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Progress and Potential: Organic photovoltaic solar cells (OPVs) have made remarkable
progress, with lightweight and flexible solar modules now becoming commercially available
and the first large area installations completed. So far these modules are produced by thermal
evaporation in vacuum which is an expensive technology. There is great potential for low-cost
manufacturing of OPVs by roll to roll coating of solution-processed materials and efficient small
cells have been reported using the bulk heterojunction architecture in which electron donors
and acceptors are mixed on the nanoscale to enable charge generation in materials with short
exciton diffusion length. However, the fabrication of such structures is delicate and difficult to
scale up. Recent work shows that exciton diffusion length can be improved to enable exciton
harvesting over longer distances, opening a pathway to much simpler manufacturing. In
particular, enhanced exciton diffusion can improve light harvesting in solar cells that can be
manufactured using water-based solutions of electron donor and acceptor nanoparticles or by
sequential deposition of donor and acceptor offering low-cost and environmentally friendly
production.

Summary: Organic semiconductors can potentially revolutionize solar cell technology by
offering very thin, lightweight and flexible modules for outdoor and indoor power generation.
Light absorption in organic semiconductors generates a bound electron-hole pair (exciton)
which needs to travel to the interface between electron donor and acceptor materials to
dissociate into charge carriers. Because the exciton diffusion length in organic semiconductors
is typically much shorter than the light absorption depth (~100 nm), planar donor-acceptor
heterojunctions are inefficient and most effort has been dedicated to optimization of bulk
heterojunctions with nanoscale phase separation. In this Perspective we review recent
findings and new approaches to increase the exciton diffusion length and discuss how these
improvements can benefit environmentally friendly production of solar modules using organic
nanoparticles or graded heterojunctions obtained by sequential deposition of electron donor
and acceptor.

Keywords: Organic solar cell, organic semiconductor, energy transfer, heterojunction, light-
havesting, solution-processing

Introduction

Solar power is abundant and clean, making it a very promising renewable energy technology.
Organic semiconductors have a range of attractive properties for photovoltaic applications
including high absorption coefficient so that the incident light can be absorbed in layers of
thickness ~100 nm. Companies are already producing prototypes of lightweight and flexible
solar modules and have installed large area demonstrators for outdoor and indoor power
generation. For example, 500 m? of solar films produced by the German company Heliatek
were installed on the roof of a middle school in La Rochelle, France in 2017. These films weigh
only 1 kg/m?, which is less than 5% of traditional solar modules, and are projected to provide
about 15% of the school’s electricity demand. Heliatek films are deposited from the gas phase
in low-pressure evaporators and laser patterned for optimal use of the available surface.
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Lower cost and higher volume manufacturing can potentially be done by solution-processing
(e.g. ink-jet printing or spray-coating) at (or near) room temperature.? Such procedures would
also reduce the energy of manufacture. However, several problems should be solved to realise
this vision of widespread solution-processed organic photovoltaics.

Organic solar cells are typically made with an active layer sandwiched between transparent
and reflecting electrodes (Figure 1). Absorption of light in the active layer generates a bound
electron-hole pair called an exciton. In order to generate charge carriers the exciton has to
travel to the interface between electron donor and acceptor materials (heterojunction) where
it can dissociate into a charge pair.® These pairs have to dissociate into free charge carriers
and then be extracted to the electrodes to give photocurrent. The two processes through which
excitons can reach the heterojunction are direct Forster resonance energy transfer (FRET)
between electron donor and acceptor, and diffusion. The distance which excitons can travel
in their lifetime is called the exciton diffusion length (Lp).

