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Abstract

The rise in power conversion efficiency of organic photovoltaic (OPV) devices over the last few years has
been driven by the emergence of new organic semiconductors and the growing understanding of
morphological control at both the molecular and aggregation scales. Non-fullerene OPVs adopting p-type
conjugated polymers as the donor and n-type small molecules as the acceptor have exhibited steady progress,
outperforming PCBM-based solar cells and reaching efficiencies of over 14 % in 2018. This review starts
with a refreshed discussion of charge separation, recombination, and Voc loss in non-fullerene OPVs,
followed by a review of work undertaken to develop favorable molecular configurations required for high
device performance. We summarize several key approaches that have been employed to tune the nanoscale
morphology in non-fullerene photovoltaic blends, comparing them (where appropriate) to their PCBM-based
counterparts. In particular, we discuss issues ranging from materials chemistry to solution processing and
post-treatments, showing how this can lead to enhanced photovoltaic properties. Particular attention is given
to the control of molecular configuration through solution processing, which can have a pronounced impact
on the structure of the solid-state photoactive layer. Key challenges, including green solvent processing,
stability and lifetime, burn-in, and thickness-dependence in non-fullerene OPVs are briefly discussed.
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1. Introduction

Photovoltaic solar cells convert the energy of sunlight into electricity using the photovoltaic effect. In the
last decades, organic photovoltaic devices (OPVs) have emerged as promising systems in the field of solar
cell technology. OPVs usually comprise at least two types of semiconducting component in their photoactive
layer, electron donors (D) where excitons are created upon photoexcitation, and electron acceptors (A) to
which the electrons are transferred and transported to an electrode to generate current flow. The D-A strategy
for OPVs quickly gained in popularity since they are solution processable, cost effective and potentially
scalable for industrial manufacture [1]. The fact that organic materials have tunable bandgaps and energy
levels in both donor and acceptor materials offers significant research opportunities in this area.

The architecture of OPVs has evolved from low efficiency bilayer D-A heterojunctions, to mixed D-A
phase bulk heterojunction (BHJ) structures. Amongst BHJ solar cells, a notable highlight is the use of
fullerene derivatives as the acceptor material, in particular [6,6]-phenyl-C61-butyric acid methyl ester
(PCsiBM or simply PCBM). From its rise in popularity in the 2000s, blends of a donor polymer with a
fullerene acceptor rapidly progressed, with devices having power conversion efficiencies (PCE) in single
junction cells of around 11 % [2]. Polymer-fullerene systems are undoubtedly a highly successful route to
achieve a high PCE in OPVs, and in the last decade fullerenes have been the acceptor molecule of choice
over their polymer and small molecule counterparts. This is likely due to the relative ease of processing and
rapid improvement of the PCE of fullerene-based BHJ OPVs. Although some efforts have been made to tune
the energy levels of fullerene acceptors [3,4], the most common (non-tuned) fullerene derivatives, PCs1BM
and PC7BM, remain the dominant fullerene acceptors. However, progress has slowed in the last couple of
years for several reasons; fullerene derivatives are expensive to synthesize at high purity [5], have poor light
harvesting ability [6], small bandgaps [5] and show limited electronic tunability. Fullerene nanoparticles also
tend to migrate and aggregate in the solid photoactive layer, thereby reducing device efficiency and lifetime
[7,8]. This has meant that despite research into novel polymeric donors, progress is restricted by the limits of
these fixed fullerene derivatives, to which no significant advancements are now likely to be made. Given the
growth of research into BHJ D-A OPVs, research now increasingly addresses the development of new non-
fullerene acceptor materials. Indeed, starting from Zhan’s perylene diimide (PDI) acceptor in 2007 [9], a
wide range of n-type small molecule acceptors (SMAs) have emerged as a viable route to non-fullerene
solar cells, which increasingly appear to overcome the deficiencies of their fullerene counterparts. Here, the
last few years have seen SMAs successfully employed in non-fullerene OPVs accompanied by a rapid
increase in device efficiency. Many researchers have demonstrated devices having PCEs of over 10 % with
significant advances in the understanding of donor-acceptor compatibility, energy level tunability, molecular
design and processing techniques used to enhance device performance. At the time of writing (September
2018), several groups have reported champion PCEs over 13 % [10-13] and 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 control in non-fullerene-based
OPVs to obtain high device performance. We start by refreshing the discussion of charge generation process
in OPVs. A general requirement for efficient harvesting of solar energy is that the energy level offset
between the highest occupied molecule orbital (HOMO) level of donor and the lowest unoccupied molecular
orbital (LUMO) level of acceptor must be sufficient to overcome the exciton binding energy and facilitate
efficient charge generation. Here, the offset AEpa provides the energy required for charge separation [19].
This energy offset has been found to be significantly smaller in non-fullerene OPVs compared with their
fullerene counterparts, and allows an exploration of the fundamental aspects of the charge generation process
in OPVs. We then describe favorable morphological features of non-fullerene BHJ, including molecular
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configurations and distributions that lead to high device efficiency. This is followed by a summary of how
material chemistry, ternary-strategy, solution-processing and post-treatments influence molecular ordering
and phase separation in solution-cast BHJ photoactive layers. We finish by presenting challenges 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 voltage Voc, short
circuit current Jsc and Fill Factor FF is given by the following equation (where P;, is the incident solar
power) [20]. The so-called Shockley and Queisser limit defines the maximum possible efficiency for a
single-junction PV device, that in OPVs has been estimated to be around 35 % [21,22]. However, this applies
to ideal systems subject to only intrinsic losses, when in reality there are multiple sources of loss that will
have an adverse effect on individual parameters and the PCE. In many cases the complicated
interdependence of these parameters, in particular the trade-off between photocurrent and photovoltage, is
seen as one of the biggest challenges for improvement in OPVs [23]. Energy loss in OPVs can be split into
two types: (1) radiative loss incurred due to charge generation, which is often thermodynamically
unavoidable, and (2) non-radiative losses incurred during charge separation and transport; a process termed
recombination.

Charge generation in OPVs occurs when photons from an incident ray of light are absorbed by the active
layer components, with an electron immediately promoted to the LUMO of the donor (as shown in the
diagram of figure la) via quasi-adiabatic charge transfer, leaving a hole in the HOMO. In organic
semiconductor systems, this electron-hole pair, known as an exciton, exists in an intermediate bound state
with a columbic binding energy of around 0.5 eV due to the low permittivity of organic materials [24]. This
bound pair of charge-carriers remains electrostatically attracted for a certain time until they disassociate or
recombine. In order to generate a photocurrent, the exciton must diffuse to a donor-acceptor heterojunction
and disassociate into free charge carriers in a process known as charge separation (see figure 1b). If the
charge carriers can be fully separated, this leads to the generation of a photocurrent (see figure 1c). This
charge generation process occurs via an interfacial charge transfer (CT) state, and leads to the first part of
energy loss AEcs, with AEcs=FE,-Ecr [25]. Here, Ecr is the energy of the CT state, and E, is the smallest
optical energy-gap of the two constituent materials. The second part of energy loss due to recombination to
the ground state or other recombination processes (as shown in figure 1d) can be defined as Ecr-gVoc [26].
The total energy loss Ejs=(Eq-Ecr)+(Ecr-gVoc)=E,-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 determine E, is critical, with this having an
impact on the measured voltage loss. For example, E, can be determined from the onset of the absorbance or
EQE spectra, or from the crossing point of the absorption and emission spectra. In a recent review, Wang et
al. highlighted problems with these methods, and showed that E, values determined using optical methods
were reduced as a result of shifts in the absorption spectra caused as a result of blending different materials
together [28]. Instead, two useful methods were highlighted that relied only on EQE measurements; namely

extracting E, from the edge of the EQE spectra, Egdge, or as a derivative of the EQE curve EgPV. Such

measurements were shown to produce more consistent results without the necessity of using optical data, and
using such methods an upper limit of PCE of around 18 % was predicted.

The relatively large binding energy of the CT state in OPVs indicates the need for a “driving force” to
ensure charge separation. A way to achieve this is by having an offset between the LUMO states of the donor
and acceptor respectively (4Epa=Drumo-Arumo) [29]. Many polymer-fullerene systems were engineered with
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such a driving force of around 0.3 eV, such that Ecr < E; in order to drive charge generation. Without this
offset, D-A pairs with bandgaps close to Ect have been seen to suffer from losses due to recombination of
electron-hole pairs or exciton decay directly to the ground state [5,30]. Many D-A pairs were engineered to
utilize large energy offsets in order to successfully generate charges and enable charge separation rather than
recombination. However, this comes at the cost of a reduction in internal quantum efficiency, and - since the
donor must have a high LUMO to achieve this offset - restricts the tunability of the donor bandgap. While
increasing AEpa can help overcome the Coulomb barrier, promote charge separation and reduce losses
through recombination, this offset is detrimental to other device parameters, in particular Voc. For example,
Vohra et al. explored PNTz4T:PC7:BM inverted cell solar cells that relied on an offset of ~0.5 eV to achieve
a PCE of almost 10%, at the expense of Voc (of around 0.7 V) with a total Eis of 1.0 eV [31]. In fullerene
systems, there are a few examples breaking this Ei. limit, but advances in non-fullerene SMAs has led to
more and more systems that combat this problem. Various attempts to reduce this offset by lowering the
LUMO level of the acceptor material have resulted in a voltage loss and a drop in Voc, PCE and external
quantum efficiency (EQE) [1,32,33]. Other groups have demonstrated an improved Voc in polymer-fullerene
systems, with values exceeding 1 V, but always at the cost of Jsc [34,35] or optical losses [6].
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Figure 1. (a-c) Schematic showing photogeneration, charge transfer state and charge separation process
across the D:A heterojunction in organic solar cells. (d) Qualitative scheme of the energy landscape of an
organic donor—acceptor solar cell. At the interface of donor (D) and acceptor (A) phases, the charge transfer
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(CT) state is formed, causing the singlet exciton S1 at either the donor or the acceptor state to undergo
charge transfer. From the weakly bound CT state, dissociation into separated charge carriers (CS) can take
place by either using excess energy from the singlet state (hot CT) or by thermal excitation from the relaxed
CT state (cold CT). Besides dissociation, CT excitons may also recombine radiatively or non-radiatively to
the ground state. If the solar cell is driven by an external chemical potential, free charge 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 acceptors are limited by a high binding energy of the charge transfer state,
and it has often been seen that an excess of driving force can assist charge separation thus enhancing
efficiency. However, this driving force results in energy loss due to the difference in energy of the polymer
singlet excited state and the charge transfer state, which can vary between 0.1 and 0.3 eV [5,23]. This is a
problem unique 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 from this type of loss [37]. It is often
assumed that small molecule acceptors share similar charge separation characteristics with fullerenes, and
thus have similar CT state binding energies of around 0.3 eV. However, the evolution of OPV materials and
particularly non-fullerene acceptors has challenged the notion of the role of the driving force, as there are
growing examples of systems that function well without a AEpa of 0.3 eV. The implication is that the
binding energy can be lower than 0.3 eV, and that charge separation can occur more rapidly than was
initially thought. An explanation comes in the form of delocalized charge transfer states: It is known that the
delocalization of electrons and holes occurs in OPV materials, and charge separation is facilitated by the
overlap of delocalized charges at the D-A blend interface. When excitons are generated near an interface,
rapid charge separation occurs due to the delocalization of charges, with binding energies below Ecr (below
kgT), facilitating the separation of the electron-hole pair [38,39]. Menke et al. provided an explanation in
terms of the relationship between the lowest singlet excitation energy (determined by E,) and the coulomb
potential as shown in figure 2 [27]. In order to overcome the Coulomb barrier and disassociate at distances
beyond the Langevin recombination radius (ca. 5 nm), the energy of the charge transfer state must be greater
than the long-range coulomb potential (as in the case of S14). In the case of systems with high charge
mobility and small charge separation distance, delocalized CT states can be created at energies lower than
the long range coulomb potential and still disassociate (S1g). Hence, delocalized states are generated at
interfaces within picoseconds (ps) of excitation at energies lower than the traditional Ect, with these states
possibly being responsible for improved charge separation. Gélinas et al. used ultrafast transient adsorption
spectroscopy to reveal the behavior of excitons in the first femtoseconds (fs) after excitation, recording
electrostatic peaks 40 fs after charge generation, corresponding to a charge separation distance of 4 nm; a
distance at which the exciton binding energy is much smaller. These results indicate that large LUMO level
offsets are in fact not vital for charge separation, since delocalized sub-Ecr states can separate if located
within several nanometers of the D-A interface. These states are of considerably lower binding energy than
Ecr and, as such, a much smaller or negligible AEp, is sufficient for charge transfer in these cases. Bearing
this in mind, it is not surprising to see more and more examples of polymer:non-fullerene OPVs which have
little to no AEpa but high Voc together with reduced recombination and improved efficiency. Various
examples of energy loss in fullerene and non-fullerene systems are plotted against their Voc, PCE and EQE
in figure 3.
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Figure 2. Schematic for charge generation in systems with a large offset energy such that the difference
between the lowest singlet exciton energy (S1 or equivalently Ey) and the charge transfer state (Ecr) is
greater (case A) or less (case B) than the long-range Coulomb potential (W), which needs to be overcome in
order to separate charge and create free carriers beyond their Langevin recombination radius. For low Ejoss
systems, case B will dominate. Free carriers can be generated from localized CT states either by thermal
promotion to delocalized states or by successive hopping. Figure and caption reproduced with permission
from reference [27].
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Figure 3. Comparison of the relationship between energy loss and (a) Voc (b) PCE, and (c¢) PCE vs. EQE for
OPVs employing fullerene and non-fullerene acceptors. Energy loss is calculated from Ej=E,-gVoc. The
grey solid and dashed horizontal lines offer a guide to the eye to show which systems achieve an Ej of
below 0.6 eV and 0.3 eV respectively.



