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18Abstract

192017 saw the publication of several new material systems that challenge the long-held notion
20that a driving force is necessary for efficient exciton dissociation in organic photovoltaics
21(OPVs) and that a loss of ~0.6eV between the energy of the charge transfer state E; and the
22energy corresponding to open circuit is general. In light of these developments, we combine
23insights from device physics and spectroscopy to review the two key performance trade-offs
240f OPV systems. These are the trade-off between the charge carrier generation efficiency and
25the achievable open circuit voltage (Vo) and the trade-off between light absorption and fill-
26factor. The emergence of several competitive non-fullerene acceptors (NFAS) is exciting for
27both of these. We analyse what makes these materials compare favourably to fullerenes,
28including the potential role of molecular vibrations, and discuss both design criteria for new
29molecules and the achievable power conversion efficiencies.
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311. Introduction

32Although to some extent pushed into the background due to the emergence of perovskite solar
33cells, the organic photovoltaics (OPV) field, has made astounding progress both in
34fundamental understanding and device performance. In particular, new small molecule
35systems are increasingly challenging traditional paradigms of the field. Most exciting, non-
36fullerene acceptors (NFAS) bring into question the need for a driving force for charge transfer
37and consequently, previous empirical estimates of the achievable power conversion
38efficiencies. In this context, it is important to re-assess the origins and impact of recent key
39observations such as the increase in the electroluminescence yield in new OPV systems and
40the influence of molecular vibrations on non-radiative recombination. This progress report
41combines insights from the device and spectroscopy communities to provide an up-to-date
42perspective on the physics underlying the conventional and new systems and their
43performance limits.

44The discussion is focused on two key issues, which have for long hindered OPV
45performances, and their applicability to the new systems. The first is a charge generation-
460pen-circuit voltage (Vo) trade-off, which has typically meant a driving force is required for
47charge transfer. Consequently, high performance devices have exhibited either a high short
48circuit current Js; or a high Voe.l The second is that the slow charge extraction and fast
49recombination mean optimum device performance is obtained at active layer thicknesses
50inferior to those required for full absorption. This is manifested in a trade-off between
51absorption and fill-factor (FF). We first provide a modern outlook on the physics behind these
52trade-offs. Both the fundamentals and their application to OPV systems are covered. We
53introduce the thermodynamics of photovoltaic conversion, which are currently the most
54powerful tool to describe the Vo, of OPVs. We cover the various theories behind charge

55generation and, to widen the debate, their implications on devices and especially their V.
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56This leads us to consider the recent dilute and NFA systems and the exciting possibilities for
57experimental insights they offer. Some of these systems show record values for their emission
58yield and very low charge generation-V, trade-offs. Also, the role of non-radiative
59recombination due to molecular vibrations is receiving increasing attention. We examine the
60role of the trade-offs in limiting NFA performance and suggest potential explanations for their
61limproved performance as well as some promising avenues for research.

62

632. Background

642.1: Photovoltaic conversion and V.. losses

65The current-voltage characteristics of any solar cell are depicted in figure 1a). This ‘JV’ curve
66is typically described by three quantities: the Vo, the Jsc and, as a proxy for the maximum
67power, Pmax, produced by the solar cell, the FF = Jo. V, ./ Pnax- The power conversion
68efficiency (PCE), B,..x/P , can then be calculated from these parameters, Pj, being the
69sunlight power incident on the device. While Jsc and FF are relatively intuitive quantities
70linked to absorption and charge carrier extraction efficiency, the Vo is conceptually more
71challenging. In OPV systems, low V. values compared to the theoretically achievable values
72represent a key performance loss and will be the focus of this perspective.

73

742.1.1 A thermodynamics perspective

75To fully understand the Vo losses and the various trade-offs for organic solar cells, it is
76essential to start from a thermodynamic description of solar cells in general, rather than from
77the often-used phenomenological description as a circuit or a p-n junction.?®! In this respect,
78it is convenient to use ideal solar cells and ideal conditions as a basis for the description of the

79performance losses in real devices.
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80ALt Vo, when no current flows, an ideal semiconductor with bandgap Eg under ideal

=l P i governed by the simple reaction:

81(monochromatic laser) illumination of exactly
82hv=e+h 1)
83in which the semiconductor absorbs photons, generating free charges that relax by re-emitting

84photons of energy Eg (radiative recombination). Because thermalisation of the excited
85electron (e) and hole (h) pairs can be neglected, this reaction is reversible and equilibrium is
86established. The presence of an energy gap implies that each additional e-h pair increases the

87chemical energy stored in the semiconductor by:?

884U =&, —qAd + & + qAp = &, + &, = Epp — Epp (2)

89where " is the elementary charge,  Ithe difference in electrical potential across the device,
90and &, ,, are the chemical potentials of electrons and holes. In the language of physics,
9lelectrochemical potentials are expressed in terms of quasi-Fermi levels Eg, and Eg, for the
92electrons and holes, respectively. In devices, because the metal contacts are in equilibrium
=f

93with the semiconductor, the external device bias hv=E, corresponds to the Fermi level splitting

94across the device M7t [5]

95AU:§n—qA¢+Ep+qA¢:En+E =B, Er, 3)

96As a result, the voltage in the device corresponds to the chemical energy stored in the device

97and scales with the concentrations of the free electrons, n, and of the holes, p.

98The equilibrium condition means that the rates at which e-h pairs are generated and

99annihilated (recombine) must balance. Since the rate at which e-h pairs recombine depends on
100n and p, generation and recombination dictate the number of charges in the device.
101Mathematically, recombination and generation are represented by R and G, which are rates

102per volume. At equilibrium, for bimolecular e-h recombination:

o @
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104where B is the bimolecular recombination coefficient. A low coefficient increases the charge

105population and the energy in the device. However, 9 has a minimum value dictated by
106thermodynamics, and cannot be made arbitrarily small. A useful analogy to this situation,
107illustrated in figure 1b), is that of a leaky bucket under the rain. If there are no leaks, the
108volume of water increases and fills the bucket, resulting in a higher gravitational potential
109energy. If there are leaks however, the bucket only partially fills and less energy is stored. The
110competition between the rate of the leak (size and number of holes) and rate of filling (amount
1110f rain) determines the water level. Here, the rain represents the illumination, the water level
112the charge population and the leak their recombination, which, as we will discuss, can never

113be entirely avoided.

1141t is useful to note that || describes the increase of 49 compared to the intrinsic charge

115carrier concentrations in the dark Sn .p;

116np = niZeAEF/kBT — nl.zquext/kBT (5)

117with | being the Boltzmann factor (kj is the Boltzmann constant and T the temperature).
118In addition to voltage, the change in electrochemical potential also dictates the flow of current.
119It is therefore possible to derive the JV curve from thermodynamics. The simplest way is to

120integrate G and R over the semiconductor thickness to obtain the absorbed and emitted photon

121fluxes j; | and V exe I The difference in those fluxes corresponds to the current of e-h pairs

122coming out of the device:

oA ©
124Combining this with equations (5) and (4), the device’s JV curve under illumination is
1250btained without reference to p-n junctions or electrical models:

126 J(V) = q (7a)

127Equation (7a) can then be rewritten as:
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qVv

128] = J, (ekrTT — 1) + Jphoto (7b)

129where Jphoto is the photo-generated current and J is the dark current, an important quantity,
130which corresponds to thermally generated charges .

131It is useful to expand the quantities describing the JV curve in the context of thermodynamics.
132The short circuit current density Jg is the current density extracted without any load (V = 0)
133and can theoretically reach gjaps, The maximum fill factor FF is dictated by thermodynamics
134and cannot exceed 0.89.5 Graphically, it corresponds to the area ratio of the dark and light

135rectangles in figure 1a). Voc is the point at which no current flows. For a JV curve under

136illumination it corresponds to the maximum ‘electrochemical’ or ‘free’ energyA Er that can

137be extracted per e-h pair. Solving the JV equation (7b) for J=0:

138 (8)

139or, by using equation (4) and Boltzmann statistics:

140qVy, ~ Eg + kpTin (=) 9)

NNy,
141where N¢ and N, are effective densities of states in the conduction and valence band
142(constants) and the second term must be negative. Even for a perfect semiconductor, qVoc
143must be lower than Eg_[ﬁl This is because equation (4) also holds in the dark, when charges
144are thermally generated. This sets the value of fand therefore of np.

145

1462.1.2 Shockley-Queisser limit and heat

147The sun is of course not a laser emitting photons at a single energy E;. As a result, losses via
148sub-gap transmission and thermalisation occur. e-h pairs created by photons with hv > E;
149rapidly thermalise and lose excess energy as heat. As traditional solar cells only harvest the

150chemical energy of e-h pairs, this heat represents an unavoidable loss and V. is dictated by E;
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151instead of the absorbed photon energy. Light with energy hv < Ej, on the other hand, is not
152absorbed. Most solar photons are in the near infrared (IR) but more energy is wasted as heat
153with a semiconductors having a lower Eg. Thus, a compromise must be made when choosing

154E,, for best solar cell performance. In the ideal case, all recombination is radiative, all photons

155with hv > E, are absorbed and the charge carrier mobility is infinite. This is known as the

156Shockley-Queisser (SQ) limit. With this ansatz, the ideal and theoretical maximum VOSCQ can

157be calculated from equation (8). The resulting minimum achievable V. loss

158quxr:EF,n_EF,p:AEF depends on and T. Including the thermalisation heat loss, the best PCE
159according to SQ is therefore ~32% for a single junction (with one Ey) under one sun
160illumination, instead of the absolute thermodynamic limit of ~85%.! To approach the
161absolute thermodynamic limit within the SQ framework, multiple junctions (many Egys) can be
162used. For an infinite number of gaps, the thermalisation loss is entirely avoided and, in the
163presence of solar concentration, the 85% limit is recovered. As a side note, thermalisation
164does not affect the thermodynamic treatment as the system remains approximately in
165equilibrium.

166

1672.1.3 Origin of V. losses

168While thermalisation constitutes a largely unavoidable heat loss, there exists a significant
169source of avoidable heat loss. This is non-radiative recombination, which occurs through
170electron-nuclear (vibronic) coupling and represents an additional leak in our bucket analogy.
171Instead of being emitted as a photon of energy Eg, the e-h pair energy is dissipated as nuclear
172excitations (vibronic quanta known as phonons). These typically have much lower energies
173than the semiconductor gap. As a result, non-radiative recombination is often inefficient
174because energy conservation requires many phonons to be emitted simultaneously. Roughly,

G:R:ﬁ

175the rate of non-radiative recombination “* decreases exponentially with the number of quanta

7
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176required for recombination. This is the gap law, which is most commonly discussed for
177isolated organic molecules. However, it is also relevant to semiconductors. As has been
178discussed in the context of hybrid organic-inorganic perovskites, it explain why traps
179constitute efficient recombination centres.l”! Since these are lower in energy, fewer phonons

180are required.

181For organic semiconductors, nuclear vibrational energies B are very high (~160meV vs

18216.5meV for perovskites).[®! Since the number of quanta needed for non-radiative

183recombination scales as - , these high vibrational energies have recently been found to
184cause efficient non-radiative recombination in OPV systems, even in the absence of traps.®
185The high-energy 160meV mode is assigned to unavoidable C-C vibrations and is understood
186to be one of the key factors limiting the PCE of OPVs. The extent to which this mode is
187unavoidable is discussed in depth in section 6, but we briefly introduce the relevant molecular
188physics here.

