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Recent advances in triplet—triplet annihilation
upconversion and singlet fission, towards solar
energy applications

Andrew J. Carrod, (22 Victor Gray (2 *° and Karl Bérjesson (2 *?

Solar energy is an ample renewable energy resource, with photovoltaic (PV) technology enabling a
direct route from light to electricity. Currently, PVs are limited in photon conversion efficiency, due in
major part to spectral losses. Mitigation of these losses is therefore important, economically and
environmentally. Two processes that aim to increase solar light utilisation are described herein. The first
is triplet—triplet annihilation upconversion (TTA-UC), through which two incoherent photons of low
energy can produce one of higher energy, reducing below bandgap losses. Secondly, singlet fission (SF),
through which two triplet states may be obtained from one initial singlet excited state, in theory
allowing two electrons per photon in a PV, reducing thermalisation losses. These fields are often
covered seperately, despite being the reverse processes of one another. This work aims to consolidate
research in the two fields and highlight their similarities and common challenges, specifically those
relevant to PV applications. Herein, we cover systems primarily based on organic small molecules
(anthracene, rubrene, tetracene, pentacene), and detail the fabrication of functional materials containing
them (MOFs, gels, SAMs on TiO,, thin evaporated and solution cast films, and cavities). We further offer
our recommendations for the focus of future work in both the TTA and SF fields, and discuss the need
to address current limitations such as poor triplet diffusion, limited charge injection to PVs, and material
stability. Specifically, one could do this by cherry picking ideas from other research fields, for example
photosensitisers for photodynamic therapy could be used as TTA sensitisers, and molecules having a
considerable excited state aromaticity could be considered as SF materials. We hope this review may aid
development towards the end goal of an efficient PV, incorporating either, or both, SF and TTA-UC
materials.

Renewable energy is positioned to take centre-stage in future decarbonisation efforts, such as those agreed at the Paris and COP26 summits. One renewable
energy source, solar light, holds the potential to mitigate the growing energy and environmental crisis. Researchers have continuously tried to increase the
efficiency of solar harvesting devices, yet limitations have been unavoidable since some of the energy from the solar spectrum is inaccessible. If solar cells were
more efficient, the cost per unit of electricity produced in PVs would drastically decrease, leading to an increased uptake of this technology. Subsequently,
areduction in fossil fuel reliance will be observed. To reduce spectral losses, and therefore increase efficiencies in PVs, one could imagine the monochromation
of solar light. Two of the most relevant candidates for this are triplet-triplet annihilation upconversion (TTA-UC) and singlet fission (SF) materials. We here
provide a detailed overview of both techniques, critically assessing progress and state of the art in the development of TTA-UC and SF materials. This will guide
the future development of new TTA-UC and SF materials that may be incorporated into PVs, and is further of interest to other optoelectronic devices such

as OLEDs.
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Introduction

Sunlight is a near infinite source of energy, and assuming ideal

conditions, sunlight reaches the Earth’s surface with an irra-

diance of 1000 W m™~2." To put the number in perspective, if all
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of around 7 m* would provide the same energy per hour as
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combusting 1 kg of coal.> With the global call for decarbo-
nisation,® and renewed commitment from the world’s leading
energy consumers to an increased use of renewable energy,*®
it is important to create solar energy harvesting technologies
with the highest possible efficiency.

Energy production through photovoltaic (PV) devices has
grown nearly exponentially in the previous 10 years,” as a result
of a radical decrease in the levelised cost of electricity (LCOE)
from solar cells. One large factor in this decrease is the decline
in production costs with increasing manufacturing scale, to a
point at which production cost is only a small factor in PV
price.® Further increases to the efficiency of these devices,
which are currently limited in maximum theoretical efficiency,
can drive the LCOE even lower and would be of great scientific
interest, with large economic and environmental impact.’
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Furthermore, an increase in PV module efficiency leads not
only to cheaper prices for energy consumers but also to a decrease
in the space needed to provide a similar energy output. In turn
efficiency increases will allow the integration of PV devices into
increasingly innovative locations, as in urban design with build-
ing integrated photovoltaics, reducing the need for land space
sacrifice in energy production from PV’s."

In this review we describe the existing limitations of single
junction photovoltaics and describe the loss mechanisms
inherent to these PV devices. We further detail two distinct
yet complimentary photophysical processes; triplet-triplet
annihilation upconversion (TTA-UC) and singlet fission (SF),
as well as assessing their practical use as strategies for the
enhancement of solar cell efficiency. Currently TTA-UC and
singlet fission are seen as viable chemical approaches to PV
efficiency enhancement. They achieve this through monochro-
mation of the solar spectrum. It is therefore prudent to con-
solidate this research, detailing the recent progress in the field
and its future perspectives.

Limitations in current photovoltaic
devices

The limit of theoretical efficiency for single junction non-
concentrated solar cells has been determined as 33.16%
reached at a bandgap of 1.34 eV. Known as the Shockley-
Queisser (SQ) limit, this value was calculated using some
fundamental assumptions and approximations.'>'* Assump-
tions made were that all photons with energies above the
bandgap (E,) create free electrons and holes, which will yield
one electron per photon. Furthermore, that re-emission of light
would occur upon each hole-electron recombination. As it is a
maximum theoretical limit, the SQ value was also calculated
based on perfect materials containing no defects, and the
end of the absorption window is estimated as a step function.
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These assumptions do not hold true in real-world conditions;
however it is possible to assess real-world cells under true
laboratory conditions and contrast them to the SQ value,
assessing their energy loss channels so as to elucidate methods
to improve their efficiency.

