gwab. eeported an alternative
synthetic route to control the conjugation length in n-type semiconducting molewulesan imide-
functionalized structure used to construct chains of up to 15 rings foemietgctron-deficient ladder-type
backbone [173175]. The resulting A-A planar molecules have high solubility and crystallsi well as
tunable conjugation lengths, and show noteworthy electron mobility of 0:00345 cmV-is! This
approachs that of A-D-A molecules, demonstrating the viability of this altéweatroute to fabricate
materials for OPVs. A more comprehensive presentation of these and other ypddelettron acceptors
can be found in a recent review by Jiang et al. [171].
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Other examples of IDT and IDTT modifications, including adding side chains to rddueEceptor
HOMO level, which, coupled with improvements in phase separation morphology and chéaage-ca
mobility, results in the creation of devices having high efficied®6[176-181]. One promising direction of
molecular engineering is the design of conjugated materials having different sia®tochianpart improved
structural properties. It has been seen that the addition of a rigidradles alonga conjugated backbone
can impart favorable phase separation and miscibility properties [60,182]. dreesbso many studies that
support the notion that the addition of methylated, fluorinated or alkylatedains to ITIC can improve
its device-applicable characteristics [78,88,179;188]. Here, some of the highest PCEs to date have been
achieved using fluorinated analogues of ITIC. The addition of side chains caselletas introduce
advantageous mobility properties [187] or modify HOMO/LUMO levels [130]; an teffdcely
demonstrated by Hsiao and coworkers, who modified a haptacyclic carbazole-based aitteptid side-
chains called DTCCIC-C17. It was found that the resulting acceptor had favongaibility resulting in
low roughness and ideal domain size, together with a raised LUMO level which imphavégc.[130]
Zhou et al. also showed that polystyrene-based side-chain engineering of andsoimd#jning polymer
donor can help achieve favorable phase separation with a polymeric non-&ubecaptor P(TP), yielding
high mobility, even with an energy offset of less than 0.1 eV [®0Hou’s group, high PCEs of 13-146
have been achieved using the fluorinated ITIC analog IT-4F [10,15]. This achaptdown-shifted HOMO
and LUMO levels, and a red-shifted absorption that complement the propertieslohtiepolymer PBDB-

T and its analogues, as discussed in the following section.

Another method to tune non-fullerene acceptors is the uadBR moiety. Here, the McCulloch group
have explored materials based on an IDT core with several modificationstmade chain backbone,
notably using rhodanine terminations in the case of IDTBR and its deewdtl66,188]. This structure
imparts good blend morphology that inhibits recombination, with the etewtithdrawing properties of
rhodanine reducing the energy offset and improving tbe [¥79]. Of particular interest is the ability to
further tune the IDTBR acceptor by choice of side chain. Holliday and coworkergacenlinear (O-
IDTBR) and branched (EH-UDTBR) chain modifications, realized by the additiootgf or alkyl moieties
respectively [166]. Film morphology was studied using GIXRD, and it wasd that both modifications
improved crystallinity and compatibility with the donor polymer P3HT, but crycthke linear modified
acceptor showed improved morphology after thermal annealing, as seen in the Gd¥RIRproduced in
figure 12. This resulted in a champion performance of 6.4%, as well as showing sup@aiive stability
to other SMAs and fullerene derivative acceptors.
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Figure 12. GIXRD of acceptors and IDTBR:P3HT blend films. (a) O-IDTBR; @3)DTBR:P3HT (1:1); (¥
EH-IDTBR; (d) EH-IDTBR:P3HT (1:1). Figure reproduced with permission frefanence [166].

4.2. Donor design

As acceptor design moves towards highly crystalline, low-and-wide bandgap smedules such as
those detailed above, there has been a shift in donor polymer design to maximize ciampaktibilmost
noticeable change is the downshift in HOMO and LUMO levels from traditional donors such asd®3H
maintain a small offset with IC-derived acceptors. To achieve this, donor polymers are of increasing
molecular complexity, as can be seen by the molecular structures #&hdignre 13 A key factor in
improving performance is the ability to retain the correct level of cliggthility, phase separation and
domain size in the blend. The crystallinity of IDT and IDTT derivatives can beesggu by the polymer
donor phase, so careful tuning of the donor (often aided by processing suchves tresolvent vapor
annealing) can improve the miscibility and morphology, improve charge tramspubreduce recombination,
and thereby improve device performance [183]. These factors allow for Idfgetsp which are also
facilitated by the electron withdrawing properties of the donor and acceptor modificaff@js [
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The PBDTTT-type conjugated polymer PTB7 was initialpopular alternative to P3HT and is often
used in combination with PCBM, with this active layer combination showing appropriate sg@eration,
resulting in PCEs of around 7 % with the aid of DIO [189]. PTB7 sam superseded by its analogue
PTB7-Th, which combines a 2-ethylhexyl-thienyl group vatBDT unit. By retaining the fluorinated TT
unit a lower bandgap can be achieved, which lies at -5.22 to -3.64 eV compared with -5.14 to -351 eV o
PTB7. The molecular coplanarity also results in improved absorption, witiV-FREBPG1BM devices
achieving PCEs of around% [190]. PTB7Th blends form an appropriate morphology, however when used
with fullerene derivative acceptors this combination has a largedAromo offset of around 0.6 eVA
breakthrough for polymer:non-fullerene solar cells occurred in 2015, when the non-fullleaeceptor
ITIC could compete with PCBM when coupled with PTB7-[75]. The mutual miscibility resulted in
favorable phase separation forming domains that supported efficient chargerfravigh a device
performance comparable with the fullerene derivatives achieved. Othersclhesgahave shown the
potential of PTB7Fh:non-fullerene systemse.g. PTB7-Th:BTA7 blends have good charge transfer
properties and achieve a lowsEof 0.55 eV, and a high 3¢ of 1.05 V [191], and PTB7-Th:ITIC can
achieve a PCE of 10.42 % with the addition of the additive DIO to improve phasetisepdi@2]. However,
the efficiency of PTB7-Th devices is somewhat limited by its relativelyomalrandgap of 1.6 eV which
limits Voc to below ~1 V, as well as the fact that its absorption spectra is weakisime wavelength
regions. Its absorption characteristics are similar to that of matyy $dAs, and their overlapping spectra
resulting in relatively low EQE values [193,194], which is a strong sfgnon-optimal performance (see
Figure 3c). This shortcoming has been successfully addressed by the use of low lbaedgtms with
strong adsorption in the near IR region, such as IEICO-4F [1BB¢ complementary absorption
characteristics as shown in Figure 14a result in a broad maximum EQE of d¥en®® a PCE of up to
12.1%, despite devices having a lowc\of 0.71 V. In another example, IDT-derived PTB7-Th:COi8DFIC
based system achieved a high EQE with a maximum &b 8Be toa wide (albeit blue-shifted) absorption
spectrum, and achieved a PCE of 12.16 % with a remarkabtef 26 mAcm?. This was achieved with a
Voc of just 0.68 V, highlighting the importance of a high EQE.[196] This system wasiaéd as part of a
ternary device (with PBDB-T) to achieve a PCE oPA#16].
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Figure 14. (a) Normalized thin film absorbance of PTB7-Th and IEICO-4F,ng@malized absorption

spectra of PBDB-T, PGBM and ITIC films and (c) thin film UWVis absorption spectrum of PBDB-T,
PFBDB-T, ITIC and C8-ITIC in drop-cast films. Figures a, b arare reproduced with permission from
references [195], [76], and [11] respectively.