189The nuclear potential landscape as a function of inter-atomic distance is illustrated for a

190molecule in figure 2. Since there are many atoms that can move, distances are typically

191described as an effective coordinate Qp, corresponding to possible vibrational modes of nuclei.

192These motions are associated with a characteristic energy 3 and, because of the gap law,
193only the high energy vibrational modes are relevant. In the Born-Oppenheimer approximation,
194the nuclear and electronic motions can be treated independently. Then, is given by Fermi’s
EF

195golden rule and is proportional to the overlap of the nuclear (vibrational) wavefunctions 4

196in the electronic excited-state (exc) and ground-state (GS). This is the Franck-Condon factor:

197 (10)

198The wavefunction overlap decreases exponentially with the number of quanta separating the
199nuclear states between the excited and ground electronic levels, which is the origin of the gap

200law. As illustrated in figure 2, crossing from one electronic level to another typically requires
8
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201overlap between nuclear modes with very different vibronic quanta (see curved arrow in
202figure 2, going from vibrational level 0 in S; to 5 in Sp) and it is accordingly inefficient.
203A common misconception is that recombination corresponds primarily to a loss in (short-
204circuit) current. In fact, non-radiative recombination primarily corresponds to a loss in free
205energy (voltage). In general, the fraction of charges that recombine radiatively is determined
206by the competition between k, and the emission rate, and can be expressed by either the
207photoluminescence quantum efficiency (PLQE) or the electroluminescence quantum
208efficiency (EQEg.). The impact of non-radiative recombination on V. can be derived from

209detailed balance and is given by:!*

np
210 (11)

211The derivation is based on a system with an imperfect external quantum efficiency (EQE),
212which is the yield of extracted e-h pairs compared to incident photons. The internal quantum
213efficiency IQE corresponds to the yield of extracted e-h pairs from photons absorbed in the
214active layer. Of course, a high kqr also reduces np and with that V.. A radiative trap for
215example, would reduce only np, while a non-radiative one would reduce np by the same
216amount and further decrease the voltage through the loss in emission. As a side note, the
217reason we consider kyr to conceptually constitute a voltage and not a current loss, is that the
218effect of a faster ko on Jsc can always be mitigated by a faster charge extraction.

219

2202.2 Organic Photovoltaics

2212.2.1 Organic semiconductors

2220rganic semiconductors are solid-state assemblies of conjugated polymers or small molecules
223weakly coupled by van der Waals forces. Because of this weak coupling, only a moderate
224energetic splitting occurs in the solids. This is unlike atomic semiconductors, for which

225energy level splitting is strong and bands are fully delocalised. Instead, ordered molecular

9
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226crystals display narrow bands. In films, the disorder induced by the many possible electronic
227and geometrical conformations of the molecules strongly localises states. As a result, the
228solid’s properties lie somewhere in-between those of isolated molecules and (moderately)
229delocalised semiconductors, but typically closer to the former.

230The poor screening of charges in organic semiconductors means that the ionised energy levels
231are substantially distinct from the neutral levels and that two gaps (optical and electrical) co-
232exist in the solid. When absorbing light, organic semiconductors therefore show a
233fundamentally different behaviour to textbook inorganic semiconductors. This is illustrated in

234figure 3, which depicts the optical and electrical (e-h) gaps for various levels of

235delocalisation. The optical gap is defined by the So-S; transition (between the electronic

236ground and first excited state), and the electrical gap ™ ~P: is given by:

2 A E;/kﬂT:n? eq‘/m/kBT

3

239where |

(12)

and EA are the ionisation potential and electron affinity of the organic

240semiconductor film, M* and M™ the energies of isolated charged molecules, and the

241polarisation energies r%’z ~1eV correspond to the partial screening of charges by the solid
242medium.™ The neutral (optical states) are excitons, so that the optical and electrical gaps
243differ by the exciton binding energy. In perfect crystals, the regular couplings between
244molecules imply that excitons are somewhat free to travel (narrow band formation). However,
245energetic and positional disorder typically results in highly localized states akin to those of
246individual molecules. That being said, whether the primary photo-excitations in conjugated
247polymers (with potential intrachain delocalization) are free charges in energy bands that
248eventually localize to excitons or whether excitons are directly generated, has been
249debated.™ ¥ For highly ordered systems, such as polydiacetylene quantum wires,
250delocalized excited states with quantum coherence lengths reaching tens of micrometres have

251indeed been observed.[*™ There is also experimental and theoretical evidence of enhanced
10
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252excited-state delocalization on the sub-100 fs time scale following light absorption, allowing
253ultrafast coherent processes.!**?2 Nevertheless, the consensus is nowadays that both solution-
254processed and vacuum deposited organic semiconductors are excitonic in nature at the level of
255disorder and timescales most relevant to OPV operation.

256

2572.2.2 Donor-acceptor heterojunctions

258The energy required to split excitons I< = I~

, Is much larger than the thermal or
259electrical energy available at solar cell operating conditions. This results in very low photo-
260currents and efficiencies for neat materials. It is possible to circumvent this problem by
261employing two materials with carefully chosen energy levels, such that at an interface
262between the materials, or ‘heterojunction’ (HJ), neutral excitations are split. Electrons end up
2630n one of the materials, the electron ‘acceptor’ (A), after being donated by the other, donor,
264material, (D). The reverse process (hole transfer) also occurs (e.g. ref. %), but historically
265most absorption has taken place via the donor, so that electron transfer has received almost all
2660f the attention. A physically entirely incorrect,!*! but illustrative schematic is provided in
267figure 4a). A first issue with the diagram is that it is not possible to satisfactorily depict
268excitons and charges together on it. A second, as will be discussed in detail, is that the
269relevant energetics at the HJ are not those of the bulk. Nonetheless, while the schematic

270should not be over interpreted or used in detailed discussions, it does introduce the concepts

2710f hole and electron transfer. In the ideal case, the electrical gap at the D-A junction K

272should match the smaller one of the optical gaps Egopt Of D or A:
273 ¥~ (13)
274such that V. can be maximised. However, in practice, optimal device performance has been

2750btained with - 1<- 1<~ 25281 which induces a free-energy (Vo) loss. Consequently, charge

276generation (a ‘two step’ process) has been thought to require an energetic driving force to

11
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277overcome the exciton's Coulomb separation barrier. Taking re as the exciton radius and € e,

278as the vacuum and relative permittivities, this barrier can naively be estimated to be

279 and is extremely large (300-500 meV).*"?8 For many systems, charge

280transfer at D-A heterojunctions is extremely efficient,? provided excitons reach it. The low
281exciton diffusion length compared to the absorption length of ~100 nm implies that a simple
282stacking of the donor and acceptor into a ‘planar heterojunction’ (PHIJ, figure 4c)) yields low
283currents. Either, not all of the light is absorbed, or excitons recombine before reaching the D-
284A interface. Instead, the paradigm has been to blend the materials into a ‘bulk heterojunction’
285(BHJ, figure 4d)) in volume rations typically between 1:1 and 1:4.

286For the polymer:fullerene BHJs with the highest photo-currents (~20 mA cm), EQEs greater
287than 80% are obtained across the spectrum,® with IQEs on par with those of the best
288perovskite devices, albeit at the cost of a low V.. In general, the EQE of an OPV system can

289be written as a product:

2910f the absorption |, the exciton collection at an interface %, the exciton dissociation at the

292interface np;., and the charge collection I probabilities. The BHJ architecture improves the

293 term, but negatively impacts ¢ and introduces several challenges. These include a high
29%4internal interfacial area between D and A, at which recombination can occur, a critical
295dependence of performance on optimised domain size, and a poor charge transport relative to
296neat materials.

297

2982.2.3 Small molecules and polymers

299An important point to bear in mind is that there are several OPV sub-technologies. Research
300has overwhelmingly focused on solution-processed polymer:fullerene blends and acceptors

301have almost exclusively consisted of fullerenes and their derivatives. More recently, soluble
12
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302small molecules and oligomers have received increasing attention as donors and now
303especially as acceptor alternatives to fullerenes.

304Important materials used with solution processable fullerenes have included polythiophenes
305such as regioregular poly(3-hexylthiolphene) (P3HT), where a favourable morphology was
3060btained by thermal annealing,'*™ and for which PCEs of up to 6.5% were demonstrated.
307Related polythiophenes, such as poly(2,5-bis(3-hexadecyl-thiophen-2-yl)thieno[3,2-
308b]thiophene (pBTTT) show highly ordered, semicrystalline chain packing and are therefore
309excellent model systems for photophysical studies.®**! The need for higher PCE has pushed
310the OPV field towards the development of push-pull copolymers (also known as ‘D-A’
311copolymers, which can introduce confusion). These consist of alternating electron-donating
312and electron-withdrawing moieties along their backbone, yielding a tuneable bandgap and
313improved absorption in the near-infrared part of the solar spectrum compared to
314homopolymers. Noteworthy is the PTB series of polymers, composed of thieno[3,4-
315b]thiophene and benzodithiophene moieties (such as PTB7-Th also called PCE10 with 10%
316efficiency),*" > or poly[(5,6-difluoro-2,1,3-benzothiadiazol-4, 7-diyl)-alt-(3,3""-di(2-
317octyldodecyl)-2,2";5",2";5",2""-quaterthiophen-5,5"'-diyl)], having 11% efficiency and known
318as PCE11.1! Important drawbacks of the push-pull copolymers include their complex
319synthesis, elaborate processing, and challenging photophysics due to enhanced localization in
320the excited state.*”? Common fullerene acceptors include Cgo, [6,6]-phenyl-C61-butyric acid
321methyl ester (PCgoBM), [6,6]-Phenyl-C71-butyric acid methyl ester (PC,oBM with slightly
322enhanced visible absorption) and the indene-Cg bis-adduct ICBA.

323Small molecules have the inherent advantage over polymers that their synthesis is better
324defined (fixed molecular weight) and their purification is more straightforward. This can for
325example avoid traps caused by homo-couplings (imperfect push-pull alternations).***? Many
326small molecules can furthermore be sublimed under vacuum, which can be used both to

3270btain highly pure starting materials, or as an alternative to solution-processing for device
13
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328fabrication. Vacuum deposition has historically been the method of choice for all small
329molecule solar cells. Here, phthalocyanines have played a similar role to P3HT for
330polymers, % Their replacement by push-pull molecules has resulted in BHJ PCEs beyond
3319.5%.1¢) More recently, solution-processed oligomers such as 7,7-(4,4-bis(2-ethylhexyl)-
3324H-silolo[3,2-b:4,5-b’|dithiophene-2,6-diyl)bis(6-fluoro-4-(5'-hexyl-[2,2'-bithiophene]-5-
333yl)benzo[c][1,2,5]thiadiazole) (p-DTS(FBTThz2),, have also achieved high efficiencies
334through favourable self-assembly with fullerene acceptors.®® Lastly, solution-processable
335small molecules represent the most successful non-fullerene acceptors (NFAS) to date: Over
33613% efficiency has been achieved in single junction polymer blends with NFAs, which we
337will further discuss in section 6.

338Compared to solution processing, the advantages of vacuum thermal deposition are
339reproducibility, avoidance of (typically harmful) solvents, easy access to multilayer structures,
340compatibility with surface characterisation techniques and, from the success of organic light-
341emitting diodes (OLEDS), a proven scalability. Its main disadvantage is a high initial cost for
342the equipment, which has largely contributed to the dominance of solution processing at
343research scales. At commercial scales, slot-die coating offers the lowest processing costs but
344vacuum deposition is more suitable to the production of multi-junction devices.[*!