The simplest structure of the active layer is a bilayer of electron donor and acceptor which
makes a planar heterojunction (Figure 1). These structures are simple to make but suffer from
a serious problem which is that the light absorption depth (~100 nm) is much longer than the
exciton diffusion length.*® This restricts the useful thickness of electron donor and acceptor
layers meaning that light is absorbed all the way through the donor layer, but only excitons
created within Lp of the interface contribute to charge generation and hence photocurrent. This
problem led researchers to make alternative device architectures by blending the electron
donor and electron acceptor materials together to form a bulk heterojunction (BHJ) by phase
separation. A BHJ does enable efficient charge generation and in the best cases has enabled
small devices with efficiencies of 15%-17%.'"'2 However, charge extraction from such
structure requires very precise control over the morphology, otherwise the large interface area
between donor and acceptor can lead to significant charge recombination losses. The precise
morphology requirement makes fabrication very delicate and represents a challenge for
reliable large-scale manufacturing. Finding ways of increasing both Lp and domain sizes would
simplify the structures which would be easier to reproduce. The ideal structure of the active
layer would be a needle-like heterojunction with well-defined charge generation and extraction
pathways which both could be optimized independently.

Another challenge is to produce suitable inks based on nontoxic and non-polluting solvents,
preferably water as the cheapest and least harmful solvent. Currently, the only component
which is readily processed from aqueous solution is a hole-transporting polymer PEDOT:PSS,
whilst the morphology of charge generation layers is usually optimized using chlorinated
solvents. However, chlorinated solvents are not suitable for large-scale manufacturing
processes, so alternatives based on less harmful green solvents are sought. Substantial effort
has been directed to develop nano-particulate organic photovoltaics (NP-OPVs) which use
deposition of the active layer from water-based solutions.'® So far the efficiencies of NP-
OPVs are much lower than those of bulk heterojunctions and recent studies showed that
exciton harvesting is a limiting process. For example, solar cells made from nanoparticles of
poly(3-hexylthiophene) (P3HT) blended with nanoparticles of an electron acceptor PCBM
absorbed about 90% of photons in the region from 400 nm to 600 nm. However, the external
quantum efficiency (EQE) was only 20%."® This can be explained by the fact that Lp (~10 nm)
in P3HT'® is much shorter than the typical particle size (~40 nm). Hence, increasing Lo is very
important for the development of future NP-OPVs.

In this Perspective we briefly describe the main techniques to measure exciton diffusion length
and their applicability. Then we review some successful approaches which led to increased
exciton diffusion length in OPV materials and better device performance. Finally, we discuss



possible ways to further enhance exciton diffusion and how it can be used in environmentally
friendly production of flexible and lightweight solar cells.

Techniques to measure exciton diffusion

The exciton motion by a random walk can be quantified by the exciton diffusion coefficient D
which could be isotropic or anisotropic. In the literature it is common to define the average
exciton diffusion length as Lz, = ,/ZD.¢¢7, Where Dey is the effective diffusion coefficient, 7 is

the exciton lifetime and Z is the dimensionality of diffusion which is equal to 1, 2 or 3 for one-
dimensional (1D), two-dimensional (2D) or three-dimensional (3D) diffusion, respectively,®
although some researchers include an additional factor 2 in the square root. Various
techniques have been used to measure exciton diffusion, each has advantages and
disadvantages. These include measurements of photoluminescence quenching (steady-state
and time-resolved), direct imaging of exciton diffusion, transient microwave conductivity,
transient absorption spectroscopy, and measurements of internal quantum efficiency (IQE) or
photovoltage in planar heterojunction. These techniques have been described in detail in
previous reviews,>’ so in this perspective we will just briefly discuss the main requirements
and applicability of the techniques.

Surface quenching of photoluminescence (PL) is a simple and reliable technique to measure
exciton diffusion. For this, a film of the studied material is deposited on the top of a quencher
and steady state or time-resolved PL quenching is measured. D is then extracted from the
dependence of PL quenching on film thickness. The advantage of this technique is that it
measures exciton diffusion in bilayer structures and is directly linked to planar heterojunction
photovoltaics. Time-resolved PL quenching gives more data and therefore constrains fits more
than steady state measurements, and also avoids some drawbacks of steady state
measurements, including the dependence on optical geometry.'” The technique requires an
effective quencher that does not mix with or penetrate the test material. For example, using
fullerene as a quencher deposited on the top of organic semiconductor leads to diffusion of
fullerene molecules into the organic layer, higher PL quenching and so overestimation of
diffusion length.' This problem of interdiffusion can be overcome either by cross-linking® ® &
19 or tethering® the fullerene derivatives to the substrate. Furthermore, in the case when the
fluorescence spectrum of the studied material overlaps with the absorption spectrum of the
quencher, long-range FRET to the quencher can occur which should be included in the
analysis.