The fact that high efficiency can be achieved in non-fullerene OPVs in which there is little or no energy
offset between donors and acceptors motivates a rethink of the charge separation process and mechanisms.
Hou et al. have provided new insight as to why charge separation is more efficient in non-fullerene OPVs
compared to their fullerene counterparts by studying their electrostatic potential (ESP) [40]. They found that
positive and negative charges were concentrated on the surface of the donor and acceptor respectively, which
can be represented through models of the molecules as shown in figure 4. This indicates that for the small
molecule acceptor, large parts of the surface have a positive ESP, while the donor has a net negative ESP,
with all conjugated regions excluding the backbone having negative ESP. This results in the creation of a
strong intermolecular field, favoring exciton disassociation and electron transfer from donor to acceptor. This
can be compared to the ESP of Cs, in which case a homogeneous delocalization of charges over the surface
is observed. While this distribution allows weak 7-m interactions necessary for charge separation, the ESP is
much weaker (0.11 eV) compared to a maximum of 0.98 eV for the SMA. It should be noted that non-
symmetrical fullerene derivatives such as PCqBM and PC;iBM were created with this in mind,
incorporating side-chain blocks adjacent to the Ceo/C7o sphere to generate a less even charge distribution and
favor fast charge transfer. However, it is apparent that non-fullerene acceptors have significantly better
charge transfer properties, in part due to their uneven and strongly negative surface ESP, which enables fast
charge transfer at a D-A interface.

e of Molecul... 3

Showing match 4 of 11 | F
SIAA AN AT

- Cissuuiduulrl. Ul CLOuUIoT, wiv viiuige
ien lent on the detailed morphology of

3, wvhich is very complex in different
flu vim~rAn AFCCD An + .\lhifnn nrnnnrties}

1IN VI

(DCBT-2F), IT4F C60

Figure 4. ESP distributions on the polymer donor (DCBT-2F),, the non-fullerene acceptor IT-4F’, C60 and
PCsiBM. Blue represents a strong positive electrostatic potential (ESP), while red represents a strong
negative ESP, and green a neutral ESP. Reproduced (adapted) with permission from reference [40].
Copyright 2018 American Chemical Society.

In polymer-fullerene systems, charge recombination is seen as a major source loss [5,41,42]. This
phenomenon can occur thorough both geminate and non-geminate recombination, with the former referring
to the recombination of a hole-electron pair soon after (<100 ms) charge separation (i.e. still in a bound state),
and the latter referring to the recombination some time (and distance) after charges have been separated.
Organic semiconducting materials usually have low charge mobility, meaning that there is 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 more chance of charges re-meeting during
their transport process within the interdispersed D-A phases, leading to bimolecular recombination [44,45].
Another type of non-geminate recombination is trap-assisted recombination, where holes or electrons are
firstly trapped within the band gap and then recombine with an oppositely charged carrier. Reducing the trap
density in the BHJ layer can reduce trap-assisted recombination and hence increase the FF of OPVs, e.g.
trap-filling of the polymer donors with the additive F4-TCNQ has been demonstrated [46]. The primary
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source of such non-radiative (recombination) losses in OPVs remains under discussion, but it is generally
accepted that non-geminate recombination is the dominant method in BHJ devices as a result of increased
electron and hole recombination in the interdispersed bulk phase [45,47-50]. Recombination in OPVs was
initially described by Langevin dynamics [51], but theoretical studies [42,52-54] and experimental
measurements (including transient photovoltage and differential charging experiments [41,55], transient
absorption spectroscopy (TAS) [56], time-of-flight transient spectroscopy [57], and linearly increasing
voltage (such as photo-CELIV) [48,50,58]) have since shown that the recombination rate is in fact several
orders of magnitude lower than predicted, leading to reduced or suppressed Langevin recombination
[42,47,50,54,59]. This can be quantified as a total recombination rate kg, which can be expressed simply as
the Langevin recombination rate ki, modified by a dimensionless prefactor ypre, which is a function of current
density or charge mobility [47].

kp = VprekL = %(up + Hy) Eq. 1

Here ¢ is the combined D-A permittivity, q the elementary charge, and y, and p, are the electron and hole
mobility respectively. Wetzealer et al. extended this to derive the prefactor in terms of carrier current, and
found that the values of yp. were typically on the order of 103 and 10! for fullerene and non-fullerene
systems respectively, with differences occurring due to different electron mobility and recombination rates,
with the coefficient determined by the slowest carrier mobility. Credgington & Durrant derived the
relationship between recombination and the open circuit voltage for polymer fullerene systems, and showed
that non-geminate recombination limits Voc [49].

Tuning the donor-acceptor energy offset to achieve charge separation whilst minimizing voltage loss from
factors such as recombination to achieve a high Voc is an issue that researchers have started to address in
non-fullerene donor-acceptor systems. There is mounting experimental evidence showing that efficient
charge separation can occur without a driving 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 of active layer
materials, thus enabling donor-acceptor pairings with smaller energy gaps to have reduced Voc losses
[23,27,63,64]. Furthermore, the small offset due to low-lying HOMO levels reduces radiative losses from
absorption above the charge transfer energy but below the bandgap [65,66]. Early examples were seen with
polymer-fullerene systems using low bandgap polymer donors [23,67,68]. with work by Kawashima and
coworkers achieving a Voc of 0.96 V and an efficiency of 8.9 % due to fast charge transport of a narrow
bandgap polymer donor PNOz4T with PCBM [69]. In fullerene devices, it was found that high internal
quantum efficiency (IQE) values could be obtained with no dependence on the charge transfer states [61].
High values of IQE indicate that very few generated charges are lost to recombination, i.e. most generated
charges are separated and make it to the electrodes.

The link between energy loss and quantum efficiency has since been explored in non-fullerene OPV
devices, with Li and coworkers finding that PTB7-Th:IDTIDT-IC devices have very high internal and
external quantum efficiency (EQE) values and Ei.s < 0.6 eV. It was suggested that this was due to planar n-
n stacking of the IDTIDT-IC acceptor enhancing charge mobility, or decreasing the exciton binding energy
of the CT state [70]. Thus the measured losses are attributed to radiative losses only (i.e. losses due to
recombination are negligible). The following equation was used to quantify non-radiative Voc loss as a
function of EQE (where EQEg. is radiative quantum efficiency) [70]:

AVgenTe = — SlinEQEg Eq. 2



Qian and coworkers demonstrated experimentally that such a relationship between Voc and EQEgL holds
true, with systems such as PDCBT-2F:IT-M and PTB7-Th:IEICO that have high EQEgL values also have
high Voc values and low voltage losses due to reduced recombination rates. Furthermore, they proposed that
systems that otherwise demonstrate high efficiencies but with low values of EQEgL may show capacity for
improvement if non-radiative recombination rates can be reduced [71]. As figure 3c demonstrates, there is a
strong correlation between EQE and device performance, stemming from the link between EQE and non-
radiative recombination. Indeed, improvements in thin film morphology that result in efficient charge
dissociation are likely to result in improved short circuit current and correspondingly higher EQE values. Liu
and coworkers [64] achieved an internal quantum efficiency of 87 % with an impressively high Voc of 1.11
V resulting in a PCE of 9.5 % in a P3ATEA:SF-PDI2 non-fullerene system. A low voltage loss of 0.61 V was
reported as a result of high mobility and efficient charge separation with negligible driving forces, and
furthermore it was found that by comparing systems with different driving forces, the low driving force did
not have a negative impact on device performance. This voltage loss was reduced to 0.54 V in subsequent
follow-up work, where the positions of the alkyl side chains and carboxylate substituents were switched to
create the polymer P3TAE [72]. This led to a downshift of energy levels, which reduced the driving force
and resulted in a high Voc of 1.2 V. Here, the more twisted polymer backbone inhibited molecular
aggregation, although both Jsc and EQE were reduced. Nevertheless, this potentially offers a route to tuning
crystallinity and photovoltaic properties in donor polymers. In a further example, Chen and coworkers found
that a high PCE of 10.4 % could be achieved using a PffBT2T-TT:O-IDTBR system in which the energy
levels of the donor and acceptor were aligned. The high Voc of 1.08 and low Vi of 0.55 V observed were
thought to result from reduced non-radiative recombination rates which were correlated with a high EQEgL
of ~1x10*[73].

Xie [62] and Zhang [74] reported similar results with PBDB-T:IT-M and PBDB-T:ITIC OPVs
respectively, citing the out-of-plane n-m 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 lower LUMO levels
allowed good compatibility with low bandgap donors such as PTB7-Th and PBDB-T [75-77]. Xu and
coworkers achieved a PCE of 12.8 % with PBDTS-TDZ as donor and ITIC as acceptor, with a Voc of 1.1 V
and Ej of 0.48 eV [12]. Li achieved an impressive PCE of 12 % from IT-M coupled with PBDB-T. This
occurred as a result of favorable phase separation, despite resulting in a slightly lower EQE [78]. In an early
work, Chen showed that interchain aggregation of a conjugated polymer could be beneficial for high
mobility, allowing a low-bandgap donor to achieve high efficiency over a range of active layer
thicknesses [30]. Zhang also achieved a high PCE of 11.3 % using n-n conjugated polymers (based on PffBT)
as donors with ITIC as the acceptor, with an offset of only 0.04 eV [79]. Shi et al. amongst others
highlighted the importance of device morphology, stating that optimal device structure mitigates
recombination losses due to slow charge transfer [60,61,80]. Figure 3c highlights the importance of
achieving a high EQE in high efficiency systems.