A detailed look at energy loss in solar cells

In this section we will aim to detail the major energy loss
channels in PV cells. Energy loss processes in solar cells are
broadly classified into two terms, intrinsic’®> and extrinsic
losses.'* These umbrella terms are used to denote processes
which can be eliminated (extrinsic) or that are fundamental
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limitations (intrinsic). As we will later consider energy enhance-
ment assuming perfect cells, we will not describe in detail
extrinsic losses, as these can in theory be eliminated. We will
consider each of the intrinsic factors in turn then, and briefly
describe their physical mechanism and magnitude.

Firstly, some energy loss in any solar cell can be attributed to
the deliberate tuning of the solar cell E; to a sizeable value. The
E, value must be large enough to produce a reasonable voltage,
however this does not allow for the capture of the whole range
of the solar spectrum. A sizeable proportion of the solar
irradiation at ground level appears in the near infrared region
(Fig. 1a)." Many of the solar cell materials have E, larger than
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Fig. 1 Graphical representation of (a) the AM 1.5 solar spectrum. (b) Shockley—Queisser limit of efficiency (black line) plotted alongside the cells of
highest confirmed efficiency in each major class of solar cell. Where c-Si = crystalline silicon, GaAs = gallium arsenide, and GalnP = gallium indium
phosphide, InP = indium phosphide, CIGS = copper indium gallium selenide, CdTe = cadmium telluride, ABXz = perovskite, CZTS = Copper zinc tin
sulphide, CZTSSe = Copper zinc tin sulphide selenide, a-Si = amorphous silicon. (c and d) SQ and TTA-UC/SF enhanced efficiency limits (black lines)
plotted alongside current highest maximum efficiency possible in each major class of solar cell assuming ideal TTA-UC/SF enhancement. We use the
data from Fig. 1b and increases are calculated as per ref. 46 and 52, for TTA-UC and SF respectively.
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1.1 eV (1130 nm), in which case the loss of energy through an
inability to absorb infrared light is significant."> Thermalisa-
tion is the second major loss of energy; due to the absorption of
photons with energy larger than E,. Relaxation to the bandgap
energy is realised through a release of heat.'® Other less sub-
stantial but still measurable energy loss pathways are emission
losses, Carnot losses and Boltzmann losses. Emission losses are
due to the radiative electron-hole recombination events occurring
within the single bandgap PV’s."” Some energy loss is inherent
upon the transfer of heat energy to electrical work, the voltage
drop due to this exchange in photovoltaic device is known as the
Carnot factor."® Entropy is increased due to an angular discre-
pancy between absorption and emission. This in turn leads to a
voltage decrease known as the Boltzmann loss."® This review
focuses on strategies to mitigate the first two loss processes;
reducing sub-bandgap losses and thermalisation, through utilisa-
tion of known photophysical processes. The next section will
discuss these methods, and how they operate to enable the
improvement of the efficiency of known solar cells.

Overcoming the SQ limit: mitigating
losses through photon conversion

Overcoming the SQ limit for solar cells can be achieved in a
seemingly facile manner, by eliminating some or all of the
losses described above. One way to do this would be to extend
the optical window in which a PV device may operate without
compromise on the bandgap of the material. This is possible in
multi-junction photovoltaics where current efficiencies have
been experimentally measured at 47% in six junction concen-
trator systems.'® These are theorised to give a possible maxi-
mum efficiency of around 87% at an infinite number of
junctions.>® Multi-junction solar cells are however not widely
used in terrestrial energy production, due to the complexity of
fabrication and scarcity of raw materials required in multi
junction Pvs.”"??

To improve single junction photovoltaics, one could con-
sider monochromation of all or part of the solar spectrum.
Two methods for doing so are upconversion and singlet fission
(SF). Sub-bandgap photons may be converted to a photon with
energy above that of E, in a process known as upconversion.
This process has been observed in a variety of molecules
e.g. those containing lanthanide ions,**** and organic chromo-
phores,®® albeit through differing mechanisms. Lanthanide
based upconversion has been covered in depth by other
reviews,?°?° and readers are referred to this literature for a full
overview of the mechanism and properties. In terms of use in
solar harvesting the main challenge for lanthanide-based UC is
the requirement of high intensity excitation light, due to
narrow and weak absorption bands. Strategies are being devel-
oped to counter these drawbacks, mainly focussed on imaging
applications.®® In this review we will focus on systems using
small organic molecules as annihilators, in which the most
described upconversion process relevant to solar cells is triplet-
triplet annihilation photon upconversion (TTA-UC). The benefit

This journal is © The Royal Society of Chemistry 2022
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of the TTA-UC process is that high conversion efficiencies can
be reached using a low-intensity and non-coherent excitation
light source.

To mitigate the loss of energy through thermalisation,
multiexciton generation (MEG) has been proposed. Through
this method, two excitons are generated from one excitation
event. It has been observed in a variety of materials, such as
semiconducting quantum dots,**** lanthanide ions®** and
organic molecules.** For inorganic materials (QDs and lantha-
nide nanoparticles) the topic has been extensively covered by
others.***7 We will not discuss these materials in depth, but
recognise that the challenges in QD based MEG are related to
modest yield, as well as how to efficiently extract the multiple
excited states due to their often ultrashort lifetimes.***°
Instead, we will focus on singlet fission (SF), a multiexciton
generation process in organic molecules. SF is a spin-allowed
process, in which the production of two triplet excited states
occurs from one initial excited singlet state. It thus offers the
possibility of creating two electron-hole pairs from one high-
energy photon when in conjunction to a solar cell. This process
is widely observed in polycyclic aromatic hydrocarbons, either
on the same chromophore (homofission) or on different chro-
mophores (heterofission).>* SF has been observed with efficien-
cies of unity,"" and has seen implementation in PV devices to
raise their external quantum efficiency.*>** To summarise, by
including SF and/or TTA-UC capabilities into PV devices, ther-
malisation and below bandgap energy losses can be mitigated.