Volume quenching of PL is a popular technique to measure exciton diffusion. Here a small
known quantity of the quencher is dispersed in a donor material and PL quenching is
measured as a function of quencher concentration. D is extracted by fitting experimental data
using either the Smoluchowski equation or Monte Carlo simulation. Stern-Volmer analysis can
be used in the case of mono-exponential PL decays. Volume quenching measures the three-
dimensional exciton diffusion and requires a homogenous dispersion of the quencher. This
technique is not suitable for semi-crystalline materials because excitons diffuse into crystalline
domains where their energy is lower, whilst the quencher is expelled from these domains. This
leads to much weaker PL quenching and underestimation of D. Even for amorphous materials
this technique has to be used with caution using only low concentration of the quencher
dispersed throughout the film because quenchers at higher concentration often form clusters.
A range of quencher concentrations has to be investigated to establish the cluster-free regime.
For example, Ward et al. found that in amorphous material the quencher (fullerene)
concentration should not exceed 0.007 nm™ to avoid clustering.?’ It is also important that
quenching occurs on the first encounter with a quencher which requires a fast energy or
electron transfer to the quencher. For example, it was shown that the electron transfer rate



from the conjugated polymer PTB7 to dispersed fullerene electron acceptor molecules
depends on the offset of energy levels (driving force) and the fastest rate was observed for
the offset of ~0.4 eV.2' Long-range FRET should also be included in the analysis when relevant.

Exciton-exciton annihilation can provide information on the dimensionality of diffusion as well
as D values. In this method, one exciton acts as a quencher for another exciton. This process
occurs at high excitation densities when two excitons are close enough so that one of them
transfers its energy onto the other forming a higher energy exciton which then cools down.
Usually, one exciton is lost per annihilation event. The PL decays are measured at different
initial excitation densities so that the annihilation rate constant and exciton diffusivity are
deduced by modelling these decays. For this technique, it is important to measure annihilation-
free decay at very low excitation density in the studied material as a reference. The
advantages of this technique are that it requires only one sample to measure exciton diffusion,
therefore, it is very useful to evaluate the effect of a wide range of processing conditions on
exciton diffusion. Exciton-exciton annihilation involves both exciton diffusion and direct FRET
from one exciton to the other, therefore both time-dependent and time-independent terms
should be included in the analysis. The time-dependent term gives information about the
dimensionality of the diffusion and in some cases can be used to estimate the annihilation
radius R.. Shaw et al'® used two complementary techniques of PL surface quenching and
exciton-exciton annihilation to measure D and R, independently in P3HT. Zhang et al® and
Long et al® used the value of dig-spacing determined by X-ray diffraction studies for R.and
obtained good agreement with PL surface quenching measurements.

The diffusion length of non-emissive excitons is harder to determine and usually has been
estimated from the photocurrent action spectrum in planar heterojunction solar cells by
combining it with an optical model to describe the electric field distribution in the active layer,
which determines the spatial profile of photogenerated excitons.??* This method has to make
assumptions about the efficiency of charge pair dissociation into free carriers and extraction
from the device under short circuit conditions. The assumption that all the charges generated
at the interface are extracted gives a lower bound of Lp. The uncertainty of free carrier
collection can be overcome by measuring transient photovoltage, however, the determined Lp
values in some cases were still lower than those by fluorescence quenching which was
attributed to geminate recombination losses.?® Siegmund et al. proposed a method to
determine the exciton diffusion length and the combined efficiency of charge pair dissociation
and extraction nc by varying the absorber thickness and modelling of photocurrent action
spectra.?® They obtained the 1D exciton diffusion length Lo=10 nm in zinc phthalocyanine
(ZnPc) and n.=0.58 in solar cells based on planar heterojunction of ZnPc and Ceo. The
diffusion length value is in good agreement with fluorescence surface quenching
measurements. A later study showed that the uncertainty of geminate recombination losses
is not critical when taking the ratio of internal quantum efficiencies (IQE) measured in the
donor and acceptor absorption regions. (Figure 2).2” Again, good agreement with
fluorescence quenching measurements was obtained (values are given in Table 1).