There are several other photovoltaic analysis techniques that can be used in order to quantify charge-
carrier mobility, and thus shed light on recombination processes in OPVs. Two such experimental tests are
measurements of (i) photocurrent density (Jon) as a function of effective voltage (Verr), and (ii) Voc or J
versus light intensity (Pin). The saturation point (Js,) of the photocurrent density can be correlated with the
disassociation of charge carriers, and a high Js, is indicative of low recombination. High values of Js, also
correlate with a broader EQE spectrum [81]. By characterizing devices at a range of light intensities and
determining the gradient of the subsequent Voc vs. In(Pin) and log(Jsc) vs. log(Pin) curves, information can be
obtained regarding the degree of monomolecular, bimolecular or trap-assisted recombination [82].



In general, by controlling the conjugation lengths and stacking properties of photovoltaic materials, losses
due to recombination can be minimized, meaning less dependence on driving force was required to ensure
charge separation. This has reduced the dependence on energy offset between donor and acceptor, and hence
allows lower bandgap materials to be used. There are a growing number of examples of non-fullerene OPVs
which do not suffer losses and have high values of Voc, outperforming other OPVs in this respect as seen in
figure 3a. This is through careful design advances such as improving charge transfer efficiency and
increasing charge mobility to reduce recombination loss and increase EQE. Improved charge transfer
efficiency has also been achieved through favorable mixing of D/A phases, resulting in shorter distances
between donor and acceptor phases; an effect that also reduces recombination losses caused by poor charge
mobility. These factors have significantly reduced non-radiative recombination losses and raised the Voc,
which in turn means that a significant energy level offset (previously required for driving charge separation)
is not necessary, thus materials can be utilized with smaller bandgaps and closer-spaced HOMO/LUMO
levels.

It is well accepted in the OPV community that film morphology and aggregation at molecular length-
scales play critical roles in controlling the optoelectronic properties, via its effects on light absorption,
exciton dissociation, charge generation and recombination. For this reason, a growing understanding of the
use of processes to control and tune morphology through chemical or processing methods is allowing rapid
progress to be made in the development of efficient OPVs. In the following sections, we will highlight how
molecular morphology can be tuned through chemical design and processing control, leading to improved
photovoltaic properties.

3. “Favorable” morphology leading towards improved performance

In the present generation of OPVs, active layer morphology is one of the main factors that influence
charge separation and transport properties. In contrast to bilayers, a mixed donor-acceptor phase in which D-
A junctions are distributed throughout the bulk has been widely reported to be the most effective
morphology for good OPV device performance [5]. In a heterojunction device, miscible D/A polymers form
multiple phases that result in interconnected domains. Optimal devices combine a high degree of D:A
interfacial contact, while maintaining pure D/A domains to achieve high mobility and to avoid recombination.
To this end, various processing techniques (such as solvent additives [83], solvent vapor annealing [84] and
thermal annealing [85]) have been employed to modify the morphology of the active layer. Both molecular
parameters and processing techniques play a significant role in determining these morphological properties,
which then determine the device performance. This relationship is shown schematically in figure 5.
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Figure 5. Relationship between chemical structure, film processing and properties of photovoltaic devices.

In polymer:fullerene and polymer:non-fullerene systems alike, the influence of morphology and
particularly molecular ordering within domains, domain size, domain purity and domain connectivity play a
key role in determining device efficiency. A requirement for good device efficiency is the proximity of
excitations to domain boundaries, with domain size being correlated with exciton diffusion length to
minimize exciton decay. In polymer:fullerene systems, this parameter has been determined using
photoluminescence measurements as a function of layer thickness, with values of 5-20 nm being reported. In
non-fullerene blends this diffusion length has been reported to be 10-20 nm [86—90]. For this reason, domain
sizes on the order of ~20 nm are necessary when using organic materials with short exciton diffusion lengths
[91-93]. Pure crystalline phases, however promote increased mobility and thus reduce bimolecular
recombination, thus a morphological trade-off exists for domain size [83,92,94]. It has been shown that poor
domain purity, i.e. poor control of aggregation and over-mixing results in a drop in performance in both
fullerene and non-fullerene systems [79,95-97]. It is therefore important that the phases are not over-mixed
(i.e. forming small or impure domains). Higher domain purity helps improve charge generation [98], as
shown by Liu and coworkers who found that by using thermal annealing to control the domain purity of an
ITIC derivative (IT-M) it was possible to improve electron mobility and reduce the active layer thickness
dependence on OPV performance [99].

There are several techniques that are commonly employed to investigate the morphological properties of
semiconducting and conjugated materials at the molecular level. Grazing-Incidence Wide-Angle X-ray
Scattering (GIWAXS) can provide valuable insight into the morphology of crystalline regions in conjugated
materials, with this technique being used extensively to characterize molecular ordering and
orientation [11,32,94,96,99-105]. Grazing-Incidence Small-Angle X-ray Scattering (GISAXS) and Resonant
Soft X-ray Scattering (R-SoXS) can be used to determine the average domain size of different phases, with
the later able to provide information on domain purity [100,106—108]. Neutron Scattering (NS) [109,110],
Near Edge X-ray Absorption Fine Structure (NEXAFS), Secondary-lon Mass Spectrometry (SIMS) [111-
113] and X-ray Photoelectron Spectroscopy (XPS) with ion-etching ability can also be used to characterize
the distribution of components in the photoactive layer in a vertical direction [81,114-116]. Scanning
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electron/probe microscopy techniques have been widely used to identify phase separation and surface
roughness of photovoltaic films [82,117]. Figure 6 lists these techniques and their advantages and limitations
in the study of morphology of photovoltaic blends.
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Figure 6. Comparison of different solid-state characterization techniques for photovoltaic thin films. Images
in the “data” column are adapted with permission from the following references: UV-Vis [81], XPS [81], R-
SoXs [118], GIWAXS & GISAXS [119], NR [120], SIMS [113], AFM & SEM [117].

3.1. Molecular Configuration

Molecular configuration is an important factor in controlling the optoelectronic properties of OPVs, e.g.
light absorption, exciton diffusion, charge separation and transport, as well as controlling the physical
morphology of the system [64,87,121-124]. Interactions between conjugated materials can influence
solubility and miscibility [125] of photovoltaic blends in a liquid state, but also affect n-m stacking and
crystallization in solid-state films. Indeed, charge mobility correlates with n-n stacking intensity and the
degree of planar alignment and is often used as an indicator of good photovoltaic performance [126—131]. In
OPVs, the preferential orientation of conjugated materials in photovoltaic blends corresponds to face-on
orientation, that is, with the conjugated backbone of the molecule laying parallel to the substrate, as opposed
to edge-on (in which case it is oriented perpendicular to the substrate). Face-on orientation is preferential
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because as it can result in improved orbital overlap between donor and acceptor and also improve charge
transport and exciton dissociation. An increased degree of face-on orientation has also been seen to benefit
charge transport and reduce recombination [31,132], thereby leading to higher FF and Jsc [133].

(b)

Lamellar
stacking:
Slow charge

transport =

(a)

(c)

Figure 7. (a) n—m stacking between conjugated molecules and between PCBM nanoparticles. (b) Stacking
orientations and their charge transport efficiency (c) Face-on and edge-on orientation of molecules on a
substrate. (d) Schematic models of H-aggregation (face-to-face), J-aggregation (slipped face-to-face), and
helical aggregation between conjugated molecules. (e) Depictions of ideal n—n stacking orientation between
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donor and acceptor in both fullerene and non-fullerene OPVs. Modified and reproduced with permission
from authors [125].

PCBM molecules undergo close packing, forming isotropic domains. This results in comparable charge
transport mobility in all directions, which is one of the reasons that PCBM is an ideal electron acceptor when
combined with various electron-donating materials. This isotropic nature however is not present in non-
fullerene OPVs. As shown in figure 7, SMAs can undergo H-aggregation (face-to-face), J-aggregation
(slipped face-to-face), or helical aggregation. This anisotropic n— m stacking leads to anisotropic charge
transport properties, with a higher mobility along the n—n stacks. A preferential orientation of both donors
and acceptors with a face-on configuration is expected to be ideal for high performing non-fullerene OPVs.
A longstanding question in organic electronics concerns the effect of molecular orientation at donor/acceptor
heterojunctions. By investigating a well-controlled donor/acceptor bilayer system, Nguyen et al. determined
that devices containing donor molecules that are face-on to the acceptor interface have a higher charge
transfer state energy and undergo less non-radiative recombination, resulting in a larger open-circuit voltage
and higher radiative efficiency. In contrast, devices containing donor molecules that have edge-on orientation
at the acceptor interface are more efficient at charge generation; a feature attributed to reduced electronic
coupling between charge transfer states and the ground state, together with a lower activation energy for
charge generation [134].

In non-fullerene OPVs, the molecular orientation at the D/A interface is extremely important for charge
generation efficiency [135]. As for fullerene derivatives, it has been found that for systems in which there is
isotropic non-planar m-stacking, devices have better efficiencies than comparable systems with planar
stacking. There are a series of rylene diimide based functionalized polymer acceptors which have been
successfully employed due to their favorable absorption and mobility properties, as well as tunability [136].
For example, Rajaram and coworkers show that the non-planar orientation of their perylene diimide (PDI)-
based acceptors significantly improves photovoltaic properties [137], with non-planar orientated IDT-derived
acceptors also showing improved performance [138]. By increasing the dimensionality of the acceptor (thus
increasing the spatial dimensions of the D-A interface), charge separation efficiency can be improved [139].
This is because the Coulombic attraction energy is inversely proportional to 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 polymer donor PBDTBDD
using alkylthienyl side groups to create PBDTBDD-T. When blended with the acceptor PNDI, the modified
donor had a much more anisotropic orientation [141]. Molecular orientation also affects molecular
aggregation in solution, resulting in improved phase separation. Their devices incorporating non-planar-
orientated PBDTBDD have superior current density, EQE, Jsc and Voc than their planar counterparts, with
PCE increasing from 2.4 to 5.8 %. Here, the non-planar orientation results in more favorable

n—7 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 control of interfacial properties
between transport layers and active materials. For example, by controlling interlayer morphology [142],
roughness [143] or work function [144] it is possible to increase charge extraction efficiency. Similarly, the
vertical component distribution of donor and acceptor materials towards their respective electrodes can result
in improved charge extraction and collection processes. Stratification within active materials can result from
methods employed to control thin-film vertical morphology, including thermal annealing [110], solvent
annealing [145,146], washing [117], or novel preparation techniques such as off-center spin casting [147],
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the use of chemical/solvent additives [106,148,149] or tuning component surface energies [115,150]. The
degree of stratification is often investigated using optical techniques such as NS, NEXAFS, XPS and
SIMS.[114]. The extent to which vertical stratification affects non-fullerene devices remains an open
question, in part due to the difficulty of obtaining high-resolution depth profiles of the active layers. Despite
this, there are growing examples of favorable donor enrichment at the substrate interface that benefit device
performance when an enriched region is in contact with its corresponding electrode [151-153]. Here, figure
8 depicts a favorable component distribution in the vertical direction in the photoactive layer of a non-
fullerene OPV.