Prospect of photon conversion in different classes of PV
devices

The maximum measured efficiency as of this review using each
kind of PV material (in single junction, non-concentrated cells)
is given in Fig. 1b.** It can be observed that many cells are
nearly reaching the theoretical limit, with crystalline silicon
(c-Si), gallium arsenide (GaAs), and gallium indium phosphide
(GaInP) all reaching above 80% of their theoretical maximum
value. The champion cell remains GaAs,***> but concerns have
been raised about the toxicity of the material.

The relative benefits of TTA-UC to solar cell technology
depends on the E, of the solar cell in question. Trupke et al.
have calculated a solar cell efficiency limit based on the
theoretical increases provided by an upconversion process.*®
Fig. 1c displays this TTA-UC enhanced limit alongside the
traditional SQ limit, both under AM 1.5 irradiation. Assump-
tions were made by the original authors, such as a near
constant refractive index over the range of bandgaps, which
was used to be representative of several types of PVs (Si and
GaAs).” The values were based on ideal upconversion systems
for each E,. Nonetheless, it gives an estimation of maximum
efficiency when applying upconversion to PVs. We have also
predicted and plotted in this figure the maximum efficiency
value that would be possible for the record device in each class
of PV if an ideal TTA-UC system were applied. We do this by
taking the ratio between the traditional SQ limit and the TTA
enhanced limit, then multiplying by the current record percen-
tage efficiency.
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The map of solar cell potential is redrawn by using TTA-UC.
Now, the potential of large E, systems is considerably increased,
while small E; systems are only marginally increased. By measure
of efficiency increase, GaAs, InP or GaInP, and ABX; show high
performance potential when utilising TTA-UC. GaAs, InP and
GaInP cells are all expensive technologies that see little use in
commercial PV’s today.*® Perovskite solar cells have seen a
remarkable amount of progress in recent years and whilst stability
issues remain, the rapid progress is encouraging.*® The high E, of
perovskite materials make this a noteworthy material to investi-
gate for TTA-UC enhancement. Whilst slightly lower in potential
efficiency than the aforementioned perovskites, the next best
predicted material would be CdTe. This PV class already possesses
a sizeable market share, with fast and cheap manufacturing
processes. Moreover, studies have concluded that this system
has negligible environmental toxicity as the technology is resistant
to normal environmental conditions.>

Similar to the case of TTA-UC, the benefit of SF applied to a
solar cell depends on the E,. The revised solar cell efficiency
limit of a SF solar cell was calculated by Lee et al. and Tayebjee
et al.>'"* As can be seen in Fig. 1d, the benefit of SF contrasts
that of TTA-UC with the largest benefit for low E, solar cells,
such as c-Si and CIGS solar cells, approaching theoretical
efficiencies of roughly 45%. Furthermore, a combined TTA-
UC and SF solar cell would have the potential to reach high
power conversion efficiencies across the entire range of E,
relevant to known photovoltaic materials.>?

The triplet pair, the commonality of
triplet—triplet annihilation and singlet
fission

In essence, TTA and SF are reverse equilibrium processes,
where the common denominator is the so-called triplet pair.
It is therefore constructive to discuss the triplet pair from both
a TTA and SF point of view. A simplistic way of viewing these
processes is through the Johnson-Merrifield model (eqn (1))
that describe TTA and SF as a two-step process,”® with an
intermediate correlated triplet pair state (*(TT)):

$1Sp 2 (TT) 2 Ty + T, (1)

This model states that SF and TTA are spin conserving process,
as the formed triplet pair state, '(TT), has an overall spin of
singlet character. As such, they can proceed extremely fast, even
on sub picosecond timescales in certain materials.>*>*® Our
understanding of processes involving the triplet pair comes
mostly from the SF literature and has improved greatly over the
last decade. It is now generally accepted that SF is more
correctly described by a 3-step process (eqn (2)),”” introduced
by Scholes:

S1So 2 NTT) 2 [Ty Ty] 2 T+ Ty (2)

Here the first step of SF is the formation of a bound triplet pair
state, with similarities to the 2A, state in polyenes.’®*® The
'(TT) state has both electronic and spin coherence. Over time
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the triplets move apart, through a triplet energy transfer
mechanism.””*° The electronic coherence is lost, and a weakly
bound triplet pair state [T;- - -T,] is formed.?”®" Eventually spin
coherence is also lost, and two free triplet states are formed
(T, + Ty).>”®" Here, the backwards reaction is TTA.

The nature of triplet pair states from a SF point of view has
been extensively discussed in recent reviews.>>*'"®* Although
the triplet pair states in eqn (2) are considered intermediates, it
should be noted that in the literature it is not always clear
which of the steps are referred to as SF. Le. is rapid and efficient
formation of '(TT) enough to label a system efficient for SF,
even if no further separation of '(TT) occurs? Zhu and
co-workers argue that the better and most relevant definition
of SF in terms of yield and rates should be the formation of
[T;---T;].°" However, it is often difficult to experimentally
distinguish between each of the '(TT), [Ty --T;] and Ty + Ty
states. For TTA the definition is more clear-cut, as measurable
emission is what is typically used to observe TTA. On the other
hand, the intermediate states are more challenging to study,
due to their fleeting lifetime compared to their often diffusion
limited formation time.