The aforementioned conjugated polymer donor PBDB-T follows a series of conjugaiad based on
2D conjugated benzo[1,2-b:4,5-b'ldithiophene (BDT) units, such as PBDT-TPD HBBRTBDD [198]
and PBDTBDD- T [199]. These donors are designed to incorporate side chainsritboradere from a 1D
to a2D conjugated structure with suitable light harvesting properties [199]BPB8mergd as a promising
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candidate due to its complementary absorption spectra and strong aggregation propitigeramote
favorable morphology [200], and achieved PCEs of around 9.5 % witBMCWhen paired with ITIC, the
PCE rose to 11.2 % with ag¥ of 0.9 V [76]. The complementary absorption spectra (seen in figure 14b)
resulted inabroader EQE spectrum with a maximum of 75%. The PCE was further raik2&4on PBDB-
T:IT-M systems, with the authors citing the elevation of the ITIC-analog actepldMO level, due to the
electron-withdrawing properties of the methyl group, resulting in lonageliosses and a highby/of 0.97

V [78].

One of the most successful non-fullerene OPVs to date, used to create devices having a PCE of over 13 %,
comes as a result of side-chain modification of PBDB-T. Here, Fei and coworkersflusgthated PBDB-
T (PFBDB-T) donor ané modified ITIC acceptor with linear alkyl side chains to form C8-IT1Q]. In
both donor and acceptor, the alkyl side chains reduce the optical bandgap, and notalde itherea
crystallizability of the blend, thus improving mobility and reducing recomlminailThis was demonstrated
by GIWAXS measurements, which are showrfigure 15 While ITIC crystallization is suppressed in the
polymer phase with no characteristic peak observed, C8-ITIC displayd-defieedpeak around q = 0.36
A1 (d =1.75 nm), which is further enhanced by thermal annealing. Overall, improved device parameters
resulted from red- and blue- shifted absorption spectra of the alkylated acasgtdiuorinated donor
respectively (figure 1e) which resulted in a superior EQE. The fluorinated donor had deeper HOMO and
LUMO levels, which resulted in a lower energy offset and improvegl Ywo other OPVs achieved PCEs
over 13 % by employing similar strategies; using laoflhorinated PBDBT (PFBDB-T-SFor PDTBEFT)
donor and andT-4F acceptor [10,15]. It was found that both hole and electron mobility in ther doul
acceptor respectively were improved, with HOMO and LUMO levels slightlyndhifted. It was also
suggested that fluorine modifications impart good chemical stability and pdiiditiz Further
improvements to this system were achieved by employing a chloride substitutedTP@2Bely PBDB-T-
2Cl) with IT-4F, resulting in a PCE of 14% [14]. The chlorine, substituted for fluorine, simplified
chemical synthesis and did not affect polymer confirmation, and could lower thg éneig of the donor
further reducing the [ offset, resulting in a higherdé of 0.86 V.
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Figure 15. 2D GIWAXS patterns of blends of PBDB-T/ITIC, PBDB-T/C8-ITIC, PFBDBITC, and
PFBDB-T/CS8-ITIC processed under optimized conditions for device performancee Feproduced with
permission fromeference [11].

It is clear that there are many promising candidates, especially ITIC andvttides, which providex
family of excellent non-fullerene electron acceptors. Some of the most benkfatmls these new SMAs
bring to non-fullerene solar cells are the ability to fine-tune @1 and LUMO levels to match those of
the donor, reducing the energy offset, and often red-shifting the absorption spe=tilieng better light
harvesting, higher EQE, higheroy and overall improved PCE. Improvements in photovoltaic device
performance wouldmpossible without pairing these acceptors with suitable conjugated polymer ;donors
modifications of ITIC-derived acceptors, and tuning the donor polymer PBDBve both plagd a vital
role in the continuing success of these new SMAs because of their tunabilimmaptological and
spectroscopic compatibility. There are also promising signs in PTB7-Th basedsdeuch as the higlac)
from PTB7-Th:COI8DFIC, or the high EQE of PTB7-Th:IEICO-4F withatiskely low Voc, that indicate
that there is still room for improvement in device efficiency.

4.3. Ternary strategy

Researchers have found that the introduction of a third component, as a second donortat eaoep
offer a further opportunity to manipulate the morphology and phase separatiparedno binary systems,
in additionto extending photon absorption characteristics and enhancing charge carrieyf@hio1-
204]. In polymer:fullerene systems, strategies for realizing a ternary dgetezally rely on the use of a
second donor polymer or small moleculeaiblend with PCBM [82]. Successful ternary OPV devices with
improved efficiency have also been achieved using non-fullerene SMAs as the third compoeémy tog
with PCBM or another SMA electron acceptor [205]. As depicted in figure 16, tldecitninponent can be
embedded in the primary donor or acceptor domain, or located at thadateffthe primary donor/acceptor
domains. Alternately, it can form continuous network and work with the prid@rgr or acceptor as a hew
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solar cell in parallel with the primary one, or form alloy with themary donor or acceptor if miscibility
requirements are met [206,207].

Embedded in one phase Parallel-like structure

Located at interfaces Alloy structure

Figure 16. Schematic of the microstructure of ternary BHJ solar cells. Figure reproduced wiisgien
from reference [206].

Several optoelectronic processes can occur, separately or in combination, creatiplp mnérgy
transfer pathways between the three componengsténnary OPV device as shown in figure 17b. Here,
photons absorbed by the third component can generate excitons and therefore work aseacs#iparat
addition to the primary cell [207]. However, energy can also be transteritbe other donor material via
Forster resonance energy transfer, where there is an overlap between the altsorgtafrthe acceptor and
the emission band of donor [208]. A charge transfer process can also oatemary system, where holes
or electrons can be transferred from one component to another component before beited catltheir
respective electrodes [209].
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Figure 17. (a) Normalized U\Vis absorption spectra of PBDB-T, ITCN, and IT-M films. (b) Schematic of
energy and charge transferarPBDB-T:ITCN:T-M ternary solar cell. Figure reproduced with permission
from reference [210].
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Ternary strategy has been successfully utilized to improve non-fullereng@@®¥mance. For example,
Zhao et al. used PCBM as a third component in a PBDB-T:IT-M system, wherenty évels sit between
donor and acceptor, allowing cascading energy transfer in both directions. The PCBdpiacreased
optical absorption andt low concentrations, results in favorable phase separation leading to an improved
PCE over that of the binary device [211]. In a PTBVBTR:PG:BM ternary system studied by
Zhangetal [169], broadening of absorption occurred over the visible range (the absspgaairum of BTR
in the short wavelengths complements that of PTB7-Th). BTR was also fohastéa favorable influence
on blend morphology and reduct n—n stacking distance and increased domain purity, leading to better
charge transport and reduced recombination. As shown in figure 18, the addition of amaliets of BTR
(25%) increased the efficiency of outyiline n—n stacking, as seen in the (010) PTB7-Th peak which
direction shifts to a higher q from 1.53%o0 1.67 A?, resulting in optimal d-spacing of around 3.77 A, and
gave the highest domain purity.