Effect of disorder and crystallinity

Exciton diffusion in organic semiconductors occurs by hopping of excitons between
chromophores. Organic layers used in OPVs can be fully amorphous or partially crystalline
with ordered domains embedded in a disordered matrix. In amorphous materials each
chromophore is in a slightly different environment of adjacent chromophores and sometimes
has a different conformation too, hence, their excitation energies also differ. This energetic
disorder is characterized by the width of the density of states (DOS) o (Figure 3). The exciton
generated within the DOS will hop predominantly to chromophores of lower energy until it



reaches the site which has lower energy than the adjacent sites. This can be observed
experimentally as a dynamic red-shift of fluorescence or stimulated emission and a decay of
polarization anisotropy which usually occur on a time scale of a few picoseconds at room
temperature. 2632 Further hopping after this requires thermal activation or FRET to non-nearest
neighbours, hence, the diffusion coefficient initially decreases and then reaches a thermal
equilibrium value.®®* The energy distribution of excitons in thermal equilibrium is called the
occupied density of states (ODOS). In case of no structural relaxation in the excited state, the
center of the ODOS is shifted by 0%kT to lower energy relative to the center of the DOS.3
Lowering energetic disorder as well as preventing any structural relaxation in the excited state
will bring ODOS and DOS closer in energy and provide more pathways for excitons to hop,
hence, longer exciton diffusion is expected in materials with lower width of DOS (i.e. higher
crystallinity).

Many studies showed that excitons can diffuse longer distances in materials with larger
crystalline domains. For example, Lunt et al. reported a nearly four-fold enhancement in 1D
diffusion length from ~6 nm to ~22 nm for the archetypal organic semiconductor 3,4,9,10-
perylenetetracarboxylic dianhydride (PTCDA) through an increase in crystalline domain size
from 100 to 400 nm.%* They found that this increase in diffusion length is connected to an
increase in the fluorescence quantum yield, suggesting that exciton diffusion length is limited
by non-radiative decay at grain boundaries. Lin et al. studied exciton diffusion in a family of
diketopyrrolopyrrole (DPP) derivatives with different conjugation lengths. They found that
decreasing the conjugation length increases molecular ordering, which is correlated with an
enhancement of 1D exciton diffusion length from 9 nm to 13 nm.* Li et al. carried out first-
principles simulations of exciton diffusion in the same DPP derivatives and obtained good
agreement with experiment as well as strong correlation between exciton diffusion length and
a ratio of crystalline-to-amorphous film volume.?” In our group we also have observed faster
and longer exciton diffusion in more crystalline materials.'® 341

In addition to reduced energetic disorder, other factors can cause longer exciton diffusion in
crystalline materials, such as shorter intermolecular distances because of denser packing,
better alignment of transition dipoles and increased exciton lifetime. On the other hand,
crystalline organic films usually have a higher surface roughness which can be detrimental to
charge extraction. The balance should be struck when optimizing different parameters in
OPVs.

Increasing exciton diffusion by processing

Film crystallinity can be changed using thermal annealing. Sim et al. have shown that
annealing P3HT film at 235°C increased 1D diffusion length from 3.3 nm to 7 nm.*? Long et al.
found a substantial increase of two-dimensional Lp to ~27 nm in a small electron donor
molecule DTS-(FBTThy), upon thermal annealing at 130°C."® Zhang et al. showed that thermal
annealing of the semiconducting polymer PffBT4T-20D increases the crystallite size by ~40%
which nearly doubled the 3D diffusion length to ~30 nm.8 They fabricated BHJ solar cells using
this polymer with PC71BM as electron acceptor and obtained an enhancement of the power
conversion efficiency (PCE) from 7.3% to 9.0% by thermal annealing at 100°C for 5 min.