345The reason we emphasize these different material classes and processing routes is that their
346underlying physics is different. For example, polymers can exhibit high delocalisation along
347chains but are typically less crystalline than small molecules, and film growth proceeds
348entirely differently between vacuum deposition and solution processing.

349

3502.2.4 Charge transfer states

351Following the pioneering work of Vandewal et al., it is widely accepted that for OPV systems
352with fullerene acceptors, recombination and some or all of charge separation occur via an

353intermediate ‘charge transfer’ (CT) state.”>°?>* A populated CT state can conceptually be
14
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354thought of as a bound e-h pair exciton residing across a donor-acceptor HJ (figure 4b)). To
355avoid confusion with the singlet excitons formed by light absorption in D or A, we will
356nevertheless refrain from calling the CT state an exciton in this report. CT states are coupled
357to the ground state and can therefore be studied by absorption, electroluminescence (EL) or
358photoluminescence (PL) spectroscopy. However, their very low oscillator strengths mean that
359specialized techniques, such as photo-thermal deflection spectroscopy, are required for
360absorption measurements. CT states can also yield free charges upon direct excitation, which
36limplies that they can also be studied with sensitive spectrally-resolved current measurements,
362including Fourier-transform spectroscopy and dedicated sensitive EQE set-ups. The CT state
363IQE is however much debated and discussed further on.5!

364CT state absorption typically appears as a broad sub-gap Gaussian band,? although for some
365systems, vibronic progressions are resolved.®® The broad Gaussian is understood as resulting
366from disorder and molecular reorganisation due to the presence of partially screened charges

3670n the donor and acceptor, with a potential slow reorganisation of the environment in

368response to the presence of an interfacial dipole,®**% and a contribution from disorder.*” As

369a result, the CT absorption spectrum is typically fitted according to Marcus theory with:

_(E_Eech_lexp)z
370a.:(E,T) x foexp £ (15)

47A€XD KT

371where E,, is the state’s energy, ! the reorganisation energy associated with the transition, and

Hthe peak oscillator strength. The superscript “exp” denotes that these experimentally fitted
373values do not account for the CT state energetic disordera,,. This is because  and * are not
374distinguished by fits of temperature-independent measurements, which gives Y
3757 24> ™

376The CT energy can be expressed as:

377 ¥—— — (16)

15
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378where

ct _ -q*
379ESt = (17)

ATTEGEx Tt
380is the binding energy of the CT state and™ its radius. We stress that in equation (16), IPp,

381EA, and correspond to the energy levels and relative permittivity at the interface.

382CT states do not, at first sight, lower the Coulomb dissociation barrier and their binding
383energies remain in the 100-500meV range.!®! Yet, charges are generated efficiently in OPV
384systems and, from early on,’®® there has been a considerable amount of theoretical work, and
385more recently experimental work, to explain how CT states dissociate and what provides the

386driving force ("V<E

¢) for this process. Among the conclusions are that molecular orientations,
387local environment and disorder significantly impact E,,.l*¥ Crucially, the overall exciton to
388charge carrier generation efficiency also strongly depends on the driving force for charge
389transfer (CT state formation) from excitons, AGer = Ej opr — Et-

390

3912.3 Morphology

392The impact of morphology on virtually all optoelectronic properties of organic
393semiconductors cannot be understated for both pristine and blend films. We have already
394alluded to its role in transport, bandwidth, disorder, absorption and charge generation.
395Controlling the morphology is of direct interest to eliminating the absorption-FF trade-off.
396However, there are two significant issues. The first is that the morphology is hard to control.
397The second is that it is hard to determine the relevant blend morphology. This is because of a
398significant range in length-scales, of ‘buried’ interfaces far from the surface, and of low
399contrasts stemming from the high carbon content of both the donor and acceptor. Thus it is
400still not fully clear which aspects of the morphology are most important.

401Techniques to study morphology are relatively specialised and their discussion is beyond the

402scope of this paper. There are however a number of high-quality reviews.!**®® Ways to
16
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403influence morphology usually aim to either orient a molecular axis or to tune domain size and
404composition. The most common methods include simple thermal annealing,'®® solvent-vapour
405annealing, which is especially common for solution processed-small molecules,!’ solvent
406engineering (solvent additives),["? use of templating layers,[™®! deposition from hot
407solution,™® and synthetic control, especially through side-chains.”*™ Molecular orientation
408typically affects transport and extinction coefficient, while domain size and composition
409correlate to recombination and exciton quenching. There are also less common approaches to
410tuning the morphology, many of which are covered in ref. ['®) a notable one being the use of
411optoelectronically passive additives.l”? We note that solvent-based techniques offer a degree
4120f freedom, which is not available to vacuum processed OPVs.

413

4142.3.1 Length-scales

415A significant issue is that it is still not fully clear what an ideal morphology should look like
416at various length scales of the BHJ, and whether there is a unique good morphology. Vertical
417segregation, 8% (either obtained from different solubilities and interactions with
418substrates,!” or by changing the relative deposition rates during vacuum deposition®®),
419domain purity,® connectivity,'**%? and cluster size have all been argued to be important.
420Furthermore, it is now clear that in binary polymer:fullerene and small molecule:Cg blends, a
421mixed phase (can) co-exist with the pure D an A domains.®®#3#4 This co-existence leads to
422an energy cascade, which has been suggested to be beneficial in a significant number of
423works, for example refs. 481,

424The D-A interfacial morphology should be added to these factors and will be introduced in
425the context of charge generation. It is therefore, overall, surprisingly difficult to precisely
426suggest, which of these is most significant and whether any importance ranking is universal.
427While an in-depth discussion is not possible here, an important message is that the influence

428o0f morphology can and often does obscure the influence of the parameters under study.
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4302.3.4 Side-chains

431Typically, non-conjugated side-chains are needed to solubilise polymers, and often small
432molecules, for both synthesis and device fabrication. It has become clear that these are far
433from inert and play in fact a significant role in morphology.® Their engineering can lead to
434extremely impressive performances.[*? A particularly striking example of their effect in BHJs
435is the intercalation of PC¢;BM in a polymer with long side-chains.’®® Perhaps even more
436telling is the dramatic influence on performance obtained when changing even short methyl
437side-chain positions along the backbone in evaporated small molecules, with different optimal
438depositions for PHJs and BHJs.[™ Lastly, we shall see that docking at the D-A interface is
439also affected by side-chains.[”™

440

4413. Charge generation and recombination via CT states

4423.1 Significance and overview of the processes

443In many OPV systems, IQEs approach unity. Yet, this efficient charge generation has required
444sacrificing considerable energy,®Y and there is much room for improvement. This energy loss
445has manifested in a charge generation-Vo. (or loosely an 1QE-V,.) trade-off.®"] Either the
446electrical/effective gap is lower than the optical gap, inducing a direct energy loss, or not all
447excitons are split, inducing a direct current loss. This makes it important to understand the
448charge generation mechanism and its implications for the recombination pathways.
449Figure 5 summarises the relevant processes in charge generation and recombination.
450Absorption occurs to a singlet excited state of the electron donor or acceptor and is followed
451by electronic relaxation (thermalisation via internal conversion IC) and geometrical relaxation
452to the excited-state nuclear configuration. The photo-generated exciton dissociates by electron
453transfer (ET) or hole transfer (HT) at the donor-acceptor interface, populating the (potentially

454hot) CT state, which needs to dissociate to free charges. We will refer to the dissociation of
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455the CT state as ‘charge separation’ with driving force AGs (in contrast to exciton dissociation
456by ‘charge transfer’ with driving force AG.r). There have traditionally been two opposing
457views to explain efficient charge generation despite the prohibitive binding energy. The first
458is that the CT state is a Coulomb trap, which requires excess energy (hot states) for
459dissociation to occur. This view has generally been advanced by ultrafast spectroscopy
460measurements on BHJs,**# %31 although some recent experiments have reached the opposite
461conclusion.*** %! The second view is that dissociation proceeds via a relaxed CT state,
462which has chiefly been supported by steady-state spectroscopy, charge collection

[55.58.97.98] The immediate

463measurements and time-resolved microwave conductivity.
464implication is that a CT state has a chance to re-dissociate, as first described by Onsager-
465Braun theory.®¥ Figure 5, first suggested by Brédas and Durrant,**®! illustrates these two
466contrasting views.

467Experimental data clearly shows that processes involving hot singlet excited states and hot CT
468states take place. The views diverge in whether these processes are necessary for efficient
469dissociation to free charges: That is whether the rate of relaxed CT dissociation to free
470charges k,; is significant compared to the CT recombination rate k.., or whether hot states
471are needed to obtain any free charges at all. Recombination is referred to as ‘geminate’ if the
472recombining species originate from the same photon. Although the CT state can in principle
473separate, we will take geminate recombination to mean that this process is inefficient and that
474the CT state recombines without first dissociating. Geminate recombination is associated with
475a field-dependent dissociation (and JV curve),® and is significant for low-performing
476devices, which has been interpreted as extra energy being needed for dissociation of CT states
477that otherwise recombine geminately. It is avoided entirely in state-of-the-art systems. Direct

478recombination from free charges (k4;,) can occur via exciton-polaron quenching,™* traps or,

479presumably, requires tunnelling of a carrier across the junction to form an S; or T, exciton.
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480A crucial intermediate step in bimolecular recombination is the reformation of a CT state
481from free charges (ksorm). This process has been described by Langevin theory,®*'* which
482considers that CT state formation is encounter-limited. In the literature on OPV, Langevin
483‘recombination’ designates a process in which CT state formation is final (no re-dissociation),
484and therefore describes the rate of bimolecular recombination from free-charges to the ground
485state as encounter-limited. Despite the original Langevin theory simply describing the
486encounter of ions and not commenting on the fate of the subsequent CT state, we will also
487take Langevin ‘recombination’to be final to avoid confusion with the literature. CT state
488reformation in principle obeys spin statistics, which means 3/4 of events lead to triplet states,
489enabling T; formation as a loss pathway.!*%! It is important to stress that the Langevin model
490does not provide an accurate description of OPV systems and entirely fails to predict the
491V,..%1%1 The implications of this failure and its remedy by more modern non-Langevin
492recombination theories constitute a key focus of this report. Whether CT states re-dissociate is
493the key question of this section, which examines microscopic answers. As we shall see in
494section 4, the macroscopic device properties are difficult to explain in the absence of re-
495dissociation.

496

4973.2 ‘Hot CT’ dissociation and delocalisation

498In optimized OPV systems, the exciton dissociation by ET or HT is generally highly efficient.
4991t is kinetically limited by the rate of exciton diffusion to the D-A interface and by the
500intrinsic rate of the charge transfer process. The latter is typically ultrafast (at least in
501polymer:fullerene systems, see below). The former makes the process highly sensitive to
502morphology. In pBTTT:PCBM systems, it has for example been shown that excitons
503generated at the interface in intimately mixed donor-acceptor regions lead to ultrafast
504dissociation, while excitons generated in neat polymer or fullerene regions lead to delayed

505dissociation, as they first need to reach an interface.***4 If an interface is nearby, exciton
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506diffusion does not need to occur and the ultrafast charge transfer process can compete with
507electronic relaxation in the presence of excess excitation energy (‘hot exciton dissociation’),
5080r can take place from geometrically non-relaxed states.