Some of the most remarkable performances in single junction BHJ solar ael®den achieved using
this two-acceptor ternary strategy by combining both fullerene and norefidlecceptors. For example, Li
et al. achieved a champion PCE in excess of 14 % in PTB7-Th:COi8DFRIBNMPV cells [16]. Here,
the wider bandgap of the PBM resulted in cascading energy transfer to both donor and primary agcepto
albeit at the expense ofo¥, whose low value of 0.727 indicated there was still further capacity for
optimization. Zhao et al. achieve a)of around 0.95 and a PCE of 12.2 % using a ternary configuration of
PBDB-T:PGoBM:IT-M [211]. In this case, the PCBM aaas a third component and served to increase the
charge-carrier mobility of the other components due to its location at the blend aterfac

There are an increasing number of examples of non-fullerene ternary systemshavighest promise.
In a recent review, Xu and Gao outlined the benefits of non-fullerene ternary systeminf@a@ing better
control of ternary component distribution as design rules for tuning polymer amll smlecule
morphologies are better understood. They hightidlihe need for more suitable polymer donors to better
match the energy levels of the wide range of non-fullerene acceptors. The csmmpémentary non-
fullerene acceptors can also be used to increase the coverage of the Olptioabspectrum, tune energy
levels, and provide morphological optimization [213]. For example, Jiang eudiedtthe inclusion of a
second acceptor ITCN to PBDB-T:IT-M[210], with ITCN having compadhDMO/LUMO energy levels
to bis[70]PCBM (-3.62 and -5.4 eV compared to -3.83 and -5.60 eV respectively). As waeobséis
fullerene counterpart, this strategy facilitated a cascading energyetraoute in both directions, as well as
creating a complementary absorption spectra as shown in figure 17a. PBDB-TTAINNDPV cells hach
champion PCE of 12.16 % compared to 12.2 % with bis[70]PCBM, indicating thatrapniattule acceptors
are suitable fullerene replacement as electron-cascading ternary components in OPVs.
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Figure 18. (a—f) GIWAXS 2D patterns for the ternary system PTB7-Th:BTR:P&BM blend films with
various contents of BTR, (g) 1D profiles in in-plane and out-of-plane directioggte reproduced with
permission from reference [169].

Another impressive non-fullerene ternary system (in this case employing a ahal gi/stem), was
demonstrated by Ma and coworkers using two well-known donors: PBDB-T and PTB7-Tdlofidrs had
good miscibility and broaded the photon absorption range to 300-1000 nm using the wide gap IDT-
derivative acceptor IEICO-4F. Their OPV cells had a higio24.14 mA cm and PCE of 11.62 % [214].
Here, the PTB7-Th aetl asan intermediary component for electron transfer, and was able to modify the
molecular arrangement of PBDB-T, improving morphology with particular enhancemtr {200) peak
evidenced by GIXD. This indicatedsa-called 3-D molecular orientation (a favorable mixture of face-on
and edgexn 7w stacking). Xu et al. also used PTB7-Th and PBDB-T in conjunction with the IDT-derived
acceptor SFBRCN, citing the complementary adsorption spectra, small offset bé¢heedonors and
acceptor, as well as hole-back transfer between the two donors as tloasrdas improved
efficiency[215][215][215][215][215][215]. The multiple FRET pathways between the tbhomeponents
served to reduce recombination and improve charge separation, resulting in ahigho\d3 and PCE of
12.27% [215].

4.4. Optimizing mor phology via control of molecular aggregation in solution

The solution state of donor-acceptor mixtures is an important componéra aneation ofa favorable
active layer morphology, and careful control of miscibility in the soluti@teshas been seen to be as
effective as post-deposition treatments in creating appropriate morphologicahtatndor Here, molecular

28



aggregation in the solution state is thought to be an important precursorstalliciyy and domain

purity [198], however excessive aggregation results in the formation df fdog and oversized domains

with poor D:A interfacial contact. Efficient solution processing must delaseroptimal aggregation-
controlled domain purity while maintaining smoothness of the solid-state layer. The concentration, molecular
weight, solvent, aging time and temperature of the solution are all key infludactogs, and studies have
shown that aggregation and ordering characteristics in the solution state ayecbighlated with those of

the solid state [216]. Figure 19 lists techniques used to investigate the nataradteristics in solution

state.
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Figure 19. Characterization techniques of photovoltaic blends in solution &tatges in the “data” column
are adapted with permission from the following referendd¥-Vis [217], DLS [218], SAX[219],
SANS[113], AFM & TEM [220].

There are many interesting reports on the control of aggregation in solutionsaaffeitt on the
miscibility with a fullerene acceptor. However, there are obvious diffeseircthe structural properties of
conjugated polymers, fullerene derivatives and small semiconducting molecules. Semingnpligtmer
donors consist of repeating units with varying molecular weights, with tagtHs varying from tens to a
few hundreds of nm (high-MP3HT molecules, for example, have a length of 80 nm [221]). Fullerene
derivatives are mainly ellipsoidal with a diameter of around half a nanométhrchwsters commonly
forming having a size of 30 - 100 nm. In contrast, small molecule acceptorsiaae plolecules with sizes
of several nm (ITIC for example is platelet shaped with dimensions 2 x 3 iich aiso form aggregates
but with very different surface energies, steric behaviors, and chemicaltepkifollows that the mixing
behavior of donof non-fullerene systems are masiikely to be analogous to those in polymer-fullerene
systems, with the solution dynamics of these systems not yet being well exploredhéless, there are
lessons to be learned from the solution dynamics of other systems.

In polymer:fullerene systems, it is well documented that changes in miscanilityaggregation are
related to the solution stirring / ageing time. In P3HT:PCBM, for exayple PCBM can diffuse into

29



aggregated polymer regions over time, forming unfavorable micro-domains (consigerédmain
impuritieg [222]. However, this same trait can be beneficial, as demonstogteidn et al. who found that
the performance of PTB1:PCBM increased with up to 48 hours solution ageing, before undevgoing
mixing and diffusion of PCBM into polymer domains [223]. Twisted molecules age & similar effect to
bulky side groups, and Liu et al. reported a similar effect when using the smaluta@eceptor TPE-PR
While PDI is known to aggregate easily in solution, the highly twisted strudtdifeE prevents aggregatipn
a feature that enabled them to achieve more favorable domain sizes in the final films [224].