Non-fullerene acceptor

Polymer donor

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

In fullerene systems, the mechanisms controlling vertical stratification have been reviewed by Yan et al.
who described the main contributing factors to be the thermodynamics in solution, solubility, and film drying
kinetics, along with the surface free-energies of the different materials [93]. Here, as the solvent evaporates,
interactions between active materials will increase, which promotes phase separation [154] and drives
stratification of donor or acceptor materials. It is widely reported in fullerene systems that thermal annealing
invokes vertical stratification via the diffusion of PCBM to the air interface, which can be beneficial for
charge extraction in OPVs having a conventional device structure. For example, in P3HT:PCBM films
fabricated in ambient conditions, Rujisamphan et al. saw an unfavorable P3HT-rich layer at the surface [155],
while van Bavel et al. found that thermal annealing created a PCBM rich surface layer in the same blend
[146]. In a non-fullerene system, Vaynzof and coworkers used XPS to identify stratified regions in non-
fullerene solar cells, with an enriched P3HT layer found at the film-surface [151]. However, they found that
they could not distinguish whether the annealing increased the donor/acceptor stratification. In a recent study
from our laboratory, Li and coworkers used XPS depth profiling to identify stratification of the active layer
components as shown in figure 10 [81]. It was found that both surface free energies and thermal annealing
affected the vertical component distribution in a non-fullerene PBDB-T:IT-M system, noting that under
ambient processing, a polymer-rich layer was located at the film surface, as has been observed in fullerene
systems. Likewise, thermal annealing resulted in the depletion of this polymer-rich layer if the PBDB-T:IT-
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M blend was positioned on a PEDOT:PSS substrate. This was found to be advantageous in a conventional
device structure as the polymer acted as a blocking layer hindering electron transport.

Surface and interfacial energies also play an important role in the self-assembly of donor/acceptor
materials in the active layer. By modifying the surface energy of the interfacial layer, or by adjusting
processing techniques, a donor or acceptor material can be made to preferentially locate at either the
substrate or the air interface. Yan et al. used a methanol rinsing technique to induce stratification of PCBM
to the film surface, finding the PCBM-rich interface was beneficial to charge transport [117]. Huang et al.
found that stratification occurred in both polymer:fullerene and polymer:non-fullerene blends, and showed
that by reducing the surface energy of the ITO it was possible to encourage the polymer phase to
preferentially locate at this interface, thereby leaving an acceptor rich layer towards the air interface. By
applying suitable layers of small molecules to control the ITO surface energy, it was also possible to control
the degree of vertical stratification which enhanced overall device performance [116]. Recently, Wang and
coworkers used XPS to characterize the top and bottom regions of their PTB7-Th:ITIC active layer, finding
that ITIC was located towards the substrate, as shown in figure 9. The reason for this, although not explored
in the article, is presumably the preferential migration of ITIC to the substrate interface (away from the air
interface) due to its higher surface energy. This stratification benefitted the inverted device structure (where
the acceptor-rich region located near the cathode), which had a PCE of 7.89 % compared to 6.10 % for the
conventional device, as well as significantly improving device stability [156]. As in polymer-fullerene
systems, the acceptor-rich region positioned at the cathode reduces the probability of recombination 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-fullerene systems follows similar
mechanisms to that observed in fullerene-containing devices. That is, both solution and film-drying
dynamics together with surface energy play an important role in determining the vertical stratification of
active layer materials, with polymer components often preferentially located at the top surface without
thermal annealing. Control of active component distribution can result in enriched layers at the anode or
cathode which facilitate hole or electron transport. Care must be taken to correlate the stratification with
device architecture, since an enriched layer that facilitates electron transport in one 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) N1s (from ITIC) XPS spectra

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

In many cases, molecular design using e.g. conjugated backbone moieties, side-chains, fluorine
substitution [88,96,126,157,158], or promoting inter-chain n-m stacking [127,128,130], has a pronounced
influence on the nanoscale morphology of photovoltaic blends. Early SMAs, particularly PDIs were
incompatible with existing donors and suffered from strong self-aggregation due to their planar core [159].
Small molecule acceptors have differing miscibility compared to fullerenes, so when the same polymer-
donors were used, the NFAs were seen to be poorly miscible as in the case of PBDTTT-C-T and
PDI[153,160] (also, see reviews by Eftaiha or Lin, or Hou, Li or Yan for examples or early and new
acceptors, respectively [40,66,77,161,162]). In another example, Zhou used a fluoranthene-fused imide
acceptor with poly(3-hexylthiophene) P3HT, and compared its performance with PCs;BM [163]. While this
work demonstrated the viability of non-fullerene acceptors, the poor miscibility and aggregation resulted in a
poor comparative device-performance. Indeed, early SMAs did not have complementary adsorption spectra
with polymer-donors such as P3HT resulting in poor light harvesting and low EQE values [164]. More
recently, new acceptors have been synthesized that have suitable energy levels and complementary
adsorption spectra for existing donors such as P3HT (a material that remains a popular donor material owing
to its relatively simple synthesis [165] and potential for upscaling) [101,166—168]. However, the
performance of OPV devices using P3HT are limited by their adsorption spectra and relatively high energy
levels. Donors such as PBDB-T and PTB7-Th have better-aligned HOMO and LUMO levels to exploit the
reduced need for an energetic driving force, and have better miscibility and orientational compatibility with
NFAs, as will be explored in the following section [11,99,169,170]. Further advancements have been made
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by modifying the chemical structure of donor/acceptor molecules to enhance their energy levels,
compatibility and performance. The energy levels of P3HT, PBDB-T and PTB7-Th can be seen in
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 this review. It is of note
that many of the new generation of SMAs utilize electron withdrawing indanone-based end groups and an
aromatic fused-ring core resulting in a ladder-like donor-acceptor-donor (A-D-A) backbone structure [171].
Such structures are beneficial since they result in strong intra-chain charge transfer between donor and
acceptor moieties, creating materials that have high extinction coefficients and high absorbance (almost
double that of PDI-based acceptors) while also having narrower bandgaps [172]. Furthermore, such a core
structure allows four side chains to be attached to the aromatic core, a property that opens significant
structural and electronic tunability, many examples of which will be outlined in this section. A notable
example was reported by Zhan et al. in 2015, who showed that ITIC (3,9-bis(2-meth- ylene-(3-(1,1-
dicyanomethylene)-indanone)-5,5,11,11-tetrakis(4-hexylphenyl)-dithieno[2,3-d:2",3'-d']-s-indaceno [1,2-
b:5,6-b’]dithiophene), could surpass the PCE of fullerenes when coupled with PTB7-Th [75]. ITIC combines
a broad absorption spectrum, high charge-carrier mobility and lower LUMO levels, allowing compatibility
with low bandgap donors. ITIC has good electron-withdrawing properties due to its cyano- and carbonyl
groups, with the rigid structure of the large alkyl-phenyl side chains facilitating m-n interchain overlap.
Together with ITIC, there are many other examples of molecular engineering based on indaceno[2,1-b:6,5-
b0]dithiophene (IDT) or indacenodithieno[3,2-b]thiophene (IDTT) backbones, many of which have been
shown to be improvements on ITIC. Li and coworkers’ IDT-IC and IDTIDT-IC are similar in nature to ITIC
and are also based on fused ring molecules, with high Voc achieved upon combination with PTB7-Th. This
comes, in the case of IDTIDT-IC, as a result of higher LUMO levels and low recombination [70]. IDTIDT-
IC has the larger conjugation length of the two, and a lower degree of rotational freedom, the first of which
decreases the exciton binding energy of charges in the CT state, resulting in lower recombination and Eross,
with the latter extending PL lifetime. Several recent publications from Guo et al. reported an alternative
synthetic route to control the conjugation length in n-type semiconducting molecules, with an imide-
functionalized structure used to construct chains of up to 15 rings forming an electron-deficient ladder-type
backbone [173-175]. The resulting A-A planar molecules have high solubility and crystallinity as well as
tunable conjugation lengths, and show noteworthy electron mobility of 0.013 — 0.045 cm?V-!s! This
approaches that of A-D-A molecules, demonstrating the viability of this alternative route to fabricate
materials for OPVs. A more comprehensive presentation of these and other ladder-type electron acceptors
can be found in a recent review by Jiang et al. [171].
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Figure 11. Molecular structures and HOMO/LUMO energy levels of fullerene and non-fullerene acceptors.
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Other examples of IDT and IDTT modifications, including adding side chains to reduce the acceptor
HOMO level, which, coupled with improvements in phase separation morphology and charge-carrier
mobility, results in the creation of devices having high efficiency [166,176—181]. One promising direction of
molecular engineering is the design of conjugated materials having different side-chains to impart improved
structural properties. It has been seen that the addition of a rigid side-chains along a conjugated backbone
can impart favorable phase separation and miscibility properties [60,182]. There are also many studies that
support the notion that the addition of methylated, fluorinated or alkylated side chains to ITIC can improve
its device-applicable characteristics [78,88,179,183—186]. Here, some of the highest PCEs to date have been
achieved using fluorinated analogues of ITIC. The addition of side chains can be used to introduce
advantageous mobility properties [187] or modify HOMO/LUMO levels [130]; an effect nicely
demonstrated by Hsiao and coworkers, who modified a haptacyclic carbazole-based acceptor with rigid side-
chains called DTCCIC-C17. It was found that the resulting acceptor had favorable miscibility resulting in
low roughness and ideal domain size, together with a raised LUMO level which improved the Voc.[130]
Zhou et al. also showed that polystyrene-based side-chain engineering of an isoindigo-containing polymer
donor can help achieve favorable phase separation with a polymeric non-fullerene acceptor P(TP), yielding
high mobility, even with an energy offset of less than 0.1 eV [60]. In Hou’s group, high PCEs of 13-14 %
have been achieved using the fluorinated ITIC analog IT-4F [10,15]. This acceptor has down-shifted HOMO
and LUMO levels, and a red-shifted absorption that complement the properties of the donor polymer PBDB-
T and its analogues, as discussed in the following section.

Another method to tune non-fullerene acceptors is the use of a TBR moiety. Here, the McCulloch group
have explored materials based on an IDT core with several modifications made to the chain backbone,
notably using rhodanine terminations in the case of IDTBR and its derivatives [166,188]. This structure
imparts good blend morphology that inhibits recombination, with the electron-withdrawing properties of
rhodanine reducing the energy offset and improving the Voc [179]. Of particular interest is the ability to
further tune the IDTBR acceptor by choice of side chain. Holliday and coworkers compared linear (O-
IDTBR) and branched (EH-UDTBR) chain modifications, realized by the addition of octyl- or alkyl moieties
respectively [166]. Film morphology was studied using GIXRD, and it was found that both modifications
improved crystallinity and compatibility with the donor polymer P3HT, but crucially the linear modified
acceptor showed improved morphology after thermal annealing, as seen in the GIXRD data reproduced in
figure 12. This resulted in a champion performance of 6.4%, as well as showing superior oxidative 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; (b) O-IDTBR:P3HT (1:1); (c)
EH-IDTBR; (d) EH-IDTBR:P3HT (1:1). Figure reproduced with permission from reference [166].