In the TTA literature, the widely accepted mechanism is
based on a coupling between two triplet states with strong
exchange coupling (a parameter describing the strength of the
electronic and magnetic interactions between triplets).®**
If we consider the two initial triplets in TTA (T; + T;), and not
taking the weakly bound triplet pair state into account, triplet
pair formation with nine possible outcomes is possible
(Fig. 2).°°° Where one is singlet '(TT), three are triplets
3(TT) and five are quintets *(TT). The lack of possibility for
quintet formation on a single chromophore (for energetic
reasons) would mean that *(TT) dissociation is the only fate
possible and therefore four recombination outcomes are pos-
sible and not nine. Moreover, TTA to a higher excited triplet
state is plausible, with the consequence of the formation of one
ground state and an excited state that will relax and reform T,

Significant spin mixing

(TT)

Triplet association TTA

T, +Ty (T...T)! 1(1T) S1+ S

Triplet separation

/ I\

3(1T)

IC fromT,to Ty rISC from T, to S;

Undersired
upconversion

T,

Fig. 2 Model of the TTA and SF processes in accordance with eqn (2), we
consider triplet pairs of pure spin states as coupled to one another through
the intermediate (T---T)". If the molecules forming the triplet pair are only
weakly exchange coupled, then are triplet states no longer considered as
eigenstates and significant spin mixing occurs. Processes directly leading
to TTA-UC and SF are marked with blue and red colour, respectively.
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following Kashas rule.®® Only, TTA of '(TT) leads to S; formation
and the spin statistical limit for the process is therefore 40%.

However in recent literature it was proposed that it is more
appropriate in some cases to consider the triplet pair as weakly
exchange coupled.®® For such cases, spin is not a good quan-
tum number and states having contributions of different spins
form. Now, the quintet states from the strong exchange coupled
model gets a fraction of singlet spin state character, enabling
TTA to some degree. This changes the theoretical spin statis-
tical limit to 67%.% It should be noted that these investigations
were done for rubrene in the solid-state, and to date it is
unclear if these results are translatable to other materials and
conditions. One particular example, annihilation of perylene
tolerates bulky substituents, indicating that annihilation does
not require a very close contact pair.”>”*

Theoretical calculations have also played an important role
to deepen our understanding of the triplet pair state and their
formation, in particular in terms of SF. For theoretical calcula-
tions it is most common to consider the coupling between the
initial S;S, state and the '(TT) state when estimating the SF
rate.”> However, the coupling mechanism between chromo-
phores involved in SF has been a topic of recent debate.”***
The different coupling mechanisms are presented in Fig. 3.
Using first order perturbation theory, coupling occurs directly
between S;S, and '(TT), analogously to internal conversion
(direct mechanism, Fig. 3).”>7* This coupling is, however, often
quite small. Using higher order perturbation theory, the cou-
pling of S;S, and '(TT) to charge transfer (CT) states can be
considered, often resulting in a larger coupling.’>’*77:82:85787
If the CT states are higher in energy than S;S,, they only
participate ‘virtually’ in a super exchange mechanism, and are
never populated (mediated mechanism, Fig, 3).”%77,7%82:83,85,86,88-96
However, in some materials the CT state can be energetically

Al L.

mediated mechanism

two step mechanism

§Z 9@

Fig. 3 Possible mechanisms for the $,So to XTT) transition in singlet
fission. Top path: The mediated super exchange mechanism where S;Sq
and/or Y(TT) couple via virtual CT states. Middle path: The direct mecha-
nism where S;So couples directly to XTT). Bottom path: The two-step
mechanism where an intermediate CT state is formed prior to (TT)
formation. Figure adapted from ref. 72, with permission from the American
Chemical Society. Copyright 2018.
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accessible from S;S, and might then be populated as an inter-
mediate in the transition to '(TT) (two step mechanism,
Fig. 3).””7%° The coupling, and hence the rate of '(TT) formation,
in SF materials varies greatly depending on for example
the molecular structure,® molecular packing in the solid-
state,”>811971% and solvent for solution phase chromo-
phores,3393:94:9698,99,1077113 f the electronic coupling is weak,
SF is often described within a non-adiabatic picture (Fig. 4a),
treating the localised region where the diabatic potential curves
cross as non-adiabatic. Here the rate increases with increasing
coupling as described by conventional Marcus theory for elec-
tron transfer.*>™* With sufficiently large coupling, the non-
adiabatic picture is no longer appropriate, instead an adiabatic
picture where $;S, continuously evolves to *(TT) is more suitable
(Fig. 4b). It has been shown that in the adiabatic regime the
rate of singlet fission becomes independent of electronic
coupling.®*”°> However, debate is still ongoing as to the exact
nature of the coupling responsible for ultrafast SF. For example,
in contrast to super-exchange mediated coupling, vibronic coher-
ence between S; and *(TT), along with entropic effects have
recently been suggested to drive (TT) formation.”®'">™"*' The
required coupling between chromophores in terms of TTA is a
much less explored aspect that likely will become more impor-
tant as more solid-state TTA systems are developed.

Energetic and entropic requirements

In TTA, the energy of '(TT) (or by first approximation twice T)
must be larger or equal to that of S; to allow TTA to occur
efficiently (2 x Er, > Es ). The opposite is true for SF, where the
initially formed singlet excited state must be higher or equal in
energy to the energy of the two formed triplets (Es, > 2 x Er,).
It is noteworthy that some materials can show both SF and TTA,
as the energetic barriers are overcome by kg7.

For SF, this requirement can be further relaxed in some
systems. For example, thermally activated triplet dissociation
has been observed in systems having a rapid and exothermic
relaxation from the S; state to '(TT).">'** Another important
consideration that relaxes the energetic requirement is the role
of entropy in SF. As has been discussed extensively recently,
entropy can play a determining role in the efficiency of
endothermic SF.*"7"2%12¢ Both the step from S, to the triplet
pair state '(TT), as well as the step from the triplet pair state to
the weakly bound pair state [T;- - -T;] are associated with a gain
in entropy as described by the equations below.