It has been seen that polymer solutions at high concentrations can become highly centzaditeg to
improved phase separation when blended with fullerenes, which is then reflectedniceeinti@main purity
and crystallinity of blended films [225]. The solution propertieshef polymer, e.g. longer chains, that are
more entangled and thus stiffer, can suppress the miscibility of PCBM resnltiger domains and better
stability [226]. Although there exists a limit over which longer molecular chaires no longer
favorable [227]. In a polymer:non-fullerene solution, Eastham et al. savbythatreasing the molecular
length (M,) of the donor polymer, the aggregation and crystallization behavior in th@®satould be tuned
[228]. Ma and coworkers shad that low and high molecular weight (Msolutions of the polymer donor
PffBT4T-20D have different aggregation behavior, witHow M, polymer forming significantly less
aggregates, leading to mixed phases and poor domain purity [229]. In the solid state, both systems underwent
lamellar stacking, however the higher, Mystem had better molecular ordering with enhameednd out-
of- plane n-n stacking. This was attributed to aggregation and correlated with improved charge ynd\slit
discussed earlier, side-chain modification can impart many properties incledimgnced rigidity of
molecular structure. This can be done in such a way to improve the solubilityth& case of DTCCIC-C17
(an IDT-derived acceptor modified with bulky 4-octylphenyl side chains)¢ctwheduced intermolecular
interactions (due to the positioning of the side chain at the nitrogen) and improved gqL&ijt

By increasing the solution temperature of semicrystalline polymers above thengnemperature, and
then controlling the film-forming temperature, molecular arrangement can bellmhtFor example it has
been shown that the orientation can be flipped from face-on to edge-on (and indeedsaidéM:230] by
slowing the cooling rate [231], In many other works [2,42,48,94,126,232,233], the temperature dependenc
of the solution state can be used to tune aggregation in solution. For example, Qialeiaktrated the
temperature dependence of PBDTBDD aggregation in solution [198]. It was shetwvraggregation
behavior is controlled byhe interchain n- & interactions; at low temperature, there is high steric hindrance
resulting in strong aggregation of these chains, whereas at high tempdrausteric hindrance effect is
reduced and aggregates do not form. In UV-Vis spectroscopy, a red shift (indicatingytegathgn) is seen
from the well-mixed polymer-fullerene blend at high temperature compared tgtjnegated mixture at
room temperature (shown in figure 20), whereas the low temperature solution niaéchpsctra of the as-
cast film. However, temperature did not seem to affect molecular dgitentas seen from GIWAXS data. It
was noted that best device performance was seen from films that had modgnegatamn in solution, i.e.
those were cast from low temperatures. Similar temperature-dependent agigregatbeen seen using
donor polymers PffBT4T-20D and P3HT [234]: In PffBT4T-20D, Liu and coworkers observiedilar s
temperature dependence, but found the crystallization process to be dependent on therabgasA
device PCE of 10.4 % was achieved by casting films from a warm solution, and then adjusting theedpin spe
to control the crystallization [94].
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Figure 20. (a) Comparison of UV-Vis spectra for PBDTBDD in a film state, and in o-DCB solutions
prepared at different temperatures (b) Temperature-dependent photoluminescetnaeospDTBDD in
0-DCB. (c) GIXD curves for PBDTBDD. Figure reproduced with permission from refef@8g

A major difficulty in correlating solution properties with the sdidte film morphology lies in
characterizing the solution state. In many cases, absorption profiles in soargoimslistinguishable [235],
and most other techniques are unable to characterize liquid systems. Zheng et dddpaavinteresting
insight into the relationship between a conjugated polymer and its suspendieqt spivcomparing the
effect of a good and bad solvent @BDOPV-based polymer, with controlled addition of a bad solvent
fraction being able to favorably tune aggregation [220]. In order to observe theoétfeese solvents on the
polymer in solution, they borrowed an innovative technique from bio-molecular stodidsch a solution
is freeze-dried in liquid nitrogen before an AFM cross section imageeasured. This allogd them to
observe the solution-state properties with solid-state techniques. It wastfairthe polymer formed -
rod-like structures in a good solvenD@B, figure 21 b-e), but formed a 2-D lamellar structure in a poor
solvent (toluene, figure 21 b)ewhich correlated with trends higher crystallinity and electron mobility.
From GIWAXS measurements, it was found that in the mixed solvent solution, some aggregates/fitbrm
an intermediate state between the 1-D and 2-D structures (figuresp1 Wwidnout interrupting the favorable
geometry achieved in the good solvent. By adjusting the concentrationerig¢dlusolution, they were able
to control the aggregatiott.was found that the polymeric structures observed in solution could be passed on
to the solid state films, with aggregation caused by the poor solvent resultengpmatile crystallinity and
domain interconnectivity, and using 20 % toluene a peak value of electron mobility was obtained.
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Figure 21. SANS intensity plots of BDOPV-2T solutions using:)(@DCB, (a) toluene, and @
toluene:oDCB (2:8) as solvent. Jldiagram of 1D rod-like chain for polymers in oDCB obtained from
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SANS analysis, and (cl) proposed rod-like polymer aggregates in oDgBdidhram of 2D lamellar
polymers in toluene, {& proposed lamellar polymer aggregates) #iagram of polymer aggregates
transition from 1D rod-like structure to 2D lamellar structure) (@oposed polymer aggregates in
toluene:oDCB (2:8) mixed solvents. SEM image of freeze dried BDOPW2[0) oDCB, (&) toluene
solution, and ¢) toluene:oDCB (2:8) mixed solvents. AFM height images of solid-state BBZ2IP#Ims
cast from (¢ oDCB, (e) toluene solution, and {etoluene:oDCB (2:8) mixed solvents. Figure reproduced
with permission from reference [220].

Non-fullerene materials are often composed of a core molecule bolstered by side cha&ias thadify
both semiconducting and structural properties. Planarization in these moleculescextio the covalent
attachment of adjacent aromatic units, and this bestows beneficial coplaratityood semiconducting
properties. However, the effect of these structural designs on the attiattiactions between molecules is
another important consideration when designing non-fullerene acceptors. In highly coptdeaules,
strong m-w interactions can result in insolubility [236]. Highly planar SMA@ve shown a propensity to «-
stack in solution leading to insolubility and self-aggregation, so it is necdssbayance the planarity with
the tendency to aggregate in order to optimize the performance. As we have seenlamehgineering of
side chains to fused-ring SMAsa pathway to modify the degree and orientation of -7 stacking, extend the
conjugation length, enhance charge mobility and adjust the energy band-gap [237]. Thendesigiso
address molecular interactions in solution in order to facilitate good device nagphebr example, Zhang
et al. used alkyl sidehains to tune both solubility and m-m stacking in a series of IDT derived
acceptors [236] A fluorinated analogue of ITIC was used named FTIC (with a
fluorenedicyclopentathiophene core and 2- methy(8r@;1-dicyanomethylene)-indanone end caps) as the
base acceptor due to its planar backbone and compatibility with side chain modification§h238hgth of
out-of-plane alkyl side chains was varied and a correlation was found betweenmgficmance and the
length of the side chains, with longer n-hexyl and n-octyl groups performing betias lfound that all
modifications promoted good solubility in various solvents, however devices usiagdégtor substituted
with two n-hexyl and four n-octyl side chains (FTIC-C6C8) had the best micropbpagation and electron
mobility. The longer side chains of the optimal acceptor induced a fibroususériictthe polymer donor
PBDB-T which enabled good interfacial contact between the D:A phases.