4.2. Donor design

As acceptor design moves towards highly crystalline, low-and-wide bandgap small molecules such as
those detailed above, there has been a shift in donor polymer design to maximize compatibility. The most
noticeable change is the downshift in HOMO and LUMO levels from traditional donors such as P3HT to
maintain a small offset with ITIC-derived acceptors. To achieve this, donor polymers are of increasing
molecular complexity, as can be seen by the molecular structures shown in figure 13. A key factor in
improving performance is the ability to retain the correct level of crystallizability, phase separation and
domain size in the blend. The crystallinity of IDT and IDTT derivatives can be suppressed by the polymer
donor phase, so careful tuning of the donor (often aided by processing such as thermal or solvent vapor
annealing) can improve the miscibility and morphology, improve charge transport and reduce recombination,
and thereby improve device performance [183]. These factors allow for lower offsets, which are also
facilitated by the electron withdrawing properties of the donor and acceptor modifications [179].
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Figure 13. Molecular structures and HOMO/LUMO energy levels of polymer electron donors.
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The PBDTTT-type conjugated polymer PTB7 was initially a popular alternative to P3HT and is often
used in combination with PCBM, with this active layer combination showing appropriate phase separation,
resulting in PCEs of around 7 % with the aid of DIO [189]. PTB7 was soon superseded by its analogue
PTB7-Th, which combines a 2-ethylhexyl-thienyl group with a BDT 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 -3.51 eV of
PTB7. The molecular coplanarity also results in improved absorption, with PTB7-Th:PC7:BM devices
achieving PCEs of around 9 % [190]. PTB7-Th blends form an appropriate morphology, however when used
with fullerene derivative acceptors this combination has a large Duomo-Anomo offset of around 0.6 eV. A
breakthrough for polymer:non-fullerene solar cells occurred in 2015, when the non-fullerene IDT acceptor
ITIC could compete with PCBM when coupled with PTB7-Th [75]. The mutual miscibility resulted in
favorable phase separation forming domains that supported efficient charge transfer, with a device
performance comparable with the fullerene derivatives achieved. Others researchers have shown the
potential of PTB7-Th:non-fullerene systems: e.g. PTB7-Th:BTA7 blends have good charge transfer
properties and achieve a low Eios of 0.55 eV, and a high Voc 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 phase separation [192]. However,
the efficiency of PTB7-Th devices is somewhat limited by its relatively narrow bandgap of 1.6 eV which
limits Voc to below ~1 V, as well as the fact that its absorption spectra is weak over visible wavelength
regions. Its absorption characteristics are similar to that of many early SMAs, and their overlapping spectra
resulting in relatively low EQE values [193,194], which is a strong sign of non-optimal performance (see
Figure 3c). This shortcoming has been successfully addressed by the use of low bandgap acceptors with
strong adsorption in the near IR region, such as IEICO-4F [195]. The complementary absorption
characteristics as shown in Figure 14a result in a broad maximum EQE of over 90 % and a PCE of up to
12.1%, despite devices having a low Voc of 0.71 V. In another example, IDT-derived PTB7-Th:COi8DFIC
based system achieved a high EQE with a maximum of 83 % due to a wide (albeit blue-shifted) absorption
spectrum, and achieved a PCE of 12.16 % with a remarkable Jsc of 26 mAcm™. This was achieved with a
Voc of just 0.68 V, highlighting the importance of a high EQE.[196] This system was also used as part of a
ternary device (with PBDB-T) to achieve a PCE of 14 % [16].
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Figure 14. (a) Normalized thin film absorbance of PTB7-Th and IEICO-4F, (b) normalized absorption
spectra of PBDB-T, PC7;BM and ITIC films and (c) thin film UV—Vis absorption spectrum of PBDB-T,
PFBDB-T, ITIC and CS8-ITIC in drop-cast films. Figures a, b and c are reproduced with permission from
references [195], [76], and [11] respectively.

The aforementioned conjugated polymer donor PBDB-T follows a series of conjugated donors based on
2D conjugated benzo[1,2-b:4,5-b'|dithiophene (BDT) units, such as PBDT-TPD [197], PBDTBDD [198]
and PBDTBDD- T [199]. These donors are designed to incorporate side chains in order to move from a 1D
to a 2D conjugated structure with suitable light harvesting properties [199]. PBDB-T emerged as a promising
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candidate due to its complementary absorption spectra and strong aggregation properties which promote
favorable morphology [200], and achieved PCEs of around 9.5 % with PC71:BM. When paired with ITIC, the
PCE rose to 11.2 % with a Voc of 0.9 V [76]. The complementary absorption spectra (seen in figure 14b)
resulted in a broader EQE spectrum with a maximum of 75%. The PCE was further raised to 12 % in PBDB-
T:IT-M systems, with the authors citing the elevation of the ITIC-analog acceptor’s LUMO level, due to the
electron-withdrawing properties of the methyl group, resulting in low voltage losses and a high Voc 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 coworkers used a fluorinated PBDB-
T (PFBDB-T) donor and a modified ITIC acceptor with linear alkyl side chains to form C8-ITIC [11]. In
both donor and acceptor, the alkyl side chains reduce the optical bandgap, and notably increase the
crystallizability of the blend, thus improving mobility and reducing recombination. This was demonstrated
by GIWAXS measurements, which are shown in figure 15. While ITIC crystallization is suppressed in the
polymer phase with no characteristic peak observed, C8-ITIC displays a well-defined peak around q = 0.36
A (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 acceptor and fluorinated donor
respectively (figure 14c) which resulted in a superior EQE. The fluorinated donor had deeper HOMO and
LUMO levels, which resulted in a lower energy offset and improved Voc. Two other OPVs achieved PCEs
over 13 % by employing similar strategies; using both a fluorinated PBDB-T (PFBDB-T-SF or PDTB-EF-T)
donor and an IT-4F acceptor [10,15]. It was found that both hole and electron mobility in the donor and
acceptor respectively were improved, with HOMO and LUMO levels slightly downshifted. It was also
suggested that fluorine modifications impart good chemical stability and polarizability. Further
improvements to this system were achieved by employing a chloride substituted PBDB-T (namely PBDB-T-
2Cl) with IT-4F, resulting in a PCE of 14.4 % [14]. The chlorine, substituted for fluorine, simplified
chemical synthesis and did not affect polymer confirmation, and could lower the energy levels of the donor
further reducing the D-A offset, resulting in a higher Voc of 0.86 V.
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Figure 15. 2D GIWAXS patterns of blends of PBDB-T/ITIC, PBDB-T/C8-ITIC, PFBDB-T/ITIC, and
PFBDB-T/CS-ITIC processed under optimized conditions for device performance. Figure reproduced with
permission from reference [11].

It is clear that there are many promising candidates, especially ITIC and its derivatives, which provide a
family of excellent non-fullerene electron acceptors. Some of the most beneficial factors these new SMAs
bring to non-fullerene solar cells are the ability to fine-tune the HOMO and LUMO levels to match those of
the donor, reducing the energy offset, and often red-shifting the absorption spectra, resulting better light
harvesting, higher EQE, higher Voc and overall improved PCE. Improvements in photovoltaic device
performance would impossible without pairing these acceptors with suitable conjugated polymer donors;
modifications of ITIC-derived acceptors, and tuning the donor polymer PBDB-T have both played a vital
role in the continuing success of these new SMAs because of their tunability and morphological and
spectroscopic compatibility. There are also promising signs in PTB7-Th based devices, such as the high Jsc
from PTB7-Th:COi8DFIC, or the high EQE of PTB7-Th:IEICO-4F with relatively 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 donor or acceptor, can
offer a further opportunity to manipulate the morphology and phase separation compared to binary systems,
in addition to extending photon absorption characteristics and enhancing charge carrier mobility [82,201—
204]. In polymer:fullerene systems, strategies for realizing a ternary device generally rely on the use of a
second donor polymer or small molecule in a blend with PCBM [82]. Successful ternary OPV devices with
improved efficiency have also been achieved using non-fullerene SMAs as the third component, together
with PCBM or another SMA electron acceptor [205]. As depicted in figure 16, the third component can be
embedded in the primary donor or acceptor domain, or located at the interface of the primary donor/acceptor
domains. Alternately, it can form continuous network and work with the primary donor or acceptor as a new
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solar cell in parallel with the primary one, or form alloy with the primary donor or acceptor if miscibility
requirements are met [206,207].

Embedded in one phase Parallel-like structure

Alloy structure

Figure 16. Schematic of the microstructure of ternary BHJ solar cells. Figure reproduced with permission

from reference [206].

Several optoelectronic processes can occur, separately or in combination, creating multiple energy
transfer pathways between the three components in a ternary OPV device as shown in figure 17b. Here,
photons absorbed by the third component can generate excitons and therefore work as a separate cell in
addition to the primary cell [207]. However, energy can also be transferred to the other donor material via
Forster resonance energy transfer, where there is an overlap between the absorption band of the acceptor and
the emission band of donor [208]. A charge transfer process can also occur in a ternary system, where holes
or electrons can be transferred from one component to another component before being collected at their
respective electrodes [209].

-5.21 eV

Normalized Absorption(a.u.)

‘Wavelength(nm)

Figure 17. (a) Normalized UV—Vis absorption spectra of PBDB-T, ITCN, and IT-M films. (b) Schematic of
energy and charge transfer in a PBDB-T:ITCN:IT-M ternary solar cell. Figure reproduced with permission
from reference [210].

26



Ternary strategy has been successfully utilized to improve non-fullerene OPV performance. For example,
Zhao et al. used PCBM as a third component in a PBDB-T:IT-M system, where its energy levels sit between
donor and acceptor, allowing cascading energy transfer in both directions. The PCBM provides increased
optical absorption and, at low concentrations, results in favorable phase separation leading to an improved
PCE over that of the binary device [211]. In a PTB7-Th:BTR:PC71BM ternary system studied by
Zhang et al [169], broadening of absorption occurred over the visible range (the absorption spectrum of BTR
in the short wavelengths complements that of PTB7-Th). BTR was also found to have a favorable influence
on blend morphology and reduced the n—m stacking distance and increased domain purity, leading to better
charge transport and reduced recombination. As shown in figure 18, the addition of smaller amounts of BTR
(25%) increased the efficiency of out-of-plane m—=n stacking, as seen in the (010) PTB7-Th peak which
direction shifts to a higher q from 1.53 Alto 1.67 A7, 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 cells have been achieved using
this two-acceptor ternary strategy by combining both fullerene and non-fullerene acceptors. For example, Li
et al. achieved a champion PCE in excess of 14 % in PTB7-Th:COi8DFIC:PC7BM OPV cells [16]. Here,
the wider bandgap of the PC7:BM resulted in cascading energy transfer to both donor and primary acceptor,
albeit at the expense of Voc, whose low value of 0.727 indicated there was still further capacity for
optimization. Zhao et al. achieve a Voc of around 0.95 and a PCE of 12.2 % using a ternary configuration of
PBDB-T:PC7BM:IT-M [211]. In this case, the PCBM acted as a third component and served to increase the
charge-carrier mobility of the other components due to its location at the blend interface.

There are an increasing number of examples of non-fullerene ternary systems, which show great promise.
In a recent review, Xu and Gao outlined the benefits of non-fullerene ternary systems [212], including better
control of ternary component distribution as design rules for tuning polymer and small molecule
morphologies are better understood. They highlighted the need for more suitable polymer donors to better
match the energy levels of the wide range of non-fullerene acceptors. The use of complementary non-
fullerene acceptors can also be used to increase the coverage of the OPV absorption spectrum, tune energy
levels, and provide morphological optimization [213]. For example, Jiang et al. studied the inclusion of a
second acceptor ITCN to PBDB-T:IT-M[210], with ITCN having comparable HOMO/LUMO energy levels
to bis[70]PCBM (-3.62 and -5.4 eV compared to -3.83 and -5.60 eV respectively). As was observed in its
fullerene counterpart, this strategy facilitated a cascading energy transfer route in both directions, as well as
creating a complementary absorption spectra as shown in figure 17a. PBDB-T:ITCN:IT-M OPV cells had a
champion PCE of 12.16 % compared to 12.2 % with bis[70]PCBM, indicating that small molecule 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:PC7BM blend films with
various contents of BTR, (g) 1D profiles in in-plane and out-of-plane directions. Figure reproduced with
permission from reference [169].