In some cases, solvent vapour annealing (SVA) was found to be a more effective and reliable
method to increase exciton diffusion length. In SVA, solvent vapours are used to swell the film,
thus allowing polymer rearrangement which then increases the overall crystallinity of the film.
For example, Chowdhury et al. observed a larger enhancement of the relative degree of
crystallinity and exciton diffusion length by SVA with carbon disulfide (CS,) than for thermal
annealing in a conjugated copolymer poly-(3-hexylthiophene-co-3-dodecylthiophene) (P3HT-



co-P3DDT).® Wei et al. showed that SVA with dichloromethane increases Lp by a factor of
three as compared to thermal annealing in the squaraine derivative.*® Thermal annealing and
SVA have been reported to increase the 3D exciton diffusion length to about 40 nm in two
liquid crystalline electron donor materials BQR and BTR which is almost twice longer than in
as cast films.*!' We also found a similar increase of Lp in in the small molecule electron donors
DR3TBDTT and SMPV1 upon SVA which enabled us to demonstrate charge extraction
efficiency up to 90% at short circuit conditions in blends with PC71BM (Figure 4).*° This was
achieved with relatively large domain sizes of ~30 nm which still gave us efficient exciton
harvesting due to long diffusion length. This shows that SVA can be used to tailor exciton
diffusion and the domain size to optimize both charge generation and extraction.

Interlayer Forster resonance energy transfer (FRET)

In contrast to diffusion which involves a random walk in all directions, FRET between electron
donor and acceptor materials is directional and can bring excitons directly to a heterojunction.
It has a big advantage for applications in planar heterojunctions because of a favourable
scaling of FRET rate with the distance R between layers (approximately R vs R in the case
of energy transfer between single chromophores).**“° Cnops et al. ¢ applied this strategy to
fabricate three-layer devices using a-sexithiophene (a-6T) as electron donor, boron sub-
naphthalocyanine chloride (SubNc) as an electron acceptor and boron subphthalocyanine
chloride (SubPc) as an additional light harvesting interlayer. The SubPc excitons are
efficiently harvested through energy transfer to (a-6T) followed by the electron transfer to
SubNc. They demonstrated an impressive PCE of 8.4% in a planar heterojunction device.
Wang et al. 4" have shown that the addition of the low band-gap donor polymer PSBTBT into
RR-P3HT/PCBM blends could double the effective 1D diffusion length of RR-P3HT from 15
nm to 30 nm. Honda et al.*® have applied this strategy to ternary bulk heterojunction OPVs
where they incorporated silicon phthalocyanine as an additional light harvesting dye into RR-
P3HT/PCBM blends and showed an improvement in photocurrent density and PCE.

The potential to design multilayer heterojunctions with FRET energy cascade between layers
has been explored by Reid and Rumbles using experimentally verified Monte Carlo
simulations (Figure 5).*° They showed that a PCE of 10% is plausible and 15% is theoretically
possible, assuming a typical 0.6 eV energy loss at the heterojunction.

Increasing exciton lifetime

Exciton diffusion length is proportional to both square root of diffusion coefficient (D) and
square root of exciton lifetime (7). Most work has focussed on increasing diffusion coefficient,
but ways to increase lifetime have also been explored. Menke et al. diluted the electron donor
boron sub-phthalocyanine chloride in a high bandgap host material UGH2 and observed 6
times enhancement in a lifetime from 0.5 ns to 3 ns. This increase in lifetime led to a ~ 43%
increase in 1D diffusion length from 10.7 nm to 15.3 nm.®® They then fabricated planar
heterojunction solar cells using this approach with Cg as an electron acceptor and obtained a
30% higher power conversion efficiency than control cells made using undiluted molecules.
However, the opposite effect has also been observed where dilution of molecules decreases
the exciton lifetime. For example, Caplins et al. observed a 3-fold decrease of exciton lifetime
when they diluted metal-free phthalocyanine (H2Pc) in the same host UGH2 showing that
chromophore density is not the only factor determining the exciton lifetime but also specific
intermolecular interactions.!