4.5. Optimizing mor phology during film casting
4.5.1. Solvent and additive processing

Solvents and solution additives providemeans to influence both the solution state behavior, and
morphology and orientation after film formation. In polymer:fullerene systenes of the most widely used
additives is 1,8-diiodooctane (D)J239]. By adding a small amount of DIO, this additive can selectively
dissolve PCBM, and has been seen to improve phase separation [240], aggregation [2déhaimeize
and puriy [95,104,242],and increase n-nt stacking coherence length.[92] The high boiling-point of DIO
(~332 °C) results in an extremely slow rate of evaporation, with reports ofddh@ining in the solid film
many hours after casting [95,243]. This slow drying enables formation of wetfitateéd and purer
crystalline domains.

However, similar strategies applied to polymer:non-fullerene solutions may eldt pasitive results.
Song et al. reported a direct comparison of PTB7-Th withBM and ITIC acceptors, finding that while 3
wt.% DIO optimized domain sizes and purity in the fullerene system, the satmeemmeaesulted in overly
separated phases in the non-fullerene system [244,245]. The GIWAXS of pure PTB7-Tdasimsth and
without DIO have also been measured, indicating that the addition of DIO reduces the alky) stest&nce
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(peak at g= 0.26 A from 24 to 23 A. This demonstrates that DIO is a good solvent for IDiVeder
acceptors as it affects their alkyl side chains, but it must be usedv&tetdi achieve the desired effect.
Indeed, the use of DIO as a solvent additive has been seen to have a befiefatial other non-fullerene
systems. Zhao et al. found that PBDB-T:ITIC out-performed its fullerene cparntéhanks, in part, to the
addition of 0.5 wt.% DIO which produceaifavorable aggregation resulting in good charge transfer, low
energy loss and high performance [76]. It is likely that DIO influerfoestientation of the alkyl side chains
present on the IDT backbone, reducing steric hindrance between molecules leaditey taibeibility. This

in turn promotes finer phase separation and creates purer crystalline phadesTii88vas nicely
demonstrated by Yer al.’s GIWAXS measurements on polymer:non-fullerene systems with and without
DIO, which shoved a strong increase in crystallinity after processing with DIO as iseéigure 22 [246]

Films cast with DIO shoed a strong increase in the out-of-platie stacking diffraction peak at around 1.7

- 1.8 A The polymer donor’s m-n coherence lengths doubled in PBDB-T:IT-DM and PBDT-T:ITM
systems, resulting in improved charge transport. Similarly, Hsiao et al. awbdifiother IDT-derived
acceptor by adding rigid side chains to modify the molecular structureoaamjust the LUMO level, and
found that a PCE of 8.1% observed in inverted devices was boosted to 9.48 % with the aid of DIO [130]. It
is noteworthy that in both cases and others [247], the authors obtained optimal efficisinga
combination of thermal annealing and addition of DIO, indicating that for tBdsderivatives, the additive
benefits the solution properties of the co-solvent, but film drying propentiess ultimately be adjusted by
thermal annealing (to influence drying speed, or remove residual solvent).
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Figure 22. 2D GIWAXS patterns of (a) PBDB-T:IT-DM and (b) PBDT-T:IT-M blend films usiifferent
processing routes. OOP{¢ 0) n-n coherence lengths of the polymer and SMA in the () PBDB-T:IT-DM
and (d) PBDB-T:IT-M blend films. OOP 1D profiles of (e) PBDBT:IT-My PBDB-T:IT-DM blend films
processed via various conditions. Figure reproduced with permission from reference [246].

Another high boiling point solvent additive employed in a similar mannet-dkloronaphthalene
(CN) [248]. Song et al. explored the effects of various amounts of CN a=-solvent on
PTB7-Th:IEICO-4F films [195]. With increasing concentration of CN adeljtithe authors found increases
in crystallization, with stronger n—= stacking peaks in the blend. The coherence length of the IDT-derived
acceptor also increased from 2.8 to 4.0 nm in the optimized system comprisingN!l #terestingly, a
change in the ratio of edge-on to face-on molecular orientation was obsertre@, nvaximal amount of
favorable face-on orientation seen with at the optimal CN concentration. Thests efére attributed to the
high boiling-point of CN €269 °C) which significantly sloed evaporation and film drying, allowing purer
crystal domains to be formed and inducing the orientational switch, resulting in eticeege transport
and reduced recombination. The PCE of devices increased from 9.41 to 12.8 % with a notable irfeéFease in
Above 4 % CN, device performance decreased, and it was postulated that this wascdusely separated
phases.

It is also possible to choose a pair of additives to selectively influégrecelonor and acceptor. This
strategy has been successfully employed in fullerene systems; for example the liighpbait solvents
DIO and CN have been used to control PCBM crystallization and polymer soluedfgctively [249,250].
The same binary additive combination has also proved to be effective in non-fullerengySQ2&wvs, with
reports of improved performance over neat or single additive systems [16&)281$uch example is work
on PBDTBDD:SDIPBI devices, whose efficiency increased from 3.11 % to 3.91 9mRICEhe addition
DIO, and then further to 4.39 % with DIO and CN. XRD was used to obseneytal diffraction peaks
and it was found that the combined additive devicesstradger n-n stacking.[164] This is indicative that
such additives promote aggregation in solution and, along with their skwaporation time, lead to purer
domains that are reflected in higher charge-carrier mobilities.

Despite the benefits of the use of high boiling-point additives, their shaporation brings some
drawbacks such as slow fabrication time; devices are typically held uadeuna for 12 hours to remove
any residual solvent. Given that there is a high likelihood of residual sakerining in the film, the
propensity of these molecules to generate radicals under UV illuminati@h ¢2<reate a pathway for
oxygen to penetrate the film which in turn leads to film degradation and poiwe d&ability. Holliday
introduced an alternative pair of additives, namely the low boiling-point sobsgtene (0-XY, boiling
point 144.4 °C) and small the conjugated molecule N-methylpyrrolidone (NMP, beitimg 202 °C),
which were able to favorably influence the drying conditions despite toenparatively lower boiling-
points and retain better device stability than devices made with high boiling-point esl{2H3].