509Pre-thermalisation timescales are usually only accessible by ultrafast spectroscopy. The
510prototypical measurement is ‘transient absorption’ spectroscopy (TAS), which optically
511probes the excited state populations remaining some short delay after an ultra-short ‘pump’
512optical pulse. There is significant evidence that, on short time scales before relaxation occurs,
513exciton and charge transport in organic semiconductors is ballistic (band-like),*%4%!
514consistent with lattice or electronic relaxation of the medium and dynamic disorder
515suppressing the bandwidths (see section 2.2.1). Similarly, the intrinsic charge transfer rate by
516ET or HT is typically an ultra-fast (20-300 fs) process,’?**'® with timescales depending on the
517driving force (AG.r, free energy difference between the S; and CT states) and electronic
518coupling between the donor and acceptor.™ Conventional TAS,®® as well as vibrational
519spectroscopy,®® and considerably more sophisticated techniques,® show that a quasi-
520adiabatic separation process can occur on fs timescales and relaxation be by-passed. This
521means that in the proximity of an interface, excitons can ballistically and coherently reach an
522interface and yield free charges without relaxing into a low-energy CT state, potentially even
523entirely bypassing CT states.>®° That this process exists is, for example, convincingly
524demonstrated by the transfer of vibrational coherence from the donor exciton to the donor
525hole or to acceptor states. !

526The importance of excess energy in the singlet exciton state has been advanced on the basis of
527kinetics.P*141% However, a TAS study has found no difference with pump energy,®
528somewhat slower pump-charge collection (Time Delayed Collection Field, TDCF)
529experiments show little or no difference in field-dependence when excess excitation energy is
530provided,®®*'* and the photocurrent yield in OPV devices is generally independent of

531excitation energy.®#" Thus, exciton dissociation is just as efficient if relaxed electronic
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532states are excited near the optical ‘band-edge’, although charge transfer competing with
533geometric relaxation might still play an important role.

534Independently of excess excitation energy and hot singlet exciton dissociation, hot CT states
535are populated due to the driving force of the charge transfer process (Figure 5), i.e. because
536the S; state typically lies above the CT state. The role played by those hot CT states was
537evidenced from elegant experiments which employ an additional infrared ‘push’ pulse.[90]
538This push promotes relaxed CT states to excited ones some time before current collection or
539probe beam arrival.?%***18 The push pulse, which is at extremely early timescales and can
540therefore not help with charge collection #cc, can increase collected charge by anywhere from
541-0.5% to +30%.1°°! Many of these experiments have been interpreted as hot states yielding
542more delocalised and therefore less bound e-h pairs.*!

543Alternatively, the availability of ionised energy states overlapping with excitonic ones has
544been suggested to be the key ingredient for charge separation.™™® In this picture,
545delocalisation of the acceptor increases the number of such states due to narrow band
546formation. This has been put forward to explain the higher efficiency of donor:fullerene
547blends having a morphology containing neat fullerene clusters (although an alternative effect
548on the energetic landscape is discussed in section 3.5). Excess energy in the CT state similarly
549gives access to more donor energy states, some of which overlap with an accepting state
550resulting in charge separation.!****'81 Hot CT dissociation has directly been observed by
551monitoring the absorption change induced by the e-h electric field (Stark effect, electro-
552absorption), which can be used to calculate the distance between charges.[*® The authors
553concluded that the extremely fast increase in separation was due to coherent motion through
554fullerene clusters, with a dephasing (localisation) induced by polaron formation (lattice
555relaxation). Recently, the same group found efficient separation from relaxed CT states for
556pentacene/Cgo bilayers, which they explained by a multiple-trapping model, where coherent

557motion is activated.l®® This hints towards the possibility of re-dissociation of relaxed CT
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558states on even fast scales. We note that for the recent non-fullerene acceptor BHJs with low
559driving forces (section 6.2), the charge transfer process might not be ultrafast. ™ However,
560because the CT state is no longer the lowest energy state, it remains unclear how comparable
561these systems are to the fullerene-based blends.

562

5633.3 The nano-scale interface

564The nano-scale energetic landscape at the D-A interface has been put forward to contribute to
565the driving force for CT state dissociation, AGs,in spite of the strong binding energy. It has
566been demonstrated theoretically that the nano-scale molecular arrangement of (small
567molecule) donors and acceptors considerably affects the energetics.'*® For example, the
568arrangement of quadrupoles for pentacene molecules sitting face-on relative to Cgo has been
569calculated to decrease the energetic charge separation barrier by 400 meV compared to the
570edge-on configuration, despite a smaller e-h distance.l*?” Induced dipoles and their directional
571distribution also lead to non-equivalent site energies along an interface resulting in disorder,
572which may help with charge dissociation.™???! Simulations have similarly highlighted that
573the interface is not static, which may help dissociation.*?®! An interesting finding is that the
574dielectric mismatch and poor packing at a planar interface leads to an energy alignment
575favourable to dissociation.**"

576Experimentally, molecular orientation has also been demonstrated a number of times to affect
577planar interface energy levels. Orientation at model thiophene organic-organic interfaces was
578directly shown to impact the energetics by ultraviolet photoelectron spectroscopy (UPS).[?]
579Less directly, templating layers resulting in altered orientations were found to dramatically
580increase PHJ solar cell performance in ways that could not be explained by absorption or
581transport.[*?®12"] Recently, co-existence of different CT states has been found.™?%! For
582pentacene/Ceo, this was assigned to the co-existence of several crystalline phases.!**! Cleaner

583results were obtained from controlled annealing of rubrene, which results in distinct phases
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584with highly different CT energies."*® In BHJs, the influence of the environment has also been
585investigated by UPS, using a wide range of donor concentrations diluted in Cego,*****? or via
586measuring CT state energies.® The ionization potential (IP) change depends heavily on the
587donor choice, and ranges from insignificant for amorphous materials up to 600 meV for a-
588sexithiophene (0-6T). The CT energy of P3HT:PCgBM has been found to differ by a similar
589amount between the regio-random and regio-regular polymer.[***

590Unfortunately, the morphology at BHJ interfaces is extremely challenging to access. The
591degree of interfacial orientation, determined by resonant soft X-ray scattering, has however
592been found to correlate extremely well to Jsc and FF for a family of polymers with or without
593fluorine substitution.™* In another noteworthy study, Graham et al. analysed literature data
594for a significant number of push-pull polymers with varying side chains, and also designed
595their own set of materials.” They found that when steric hindrance favoured fullerene
596placement on the pull side of the donor, performance was greatly improved. Furthermore, the
597CT energy width decreased, confirming better conformational selectivity, and the results were
598backed up by 2D nuclear magnetic resonance. That optimal performance was found with the
599smallest CT sub-gap absorption tail, suggests that interfacial disorder may not be as critical to
600charge separation as has been suggested by some theoretical studies. This is backed up by a
601recent study on a low-disorder polymer:fullerene blend.!*!

602

6033.4 Entropy

604When considering the energetics of charge separation in OPV systems, there is an entropy
605increase associated with CT state dissociation that must be accounted for, and which can also
606favourably impact AG.s.[***** This increase stems from the growing number of sites that can
607be occupied as electrons and holes move away from the interface, lowering the free energy

608and the Coulomb separation barrier of the CT state. This has recently become an important

609consideration in charge generation.’®® Assuming a fixed hole, Gregg found that, since the
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610number of sites scales as the available surface, dimensionality dramatically affects the entropy
611increase.™” While there is no gain for a 1-D chain, entropy reduces the charge separation
612barrier from 270 meV to 5 meV for a 3-D model.™*" It was therefore suggested that
613fullerenes might be successful precisely because of their 3-D electronic coupling.
614Conceptually, the fixed hole treatment corresponds better to de-trapping of an electron than
615charge separation at a D-A interface. Given the influence of dimensionality, the author
616suggested that the barrier decrease caused by entropy would become less significant going to
617a PHJ and even less significant for a BHJ.

618In a significant recent contribution, Hood and Kassal studied the full PHJ problem with the
619hole allowed to move.**! For localised carriers on a model hexagonal close-packed lattice
620with nearest neighbours at 1nm ande,. 3.5 at the PHJ, they found that the space that holes can
621occupy decreases the escape distance from about 8nm for fixed holes to 5nm for mobile holes.
622In this picture, it is the restriction of carriers to segregated D and A phases that is beneficial.
623Furthermore, the interplay of disorder and entropy was considered. In disordered media, the
624entropic contribution is decreased because low-lying energy sites are preferentially occupied,
625reducing the number of conformations. This however is offset by the disorder's contribution
626(reduction in Coulomb barrier), which overall facilitates separation. The authors noted
627however that, while the average randomly generated disordered energy landscape helps
628separation, some generated landscapes lead to deep traps and hinder separation. This effect is
629most pronounced for highly disordered landscaped. Interestingly, the (significant) degeneracy
6300f CT states, which diminishes the entropic gain, has not been discussed much with respect to
631entropy.l01%}

632Entropy describes the energetics and not kinetics of charge separation and its role in charge
633dissociation is consequently debated.™®*3! The temperature-independence of generation
634reported in some studies has thus been taken as an indication that separation is attempt-limited

635rather than thermodynamically limited, which would discredit entropy.™® This problem was
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636also found in early Monte-Carlo (MC) simulations. These often required unrealistic CT state
637lifetimes (number of attempts) to achieve efficient dissociation at low-field, including in the
638presence of disorder (see ref. % for a summary of values). This problem can be mitigated by
639including delocalisation along the polymer chain,'**! or experimentally observed high local
640mobilities,'® which are both linked to entropy. If, moreover, the energetic landscape induced
641by the co-existence of neat and intermixed D-A phases is taken into account, the high
642experimental OPV yields at even low fields are recovered.>**¥ Thus, polymer systems likely
643benefit from intrachain coherent motion (leading to high local mobility) while all-small-
644molecule systems may be helped by the presence of (fullerene) aggregates. Whether efficient
645all-small-molecule non-fullerene blends can be realised consequently remains to be seen.
646Experimental evidence for the role of entropy is also growing. Time-resolved electric-field
647induced second harmonic generation (TREFISH) measurements combined with analytic
648calculations and MC modelling have found early time diffusion to explain efficient, field-
649independent separation in P3HT:PCBM.**?! The experiments monitor the e-h field, much like
650electroabsorption, but the field is probed by the change in intensity it induces in the second
651harmonic signal caused by the probe pulses. More recently, the vacuum-semiconductor
652interface has been used as a model system.!**®! Here, the semiconductor is ionised by a UV
653photon and the resulting charge forms a CT-like complex with its image charge. After a
654variable delay, the CT-like complex is ionised and the photo-electron analysed as in a
655standard UPS experiment (time-resolved two-photon photoemission). This showed an
656extremely rapid energetically uphill motion of the CT-like state.

657

6584. Thermodynamics of CT states

659Having discussed charge generation and important microscopic concepts specific to the OPV
660field, we now consider their implications for the thermodynamics of a full device. The key

661theme is that experimental V. data can currently only be explained if CT states have a
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662significant re-dissociation probability (Kgiss>>ksrm). This cannot easily be reconciled with CT
663dissociation occurring exclusively via hot states. There have been several good discussions
664about the decrease in the SQ efficiency limit resulting from the presence of a sub-gap
665Gaussian CT absorption tail and a driving force requirement. 265254144141 These semi-
666empirical modifications to detailed-balance were mostly motivated by the important
6670bservation that the V, scales not with the optical gap but with CT state energy, with a loss of
668about 600meV with respect to E; for virtually all studied systems. In this section, we will
669focus on the recent landmark account by Burke et al.,®®? since it is the first to derive the Ve
670entirely from fundamental principles and provides important insights. We note however, that
671the works of Kirchartz and Tress are also noteworthy in this respect.[1%147]
672

6734.1 Non-Langevin recombination

674According to the Jablonski diagram in figure 5 and the discussion in section 3.1, in the

675absence of CT state re-dissociation (Kgiss<<kform) and ignoring kgir, the bimolecular

676recombination rate is simply the rate of CT state formation I%form, which is described by
677Langevin theory.['® This theory considers that exciton (or in the case of OPV CT state) re-

678formation is limited by the ability of charged species to find each other, such that:

679% 14 = Kform = BiannpdV with < (18)

680with dV as a volume element, and and Ve being the electron and hole mobility.