The exciton lifetime can be enhanced by converting singlet excitons to longer-lived triplet
excitons. Shi et al. used a dopant molecule with fast intersystem crossing as triplet sensitizer



in HoPc and increased L1p to 13.4 nm.>? They also measured a lower limit of the triplet diffusion
length in neat H2Pc films of ~20 nm which suggests that further enhancement of Lp may be
possible with further optimization of the sensitization scheme.

Heterojunctions with non-fullerene acceptors

Recently big improvements in OPV efficiency and stability have been achieved using non-
fullerene electron acceptors (NFAs) instead of fullerene derivatives.5® Small solar cells with
over 16% efficiencies have been reported using BHJs with NFAs in binary and ternary
blends.>*%¢ Resonant soft X-ray scattering measurements have indicated quite large donor
and acceptor domains of 20-50 nm and high domain purity in BHJ with NFAs.>" Efficient
exciton dissociation observed in these BHJs implies that the exciton diffusion length is at least
comparable to these domain sizes and is consistent with the observation of strong exciton-
exciton annihilation reported in several fused-ring electron acceptors at excitation densities of
1 uJ cm? and higher.®® These observations make exciton diffusion studies in NFAs an
important direction for future exploration.

In recent years the sequential deposition of donor and acceptor layers has been successfully
implemented to fabricate efficient (>10%) and more stable organic solar cells with up to 1 cm?
surface area using NFAs.%%%2 These could be prepared using a pair of eco-friendly non-
halogenated solvents, such as (R)-(+)-limonene (LM) and 2-Methyltetrahydrofuran.®® The
vertical distribution of donor and acceptor molecules in sequentially deposited layers has been
explored using cross-sectional scanning transmission electron microscopy- energy dispersive
X-ray spectroscopy (STEM-EDX) and ultraviolet photoemission spectroscopy depth
profiling.%* Both techniques indicated gradual donor-acceptor composition change in the top
half of the film and a uniform distribution in the bottom half. This suggests that sequential
deposition of donor and acceptor produces graded BHJ where the amount of mixing is
controlled by the amount of the second solvent. This morphology is similar to a “needle-like”
heterojunction schematically shown in Fig. 1 which can provide efficient exciton harvesting
with moderate exciton diffusion length and well-defined pathways for charge extraction.
Enhanced exciton diffusion length opens new opportunities for morphology optimisation using
this approach.

Future outlook and conclusions

Long exciton diffusion length opens new opportunities for organic photovoltaic technologies.
First it enables the use of larger donor and acceptor domain sizes in bulk heterojunctions
which show benefits of more efficient charge pair dissociation and charge extraction. Long
exciton diffusion length increases the tolerance of optimum morphology of bulk
heterojunctions and so can reduce device degradation due to increasing phase separation. It
also has the potential to boost the efficiencies of nano-particulate OPVs which offer
environmentally friendly low-cost production by ink-jet printing or sputtering of electron donor
and acceptor nanoparticles from water-based solutions. The typical size of such nanoparticles
is 40 nm and similar to the optimized 3D diffusion length. This suggests that nano-particulate
OPVs with enhanced exciton diffusion can reach considerably higher efficiencies. Recent
demonstrations of high efficiency small solar cells fabricated using the sequential deposition
of electron donor and non-fullerene acceptor layers from green solvents indicate an alternative
way for environmentally friendly production.

Large diffusion length is also required for ordered heterojunction nanostructures®-’ where one
material is patterned (donor or acceptor) and the other is added to achieve the desired
morphology, as it will allow the nanostructure to be on large length scales. Large diffusion
length has two advantages for ordered heterojunctions, the first is that structure will be easier
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to make and the other is that larger spacing will make it easier to get one phase to fill the gaps
in between features of other.

In planar heterojunction solar cells the 1D diffusion length defines the thickness of the donor
and acceptor layers to be used. In order to absorb the incident light efficiently in a bilayer the
combined donor and acceptor layer thicknesses should be around 100 nm. To accomplish this
a 1D diffusion length of at least 50 nm will be required in each material. The optimized 1D
diffusion length in OPV materials is ~20 nm (Table 1) and limits the efficiency of solar cells
made using a bilayer. Further increase in exciton transport distance is necessary to make
bilayer technology attractive for solar cell applications, possibly by combining long Lo with
layer-to-layer FRET or energy cascade. This potentially can lead to simpler and more
consistent device fabrication as compared to bulk heterojunction. Also the problems of charge
recombination could be better tackled in such structures.