Q
ASS]HTT = kB In (Q—TT) (3)
Si
AStr_t.7 = kg ln( QT T> (4)
TT

where Q; is the number of microstates the ith state can
sample.*"®! As the molecular packing and structure can influ-
ence the number of available states, it influences both
the electronic coupling and the entropic contributions.'*®"*”
It is therefore a non-trivial task to design and develop suitable
SF materials. Contextualising all these findings to photon
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(a) Non-adiabatic picture of SF for weakly coupled SF chromophores. (b) Adiabatic picture of SF for strongly coupled chromophores. (c) The rate

of SF as a function of electronic coupling. Figures reprinted from ref. 81 with permission. Copyright 2014 Nature Springer.

conversion in PV applications, especially considering solid-
state systems, we must take special care to appreciate the effect
disorder may have on the triplet diffusivity and hence the
overall limit of TTA-UC and SF.”>81,98100-106,128-130

It is important to also consider the energy of the second
triplet (T,) state when studying new SF or TTA chromo-
phores.”®'*132 1deally T, lies higher in energy than the com-
bined energy of the two T, states (Ey, > 2 x Er ), to minimise
undesired triplet-triplet annihilation to T, (Fig. 2).** It is
known that reverse intersystem crossing from T, to S; is
possible, which in theory allows for zero wastage of photons if
rapid."*® However, relying on reverse intersystem crossing to
kinetically outcompete T, to T; internal conversion is not a
general advisable strategy when designing new materials.
Whether considering a model based on a weakly or strongly
exchange coupled triplet pair, the energetics of annihilator
molecules play a crucial role in limiting TTA yields. Thus,
energetics can turn off loss mechanisms from the *(TT) state,
allowing in principle for unity efficiency.'** ">

Key existing challenges and limitations
in TTA-UC and SF

We have discussed fundamental mechanisms and limitations
in both the TTA and SF regimes including spin state-coupling
dynamics. We will briefly discuss here some of the current
material challenges in maximising both yield and/or function-
ality of TTA or SF in PV applications. We will later reference
these challenges in the relevant sections, and how current
progress has helped or failed to address them.

Energetic matching to PVs

When designing TTA and SF systems, particular attention must
be paid to the absorption energy vs. PV absorption edges. We
refer to Fig. 1, which highlights the issue. To achieve mean-
ingful solar cell efficiency improvements, it is important that
the photon converting system operates far enough below or
above the absorption edge. For example, A TTA-UC system that
operates with sensitiser absorption at 1.12 eV could improve
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ABX; but not c-Si solar cells due to energetic matching. We will
therefore discuss some strategies that are being developed to
address energetic requirements and their advantages and
drawbacks.

Energy and charge injection

To use the created excited states from TTA or SF, PVs need to
extract them in one way or another. It is therefore important to
consider the organic-inorganic interface between the photon
converting material and PV material. Charge injection kinetics
have been studied for both SF and TTA materials on metal oxide
surfaces with various degrees of success. Excitonic energy transfer
across the organic-inorganic interface is another aspect that
either enables the use of nanocrystals as spin-mixers in TTA
and SF systems or allows for direct use of the excitons in a PV.
This review will cover strategies that are being used to overcome
hurdles unique to the organic-inorganic interfaces in TTA and SF.

Material stability

Relevant to both SF and TTA4, is the photostability of acenes,
which are commonly used in both processes.'**'*” These
compounds degrade under photoirradiation, most commonly
by reacting with singlet oxygen.'*®'3° Oftentimes, acenes are
used in SF due to their favourable energetics and planar
stacking, making the fabrication of crystalline solids facile.
Whilst some groups have modified the acene core to make
more photostable derivatives, it is observed that the morphol-
ogy changes influence the SF efficiency to a significant
extent."**'*! Whilst some strategies such as polymer encapsu-
lation and oxygen scavenging have been used with varied levels
of success in TTA-UC,"***** these are not always relevant to the
solid-state. We will therefore discuss some of the methods
being used to negate oxygen quenching in solid-state SF and
TTA-UC. We also consider the viability of these strategies in
light of morphological requirements.

Triplet diffusion

One of the largest difficulties in solid-state photon conversion is
the transport of triplets: either to an interface for charge/energy

This journal is © The Royal Society of Chemistry 2022
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injection in the case of SF; or for TTA, from two sensitisers to the
point of annihilation. Molecular diffusion drives the latter process
in solution, however in the solid-state this must be achieved by
exciton diffusion. It is well known that the orientation, crystal-
linity and packing of molecules play a large role in the triplet
exciton diffusivity of solid materials for SF and OLEDs.”>'¢71>°
This means that there are two interlinked hurdles common to
TTA and SF related to triplet diffusion. One is the reversibility of
both processes leading to inherent losses if the energies of excited
states are not properly tuned to favour one direction."*> The other
is that molecular structure is highly important to the stacking and
packing morphology."**™™" We will highlight in this review
strategies that are being used to overcome morphological hurdles,
and equally those that are used to aid exciton diffusion.

Triplet—triplet annihilation based
photon upconversion (TTA-UC)

The TTA-UC field started fairly modestly with an initial descrip-
tion of the process given by Parker and Hatchard in the
early 1960s.">> The field faced a renewal of interest in the
2000s,*¢133713% porphyrin and coordination complexes extend
the observed anti-Stokes shift and have led to huge TTA-UC
efficiency enhancement over early examples. The field has
seemingly progressed to a point that the focus is no longer
on understanding of the process, but on the efficiency optimi-
sation and application of TTA-UC systems to functional materials.
It can be argued that it has been a pre-mature turn of focus,
as there are still many fundamental aspects of TTA that are not
well understood (e.g. spin selection). In the following sections
we will first describe the component photophysical processes
governing TTA and the efficiency thereof. We will further detail
the figures of merit generally applied in the TTA field, and discuss
these in the context of PVs and their efficiency.