681Langevin recombination predicts that bimolecular recombination corresponds to CT re-
682formationky;mor = kian (N0 CT re-dissociation) and effectively predicts charge recombination
683in OLEDs, as they are optimized for efficient (radiative) charge recombination.’®® It however

684considerably overestimates the recombination rates found in OPV systems.!**¢4 There have

685been several attempts to modify the Langevin prefactor [ including considering only
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686the slower carrier,”** and accounting for the geometrical constraints imposed by BHJ donor
687and acceptor phases.***%? The experimental temperature-dependence of the pre-factor can
688however only be recovered considering the spatial charge distribution,'**¥ or by allowing for
689CT state re-dissociation (Onsager-Braun theory).®®** An important side note is that
690considering the spatial distribution of charges is essential for a proper evaluation of
691recombination from charge extraction measurements. Ignoring it typically leads to artificial
692recombination orders (see refs 53155151 for details). In short, in a device of thickness d, the
693electrons and holes are typically not homogeneously distributed, such that:

AV Z=EJ/q—V32

694 (19)

695where | and £ o are the recombination rates obtained with the inhomogeneous and

696homogeneous distribution, respectively. Since , a typical analysis in

697terms of /<~ fails.
698Regardless of spatial effects, Langevin recombination predicts a decrease in FF with
699mobility,™*! which is not necessarily experimentally observed.!*>"! Above all, Langevin

700recombination predicts Voo(T) incorrectly as:%1%%!

701 (20)

702This reproduces neither the qVq. - E¢; trend nor the temperature dependence of Vo, which

703approaches #0, and not at low temperatures. This discrepancy can however be solved by
704allowing CT states to re-dissociate.[*®*%! Langevin recombination would then be applicable
705mostly to OLEDs, because these are optimised to avoid re-dissociation of charges (efficient
706exciton recombination is sought), and not to OPV systems, because these are optimised for
707charge separation to occur.®® Note that in this picture, low-performance OPV systems with

708high geminate recombination are poor precisely because they more resemble OLEDs. For
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709clarity, we highlight again that hot CT state dissociation necessarily implies (modified)
710Langevin recombination since it considers the CT state to be a trap (or alternatively the
711primary recombination channel is not via the CT state). However, given the wealth of data on
712CT luminescence and its correlation to V., this seems unreasonable.

713

7144.2 Equilibrium

715The derivation of the V. in OPV systems by Burke et al. follows an elegant chemical-
716potential approach identical to the one we introduced in section 2.1% In other words, before
717recombination via a CT state, a charge pair will dissociate and reform several times. This is
718not easy to prove, but is made plausible by high local and short time mobilities, as well as by
719delocalisation, which allow charges to sample the energetic landscape (e.g. many hops) before
720they recombine (c.f. section 3.4).[85°41421%8] | an equilibrium picture, by detailed balance and
721assuming Langevin CT state formation, the dissociation probability must also depend on the
722relative concentrations of CT state and free charges, as well as on their mobility.[*4 When
723CT state re-dissociation is possible, the reduction factor y in the recombination rate compared

724to Langevin theory:

kct
keetkgiss

725y = (21)

726becomes a metric of equilibrium, with low values corresponding to numerous re-dissociation
727events (exchanges between CT states and free charges)®%®!. The experimental reduction
728factors in the 107107 range are consistent with an equilibrium description but do not
729invalidate other theories.™ Equilibrium-picture drift-diffusion simulations have successfully
730reproduced V. of pentacene/Cg bilayers with realistic CT lifetimes of 1-10 ns.[1%] Finally an
73linteresting point is that CT absorption and emission spectra are related by detailed
732balance,®**4 which implies they are in equilibrium with the environment. Provided charges

733are also in equilibrium, this is in our opinion further evidence for the rapid exchange. It is
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I harder to measure, since it implies that effective

734important to note that equilibrium makes E
735rate constants are measured by decay experiments. !
736

737 4.3 V,c of an organic solar cell

738Assuming equilibrium, the e-h pair recombination rate is given by:

7391 22)

740and the CT state population density nc; can be described by chemical potentials as was done

741for electrons and holes in section 2.1. Then, assuming Boltzmann statistics and a Gaussian

742density of CT states (DOS) fo. with width o, the CT state density can be calculated and the

743V, deduced from equations (22) and (11):1

2
0,
“T —kyTIn

qVoc = Ecr T 2k,T

ol S )

745where fiNo is the effective density of CT states, which is the effective density of charge
746carrier states scaled by fin, the volume fraction of the solar cell that is interfacial.

747The losses compared to the optical gap can be separated into three terms: a driving force loss

- = , a non-radiative loss , and a ‘radiative’

749loss qAV,..4. Since some radiative losses cannot be avoided (section 2.1), it is more

750instructive to consider the additional loss compared to the ideal case AV2E) = AV, qq — AVLL.
751This is due to disorder and short CT lifetimes and would still exist without a driving force and
752if all recombination was radiative.*!

753We stress that the arguments above are identical whether recombination via CT states is

754radiative or not. Equation (23) implies that even with fully radiative recombination, a V. loss

755is incurred from disorder due to the presence of the subgap CT states (Z’ X/ ). Considering

756the low CT state luminescence, an additional and severe penalty must be added.***! For low
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757EQEkgL, , S0 that both logarithmic terms in equation (23) are related. While this

758expression is not entirely new (disorder and CT state dark current have been considered

759previously), 541031461

it is both complete and unambiguous. Above all, it is derived from
760fundamental principles and rests on clear assumptions. These are that equilibrium between CT
761states and free charges exists, and that at V, all recombination occurs via a CT state. We note
762that OPV systems with a single neat material (no complementary D and A) have low currents
763but a high V¢, which must originate from excitons, since charges are inefficiently generated.
764Thus, in retrospect it is not surprising that CT excitons should determine the V.

765

7664.4 Opportunities to improve Vo

767From equation (23), different opportunities to improve the Vo can be assessed.'™ The biggest

768gain can be expected from reducing the driving force it and from reducing the interfacial
769energetic disorder a.,. Experimentally, a detailed study on a polymer:PCs;BM blend has
770attributed the high obtained V. to low disorder,™* and NFAs achieve high EQEs at low

7714V, (See section 6). Because high EQEs were previously not believed to be achievable at

772low driving forces, increasing (decreasing the CT state binding energy) was
773considered.'®*% For polymer:fullerene blends, the relative permittivity has been found to
774correlate well with the Vo loss, ™Y and its increase has sometimes resulted in enhanced
775performance, %218 though efficiencies remained very low.?

776BY contrast, the other terms in equation (23) vary only logarithmically and should offer
777comparably low gains. This low impact has been suggested to explain the relatively constant

778loss of 0.6V observed for many systems.'®” However, they still represent a significant loss

779source. The best reported EQEy; for an OPV system is only 10 %4 which represents a Vec

é Note that we deliberately avoid the term dielectric constant since ¢,.) depends on frequency.
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780loss of 230mV at a Vo of 1V. It is important to note, that increasing the lifetime of the CT

781state also improves EQEg, with:

782EQEp, = —194 = 1~ T& 194 _ 1076 (24)

kraa+knr 1+Trqd/Tct Trad

W, :EﬁhT]ﬂ‘%‘*hT}n {BQE,)

783where 1, = T, and because of the extremely low luminescence yields. Hence,
784we expect that a thousand-fold improvement in 7., yields twice the 4V, =120 mV reduction
785estimated by Burke et al. Given that PL quenching of the S; state has been a widely used
786metric to evidence successful charge generation, it may be surprising that higher EQEg, and
787PL yields are desirable for OPV systems as well. To be clear, emission is desirable only if it
788occurs after charge dissociation (as opposed to from exciton or geminate CT state
789recombination). That (total) PL quenching has correlated so well to exciton quenching is due
790to the very low CT state emission efficiency. As we discuss in section 6, where we expand on
791k, this is not fully true for 16-20% efficient OPVs.

792An interesting problem is the degeneracy of CT states. To reproduce experimental data,
793degeneracies in the order of 30 CT states per acceptor molecule for a CT state radius of 2.5nm
794are needed, which implies long-range CT formation.® This would suggest that increasing
795delocalisation has a negative impact on V. In a recent experimental study, which
796decomposed the CT oscillator strength into coupling strength (estimated from PL lifetime)
797and number of states, the degeneracy was found to be in the range of 5-60, in agreement with
798the above estimation.™! Since delocalisation is understood to play an important role in
799dissociation, and since €, r¢; and the CT binding energy should all correlate, this needs
800further investigation.

801

8024.5 Other recombination mechanisms

803So far, we have exclusively discussed recombination via CT states. This is of course not the

804only pathway. Tail states and traps,***%% and triplet states,™*? can also play a significant role.
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805These however cannot explain V., since to our knowledge, its dependence on E; cannot be
806recovered. An important point is that the dominant recombination mechanism has been found
807to change with carrier density from trap-assisted to bimolecular.™® Thus traps could be more
808relevant in determining the FF than V,.. Our own view is that recombination via CT states is
809the dominant mechanism at V. in good devices. Lastly, recombination via triplets poses an
810interesting challenge, since the S; and CT states need identical energies to obtain high V,
811which implies a triplet trap.[*®? Whether this is best overcome by a low or a high S-T splitting
812(T re-dissociation or gap law) is currently not clear in our opinion.

813
8145. The fill factor: charge extraction, traps and morphology

815The FF is determined by a competition between charge extraction and recombination at
816different bias voltages,2?°% and typically decreases severely with active layer
817thickness.[?>*®"1%8] This is a problem, first because a high FF is required for efficient devices,
818and secondly because the decrease with thickness leads to an FF-absorption trade-off.
819Typically, optimal polymer:fullerene performance is obtained around 100 nm active layer
820thickness, while ~300nm are needed for complete absorption across the spectrum.?! This
821problem is even more evident for small-molecule devices, which rarely work well beyond
82250nm active layer thickness. In addition, solution processing is not considered scalable for
823thicknesses inferior to 250nm, because uniformity becomes problematic.