We next briefly consider strategies that could further increase exciton diffusion. Recently long-
range energy transport over 200 nm and more has been reported in self-organised organic
nanofibers at room temperature.®® ¢ This is substantially longer than predicted by the self-
Forster radius calculations for the point dipoles. The authors suggested that some degree of
inter-molecular electronic coherence increases the mean exciton hopping range and helps
them to diffuse further. Albeit not yet applied in OPVs, these findings suggest that high
structural order in nanofibers can support long-range exciton diffusion at room temperature
and are very relevant to developing of new photovoltaic materials.

Because singlet exciton diffusion occurs by Foérster energy transfer between molecules, it
should be possible to increase the diffusivity by enhancing the local photonic mode density
using optical microcavities or other optical confinement.” This is an example of weak exciton-
photon coupling. In optically confined systems it is also possible to achieve strong exciton-
photon coupling and to create new quasiparticles — polaritons. The effective mass of a
polariton is a weighted average of the exciton and photon components, hence, polariton
wavefunctions can be delocalized over many lattice constants or molecules. This can enable
long range polariton diffusion in the plane of a microcavity where the optical field is strongest.
In a high Q microcavity with GaAs quantum wells polaritons have been reported to travel a
distance of 1 mm.”" Cryogenic temperatures are necessary to achieve strong exciton-photon
coupling in inorganic quantum wells because of the weak exciton binding energy of inorganic
semiconductors. In contrast, the large exciton binding energy in organic semiconductors
enables polariton formation at room temperature and low threshold polariton lasing in
microcavities with substantially lower Q-factors than inorganic quantum wells.”?> There are
several reports showing that energy transfer can occur over a distance of 60-100 nm between
dye molecules separated by a spacer layer in planar microcavities which is much larger than
that permitted by Forster energy transfer.”® 7 This suggests that polariton-assisted energy
transport can occur in organic semiconductors over a distance comparable to the light
absorption depth (~100 nm). This would enable efficient harvesting of excitons using planar
heterojunctions with patterned structures. Obviously, the spectral range of resonant
microcavity modes is limited, hence this approach is likely to be more suitable in narrowband
OPVs for indoor light harvesting or photodetectors. In addition, strong exciton-photon coupling
can red-shift the absorption edge and help to harvest lower energy photons whilst preserving
the open circuit voltage value.”

In summary, recent studies have shown that 3D exciton diffusion length in thin films of organic
semiconductors can be increased beyond 40 nm by processing. This enables the use of larger
donor and acceptor domain sizes in bulk heterojunctions which improve charge pair
dissociation and extraction efficiencies. Longer exciton diffusion can boost the efficiencies of



nano-particulate OPVs which offer environmentally friendly low-cost production by ink-jet
printing or sputtering from solutions of electron donor and acceptor nanoparticles. It also opens
new opportunities to optimise the active layer morphology by sequential deposition of donor
and acceptor layers. Further developments of highly ordered self-organised systems which
can support long-range exciton diffusion exciton diffusion length in combination with polariton-
assisted energy transfer can make planar heterojunctions a viable approach to OPVs.
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Table 1. Exciton diffusion coefficient D and one-dimensional exciton diffusion length Lsp in
frequently used OPV materials. The blue-shaded rows represent films deposited from the
gas phase whilst the green-shaded rows are for films coated from solution. The values given
in bold were measured directly, the 1D diffusion length was determined using L, = VD1,
where tis the exciton decay time. SVA is a film treatment by solvent vapour annealing and

TA is thermal annealing.