Another impressive non-fullerene ternary system (in this case employing a dual donor system), was
demonstrated by Ma and coworkers using two well-known donors: PBDB-T and PTB7-Th. The donors had
good miscibility and broadened the photon absorption range to 300-1000 nm using the wide gap IDT-
derivative acceptor IEICO-4F. Their OPV cells had a high Jsc of 24.14 mA cm and a PCE of 11.62 % [214].
Here, the PTB7-Th acted as an intermediary component for electron transfer, and was able to modify the
molecular arrangement of PBDB-T, improving morphology with particular enhancement in the (100) peak
evidenced by GIXD. This indicated a so-called 3-D molecular orientation (a favorable mixture of face-on
and edge-on n-n 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 between the donors and
acceptor, as well as hole-back transfer between the two donors as the reasons for improved
efficiency[215][215][215][215][215][215]. The multiple FRET pathways between the three components
served to reduce recombination and improve charge separation, resulting in a high Voc of 0.93 and PCE of
12.27 % [215].

4.4. Optimizing morphology via control of molecular aggregation in solution

The solution state of donor-acceptor mixtures is an important component in the creation of a favorable
active layer morphology, and careful control of miscibility in the solution state has been seen to be as
effective as post-deposition treatments in creating appropriate morphological conformation. Here, molecular
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aggregation in the solution state is thought to be an important precursor to crystallinity and domain
purity [198], however excessive aggregation results in the formation of rough films and oversized domains
with poor D:A interfacial contact. Efficient solution processing must deliver an optimal 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 influencing factors, and studies have
shown that aggregation and ordering characteristics in the solution state are highly correlated with those of
the solid state [216]. Figure 19 lists techniques used to investigate the material characteristics in solution
state.
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Figure 19. Characterization techniques of photovoltaic blends in solution state. Images in the “data” column
are adapted with permission from the following references: UV-Vis [217], DLS [218], SAX[219],
SANS[113], AFM & TEM [220].

There are many interesting reports on the control of aggregation in solution and its effect on the
miscibility with a fullerene acceptor. However, there are obvious differences in the structural properties of
conjugated polymers, fullerene derivatives and small semiconducting molecules. Semiconducting polymer
donors consist of repeating units with varying molecular weights, with total lengths varying from tens to a
few hundreds of nm (high-M,, P3HT molecules, for example, have a length of 80 nm [221]). Fullerene
derivatives are mainly ellipsoidal with a diameter of around half a nanometer, with clusters commonly
forming having a size of 30 - 100 nm. In contrast, small molecule acceptors are planar molecules with sizes
of several nm (ITIC for example is platelet shaped with dimensions 2 x 3 nm), which also form aggregates
but with very different surface energies, steric behaviors, and chemical properties. It follows that the mixing
behavior of donor / non-fullerene systems are most unlikely to be analogous to those in polymer-fullerene
systems, with the solution dynamics of these systems not yet being well explored. Nonetheless, there are
lessons to be learned from the solution dynamics of other systems.

In polymer:fullerene systems, it is well documented that changes in miscibility and aggregation are
related to the solution stirring / ageing time. In P3HT:PCBM, for example, the PCBM can diffuse into
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aggregated polymer regions over time, forming unfavorable micro-domains (considered as domain
impurities) [222]. However, this same trait can be beneficial, as demonstrated by Han et al. who found that
the performance of PTB1:PCBM increased with up to 48 hours solution ageing, before undergoing over-
mixing and diffusion of PCBM into polymer domains [223]. Twisted molecules can have a similar effect to
bulky side groups, and Liu et al. reported a similar effect when using the small molecule acceptor TPE-PDI,.
While PDI is known to aggregate easily in solution, the highly twisted structure of TPE prevents aggregation;
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 entangled, leading to
improved phase separation when blended with fullerenes, which is then reflected in enhanced domain purity
and crystallinity of blended films [225]. The solution properties of the polymer, e.g. longer chains, that are
more entangled and thus stiffer, can suppress the miscibility of PCBM resulting in purer domains and better
stability [226]. Although there exists a limit over which longer molecular chains are no longer
favorable [227]. In a polymer:non-fullerene solution, Eastham et al. saw that by increasing the molecular
length (M,) of the donor polymer, the aggregation and crystallization behavior in the solution could be tuned
[228]. Ma and coworkers showed that low and high molecular weight (My) solutions of the polymer donor
PffBT4T-20D have different aggregation behavior, with a low 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 M,, system had better molecular ordering with enhanced in- and out-
of- plane n-w stacking. This was attributed to aggregation and correlated with improved charge mobility. As
discussed earlier, side-chain modification can impart many properties including enhanced rigidity of
molecular structure. This can be done in such a way to improve the solubility, as in the case of DTCCIC-C17
(an IDT-derived acceptor modified with bulky 4-octylphenyl side chains), which reduced intermolecular
interactions (due to the positioning of the side chain at the nitrogen) and improved solubility [130].

By increasing the solution temperature of semicrystalline polymers above their melting temperature, and
then controlling the film-forming temperature, molecular arrangement can be controlled. For example it has
been shown that the orientation can be flipped from face-on to edge-on (and indeed vice versa [110,230]) by
slowing the cooling rate [231], In many other works [2,42,48,94,126,232,233], the temperature dependence
of the solution state can be used to tune aggregation in solution. For example, Qian et al. demonstrated the
temperature dependence of PBDTBDD aggregation in solution [198]. It was shown that aggregation
behavior is controlled by the interchain n- © interactions; at low temperature, there is high steric hindrance
resulting in strong aggregation of these chains, whereas at high temperature, the steric hindrance effect is
reduced and aggregates do not form. In UV-Vis spectroscopy, a red shift (indicating less aggregation) is seen
from the well-mixed polymer-fullerene blend at high temperature compared to the aggregated mixture at
room temperature (shown in figure 20), whereas the low temperature solution matches the spectra of the as-
cast film. However, temperature did not seem to affect molecular orientation, as seen from GIWAXS data. It
was noted that best device performance was seen from films that had moderate aggregation in solution, i.e.
those were cast from low temperatures. Similar temperature-dependent aggregation has been seen using
donor polymers PffBT4T-20D and P3HT [234]: In PffBT4T-20D, Liu and coworkers observed a similar
temperature dependence, but found the crystallization process to be dependent on the drying process. A
device PCE of 10.4 % was achieved by casting films from a warm solution, and then adjusting the spin speed
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 photoluminescence spectra of PBDTBDD in
0-DCB. (c) GIXD curves for PBDTBDD. Figure reproduced with permission from reference [198].

A major difficulty in correlating solution properties with the solid-state film morphology lies in
characterizing the solution state. In many cases, absorption profiles in solutions are indistinguishable [235],
and most other techniques are unable to characterize liquid systems. Zheng et al. provided an interesting
insight into the relationship between a conjugated polymer and its suspending solvent by comparing the
effect of a good and bad solvent for a BDOPV-based polymer, with controlled addition of a bad solvent
fraction being able to favorably tune aggregation [220]. In order to observe the effect of these solvents on the
polymer in solution, they borrowed an innovative technique from bio-molecular studies in which a solution
is freeze-dried in liquid nitrogen before an AFM cross section image is measured. This allowed them to
observe the solution-state properties with solid-state techniques. It was found that the polymer formed 1-D
rod-like structures in a good solvent (0DCB, figure 21 b-e;), but formed a 2-D lamellar structure in a poor
solvent (toluene, figure 21 b-e,), which correlated with trends in higher crystallinity and electron mobility.
From GIWAXS measurements, it was found that in the mixed solvent solution, some aggregates formed with
an intermediate state between the 1-D and 2-D structures (figure 21 b-e3)), without interrupting the favorable
geometry achieved in the good solvent. By adjusting the concentration of toluene in solution, they were able
to control the aggregation. It 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 resulting in favorable crystallinity and
domain interconnectivity, and using 20 % toluene a peak value of electron mobility was obtained.
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SANS analysis, and (c1) proposed rod-like polymer aggregates in oDCB. (by) diagram of 2D lamellar
polymers in toluene, (c2) proposed lamellar polymer aggregates. bs) diagram of polymer aggregates
transition from 1D rod-like structure to 2D lamellar structure, (c3) proposed polymer aggregates in
toluene:oDCB (2:8) mixed solvents. SEM image of freeze dried BDOPV-2T in (di) oDCB, (d») toluene
solution, and ds) toluene:oDCB (2:8) mixed solvents. AFM height images of solid-state BDOPV-2T films
cast from (e;) oDCB, (e») toluene solution, and (e3) toluene: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 chains that can modify
both semiconducting and structural properties. Planarization in these molecules occurs due to the covalent
attachment of adjacent aromatic units, and this bestows beneficial coplanarity and good semiconducting
properties. However, the effect of these structural designs on the attractive interactions between molecules is
another important consideration when designing non-fullerene acceptors. In highly coplanar molecules,
strong 7-7 interactions can result in insolubility [236]. Highly planar SMAs have shown a propensity to mt-
stack in solution leading to insolubility and self-aggregation, so it is necessary to balance the planarity with
the tendency to aggregate in order to optimize the performance. As we have seen, molecular engineering of
side chains to fused-ring SMAs is a pathway to modify the degree and orientation of 7n-n stacking, extend the
conjugation length, enhance charge mobility and adjust the energy band-gap [237]. The design must also
address molecular interactions in solution in order to facilitate good device morphology. For example, Zhang
et al. used alkyl side chains to tune both solubility and =m-m stacking in a series of IDT derived
acceptors [236]. A fluorinated analogue of ITIC was wused named FTIC (with a
fluorenedicyclopentathiophene core and 2- methylene-(3-(1,1-dicyanomethylene)-indanone end caps) as the
base acceptor due to its planar backbone and compatibility with side chain modifications [238]. The length of
out-of-plane alkyl side chains was varied and a correlation was found between device performance and the
length of the side chains, with longer n-hexyl and n-octyl groups performing better. It was found that all
modifications promoted good solubility in various solvents, however devices using the acceptor substituted
with two n-hexyl and four n-octyl side chains (FTIC-C6C8) had the best microphase separation and electron
mobility. The longer side chains of the optimal acceptor induced a fibrous structure in the polymer donor
PBDB-T which enabled good interfacial contact between the D:A phases.

4.5. Optimizing morphology during film casting
4.5.1. Solvent and additive processing

Solvents and solution additives provide a means to influence both the solution state behavior, and
morphology and orientation after film formation. In polymer:fullerene systems, one of the most widely used
additives is 1,8-diiodooctane (DIO) [239]. By adding a small amount of DIO, this additive can selectively
dissolve PCBM, and has been seen to improve phase separation [240], aggregation [241], tune domain size
and purity [95,104,242], and increase m-m stacking coherence length.[92] The high boiling-point of DIO
(~332 °C) results in an extremely slow rate of evaporation, with reports of DIO remaining in the solid film
many hours after casting [95,243]. This slow drying enables formation of well-orientated and purer
crystalline domains.