824

8255.1 Mobility, space charge and recombination

826The low carrier mobilities of OPV materials mean that there is a significant charge population
827at operating conditions compared to high quality inorganic devices (ideal Shockley
828diodes).** This excess charge can recombine, reducing the free energy and current. In
829macroscopic terms, the additional charges create a space charge region free of electric fields,

830through which carriers must diffuse./* Since the concentration gradient is low in the space
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831charge region, the transport is extremely inefficient. When the entire active layer is occupied
832by a space charge, the external field Ve is entirely screened by the internal field Vi, caused
833by the space charge and the device is effectively at V,..” By calculating the internal field, JV
834curves can be reproduced analytically with great fidelity,™* a process which normally
835demands drift-diffusion modelling. An interesting point is that the existence of Vi (due to
836low mobilities) makes the non-ideal diode equation invalid and the determination of ideality
837factors and series resistance problematic.[**® An accurate method based on illumination

838intensity (1) dependent ¥ Z-#£—>  curves has however recently been proposed.*™”

839There seems to be consensus that to achieve a target FF=0.7-0.8, mobilities in the 10% cm?V"
840's range are required.[?**%3171 This of course depends on the recombination
841strength,1?*1%1! and good fits to experimental FFs are found by using a single kyec/keoxer
842parameter.l**®! The simulation work of Tress is particularly interesting in this respect, because
843it considers the effect of different recombination mechanisms, including Shockley-Read-Hall
844(SRH), on FF.['®! Others have considered only Langevin or constant bimolecular
845recombination. In all cases, except for Langevin recombination, high mobilities are beneficial.
846SRH recombination was found to limit FF to 0.7, marginally better than for Langevin, but this
847may depend on simulation parameters. For P3HT:PCgBM and (reduced) bimolecular
848recombination, it was calculated that with current mobilities, the recombination rate must be
849reduced a hundred times to reach the FF target.!”! As a single parameter and from a study of
850nUMErous systems, kyee/Kexer 107% is needed.[*®® Note that none of these studies consider
851dispersive transport.

852Another interesting point is whether both charge carrier mobilities need to be balanced. One
853study on solution-processed small molecule fullerene blends found that balanced mobilities
854were necessary.!™ By contrast, FF=0.66 can be achieved at 8% donor (by volume) diluted in
855C0,117% a system with extremely imbalanced (but low) mobilities. These different

b i.e. the device is a charged capacitor.
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8560bservations are likely explained by different recombination mechanisms. For Langevin
857recombination, balanced mobilities are desirable.**! However, this becomes irrelevant if CT
858dissociation is possible and equilibrium holds since, by detailed balance, the recombination
859becomes independent of mobility.!%®! Given the above discussion, a short answer should be
860that the lower mobility limits FF.

861

8626. New systems

863New small molecule systems are challenging our conventional understanding of OPVs.
864‘Dilute HJ’ devices (figure 4e) seem to invalidate the traditional morphology paradigm of
865percolating separated D and A phases. NFAs bring into question the need for a driving force
866for interfacial charge transfer, as well as our previous empirical estimates of the achievable
867PCEs. This section highlights the key features of these new systems, presents the current
868understanding of dilute HJs and attempts an initial explanation of the high NFA performance.
869

8706.1 Dilute heterojunctions

871Zhang et al. found that for many small molecule:Cg, BHJs, the optimal performance was,
872surprisingly, obtained at only 5% volume donor.[*”®! Currents were limited by the low
873absorption of Cgo, but IQE, FF and V,. improved significantly compared to standard BHJs
874with higher donor content. With the more absorbing fullerene Co , PCEs of 8.1% have been
875achieved in optimised devices.'"? While it is unlikely that these systems can become
876commercially relevant, they are important for a number of reasons. First, these so-called

877 “dilute” OPV cells represent an important model system, in which the morphology can be de-
878correlated from other parameters under study. In particular, different donors can be more
879directly compared. Second, they provide interesting case studies for the FF and for the effect
8800f delocalisation on charge generation. Last, they demonstrate that percolating neat donor

881phases are not as critical as previously thought. We note that while the dilute concept so far
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882works best with (vacuum processed) small molecules and Cgo0r C,° it is also applicable to
883solution-processed polymer:fullerene blends,™™"* where it has been used as a model system.!"
884Given the chain-like nature of the polymers though, percolation pathways are more likely at
885the ratios used there.

886

887

8886.1.1 Morphology

8890bserving the CT absorption at low donor concentrations, Vandewal et al. showed that the
890number of CT states scaled linearly with donor concentration for dilute TAPC:Cg devices
891( 4,4°-cyclohexylidenebis[N,N-bis(4-methylphenyl)benzenamine]:Ceo).X™® The implication is
892that each donor is in a CT state and thus surrounded by fullerenes, hence our name ‘dilute’
893(figure 4e)).

8941t is important to note that the relative number of CT states was only accessible in that study
895because E.; did not change with TAPC concentration, a point we will elaborate on below.
896That the devices work despite the donor not forming a segregated neat phase but instead being
897surrounded by Cgo molecules, clearly invalidates early understanding of the desirable
898morphology. It also means that the donor environment in a dilute HJ is, to a good
899approximation, identical for all donors. For another donor, a-6T, the fact that the donor
900molecules at low concentration are surrounded by fullerenes is also convincingly evidenced
901by the sudden shift in E¢; and donor IP, which occurs around 30% a-6T concentration in Cgo
902and is attributed to aggregation (a-6T n-7 stacking).”***) More generally, it has been
9030bserved for a number of donors that the Cgo packing is not significantly disturbed at low
904donor concentrations of up to ~15%, though the fullerene domain size decreases.!**21761""l For

905Cy, crystalline neat fullerene and amorphous mixed donor-fullerene regions have been found

We are not aware of any examples with solution-processed small molecules only.
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906to co-exist from CT state energies and electron microscopy.?® To our knowledge, the
907situation has not been investigated for PC¢BM.

908

9096.1.2 Energetics

910The E has been studied in dilute systems for a large number of materials.®® Although there
911have been fewer donors for which the effect of concentration has been tested at very dilute
912ratios, no significant changes in E; were observed when the donor concentration was lowered
913starting from ~15% for either TAPC or o-6T. 59

914The effect concentration on IP and E; has been studied more extensively at 10-50%
915ratios.[**41%2 At higher concentrations, E¢ remains near constant for TAPC while, as
916discussed above, a strong shift in CT energy is found for a-6T. The IP shift of Cgy and donor
917caused by changes in stoichiometry, is predominately determined by the relative
918polarisabilities of the blend components (c.f. equation 12).*Y For rubrene for example, which
919has a similar polarisability to Cgo, the IPs are largely unaffected by donor concentration. The
9200opposite is true for a-6T. Since hole and electron polarisabilities are similar, the Cgo electron
921affinity (EA) can also be estimated.[™*!

922Looking at the implications on device performance, E has been found to determine the V¢
9230f dilute HJs for a wide range of materials,'® similar to more common donor:acceptor mixing
924ratios and contrary to some initial reports. The V. losses are however somewhat decreased
925compared to standard BHJs due to a reduced number of CT states,™"*! in line with predictions
926by equation (23).

927

9286.1.3 Delocalisation

9291In principle, dilution in these systems provides a good probe for the effects of delocalisation.
930This is first because the absence of donor delocalisation and the progressive growth of Cg

931cluster size in the dilute region.™32176817] This provides a nearly continuous variation in
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932electron delocalisation with relatively small changes in hole delocalisation. While few time-
933resolved spectroscopic studies have been carried out on the dilute model systems, those would
934provide an excellent appreciation of the impact of the delocalization on the charge generation.
935

936From studying the CT-induced electro-absorption, Bernardo et al. found that the CT states
937become increasingly polarisable and therefore delocalised with decreasing amount of NPD in
938Cgo (N,N -di(1-naphthyl)-N,N -diphenyl-(1,1’-biphenyl)-4,4’-diamine, an amorphous small
939molecule commonly used in OLEDs)."® The CT state energy decreases with delocalisation
940in those devices and could not be entirely explained by the change of dielectric constant with
941lincreasing Cgo content (in general, the change in dielectric constant has not been found to
942correlate with CT energy).[*?8132178 The greatly enhanced IQE at dilute ratios was attributed
943to delocalisation, . Similar conclusions were reached with DBP:C;, (Dibenzo{[f,f]-4,4,7,7-
944tetraphenyl}diindeno[1,2,3-cd:1,2,3-Im]perylene:C),.'®!

945

9466.1.4 Transport and recombination

947Dilute systems are also an interesting case study for the FF-absorption trade-off. From
948equation (23), the reduced number of CT states in these solar cells slows down recombination
949and explains the increase in Voe.?®) Somewhat counter-intuitively, the number of CT states is
950very small and roughly corresponds to the number of CT states in PHJs.'*™® The increase in
951FF with dilution down to 5% donor, despite the drastic decrease in u;, can be understood as
952originating from the slowed-down recombination (and improved CT state dissociation via
953increased Cgo delocalisation). The delocalisation is also expected to facilitate CT re-
954dissociation, which could further reduces the effective recombination rate.[**! Computational
955studies have suggested that delocalisation has two opposite effects on the non-radiative rate.

956The decreased e-h overlap reduces the non-radiative recombination, while the decrease in CT
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957energy caused by delocalisation (only sometimes observed)*?813217€ hag a negative impact
958via the gap law.[*®%

959Thus, overall an FF=0.66 can be achieved at 8% volume donor in Co "% despite very low p.
960Below 5% donor, the benefit of slower recombination is outweighed by the slowed transport
961and the device performance decreases.™”! That the holes are transported at such low donor
962concentrations is at first sight extremely surprising. A spectroscopic study has recently found
963the mechanism to be long-range tunnelling between the donor sites, which is possible for

964estimated donor site distances of 4 nm.[*8!]

It is however difficult to entirely exclude the
965existence of percolating transport pathways at 5% donor concentration.

966

9676.2 Non-fullerene acceptors

968The most exciting recent development in the OPV field is the emergence of non-fullerene

969acceptors (NFAs),[119164.167.182-186] Thage have rapidly risen in performance to reach a single-

970junction certified PCE of 13%, the current OPV record.™”!

971NFAs exhibit significant advantages compared to fullerenes. The first is that, when designing
972new organic molecules, chemists have to balance many factors including cost, device-
973fabrication, absorption, packing, morphology, transport and energy levels. Fullerenes have a
974very limited tuneability, meaning that all the optimisation rests on the donor, and making the
975synthetic challenge formidable. By contrast, the energy levels of NFAs can be tuned (for
976example by fluorination), their packing influenced (for example with modification of side-
977chains), and their absorption engineered by varying the core moieties. This also means that
978the donor and acceptor can be designed together, which is especially attractive, given the
979importance of the molecular arrangement at the D-A HJ (section 3.3). Secondly, the limited
980active layer thickness in OPVs, caused by poor charge carrier transport, makes strong

981labsorption imperative. Yet, commercially relevant (Cgo-based) fullerenes have a poor
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982absorption match to the solar spectrum, exacerbating the FF-absorption trade-off. On the
983other hand, NFAs show strong absorption in the relevant spectral region, and again the donor
984and NFA can be designed together to complement each other in absorption. Third, fullerene
985films suffer from stability issues (i.e. oxidation, photo-polymerisation and morphological
986ripening).l*¢8-1% There is growing evidence that NFAs can resolve some of these. 19+1%]
987Last but most importantly, devices employing NFAs exhibit a reduced charge generation-V.
988(IQE-V,) trade-off. Understanding why and to what extent this trade-off is reduced using
989NFAs is in our opinion currently one of the most pressing scientific questions in the OPV
990field, and it will require insights from both device physics and spectroscopy.

991Given the very recent appearance of NFAs, there are many other aspects that remain to be
992studied. These range from blend morphology and charge transport, to explaining what makes
993twisted perylenes and ‘ITIC-like” molecules (A-D-A triads with bulky acceptor groups and
994sterically hindered donor cores) so successful.l*%% These are beyond the scope of the
995current report, where we shall focus on the reduced V. losses and reduced driving force
996requirements characteristic of high-performance NFAs.