Material D Lip (nm) Measurement
(10 cm?/s) technique
SubPc - 16.7+ 1.7 IQE ratio
16.6 + 2.0 PL surface quenching?
SubNc - 21.2+22 |QE ratio®’
Ceo ) 18.50r21.32 IQE ratio?’
18.5+£3.0 PL surface quenching?
Cro - 74+08 IQE ratio?’
ZnPc - 10.1 £ 0.9 IQE?26
0.7+0.2 9.6+ 0.8 PL surface quenching?®
H.Pc neat, 134+ 1.6 IQE ratio®
triplet-sensitized 20.7+5.0
P3HT 1.8 8.5 PL surface quenching®
1-5b - Annihilation”®
7.9 20 Annihilation®
P3HT-co-P3DDT 3.9 (SVA) 6.7+ 0.7 Annihilation®®
(SVA)
DTS(FBTThy)2 3.6 (TA) 13.5 (TA) PL surface quenching'®
PTB7 - 45405 IQE ratio?”
DR3TBDTT 4.5 (SVA) 18.4 (SVA) PL surface quenching®
Annihilation*®
SMPV1 1 (SVA) 5.7 (SVA) Annihilation*®
BQR 5 (SVA) 17.5 (SVA) Annihilation*!
BTR 4 (SVA) 16.3 (SVA) Annihilation*!
PHfBT4T-20D 3 (TA) 17.0 (TA) Annihilation®
ANE-PVab 0.59 + 0.06 6.2+0.3 PL volume quenching®
PC7:BM 0.16 3 PL volume quenching’
IDIC 20 16 Annihilation®®

a with different donor layers, ® for different molecular weights
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Figures
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Figure 1: Schematic of OPV solar cell with three different morphologies of the active layer
sandwiched between a transparent and reflecting electrode. Different colours represent
electron donor and acceptor materials. Excitons generated by light absorption in a donor or
acceptor have to be transported to the interface between donor and acceptor where they can
dissociate into free charge carriers. Only the excitons generated within their diffusion length
Lp of the interface can contribute to photocurrent, therefore, Lp defines the useful thickness of
donor and acceptor layers in planar heterojunction and the acceptable length scale of phase
separation in bulk and needle-like heterojunctions.
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Figure 2: Extracting exciton diffusion length from the ratio of internal quantum efficiencies
(IQEs). Solar cell structure using planar heterojunction of SubPc and Ceo (a,b) and energy
level diagram (c). d The external quantum efficiency (EQE) spectra measured at short-circuit
as a function of SubPc layer thickness. e The IQE spectra calculated by dividing the EQE
spectra in d by the absorption efficiency calculated using a transfer matrix model. The
extinction coefficients (k) of SubPc (purple dash line) and Ceo (brown dot line) are also shown.
Reprinted from ref. 27. Licensed under CC-BY-3.0.

p(E)

Figure 3: Density of states (DOS) representing distribution of excitation energies in disordered
materials. The exciton initially hops to the sites of lower energy until they quickly reach the

equilibrium energy which is offset by @ 2/ kT With respect to the center of DOS. Here o is the

half-width of the Gaussian energy distribution and kT is the thermal energy. For excitons at
the equilibrium energy there a fewer available hopping sites and that slows down exciton
diffusion. Reprinted with permission from ref.77. The right-hand figure shows DOS with a
narrow energy distribution in ordered materials where excitons have more nearest neighbours
for nearly isoenergetic hopping.
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Figure 4: The effect of processing on domain size and charge extraction efficiency in BHJ of
the small donor molecule DR3TBDTT with PC7:BM. (a) Dynamics of charge generation
obtained from transient absorption spectra before and after solvent vapour annealing (SVA).
AFM images of BHJ before (b) and after SVA in carbon disulphide (CS:) (c) showing larger
length scale of phase separation after SVA. (d) Time-resolved PL quenching in as-spun blend
and after SVA in different solvents. (e) Average domain sizes of PC7:BM extracted from PL
quenching data in as spun blend and after SVA in different solvents. (f) Charge extraction
efficiency as a function of average domain size. Reprinted with permission from ref. 40.

Figure 5: Schematic of energy cascade structure designed to direct exciton motion. Here the
excitation energy of consecutive layers of materials is slightly lower than the previous layer to
flow excitons “downhill” in energy.
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