4.5.2. Retarding crystallization

In many examples, synthesis routes or processing techniques have been used tonole@asae order
or crystallinity, e.g. by increasing aggregation in solution [228,229] or thrsafyent vapor annealing
(SVA) to enable greater molecular ordering [254]. However, some of @t latlanone-derived acceptors
show an extreme tendency to crystallize (see figure 23a,b), which unfavoralelgsieEmphase separation
between donor and acceptor, resulting in poor charge transport properties. ynraceet report, Li and
coworkers demonstrated a novel way to controlling excessive crystallizatiemBii-Th:COiI8DFIC and
PBDB-T:INPIC-4F non-fullerene solar cells by casting films on hottsates [13,255]. They demonstrated
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the ability to increase or decrease molecular order via casting in the pregsab&nt vapor or casting on a
hot substrate respectively. By retarding the crystallization of INPIQt4kas inhibited in forming large
spherulites and instead underwent fine phase separation with the donorfPBDRB-lead to a material in
which there was efficient exciton dissociation and balanced charge transponi lieadi maximum PCE of
13.1%. Notably, by hot-substrate casting the PTB7-Th:COi8DFIC system, the ufaolexder and
orientation of COiI8DFIC can be tuned from flat- and edge- on lamellar dnyst&d H- and Jtype =
stacking (figure 23a). This results in broadened photon absorption (see 2igr) and fine phase separation
with the electron donor PTB7-Th. This favorable morphology with tace-n stacked electron donors and
acceptors promotes efficient exciton dissociation at the donor/acceptandetadgether with enhanced and
balanced carrier mobility. As shown in figure 23d, The enhanced short-circ@htdensity and fill factor
lead to devices having a maximum PCE of 13.8 % in binary, single-junction PMEBBDFIC non-
fullerene polymer solar cells, with such devices also exhibiting superioritgtabilis hot-substrate casting
method could be adopted during large-scale toatbll device fabrication process, and is therefore a
promising approach for morphology control. We envisage that other approaches to cwigalla
configuration during solution casting, e.g. employing solvents with different evaporates, can also lead
to enhanced control of molecular order and aggregation which will ideally be aisetprtove device
performance.
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Figure 23. (a) Above Schematic of flat-on and edge-on lamellar crystalline, H- and J-itypestacking of
COI8DFIC. Below TEM images of COI8DFIC films (left) cast at RT and (right) aasta hot substrate. (b)
2-D GIWAXS diffraction pattern of COI8DFIC. (c) Absorption spectra of i®IFIC films and (d)
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champion J-V curves PTB7-Th:COIi8DFIC devices cast at RT, at RT in thexpeeska solvent vapor or on
ahot substrate. Figure modified and reproduced with permission from reference [13].

4.6. Optimizing mor phology via the use of post-deposition treatments

Similar to their fullerene-based counterparts, non-fullerene photovoltaic béednilsit temperature-
dependent behavior that can be exploited to tune SMA materials as well a3:#biends. Researchers
have shown that thermal annealing continues to be a valuable tool in controllingdijpmology in non-
fullerene solar cells, with many reporting beneficial effects on improving phase separation, aie. planity
[99,256] and domain size [85,257]. As we have seen above, thermal annealing can alsadecnsede
residual solvents such as DIO [246]. Thermal annealing is known to inducesgipasation in photovoltaic
blends heated above their glass transition temperature, but can also affecizetystalind conformation
[258,259], which then strongly influence charge transfer dynamics and ultimately gmrfoemance
parameters [260]. While strong molecular ordering and pure domains brought upon by gailizatist
have been shown to be favorable, excessively strong crystallization results in laxgel domains that
inhibit interfacial contact between donor and acceptor phases. The degree to ystalhization is affected
by thermal annealing is dependent on the steric and interaction forces of constitueatanateri

4.6.1. Thermal Annealing

In polymer:fullerene systems, there are reports of thermal annealing causingshift réd-the
absorption spectrum as a result of improved crystallinity [19], and these phenbavenalso been seen in
polymer-non-fullerene systems. Liu et al. repdrthe use of thermal annealing as a means to control
crystallinity in PBDB-T:IT-M films, and found that annealing increadedn-n coherence lengths of both
donor and acceptor phases, with an increase in crystallinity in the out-oféeptedion after annealing (see
figure 248 [99]. The films also showed reduced surface roughness after annealing (figure 24a). A red shift in
the absorption spectra was also obsergedfigure 24c). It is of note that the peak around 700 nm attributed
to IT-M is most affected by thermal annealing, indicating that it isSii&\ crystallinity that affects the
absorption spectra. These results directly correlate with electron mobility meastgahthe pure acceptor,
which is significantly higher after thermal annealing. Alongside the effectcrgstallinity, thermal
annealing is often associated with morphological reconfiguration, suahiggrease in phase separation and
therefore domain size and surface roughness [231,257,261,262], or arrangement into ordered phases [263
This was the casa PDCBT:ITIC non-fullerene films after thermal annealing, where it feamd that
annealing induced a fibrous structure (as seen in TEM results shdigare 29 where increased interfacial
interactions between phases helped improve charge disassociation and transport [128hdhtenéstdid
not occur in therma-annealed P3HT:ITIC films, with the authors noting that the carbonyl functional
groups of PDCBT are responsible for the thelyaduced nanostructural rearrangement.
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Figure 24. Tapping mode AFM topography of PBDB-T/IT-M based thick-film devices withdanealing
treatment and ga as-cast treatment; {land b) 2D GIWAXS patterns of as-cast and annealed PBDB-T:IT-
M thick-films (~250 nm). (c) UV-vis absorption spectra of as-cast and annealed PBDBATbl€Ad films
with a thickness o250 nm. Figures reproduced with permission from reference [99].

Figure 25. TEM images of (1) PDCBT&ITIC and (2) P3HT&ITIC (a) before and (b) after thermal angeali
Figures reproduced with permission from reference [128].

4.6.2. Solvent Vapor Annealing
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The use of solvent vapor annealing (SVA), during- or post- casting the acterehlay been shown to
dramatically improve photovoltaic properties in non-fullerene photovoltaic blendsn \&hghotovoltaic
blend film is placed in a chamber with containing a solvent vapor, the effect\abeis similar to what is
seen in thermal annealing, with the solvent vapor penetrating the filninflndncing miscibility and
molecular orientation. During solvent annealing, solvent is absorbed by the film, wokehslits glass
transition temperature and facilitates translational movement of polymersciwad reconfiguration of the
molecular orientation and conformation [264]. SVA offers the advantages of avoidiegtsatiditives, and
allows films to be processed at room temperature, although a sealed chandugrirexdrto contain the
solvent vapor. SVA promotes thermodynamic rearrangement and, similar t@lttzemealing, it can been
seen that domain size and purity can increase with SVA time; indee#t arpesaling time can be observed
after which domains become unfavorably large [265,266].