However, similar strategies applied to polymer:non-fullerene solutions may not yield positive results.
Song et al. reported a direct comparison of PTB7-Th with PC7,BM and ITIC acceptors, finding that while 3
wt.% DIO optimized domain sizes and purity in the fullerene system, the same treatment resulted in overly
separated phases in the non-fullerene system [244,245]. The GIWAXS of pure PTB7-Th films cast with and
without DIO have also been measured, indicating that the addition of DIO reduces the alkyl stacking distance
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(peak at g= 0.26 A7) from 24 to 23 A. This demonstrates that DIO is a good solvent for IDT-derived
acceptors as it affects their alkyl side chains, but it must be used selectively to achieve the desired effect.
Indeed, the use of DIO as a solvent additive has been seen to have a beneficial effect in other non-fullerene
systems. Zhao et al. found that PBDB-T:ITIC out-performed its fullerene counterpart thanks, in part, to the
addition of 0.5 wt.% DIO which produced a favorable aggregation resulting in good charge transfer, low
energy loss and high performance [76]. It is likely that DIO influences the orientation of the alkyl side chains
present on the IDT backbone, reducing steric hindrance between molecules leading to better miscibility. This
in turn promotes finer phase separation and creates purer crystalline phases [138]. This was nicely
demonstrated by Ye ef al.’s GIWAXS measurements on polymer:non-fullerene systems with and without
DIO, which showed a strong increase in crystallinity after processing with DIO as seen in figure 22 [246].
Films cast with DIO showed a strong increase in the out-of-plane n-n stacking diffraction peak at around 1.7
- 1.8 A", The polymer donor’s m-m coherence lengths doubled in PBDB-T:IT-DM and PBDT-T:IT-M
systems, resulting in improved charge transport. Similarly, Hsiao et al. modified another IDT-derived
acceptor by adding rigid side chains to modify the molecular structure and to adjust the LUMO level, and
found that a PCE of 8.16 % 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 efficiencies using a
combination of thermal annealing and addition of DIO, indicating that for these IDT derivatives, the additive
benefits the solution properties of the co-solvent, but film drying properties must 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 using different
processing routes. OOP (qxy = 0) w-n coherence lengths of the polymer and SMA in the (c) PBDB-T:IT-DM
and (d) PBDB-T:IT-M blend films. OOP 1D profiles of (¢) PBDBT:IT-M; (f) 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 manner is 1-chloronaphthalene
(CN) [248]. Song et al. explored the effects of various amounts of CN as a co-solvent on
PTB7-Th:IEICO-4F films [195]. With increasing concentration of CN additive, the 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 comprising 4 % CN. Interestingly, a
change in the ratio of edge-on to face-on molecular orientation was observed, with a maximal amount of
favorable face-on orientation seen with at the optimal CN concentration. These effects were attributed to the
high boiling-point of CN (~269 °C) which significantly slowed evaporation and film drying, allowing purer
crystal domains to be formed and inducing the orientational switch, resulting in increased charge transport
and reduced recombination. The PCE of devices increased from 9.41 to 12.8 % with a notable increase in FF.
Above 4 % CN, device performance decreased, and it was postulated that this was due to coarsely separated
phases.

It is also possible to choose a pair of additives to selectively influence the donor and acceptor. This
strategy has been successfully employed in fullerene systems; for example the high boiling point solvents
DIO and CN have been used to control PCBM crystallization and polymer solubility respectively [249,250].
The same binary additive combination has also proved to be effective in non-fullerene OPV systems, with
reports of improved performance over neat or single additive systems [168,251]. One such example is work
on PBDTBDD:SDIPBI devices, whose efficiency increased from 3.11 % to 3.91 % PCE with the addition
DIO, and then further to 4.39 % with DIO and CN. XRD was used to observe the crystal diffraction peaks
and it was found that the combined additive devices had stronger n-m stacking.[164] This is indicative that
such additives promote aggregation in solution and, along with their slower evaporation 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 slow evaporation brings some
drawbacks such as slow fabrication time; devices are typically held under vacuum for 12 hours to remove
any residual solvent. Given that there is a high likelihood of residual solvent remaining in the film, the
propensity of these molecules to generate radicals under UV illumination [252] or create a pathway for
oxygen to penetrate the film which in turn leads to film degradation and poor device stability. Holliday
introduced an alternative pair of additives, namely the low boiling-point solvent o-xylene (0-XY, boiling
point 144.4 °C) and small the conjugated molecule N-methylpyrrolidone (NMP, boiling point 202 °C),
which were able to favorably influence the drying conditions despite their comparatively lower boiling-
points and retain better device stability than devices made with high boiling-point additives [253].

4.5.2. Retarding crystallization

In many examples, synthesis routes or processing techniques have been used to increase molecular order
or crystallinity, e.g. by increasing aggregation in solution [228,229] or through solvent vapor annealing
(SVA) to enable greater molecular ordering [254]. However, some of the latest indanone-derived acceptors
show an extreme tendency to crystallize (see figure 23a,b), which unfavorably increases phase separation
between donor and acceptor, resulting in poor charge transport properties. In a very recent report, Li and
coworkers demonstrated a novel way to controlling excessive crystallization in PTB7-Th:COi8DFIC and
PBDB-T:INPIC-4F non-fullerene solar cells by casting films on hot substrates [13,255]. They demonstrated
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the ability to increase or decrease molecular order via casting in the presence of solvent vapor or casting on a
hot substrate respectively. By retarding the crystallization of INPIC-4F, it was inhibited in forming large
spherulites and instead underwent fine phase separation with the donor PBDB-T. This lead to a material in
which there was efficient exciton dissociation and balanced charge transport, leading to a maximum PCE of
13.1%. Notably, by hot-substrate casting the PTB7-Th:COi8DFIC system, the molecular order and
orientation of COi8DFIC can be tuned from flat- and edge- on lamellar crystalline to H- and J- type n—=
stacking (figure 23a). This results in broadened photon absorption (see figure 23c) and fine phase separation
with the electron donor PTB7-Th. This favorable morphology with face-on n—m stacked electron donors and
acceptors promotes efficient exciton dissociation at the donor/acceptor interface, together with enhanced and
balanced carrier mobility. As shown in figure 23d, The enhanced short-circuit current density and fill factor
lead to devices having a maximum PCE of 13.8 % in binary, single-junction PTB7-Th:COi8DFIC non-
fullerene polymer solar cells, with such devices also exhibiting superior stability. This hot-substrate casting
method could be adopted during large-scale roll-to-roll device fabrication process, and is therefore a
promising approach for morphology control. We envisage that other approaches to control molecular
configuration during solution casting, e.g. employing solvents with different evaporation rates, can also lead
to enhanced control of molecular order and aggregation which will ideally be used to improve device

performance.
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Figure 23. (a) Above: Schematic of flat-on and edge-on lamellar crystalline, H- and J- type n—n stacking of
COi8DFIC. Below: TEM images of COi8DFIC films (left) cast at RT and (right) cast on a hot substrate. (b)
2-D GIWAXS diffraction pattern of COi8DFIC. (c) Absorption spectra of COi8DFIC films and (d)
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champion J-V curves PTB7-Th:COi8DFIC devices cast at RT, at RT in the presence of a solvent vapor or on
a hot substrate. Figure modified and reproduced with permission from reference [13].

4.6. Optimizing morphology via the use of post-deposition treatments

Similar to their fullerene-based counterparts, non-fullerene photovoltaic blends exhibit temperature-
dependent behavior that can be exploited to tune SMA materials as well as their D:A-blends. Researchers
have shown that thermal annealing continues to be a valuable tool in controlling film morphology in non-
fullerene solar cells, with many reporting beneficial effects on improving phase separation, i.e. domain purity
[99,256] and domain size [85,257]. As we have seen above, thermal annealing can also be used to remove
residual solvents such as DIO [246]. Thermal annealing is known to induce phase separation in photovoltaic
blends heated above their glass transition temperature, but can also affect crystallization and conformation
[258,259], which then strongly influence charge transfer dynamics and ultimately device performance
parameters [260]. While strong molecular ordering and pure domains brought upon by good crystallization
have been shown to be favorable, excessively strong crystallization results in overly large domains that
inhibit interfacial contact between donor and acceptor phases. The degree to which crystallization is affected
by thermal annealing is dependent on the steric and interaction forces of constituent materials.

4.6.1. Thermal Annealing

In polymer:fullerene systems, there are reports of thermal annealing causing a red-shift in the
absorption spectrum as a result of improved crystallinity [19], and these phenomena have also been seen in
polymer-non-fullerene systems. Liu et al. reported the use of thermal annealing as a means to control
crystallinity in PBDB-T:IT-M films, and found that annealing increased the n-n coherence lengths of both
donor and acceptor phases, with an increase in crystallinity in the out-of-phase direction after annealing (see
figure 24b) [99]. The films also showed reduced surface roughness after annealing (figure 24a). A red shift in
the absorption spectra was also observed (see figure 24c). It is of note that the peak around 700 nm attributed
to IT-M is most affected by thermal annealing, indicating that it is the SMA crystallinity that affects the
absorption spectra. These results directly correlate with electron mobility measurements of the pure acceptor,
which is significantly higher after thermal annealing. Alongside the effects on crystallinity, thermal
annealing is often associated with morphological reconfiguration, such as an increase in phase separation and
therefore domain size and surface roughness [231,257,261,262], or arrangement into ordered phases [263].
This was the case in PDCBT:ITIC non-fullerene films after thermal annealing, where it was found that
annealing induced a fibrous structure (as seen in TEM results shown in figure 25) where increased interfacial
interactions between phases helped improve charge disassociation and transport [128]. Interestingly this did
not occur in thermally-annealed P3HT:ITIC films, with the authors noting that the carbonyl functional
groups of PDCBT are responsible for the thermally-induced nanostructural rearrangement.
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Figure 24. Tapping mode AFM topography of PBDB-T/IT-M based thick-film devices with (a;) annealing
treatment and (a») as-cast treatment; (b; and 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 PBDB-T:IT-M blend films
with a thickness of ~250 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 annealing.
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 active layer has been shown to
dramatically improve photovoltaic properties in non-fullerene photovoltaic blends. When a photovoltaic
blend film is placed in a chamber with containing a solvent vapor, the effect of the vapor is similar to what is
seen in thermal annealing, with the solvent vapor penetrating the film and influencing miscibility and
molecular orientation. During solvent annealing, solvent is absorbed by the film, which lowers its glass
transition temperature and facilitates translational movement of polymer chains and reconfiguration of the
molecular orientation and conformation [264]. SVA offers the advantages of avoiding solvent additives, and
allows films to be processed at room temperature, although a sealed chamber is required to contain the
solvent vapor. SVA promotes thermodynamic rearrangement and, similar to thermal annealing, it can been
seen that domain size and purity can increase with SVA time; indeed a peak annealing time can be observed
after which domains become unfavorably large [265,266].