997

9986.2.1 Reduced charge generation-V, trade-off

999A first significant V. loss in OPV systems is due to the driving for of exciton dissociation

1000(‘MM b which for fullerene devices typically cannot be reduced under ~100 meV

1001without resulting in very low IQEs.™! Indeed, while an efficient polymer:fullerene system
1002with a low driving force for ET has been reported,™ the charge transfer was found to be slow
1003and inefficient. On the other hand, polymer:NFA systems without significant driving force for
1004either the ET process (with polymer excitation) or the HT process (with NFA excitation)
1005show fast and efficient exciton dissociation.9%¢-2%1 |t still needs to be established whether
1006the intrinsic charge transfer (not limited by exciton diffusion) occurs on the 100-fs time scale

1007(like in polymer:fullerene blends) or is slightly slower (picosecond regime), but it is clear that
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1008the excitons dissociate. The driving force requirement for charge separation in OPVs has
1009sometimes been analysed graphically as in figure 6,1:%41%2° where we show a compilation
10100f literature data (expanded from that reported in previous work). The EQEnax (representative
1011of charge generation efficiency) is plotted as a function of Eg oyt - qVoc. The grey line
1012corresponds to the least severe trade-off we obtained from 2016 data with NFAs. Recent
1013results from 2017 are strong evidence for an even weaker trade-off (dashed black line).*2%
1014There are now several polymer:NFA blends that achieve high IQEs at 4V, = 0 and
1015comparatively low Ve losses (diamonds along dashed line in figure 6)."%%*! For comparison,
1016a fit with high performance fullerene devices is included and the record devices for PCs;:BM
1017and NFAs are indicated with an arrow.

1018

10196.2.2 Quantifying the charge generation-V, trade-off

1020While we cannot suggest a better metric than the one shown in figure 6 at this point, it is
1021limportant to realise that this graphical method is far from perfect. First, the generation
1022¢efficiency is difficult to define since it is voltage dependent. The FF can also be affected by
1023the generation-V, trade-off, which is not captured by an EQEax(\VV=0)-4V,. graph. Second, at
1024V=0, the generation efficiency corresponds to the IQE. This quantity is, however, not usually
1025reported and the EQEmax must be used in assessing the generation-V, trade-off. It is then
1026tacitly assumed that the EQEnax is not limited by absorption. Xu et al. have recently reported
1027near 100% IQE at the optical onset with a very low AV, . = 0.49V (figure 6, top left
1028diamond).’?° This strongly suggests that the EQEmax-4V,. graph overestimates the trade-off.
1029Third, the optical gap is somewhat hard to accurately define for an OPV device since there is
1030typically a long absorption tail: Eqqp: Values must always be treated with caution. A sensible

1031definition is the point at which the tangent at the absorption inflexion crosses the origin. Last,

1032E g.0m incorporates additional terms not directly related to the driving force. An additional
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1033challenge to asses only the driving force, is that at small values, must be measured by
1034comparing the EL spectrum of the blend and neat films, which is accessible to few groups,
1035and changes in aggregation should also be accounted for. Altogether, it may no longer be
1036desirable to compare fullerene and NFAs on the same graph. Perhaps a more appropriate
1037comparison should now be the influence of driving force on FF, adjusted for charge carrier
1038transport using for example the methodology of Wiirfel et al.l**!

1039

10406.2.3 Increased electroluminescence yield

y =

1041Since the champion fullerene device exhibits a g -ete<  and the second best reported

1042NFA devicea ‘ the avoided b+ of ~100meV far from fully explains the

1043improvement.[““% A second and equally significant source of improvement for high-

1044performance NFAs is their comparatively high EQEg_ (see equation 23), which reduces
1045There is an important difference between systems with small and large AV,.;,,: For a series of
1046polymer:NFA blends, Liu et al. have found that the EQEg, increases by two orders of

1047magnitude to 5x10°, when qAV,;,;,is reduced from 370 meV to ~0."'% Baran et al. have also

1048reported record EQEg, of IP o negligible EA 184 This indicates that the alignment of
1049the S; and CT states also plays a role in enhancing the EQEg, . Most interestingly, for these
1050low driving forces, the emission of the blend and neat material could not be distinguished in
1051either work. In other words, the emission is no longer predominantly from CT states but from
1052the singlet excited state of the blend material with the lowest energy gap or of an S;-CT
1053hybrid state. Such mixing is known to occur when the states are close in energy, e.g. in
1054Ceg0.2% This effect does not appear to be unique to NFAs though: Kawashima et al. have

10550bserved, from PL, the same effect with PCg;BM.[!
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1056At the low emission yields found in OPVs, the EQEg, corresponds to ~ as shown by
1057equation (24). The expressions for these are obtained from Fermi’s Golden rule and are

1058formally similar:

2T 2
1059krad = ij-b krad,j = 7,0'#01)1:' ij-b FCrad,j (258.)
1060k, = 2 p|Ug|“FC,yr (25b)

is the rate

1061where FC is the Franck-Condon factor, “* is the DOS of final states, and |
1062associated with the emission from the 0™ vibrational mode of the excited state to the j™

1063vibrational mode of the ground state (a single line in the Franck-Condon progression). E s
1064the transition dipole moment, and Uy, is the electronic coupling terms between the electronic

1065states. In the simplest case, which is a displaced oscillator (identical nuclear potential

1066c¢urvatures for the excited state and GS as in figure 2), the total emission rate is:

2 2
1067kyaa =~ p|Hopt | (26)

1068Crucially, given that the oscillator strength is considerably smaller for CT

1069emission than for S; emission,'?®®! the EQEg, increase observed for higher performance NFAs
1070cannot directly be interpreted as a reduction in the non-radiative recombination rate. As was
1071mentioned above, we expect that a significant part of the EQEg_ gain is simply because
1072emission no longer proceeds from a CT state but from either a S; or a hybrid S;-CT state with
1073higher oscillator strength. For clarity, when comparing emission from CT states, the relative

"%, as long as there is no significant change in

1074EQEg, can safely be interpreted as a change in
1075the CT-S; mixing. This is because both k,,4 and k,,,- approximately scale with the change in
1076dipole moment between the GS and CT state.[*20

1077

10786.2.4 Non-radiative recombination
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1079While a higher oscillator strength can potentially explain most of the improved emission yield

1080in NFA systems, the decrease in charge generation-V, trade-off also suggests a slowed down

1081W'1 from the CT state (or S; or hybrid S;-CT state) and an increased available time for charge
1082separation (i.e. number of possible charge separation attempts). Decreasing % also offers

1083twice greater Vo gain than increasing .%, since according to equation (23), it also reduces

1084 . In principle, a smaller *“ can also diminish the requirements on charge extraction and

1085improve the FF. There are too few spectroscopic studies at the moment to conclusively

1086comment about the fraction of increased EQEg, originating from a decreased =, Nonetheless,

1087some comparisons can be made. Following our earlier discussion, there are two conceivable

1088sources for a reduced “*: A favourable D-A molecular docking decreasing the coupling Ug
1089between the CT state and GS, and a reduced Franck-Condon factor.

10900nly detailed computational and careful experimental studies can determine Uq. Though
1091these are time-consuming and thus cannot be applied to a large number of D:A combinations,
1092they may help in the future to identify the desirable molecular motifs. By contrast, it is
1093possible to make preliminary observations on the FC term, for which Benduhm et al. have
1094recently stressed the role of intra-molecular vibrational modes.'®! Here, contributions from
1095high-frequency vibrations dominate, although for CT states, a contribution from the slow

1096reorganisation of the environment is also present (low-frequency intra-molecular modes).!*>!

1097The reorganisation energy ~lassociated with these low-energy vibrations effectively reduces

1098the energy gap from E¢ to 7 4 1<- 1 <~ ;[9204-208]

1099 (27)

1100thus increasing e (equation (25b)). Here, "os is the dominant vibrational frequency in the

1101non-radiative transition, ~ listhe average vibration frequency of the molecule, and " is the
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1102reorganisation energy associated with intra-molecular rearrangements. Much like ~ Jwe

1103expect disorder to cause an effective reduction of the gap and to increase "e . Since the

1104emitting state of NFAs remains unclear, it is worth pointing out that, for intra-molecular

1105vibrations, the expression for | iis analogous with 77 << .21 Depending on the character

11060f the emissive state in NFAS, this could represent a first reduction in L Alow X e

1107should also increase the gap and reduce .
1108Though the effective vibration energy of 160meV (linked to C-C benzene breathing mode)

1109found in fullerene-based systems has been argued to be fundamental, it is worth assessing

1110whether NFAs offer an opportunity to decrease it. To this end, we simply estimate Ea from
1111the (photo- or electroluminescence) emission spectra of NFA blends exhibiting vibronic
1112progressions (the fits are shown in the S.1., we refer the reader to ref. 2! for a summary of
1113emission features in solids and why absorption cannot be used). The results obtained from fits
11140f literature data are summarised in table 1 (note that our results do not stem from dedicated
1115measurements and are therefore likely to be approximate. Similarly it is likely that PCBM has
1116a much higher vibration energy than Cgo, which is in line with recent computational
1117results.”®). For CT emission, the vibronic progression is usually not accessible due to the
1118high re-organization energy and disorder but for recent NFA systems with low V. losses, the

1119vibronic spacing is resolved and as small as ~130 meV. This is considerably smaller than the

1120value found for fullerene systems and, given the super-exponential dependence of | on A
1121(equation 27), represents a 20-500 fold decrease in non-radiative recombination rate
1122compared to rubrene:Cgo. As illustrated in table S2, the value depends considerably on the
1123other calculation parameters, but can clearly account for a significant fraction or all of the

1124100-fold EQEg, increase found for NFAs. From a very simple estimate, using reported EQEg_

1125values, - meV is required to reach the ~1% EQEg, values achieved by perovskite

1126devices, although lower vibrational energies are also expected to increase the influence of
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1127traps.[? It is important to note that for many high performance NFAs (but not usually for
1128ITIC), emission occurs from the polymer. For hybrid S;-CT states we would expect that the
1129vibrational mode energy of the blend material with the lowest gap dominates (depending on
1130the degree of mixing).

1131Given the high vibrational energies of organic molecules, it is unclear whether 100meV is

1132within reach. It is however clear that not all vibrational modes couple efficiently to the

1133electronic wavefunction (contributing to f 0), which makes the reduced effective € < found
1134for NFAs in our simple analysis plausible. The different coupling of vibrational modes has

1135very recently been illustrated theoretically for C-C and C-H vibrations. Results showed that
1136the effect of high-energy C-H vibrations on || varied significantly from molecule to

1137molecule.’ 1t was found that C-H modes do not significantly affect A in rubrene,
1138explaining the lack of effect found experimentally upon deuteration of the molecule.”® By
1139contrast, C-H modes were found to have a strong influence for P3HT or ITIC, meaning that
1140side-chains (containing C-H bonds) are unlikely to be benign.!?! Hetero-atoms and
1141modifications may also help. Secondly, C-C vibrations depend on the conjugation. Thiophene,
1142for example, has a lower ring stretching mode energy than benzene (186 vs 198meV).1?1%
1143

11447. Paths forward

11457.1 Comparison between trade-offs

1146We conclude this progress report by trying to identify paths towards higher OPV efficiency.
1147Figure 7 provides a simple estimate of the maximum achievable efficiencies at plausible
1148charge generation-V,. (IQE-V,) trade-offs (shown as different guidelines and obtained from
1149the lines in figure 6), similar to the estimates of Baran et al.™®* The key assumptions are that
1150E4 =1.6 eV, which corresponds well to the high performance NFA blends, and a flat

1151EQE=EQEnax in the absorption range. The EQE is capped at 0.95 and the FF set to 0.75 (FF
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1152=0.70 and 0.8 shown in figure S1). The data points are the same as those along the solid grey

1153and dashed black lines of figure 6. Within the guidelines, increasing the efficiency at constant

1154 can correspond to either achieving a flatter EQE or to decreasing the FF-absorption

| [201]

1155trade-off. At the generation-V,. values achieved by Xu et a efficiencies of 16.5% are

1156within reach, provided FF is increased from the experimental value of 0.64 to the simulation

1157value of 0.75, and the EQEx = 0.83 is made flat across the spectrum. Further reducing <

1158is clearly desirable, but with the Jsc and FF values of Xu et al., the efficiency achieved by

1159fully eliminating non-radiative recombination is only 14.5% (based on ref. 2l and
11601.3V).