Forming annihilator triplets in TTA-UC

We have so far considered the nature of the TTA event, focuss-
ing on the interaction of the triplet states. Now we will describe
the typical processes used to generate these triplet states. In
sensitised TTA, the type focussed on in this work, the overall
event is a bimolecular process requiring a sensitiser and
annihilator to function. The presence of a sensitiser with a
high intersystem crossing yield is necessary, due to the extre-
mely low oscillator strength of direct singlet to triplet transi-
tions for annihilators.’>® The overall photophysical process is
described schematically in Fig. 5 together with example spectra
and a typical visual observation.”** The idealised TTA-UC
process forms one high energy photon from two low energy
photons, and the process can be broken down into stages based
on independent processes having their own requirements.
Stage 1. The first stage relies on exciting a population of
sensitiser molecules to the triplet state. Most commonly, this
occurs via excitation to the singlet excited state, before inter-
system crossing occurs to reach the sensitiser triplet excited
state. These steps can be considered together as a single stage.

This journal is © The Royal Society of Chemistry 2022
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Fig. 5 (a) Energy level diagram for the TTA-UC process. The triplet energy
transfer (TET) occurs from the triplet excited state of the sensitiser to the
triplet excited state of the annihilator. Two annihilators in their triplet excited
states then meet, allowing triplet—triplet annihilation (TTA) to occur, and the
subsequent emission from the singlet excited state to be seen. Colours are
used to denote the species involved in each process. (b) Representative
absorption (black unfilled) and emission (filled blue for annihilator component
and filled black for sensitiser component) spectra collected from a solution
containing 3 uM of sensitiser (black) and 1 mM of annihilator (blue) excited at
627 nm. (c) Optical camera image taken of the aforementioned solution
under excitation from a 617 nm LED source. Data is adapted from ref. 134.

Some ideal characteristics of the sensitiser would be high molar
extinction coefficients at low energies but transparent at
wavelength of the upconverted emission, a small singlet-triplet
energy splitting, efficient inter-system crossing (ISC), and
long excited triplet state lifetime. Commonly, metallopor-
phyrins,">"*° coordination complexes,"*>'®" or nanocrystals'**>'%
are used as sensitiser species. Although, methods for sensitisation
exist that differ from that described in Fig. 5. Notably, charge
transfer state formation at an interface following singlet
diffusion,'®* and triplet excited state formation in molecular
dyads."®>"%” We will cover specific examples where appropriate.

Stage 2. The next stage is triplet energy transfer (TET) from a
sensitiser to an annihilator. At this stage there are two ideal
characteristics, close proximity of the sensitiser and annihilator
and an isoenergetic or a small downhill energy in the sensitiser
to annihilator triplet energy transfer. In solution close proxi-
mity is achieved by high diffusivity of the annihilator. In solid-
state it requires optimization of the film morphology.
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Stage 3. The final stage is the annihilation event (TTA),
where two triplet excited states will recombine resulting in
one relaxing back to its ground state and the other being
promoted to the singlet excited state, from where photon
emission will occur. In solution, the encounter event is realised
by molecular diffusion, and in the solid-state the excitons need
to diffuse. Annihilators ideally should have long lived triplet
states, large TTA rate constants, and high fluorescence quan-
tum yields.

The TTA-UC quantum yield

The upconversion efficiency (@,.) in TTA-UC systems is based
on the TUPAC definition of the quantum yield (®; eqn (5))."*®
In the case where emission is desired, each count of an emitted
photon is used to define an event. The maximal @, is therefore
50%, because two absorbed photons generate one emitted
photon.

- #tevents
~ #photons absorbed

()

Difficulties arise when making comparisons of @, within the
TTA-UC literature. Normalisation based on the photon stoi-
chiometry has been routinely used to inflate upconversion
yields.”®> To avoid any confusion,®®'®® we will note quantum
yields in accordance with the IUPAC definition (i.e. not normal-
ised) and will modify values found in the literature to remain
consistent, despite their original presentation.

The upconversion efficiency is a function of the individual
efficiencies of each step in the process. Eqn (6) defines the yield
of the annihilator singlet states theoretically produced (@ ,ax)-
This relies on the efficiency of intersystem crossing (®sc), the
sensitiser to annihilator triplet energy transfer efficiency (®rgr),
and efficiency of the triplet-triplet annihilation process (®rra).
In eqn (6) the value of ®rr, incorporates the spin statistical
factor, and by definition then has a maximum quantum
efficiency of 50%.

Dmax = PriscPrerPrra (6)

Eqn (7) introduces the concept of back energy transfer, between
the annihilator and sensitiser species in either the singlet or
the triplet states. This loss channel is accounted for with a
second term (1 — @ggy). It further accounts for the non-
radiative losses of the annihilator species, by introducing its
inherent fluorescence quantum yield (). This gives the yield
of generated emitted photons (@gjng).

¢sing = qjsmax@f(l - ¢BET) (7)

Finally, eqn (8) defines the observed value of @, by further
accounting for procedural losses with an outcoupling term
(Pexp)- Losses such as inner filter effects and scattering etc.
are accounted for here.