In polymer:fullerene systems, SVA with a £BHF solvent blend was seen to control aggregation of
PCBM [84,145,267] and induce ordering and crystallization in the polymer domains f2@&6bne vapor
induces P3HT crystallization in a P3HT:PCBM system despite not being a good soltbatgotymer due
to high vapor pressure [268]. There are several recent examples of theeHipplication of SVA to non-
fullerene systems where, as for their fullerene counterparts, a trend ofjasthgvolatile solvents is seen to
be effective to optimize domain size, phase separation and crystalledtyrd that result in improved
charge transport [184,269,270]. For example, Zhang and coworkeredtimvpositive effects on PTB7-
TH:ITIC following exposure to solvent vapors either during- or post-spin-cag2b®#j. In a blend film, a
significant increase in the intensity was found for out-of-plane [&iiellar and n-n stacking peaks, as can
be seen in figure 26. This correlates with reduced recombination, highge dnansfer efficiency and
improved PCE from 6.25 to 7.21 %. Interestingly, the SVA did not affect the crystalloperties of a pure
PTB7-Th film as can be seen from the unchanged spectra in the 1-D GIWAXS results. Thisdndatatee
solvent vapor selectively drives conformational changes of the SMA, likely dhe tugh susceptibility of
alkyl side chains to conformational rearrangement upon stimulus. It wasahebthat by employing SVA
during the spin-casting step, the fast motion of the spinning substrateddhdbine of the solvent vapor
from penetrating the film; an effect that restricted the effects®ié SVA compared to post-casting SVA.
This is reflected in domain size measurements where the ITIC domains incheasedil.1 to 56.7 or
149.5 nm for in situ-SVA and post-cast SVA respectively, with the latter beingdeoed too largeA co-
solvent system also gave similar results and was also consideréstrta@”, but significant differences
between the different solvent vapors were not reported. Indeed, iowas that the solvent choice, being
either CF, 0-DCB or a mixture of the twadcdhot impact greatly on the intensity of the change caused by
SVA. It is noteworthy that while both are good solvents for many SMAs,wesblvents have very
different boiling points and vapor pressures.
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Figure 26. (a) GIWAXS 2D scattering patterns, and (b) line profiles of PTB7-T@:Iblend films with
various solvent annealing processing conditions. Figures reproduced with permission frencedt2s4].

One complication in the understanding of SVA is that treatments often employ a lemteesoivent
chamber set up using varying solvent quantities and chamber sizes, with this comiioatiecessarily
leading to solvent vapor saturation, thus vapor pressures are diffia@port. This means that annealing
times vary largely from system to system. In many cases, highlyleddatvents such as CB, CF, THF and
DCB (which are also good solvents for typical OPV materials) aretselee effective, due to greater vapor
pressure and increased probability of film penetration and interaction with the aboeptbr
molecules [268,27273].

It should be noted that post-treatments, i.e. thermal or solvent vapor annealietjnssnonly produce a
negative influence on the photovoltaic performance of non-fullerene OPVs [288]hdppens more ofie
in photovoltaic systems where high crystallization and phase separation had occurredhdusalgition
casting process, with further activation of the materials towards seucarrangements goes beyond the
optimal morphology to maximize charge generation and collection. In this case, addingsatuhinder,
or a manipulation of the solution drying process to kinetically inthjistallization and phase separation
processes should be approached, as our previous section has summarized.

5. Challenges and per spectives
5.1. Green solvent processing

In the search for alternative clean renewable energy sources, there are concerthe atmpaict of using
toxic and environmentally harmful solvents in the processing of solar cells [274,2¥6}in&ted solvents,
the traditional choice for the solution processing of organic photovoltaieglhas additives such as DIO,
are toxic to humans and harmful to the environment. As polymer solar cells move toeiagis realistic
source of alternative renewable energy, there is increased focus on environmental concéreie anch
desire to use “green” solvents and processing methods. However, OPVs have proved to be particularly
sensitive to processing conditions and solvent choice, making a transition to gsedmits more
challenging. Nevertheless, there are increasing reports of green solvent use, viithahelieninating some
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of the more biologically hazardous traditional solvents whilst maintaining the mogitell control
afforded by solution processing.

Hydrocarbons have been proposed as one alternative to chlorinated and other halogenated rsolvents. |
their polymer:fullerene system, Zhao et al. introduced the hydrocarbon solventriin2f#hylbenzene
(TMB), which is able to dissolve many polymer donors at elevated (80 °@getatares, along with the
additive (2-phenylnaphthalenf]. TMB has quite a high boiling-point of 332 °C, as does the additive PN
(325 °C), but when casting from a preheated solution (100 °C) therskvaporation of these solvents
helped improve morphology by promoting more favorable face-on orientation, as wetluagng domain
size and increase domain purity. They also found that the alkyl side chains of tmepdtymeer were
particular sensitive to these solvents, and by adjusting the length of thesgrallgys they could adjust
domain spacing and purity, eventually finding the best TMB-PN system had a PC of 11.3 %ecdotopar
10.0 % in CB-DIO. This solvent pair was tested for a polymer:non-fullesgsitem, but reduced the PCE
likely due to the high solubility of the non-fullerene acceptor resulting in sixeeghase separation [276].

In non-fullerene systems, mesitylene, o-Xylene and TMB have been proposed as non-halsgéreated
replacements. The former two have significantly lower boiling points (around@46mpared to TMB’s
332 °C). Wadsworth and coworkers compared all threa @B benchmark using a PffBT4T-2DT:EH-
IDTBR system, and found in each case the PCE was higher than that process€® \dih2%), with
mesitylene performing the best (11.1 %) [276]. Both CB- and mesitylenegsed films underwent similar
crystallization despite the different processing techniques. It is of not€Bhlahsed solutions were cast at
higher temperatures due to temperature dependent aggregation, which was alsobgeéenieficial to
crystallization. The mesitylene-processed films had slightly weaker lamellar orderingphgestfacesn -
n stacking, which evidently contributed to high efficiency. The mesitylene-processed devices also showed
better reproducibility, with the authors attributing this to the Idecasity solution and lower casting
temperature. They also repedtgood stability, retaining over 90% efficiency after 4000 hours, compared to
85 % for CB processed devices.

There are a range of low-toxicity non-halogenated biodegradable solvents that offar dianiicteristics
to halogenated solvents. Carbon disulfidedSone such solvent that can easily dissolve many conjugated
polymers and SMAs despite its lower boiling point (46 °C). This low boiling pastits in its fast
evaporation and drying, as well as limiting aggregation in solution. This appeamsbiaviorcertain systems,
such as those based on larger small molecules with bulkier side chains whidhneoublly be prone to
strong aggregation [65]. THF is another low boiling point (66 °C) non-halogen#deaiasive considered to
be more environmentally friendly. Zheng et al. found it can facilitatengtointerehain n-n interactions,
resulting in favorable aggregation and good film morphology in their PBQHFdystem [56]. Another
halogen-free solvent, o-xylene, was used in PBDT-TDZ: and PBDTS-TDZ: d€i@es. O-xylene has a
higher boiling-point (144 °C) and similar properties to CB, and as suchuthersa were able to exploit
temperature dependent aggregation in solution leading to better crystallimatithe dry films [12].
Interestingly, they found that although the PN additive improved domain purity l®asicg aggregation, it
also resulted in the formation of rather coarse dosnaitich were detrimental to charge transfer and device
performance.