11611t should be noted that we have largely assumed the two trade-offs to be independent. This, as
1162we have discussed, is unlikely since both depend on the (non-radiative) recombination rate Ky,.
1163Most importantly, the trade-offs are between charge generation and V., and between active
1164layer thickness (absorption) and charge extraction. These can only approximately be
1165represented with the EQEnax-Voc and Jsc-FF metrics, because the EQE can be affected by
1166c¢charge extraction and the FF by a field-dependent dissociation (generation-V, trade-off). For
1167example, the work of Xu et al.,”® which we believe to be the state-of-the-art, shows
1168extremely high IQEmax and EQEnax but only moderate FF. This could be due to either a poor
1169charge extraction or a field-dependent charge generation.

1170

11717.2 Scientific challenges

1172The key scientific challenges will therefore be a better understanding of the two trade-offs
1173discussed in this paper and of non-radiative recombination in OPV systems. For the former,
1174we believe new improved metrics are required. Ideally, these should both accurately reflect
1175the physics and be experimentally simple. For the latter, and NFAs in general, there remain

1176many open questions. First, what is the relative importance of intra-molecular vibrations,
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1177inter-molecular vibrations, D-A molecular docking and environmental reorganisation in

1178determining the non-radiative recombination rate hw:)‘*”f? Then, how much of the EQEg_

1179improvement observed at low ~is caused by emission from a state with higher oscillator

1180strength (an S; or S;-CT hybrid instead of a CT state), and not by a reduced Bo Similarly,

1181what is the state that recombination proceeds from at low

1182

11837.3 New opportunities in vibrational control

1184Despite these unanswered questions and the preliminary nature of our analysis, the control of
1185vibrations potentially opens a new avenue towards higher OPV efficiencies. It is interesting,
1186for example, that of the high efficiency NFAs we analysed, the twisted perylenes used by Liu
1187et al. (9.5% PCE),!**% perform the worst on the EQEmax-Voc Metric and have the highest
1188estimated vibrational energies. The high efficiency rather stems from the other key advantage
11890f NFAs, which is the broad EQE afforded by complementary donor and acceptor absorption.
1190The main attraction of engineering vibrations is that, following the landmark work of
1191Benduhn et al. on non-radiative recombination, these are understood to be intra-molecular
1192properties, which can be more easily understood and addressed by synthesis. In contrast, it
1193has for long been clear that high mobilities and low recombination rates are necessary, but
1194that it is nearly impossible to link these solar cell properties to molecular structure. The
1195analysis presented here suggests that the energy of the vibrational modes coupling to the
1196ground and excited states can be made smaller than the 160meV benzene breathing mode.
1197While there remain many uncertainties, engineering vibrations, such that no high-frequency
1198modes couple to the optical gap, represents, in our opinion, a significant opportunity: It can

1199increase the lifetime of the CT state, favouring charge separation, and reducing both the

1200radiative and non-radiative Vo losses™™ ¥ and ““#:r. In the equilibrium non-Langevin

1201picture, it also increases the time available for charge extraction, alleviating the FF-absorption
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1202trade-off. Reducing effective vibrational energies may constitute a formidable challenge in
1203practice. However, since the relevant vibrations are understood to correspond to those of
1204individual molecules, it should be possible to computationally screen structures for these
1205properties.

1206

1207

1208
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1210Supporting Information is available from the Wiley Online Library or from the author.
1211Table S1 Values and sources of figure 6 data

1212Table S2 Calculations for kp,

1213Figure S1 Achievable efficiencies with FF =0.8 and 0.7

1214Figure S2 Vibronic fits used to obtain the values in table 1
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1607Figure 1: a) Schematic illustration of a JV curve for an ideal solar cell as derived from

1608thermodynamics and indicating the relevant parameters. The voltage corresponds to the quasi-
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, the difference between electron quasi-Fermi level "<« and the

1609Fermi level splitting

1610hole quasi-Fermi level | The extracted current corresponds to the photons not re-emitted
1611to the light source. The light grey arrow represents what is not extracted but lost due to
1612emission. The ratio of the dark grey square, defined by the maximum power point and
1613representing the maximum area under the JV curve, and the light grey square defined by Vo
1614and Js, is the ‘Fill Factor’ FF. At negative J values (injection), photons are emitted from the
1615device, which corresponds to an LED. Adapted with permission from ref. [3] (copyright 2014,
1616Springer Nature) . b) A ‘leaky bucket’ is a good analogy for recombination in a solar cell. The
1617water level h (number of charge carriers) corresponds to the stored potential energy (chemical

1618energy) and depends on how leaky (loss via recombination) the bucket is.

1619
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1620
1621

1622Figure 2: Energetic potential with respect to an effective nuclear coordinate Qy, for two
1623different electronic energy levels. Grey areas represent the nuclear wavefunction amplitudes,
1624which spread out with increasing energies within the slightly anharmonic potential. Because
1625energy must be conserved, a very small overlap (shaded black) between the nuclear
1626wavefunctions of the two electronic energy levels is obtained, resulting in a very low non-
1627radiative transition probability. The curved and downward arrows indicate the non-radiative
1628transition (NR) and the emission from S; (0™ vibrational level) to Sq (2™ vibrational level),
1629respectively, which both occur at fixed Qn,.
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1632

1633Figure 3 Changes in energy levels of neutral excited states (excitons, grey) and ionised
1634excited states (electrons and holes, black) when going from individual molecules to a
1635disordered solid. The polarisation energies P . correspond to partial screening of charges in
1636the solid, which stabilises the h and e levels (EA and IP) with respect to the energies of the
1637isolated molecule (M™"). This reduces the electrical gap Ege'. The optical gap E,™, defined by
1638the So-S; transition is also reduced in the solid, as is the excitons binding energy Ege'- E A
1639high delocalisation increases the bandwidths of the excitonic and charge carrier levels, further
1640decreasing the binding energy. Disorder, which is significant in organic semi-conductor films
1641strongly localises charges and excitons. Adapted with permission from reference [3]
1642(copyright 2014, Springer Nature).
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1646Figure 4 Schematic illustrations of a) charge separation at a donor-acceptor (D-A)
1647heterojunction (HJ).It provides a simple introductory picture of the processes at the HJ, but is
1648physically unrepresentative and misleading (adapted with permission from ref. [24], copyright

16492009, Accounts of Chemical Research). In this schematic, the grey arrow corresponds to the

1650new electrical gap € 7 . b) a D-A charge transfer (CT) state formed between the small
1651molecule acceptor Cgo and a push-pull donor, DTDTB!Y, ¢) a planar D-A heterojunction
1652(PHJ) in which D (grey disks) and A (black circles representing fullerenes) are sequentially
1653deposited, note that the junction is deliberately not perfectly planar since there is always some
1654roughness and intermixing,**! d) a ‘bulk heterojunction’ (BHJ) blend of D and A and ¢) a
1655¢dilute’ HJ with 95% fullerene acceptor.
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1659Figure 5. Jablonski diagram of charge separation and recombination processes in an organic
1660solar cell. Solid vertical arrows correspond to allowed transitions and dashed downward

1661arrows to internal conversion. Solid lines to Sy represent recombination pathways. After

1662absorption, charge transfer occurs resulting either in relaxed PCT states (curved + dashed

1663arrows) or directly in free charges ( ). Free charges can recombine into CT states with rate

E =

16642Ccs, from which they can recombine to the ground state with rate “«, or re-dissociate (ﬂ

0

16652 Ccs obeys spin statistics: 3/4 of events result in a triplet °CT, that can lead to triplet (T1)

1666back-formation. The key question is whether (relaxed) CT excitons can re-dissociate, that is

1667whether l%diss is significant compared to % Recombination is geminate (kdfss) if the

Kk

1668recombining species originate from the same photon and non-geminate otherwise. ™~ <« is the

1669driving force for charge transfer (exciton dissociation), and K air js the driving force for
1670charge separation (CT state dissociation), which depends on the external bias Vey. Adapted

1671with permission from ref. [24], copyright 2009, Accounts of Chemical Research.
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1673

1674Figure 6: Device data from literature illustrating the charge generation-V, trade-off, where
1675EQEmax is used as proxy for the generation efficiency. The dashed and dashed-dotted grey line
1676illustrate what we believe to be the magnitude of the trade-off at present for non-fullerene and
1677fullerene acceptors respectively. The arrows indicate the champion NFA and fullerene devices.
1678The solid grey line is drawn with the best results from 2016 and illustrates how rapidly NFA
1679performance has risen.
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1682

1683Figure 7: Simple estimates of the achievable OPV efficiencies for various generation-V,.
1684trade-off. The key assumptions are EQE(hv) =EQEma and E,*"'=1.6eV. The EQE is capped to
16850.95 and FF set at 0.75 (PCE calculation and data for FF 0.7 and 0.8 in Figure S1). Moving
1686upwards corresponds to decreasing the FF-absorption trade-off, moving left to a reduced loss
1687and shifting lines to mitigating the trade-off. The lines correspond to the EQE-V, trade-off
1688guidelines of figure 6 with EQE(hv) =EQEnax. The data points are also selected from figure 6
1689and are, for NFAs, those along the dashed line,[*®"?*™ and for fullerenes the champion device
1690and the low loss system by Kawashima et al. that the dash-dotted line ends on.[**! NFAs
1691beyond the dash-dotted line already outperform the empirical maximum achievable for
1692fullerenes. Note that the data points have E,”™ =1.5-1.65 eV while the simulation is performed
1693for 1.6 eV.
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1696Table 1: Vibrations deduced from (EL or PL) emission spectra and reference value for Cgo.

Material [ref.] EgoOr Ect/eV ho EQEg.
m [meV
PFfBT4T-2D:FBR **4 1.6 131 1E-4
PFfBT4T-2D:IDTBR %4 1.6 - 3E-5
P3TEA: SF-PDI,!*! 1.72 167 5E-5
Ceo 1 (CT)* N/A 160 ~1E-6
Rubrene:Cgo ¥ (CT) 1.46 160 (150) ** -
ITICH (PL) 1.59 149 -

1697

1698* From A4V,,,.. From absorption of the BHJ, which may overestimate the spacing. Emission

1699from ref. *** on ITIC also suggests a low vibrational energy but the emission is broad and

1700more difficult to fit. ** Franck-Condon fit obtained in this work. The sample size is

1701necessarily small since few works have reported emission spectra and EQEg,s.
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Organic photovoltaics have made astounding progress both in

fundamental understanding and device performance. In particular
non-fullerene acceptors (NFAs) bring into question previous
empirical estimates of the achievable power conversion efficiencies.
This report aims to provide a perspective on the physics underlying

the conventional and new systems and their performance limits.
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