Dyc = (psing(pexp (8)

For a detailed description of good practices when taking
quantum yield measurements, we direct the reader to the
articles of Brouwer and Rurack et al.'”>""*
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The threshold intensity

In the context of PV devices, upconversion is driven by sunlight.
It is therefore important that the maximum quantum yield of
the upconversion process is reached at equal to or sub-solar
photon flux (Fig. 1). The excitation density at which the
resultant upconversion intensity is described by equal contri-
bution of first and second order processes is called the thresh-
old intensity (Ii).

To mathematically define this term, we separate first order
and a second order processes. The first-order decay is a
combination of phosphorescence, non-radiative decay and
quasi first-order quenching processes related to oxygen (this
effect should be eliminated in ideal systems). The second-order
decay solely originates from triplet-triplet annihilation. We can
express the time-based decay of annihilator triplet concen-
tration, [?A*], as a function of the rates of first (kr) and second

order (krra) decay. Eqn (9) details the overall equation.”'”*
d 3A*
[dl } — _kT [3A*} _ kTTAPA*}z (9)

From eqn (9) it is evident that at low [*A*] values the dominant
process will be pushed towards the intrinsic quenching. Only
when a sufficient [*A*] is reached will the TTA-UC process be
dominant.'”® This then means that at low excitation powers, a
quadratic relationship with upconverted emission intensity is
observed. Therefore, ®,. will increase with increasing excita-
tion power. At higher excitation powers the relationship of
emission intensity with excitation density becomes linear, thus
®,. remains constant. Often researchers perform an excitation
power dependent study of the upconverted emission intensity.
From a log-log plot of the excitation and emission intensities,
regions of quadratic and linear regimes can be identified
(Fig. 6). The crossing point, defined as I, is the excitation
density where the first and second order processes have equal
rate. Eqn (10) describes the influence of the integrated sensi-
tiser absorption and first and second order rate constants on
I. As a caveat, it should be mentioned that it is not always
possible to identify quadratic and linear sections in a log-log
plot. Effectively, in these situations I, cannot be identified.
This is often the case if TET is inefficient, or non-radiative
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Fig. 6 (left) Typical plot of @, as a function of excitation intensity. (right)

log-log plot of UC emission intensity against excitation intensity. Areas
where the weak and strong annihilation limits are valid are shaded in red
and blue respectively. The threshold intensity is identified, /v, where the
lines with slope 1 (blue) and slope 2 (red) cross. Reproduced with permis-
sion from ref. 68. Copyright 2018 Elsevier B.V.
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decay and/or oxygen quenching are high in the TTA-UC
system.'®?

k1?

) AN P L —
th ZkTTAOC[S]

(10)
For a detailed discussion on best practice in determining key
photophysical parameters in triplet-triplet annihilation
photon upconversion, including I, we direct the reader to
Edhborg et al.'”*

Red/near infrared to visible TTA-UC
systems

It is the energy of the sensitiser that governs which type of PV
device that the UC system can be linked to. In general, TTA-UC
systems have suffered from a poor match between the sensitiser
absorption and the PV E,. We will, therefore, here discuss TTA-
UC, with a focus on the sensitiser species. The absorption
wavelengths are considered in the context of differing PV
materials and a summary of all the molecular sensitisers
covered in this section is given in Fig. 7, in which we detail
their structure and properties.

Coordination complexes in NIR to visible TTA-UC

Coordination complexes are a useful class of chemical com-
pounds, allowing low energy transitions due to metal to ligand
(or ligand to metal) transitions."”>'”® Even if the metals are not
directly involved in the transition, a more efficient ISC can still
be observed.'”” The earliest examples of near infrared to visible
TTA-UC utilise metalloporphyrin complexes,'” having a high
triplet yield."”®'®" Indeed many groups continue using por-
phyrin complexes as sensitisers (1, 2),"**"**° although due to
the breadth of literature concerning porphyrins we will not
specifically cover them in this section. Instead, we will address
here recent works related to other classes of organometallic and
coordination complexes.

Platinum-group elements has been seen ubiquitously in
TTA-UC. However, the scarcity of such metals prompted inves-
tigation into alternative photosensitisers based on earth abun-
dant metal centres. Wenger et al. presented an example of a
Mo(0) complex that shows potential as a sensitiser for upcon-
version with excitation in the visible red region (3)."®” The
synthesised Mo(0) complex offers an earth abundant core that
possesses high photostability under 500 mW irradiation at
532 nm. Red to blue upconversion using the Mo(0) complex
in tandem with 9,10-diphenylanthracene (DPA), was achieved
using 635 nm (1.95 eV) excitation light. Castellano et al. later
used a similar strategy to avoid precious metals, using the
ligand-to-metal charge transfer of a Zr(iv) complex (4) to sensi-
tise DPA.'®® Importantly, the Iy, value (0.115 mW cm ?) lies
below that of the integrated solar flux through the Zr(w)
photosensitiser’s absorption band (26.7 mW c¢cm™2). Both com-
plexes unfortunately suffer from high singlet energies (1.94 eV
and 2.13 eV respectively) rendering these complexes less than
ideal for PV applications. Referring to Fig. 1C, to be a relevant
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sensitiser for upconversion assisted energy conversion in the
majority of PV cell types, the singlet excited state energy would
ideally be somewhere around 1.3-1.7 eV or below. Significant
synthetic modifications of their ligands would be necessary to
tune the energy levels of these complexes to be favourable in PV
applications, however this might be achieved in a similar
manner to other coordination complexes.'®***°