5.2. Stability and device lifetime

As PCEs head towards 15 %, OPVs increasingly look to be a realistic comipeattralctive solar cell
technology. For this reason, much attention is paid to OPV device stability etnadif Silicon solar cells
often have warranties lasting 25 years that sets a high benchmark for futuratigeseof commercial
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photovoltaic devices. There are a number of factors that have been seen to reduceitharsdaifittime of
OPVs. One of the major problems is exposure to oxygen or moisture, which results emseadcre
recombination rates araloss of device efficiency. Oxygen or water can penetrateaifibm, reacting with

the components to create meta-states that act as recombination sites [277]. ResiduassolvartBIO can
provide a pathway through the bulk material for contaminants to reach the actvedmplifying this
problem [252], although low boiling-point additives [253] or vacuum treatment aamize this effect. It

has also been seen that defects act as pathways for contaminants [278]. These issugityaaddressed by
encapsulation, where the device is coated waftlepoxy resin and then covered with a glass side to prevent
contaminants from reaching the active materials. Encapsulated devices show cdydiiigab lifetimes
than uncoated devices. Several groups have reported that encapsulated OPVs can maintain 80 % of their PCE
for several years [279,280]. Furthermore, accelerated aging studies have predicteththatenio avoid
oxygen and water entry, polymer solar cells can have lifetimes exceeding 15 igearsbient
conditions [281].

Both heat and light are known to destabilize solar cells. In fullereneedevteermal degradation can
cause rearrangement of the active layer with fullerene moving to the intdifacdéng charge transfer.[282]
There are also some reports of non-fullerene devices having good therpilél dt@nefitting from the
thermal insensitivity of the active layer components; a promising indicationinfoeased device
stability [76,213]. Light degradation can occur in OPVs even when encapsulated due to phogchem
reactions. Inverted architecture devices have improved lifetime as a reslt better stability of the
extraction layer materials: PEDCASSwhich is used in regular architecture devices has often been seen to
be unstable in ambient conditions, with Fi@ ZnO performing better [156,283Fdcium used in regular
architecture, is also unstable under ambient conditions while the inverted alternatiyésN&s® susceptible
to the environment and protects the active layer from contaminants [284], Suggestiom# ®&udh
degradation processes include the use of increase molecular weight polymers and crosslinking density [285],
together with selection of molecules that are more photo-stable e.g. IDT desvi2R3], or removing
impurities to lessen recombination sites and impurity ingress [286].

5.3 “Burn-in” process

Many OPV devices have historically suffered from an initial dropfficiency during the first phase of
the device operation, which were thought to be intrinsic and unavoidable. This so“taitadéh” loss
accounts for an efficiency drop of around 10-20 % (or sometimes more) in thestage of the device
lifetime. Light degradation is a common causéhmirnin”, in which photochemical reactions (e.g. breaking
C-H bonds [287] orUV-induced crosslinking [288] causetrap-assisted recombination resulting in
losses [289]. Other factors which affect device stability are also eebaduses ofburnin” loss, for
example, performance losses due to residual solvent [253], impurities withimij@dD,291], and thermal
degradation [292].

However, promising new results show thdiurnin”-free polymer solar cells can be achieved.
Researchers have shown that crystalline materials have reduced trap-assisted recomtgdated ¥Wc
loss and reduced burn in losses [293]. Gaspirini and coworkers cmmibarnin® loss in fullerene and
non-fullerene acceptors, finding that while PCBM suffered about 30 % burn-in lostDTheerived
acceptor had no such loss due to its high crystallinity which iekibi¢fect-induced loss pathways [230].
There is also evidence that acceptors incorporating alkyl side chains candifeednto resist photo-
oxidation through oxy-alkyl bonds, which could reduce recombinatiorilaunhin” loss [294].

5.4 Thickness dependence & Printable Devices
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Thicker films, i.e. having active layers greater than 200 nm are desirabéaderof processing and
improving light absorption. However, increasing film thickness also incsehsechances of recombination
if charge mobility is not sufficiently high [254]. Since the thickness depwmdeorrelates with charge
mobility, which in turn is improved by crystallization, new generationsari-fullerene acceptors with
optimized properties are poised to overcome the thickness issue. Indeed, there aiagnapads of
devices with high crystallinity, high charge mobility and thickness independence [64,9981895]13In
recent examples, Li et al. achieved over%a1n PM6:IDIC OPV devices having a thickness between 100
and 200 nm [296] and Zhang et al. achieved 9.1 % in devices incorporating a 300 nm thiéefilBIT 4T -
20D:EH-IDTBR [297].

If high performance can be achieved using thicker films, different processimeg tmitome available for
film deposition. There are increasing reports of high performance devices realimpd using scalable
casting techniques such as slot-die 28], blade [301,302] or roll [36307] coating, and ability to cast
on non-traditional substrates such as plag8f8] opens a pathway to flexible solar cell devices {309].
The onset of high performance large-area printable devices bodes well for the commercial fDRNVs.of

6. Conclusions

Throughout this review, we have outlined how advances in molecular structure and prdeehsiiggies
have provided researchers with better understanding and tighter control of ffigological conditions
required to yield highly efficient polymer:non-fullerene solar cells. Kelwancements include better
understanding of phase separation, domain size and spacing and crystallization, andtioptiofizhér
characteristics allows reduced recombination rates and increased chargey.niddtiler control of these
morphological properties has been achieved through processing techniques like theohsEnbfdditives
and thermal/solvent annealing to suppress or promote traits such as aggregatiotioin, blend miscibility
and crystallization. These techniques have led to increased mobility and restmatdination, which have
meant that systems can be designed without the driving force previously needed to overcome
intermediate/trap states that have led to recombination. These new moleculexedlesty little or no
offset, have reducedo¢ loss and increased device performance. Molecular design is also a powérful too
used to control such characteristics, with control of back bone strusideechain length and composition
being used to favorably orient the molecules and adjust conjugation lengths and stacking distancess as well
affect steric conditions and miscibility. With a better understanding of thedndlsechniques available to
understand and optimize both donor and acceptor properties, the field of non-fuléteseis likely to
continue to grow and see further increases in device efficiency. Attention nmamdufactors such as long-
term device stability, green processing, and up-scaling, all of which show prosigisgfor the potential
commercial success of non-fullerene solar cell devices.
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