In polymer:fullerene systems, SVA with a CS»/THF solvent blend was seen to control aggregation of
PCBM [84,145,267] and induce ordering and crystallization in the polymer domains [266]. Acetone vapor
induces P3HT crystallization in a P3HT:PCBM system despite not being a good solvent for the polymer due
to high vapor pressure [268]. There are several recent examples of the effective application of SVA to non-
fullerene systems where, as for their fullerene counterparts, a trend of using good, volatile solvents is seen to
be effective to optimize domain size, phase separation and crystallinity; factors that result in improved
charge transport [184,269,270]. For example, Zhang and coworkers showed the positive effects on PTB7-
TH:ITIC following exposure to solvent vapors either during- or post-spin-casting [254]. In a blend film, a
significant increase in the intensity was found for out-of-plane ITIC lamellar and n-n stacking peaks, as can
be seen in figure 26. This correlates with reduced recombination, higher charge transfer efficiency and
improved PCE from 6.25 to 7.21 %. Interestingly, the SVA did not affect the crystalline properties of a pure
PTB7-Th film as can be seen from the unchanged spectra in the 1-D GIWAXS results. This indicated that the
solvent vapor selectively drives conformational changes of the SMA, likely due to the high susceptibility of
alkyl side chains to conformational rearrangement upon stimulus. It was also found that by employing SVA
during the spin-casting step, the fast motion of the spinning substrate inhibited some of the solvent vapor
from penetrating the film; an effect that restricted the effectiveness of SVA compared to post-casting SVA.
This is reflected in domain size measurements where the ITIC domains increased from 41.1 to 56.7 or
149.5 nm for in situ-SVA and post-cast SVA respectively, with the latter being considered too large. A co-
solvent system also gave similar results and was also considered too “strong”, but significant differences
between the different solvent vapors were not reported. Indeed, it was found that the solvent choice, being
either CF, o-DCB or a mixture of the two, did not impact greatly on the intensity of the change caused by
SVA. It is noteworthy that while both are good solvents for many SMAs, the two solvents 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-Th:ITIC blend films with
various solvent annealing processing conditions. Figures reproduced with permission from reference [254].

One complication in the understanding of SVA is that treatments often employ a home-made solvent
chamber set up using varying solvent quantities and chamber sizes, with this combination not necessarily
leading to solvent vapor saturation, thus vapor pressures are difficult to report. This means that annealing
times vary largely from system to system. In many cases, highly volatile solvents such as CB, CF, THF and
DCB (which are also good solvents for typical OPV materials) are seen to be effective, due to greater vapor
pressure and increased probability of film penetration and interaction with the donor/acceptor
molecules [268,271-273].

It should be noted that post-treatments, i.e. thermal or solvent vapor annealing, sometimes only produce a
negative influence on the photovoltaic performance of non-fullerene OPVs [255]. This happens more often
in photovoltaic systems where high crystallization and phase separation had occurred during the solution
casting process, with further activation of the materials towards structure rearrangements goes beyond the
optimal morphology to maximize charge generation and collection. In this case, adding additives to hinder,
or a manipulation of the solution drying process to kinetically inhibit crystallization and phase separation
processes should be approached, as our previous section has summarized.

5. Challenges and perspectives
5.1. Green solvent processing

In the search for alternative clean renewable energy sources, there are concerns about the impact of using
toxic and environmentally harmful solvents in the processing of solar cells [274,275]. Chlorinated solvents,
the traditional choice for the solution processing of organic photovoltaics, as well as additives such as DIO,
are toxic to humans and harmful to the environment. As polymer solar cells move towards being a realistic
source of alternative renewable energy, there is increased focus on environmental concerns and there is a
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 greener solvents more
challenging. Nevertheless, there are increasing reports of green solvent use, with the aim of eliminating some
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of the more biologically hazardous traditional solvents whilst maintaining the morphological control
afforded by solution processing.

Hydrocarbons have been proposed as one alternative to chlorinated and other halogenated solvents. In
their polymer:fullerene system, Zhao et al. introduced the hydrocarbon solvent 1,2,4-trimethylbenzene
(TMB), which is able to dissolve many polymer donors at elevated (80 °C) temperatures, along with the
additive (2-phenylnaphthalene) [2]. 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) the slower evaporation of these solvents
helped improve morphology by promoting more favorable face-on orientation, as well as reducing domain
size and increase domain purity. They also found that the alkyl side chains of the donor polymer were
particular sensitive to these solvents, and by adjusting the length of these alkyl groups they could adjust
domain spacing and purity, eventually finding the best TMB-PN system had a PC of 11.3 % compared to
10.0 % in CB-DIO. This solvent pair was tested for a polymer:non-fullerene system, but reduced the PCE
likely due to the high solubility of the non-fullerene acceptor resulting in excessive phase separation [276].

In non-fullerene systems, mesitylene, o-Xylene and TMB have been proposed as non-halogenated solvent
replacements. The former two have significantly lower boiling points (around 140 °C compared to TMB’s
332 °C). Wadsworth and coworkers compared all three to a CB benchmark using a PffBT4T-2DT:EH-
IDTBR system, and found in each case the PCE was higher than that processed with CB (10.2%), with
mesitylene performing the best (11.1 %) [276]. Both CB- and mesitylene-processed films underwent similar
crystallization despite the different processing techniques. It is of note that CB-based solutions were cast at
higher temperatures due to temperature dependent aggregation, which was also seen to be beneficial to
crystallization. The mesitylene-processed films had slightly weaker lamellar ordering, but stronger face-on m-
n stacking, which evidently contributed to high efficiency. The mesitylene-processed devices also showed
better reproducibility, with the authors attributing this to the low viscosity solution and lower casting
temperature. They also reported good 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 offer similar characteristics
to halogenated solvents. Carbon disulfide (CS,) is one such solvent that can easily dissolve many conjugated
polymers and SMAs despite its lower boiling point (46 °C). This low boiling point results in its fast
evaporation and drying, as well as limiting aggregation in solution. This appears favorable in certain systems,
such as those based on larger small molecules with bulkier side chains which would normally be prone to
strong aggregation [65]. THF is another low boiling point (66 °C) non-halogenated alternative considered to
be more environmentally friendly. Zheng et al. found it can facilitate stronger inter-chain m-m interactions,
resulting in favorable aggregation and good film morphology in their PBQ-4F:ITIC system [56]. Another
halogen-free solvent, o-xylene, was used in PBDT-TDZ: and PBDTS-TDZ: ITIC devices. O-xylene has a
higher boiling-point (144 °C) and similar properties to CB, and as such the authors were able to exploit
temperature dependent aggregation in solution leading to better crystallization in the dry films [12].
Interestingly, they found that although the PN additive improved domain purity by increasing aggregation, it
also resulted in the formation of rather coarse domains which 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 commercially attractive solar cell
technology. For this reason, much attention is paid to OPV device stability and lifetime. Silicon solar cells
often have warranties lasting 25 years that sets a high benchmark for future generations of commercial
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photovoltaic devices. There are a number of factors that have been seen to reduce the stability and lifetime of
OPVs. One of the major problems is exposure to oxygen or moisture, which results in increased
recombination rates and a loss of device efficiency. Oxygen or water can penetrate into a film, reacting with
the components to create meta-states that act as recombination sites [277]. Residual solvents such as DIO can
provide a pathway through the bulk material for contaminants to reach the active layer, amplifying this
problem [252], although low boiling-point additives [253] or vacuum treatment can minimize this effect. It
has also been seen that defects act as pathways for contaminants [278]. These issues are usually addressed by
encapsulation, where the device is coated with an epoxy resin and then covered with a glass side to prevent
contaminants from reaching the active materials. Encapsulated devices show considerably higher 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 predicted that with care to avoid
oxygen and water entry, polymer solar cells can have lifetimes exceeding 15 years in ambient
conditions [281].

Both heat and light are known to destabilize solar cells. In fullerene devices, thermal degradation can
cause rearrangement of the active layer with fullerene moving to the interface, blocking charge transfer.[282]
There are also some reports of non-fullerene devices having good thermal stability benefitting from the
thermal insensitivity of the active layer components; a promising indication for increased device
stability [76,213]. Light degradation can occur in OPVs even when encapsulated due to photochemical
reactions. Inverted architecture devices have improved lifetime as a result of the better stability of the
extraction layer materials: PEDOT:PSS which is used in regular architecture devices has often been seen to
be unstable in ambient conditions, with TiO> or ZnO performing better [156,283]. Calcium used in regular
architecture, is also unstable under ambient conditions while the inverted alternative MoQs is less susceptible
to the environment and protects the active layer from contaminants [284], Suggestions to limit such
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 derivatives [283], 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 drop in efficiency during the first phase of
the device operation, which were thought to be intrinsic and unavoidable. This so-called “burn-in” loss
accounts for an efficiency drop of around 10-20 % (or sometimes more) in the early stage of the device
lifetime. Light degradation is a common cause of “burn-in”, in which photochemical reactions (e.g. breaking
C-H bonds [287] or UV-induced crosslinking [288]) cause trap-assisted recombination resulting in
losses [289]. Other factors which affect device stability are also reported causes of “burn-in” loss, for
example, performance losses due to residual solvent [253], impurities within the film [290,291], and thermal
degradation [292].

However, promising new results show that “burn-in”-free polymer solar cells can be achieved.
Researchers have shown that crystalline materials have reduced trap-assisted recombination, reduced Voc
loss and reduced burn in losses [293]. Gaspirini and coworkers compared “burn-in” loss in fullerene and
non-fullerene acceptors, finding that while PCBM suffered about 30 % burn-in loss, the IDT-derived
acceptor had no such loss due to its high crystallinity which inhibited defect-induced loss pathways [230].
There is also evidence that acceptors incorporating alkyl side chains can be modified to resist photo-
oxidation through oxy-alkyl bonds, which could reduce recombination and “burn-in” loss [294].

5.4 Thickness dependence & Printable Devices
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Thicker films, i.e. having active layers greater than 200 nm are desirable for ease of processing and
improving light absorption. However, increasing film thickness also increases the chances of recombination
if charge mobility is not sufficiently high [254]. Since the thickness dependence correlates with charge
mobility, which in turn is improved by crystallization, new generations of non-fullerene acceptors with
optimized properties are poised to overcome the thickness issue. Indeed, there are increasing reports of
devices with high crystallinity, high charge mobility and thickness independence [64,99,169,188,295]. In
recent examples, Li ef al. achieved over 11 % in 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 thick film of PffBT4T-
20D:EH-IDTBR [297].

If high performance can be achieved using thicker films, different processing routes become available for
film deposition. There are increasing reports of high performance devices being realized using scalable
casting techniques such as slot-die [298-300], blade [301,302] or roll [303—-307] coating, and ability to cast
on non-traditional substrates such as plastics [308] opens a pathway to flexible solar cell devices [309-311].
The onset of high performance large-area printable devices bodes well for the commercial future of OPVs.

6. Conclusions

Throughout this review, we have outlined how advances in molecular structure and processing techniques
have provided researchers with better understanding and tighter control of the morphological conditions
required to yield highly efficient polymer:non-fullerene solar cells. Key advancements include better
understanding of phase separation, domain size and spacing and crystallization, and optimization of their
characteristics allows reduced recombination rates and increased charge mobility. Better control of these
morphological properties has been achieved through processing techniques like the use of solvent additives
and thermal/solvent annealing to suppress or promote traits such as aggregation in solution, blend miscibility
and crystallization. These techniques have led to increased mobility and reduced recombination, 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 molecules, designed with little or no
offset, have reduced Voc loss and increased device performance. Molecular design is also a powerful tool
used to control such characteristics, with control of back bone structure, side chain length and composition
being used to favorably orient the molecules and adjust conjugation lengths and stacking distances, as well as
affect steric conditions and miscibility. With a better understanding of the tools and techniques available to
understand and optimize both donor and acceptor properties, the field of non-fullerene OPVs is likely to
continue to grow and see further increases in device efficiency. Attention now turns to factors such as long-
term device stability, green processing, and up-scaling, all of which show promising signs for the potential
commercial success of non-fullerene solar cell devices.
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