To circumvent the energy loss when sensitisers relax from
the initially excited singlet state to the triplet state, direct
singlet to triplet excitation can be performed. Such transitions
facilitate a gain in the observed anti-Stokes shift of the TTA-UC
system. The first example of this phenomena used in TTA-UC
was demonstrated by Kimizuka et al. wherein an Os(u) complex
(5) was used as a triplet sensitiser for rubrene."®" NIR to visible
upconversion was observed with an excitation at 938 nm and
upconverted emission around 570 nm. Complex 5 has a sui-
table triplet excitation energy to capture solar light at lower
energies than the majority of PV types (Fig. 7). However, the
system shows an extremely poor @yc of 0.0007% in deaerated
dichloromethane. Many further derivatisations have been
carried out in order to improve efficiency, or increase the
anti-Stokes shift (6, 7, 8)."°>7'°* The leading Os(i) complex (7)
was reported together with anthracene based annihilators, with
@y of 5.5% and an anti-Stokes shift of 1.28 eV. One caveat of
direct S, to T; transitions are their small ¢ values and fast
relaxation. It therefore seems unlikely that this type of material
will achieve high enough molar absorptivities to get an I, in
the solar spectral range. Also, since the absorptivity is funda-
mentally linked to the rate of emission, mitigation strategies
would need to be developed.

Nanocrystal and nanoparticle assisted TTA-UC

Addressing both energetic matching with PV bandgaps and
triplet exciton diffusion, lead and cadmium-based nanocrystals
(NCs) have been shown to be effective in sensitised upconver-
sion from low intensity and low energy light. Baldo et al
reported NIR to visible upconversion sensitised by colloidal
NC’s with excitation wavelengths above 1 pm (9), sparking an
interest in NC sensitised TTA-UC.'°®> The I, values for this
system were higher than the solar photon flux however, due to
inefficient TET. To address this issue the group of Tang et al.
introduced a mediator ligand."*®*™%® The role of the mediator
was to facilitate TET. This was achieved by covalently attaching
a molecule having the appropriate triplet energy, forming a link
between the PbS-Cd NC (10) and the rubrene annihilator
(Fig. 8). This system allowed for the first example of a TTA-
UC system based on nanocrystals to operate below the solar
photon flux.'?¢*%8

Lian et al later set out to study the factors governing the
overall @y in tetracene mediated UC using NC’s."*® They used
a PbS NC (11) which was coated with one of three mediators,
having different lengths of linker unit. The results showed that
the effect of the overall upconversion quantum yield can be
broken down into its reliance on two processes, the first and
second TET (NC to mediator as TET1, then mediator to anni-
hilator as TET2) such that ®yc o¢ Prer Prers. There were two
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Fig. 7 Structures of the molecular sensitisers discussed in this work, also shown are the excitonic peaks of nanocrystal sensitisers used in TTA-UC
discussed in this work. The types of PV material to which the sensitisers could be applied to in order to monochromise sufficient amounts of the solar
spectrum to increase device efficiency are roughly split up into coloured areas, white areas inside the central bar indicates energies that are not relevant
to any type of current PV material. The S; and T; energies given are estimates from absorption and emission spectral maxima where no other data is
presented in the original works. Lifetimes are the phosphorescence lifetimes of the molecules shown.

key findings in this work. Firstly, the energy transfer rate from increases with increasing spacer length. Taken as an overall
NC to tetracene decreases rapidly with increasing spacer length. effect, the longer spacer lengths were found to have a detri-
Secondly, the energy transfer rate from tetracene to annihilator ~mental impact on the ®yc due to the hugely reduced Gt
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PbS-CdS NC

Fig. 8 Working principle of the energy transfer process in acene capped
nanocrystals. Here, an excitonic state of a PbS—CdS nanocrystal is excited
with long wavelength light (black solid arrow) transfers energy to the triplet
state Ty; of a bound tetracene-5-carboxylic acid (TET1, black dashed
arrow), which in turn will transfer energy to the triplet state T, of rubrene
(TET2, pink dashed arrow). Finally, the triplet states of two diffusing rubrene
molecules will recombine (TTA-UC, blue dashed arrows) to produce an
upconverted photon (blue solid line).

These results demonstrate the importance of rational mediator
design to drive the desired energy transfer process.

The toxicity of nanocrystals fabricated from Cd and Pb has
been highlighted as a potential risk. Just as for PV materials
containing these elements, there is a drive to demonstrate NC
sensitised upconversion with more benign elements,'¢%2°°~22
Wu et al. recently proposed InP-based nanocrystals as sensiti-
sers for solution based TTA-UC using anthracene as a mediator
and DPA as an annihilator.”®® InP NCs are well known to
possess trap states,”®® limiting their use as sensitisers.
However, in this work creating a 0.6 nm shell of ZnSe/ZnS
(12) was sufficient to eliminate the trap states.>®® The highly
emissive zinc coated NCs were subsequently coated with
9-anthracene carboxylic acid, and displayed an anti-Stokes shift
of 0.98 eV, and a @y of 5%. The non-toxic NCs in this work
provide a route for elimination of toxicity in TTA-UC.>*?

Whilst all NC examples discussed above are zero dimen-
sional structures, Nienhaus et al. have presented the first
example of a 1-dimensional nanorod sensitiser for TTA-UC,
i.e. where quantum-confinement is present in two dimensions."*
The study aimed to increase not only the breadth of quantum-
confined materials used in TTA-UC but also improve the anti-
Stokes shifts shown by nanocrystals. The work used the mediator/
annihilator couple of 9-anthracene carboxylic acid (ACA)/DPA
sensitised by cadmium telluride nanorods (13). The authors
demonstrate TTA-UC using a material with well-defined facets
and unique anisotropic shape that allows self-assembly into
macrostructures. As discussed above, control over macroscopic
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structure is a key determinant in triplet energy transfer, crucial in
TTA-UC and SF.

To be relevant to c-Si solar cells the absorption energy of the
sensitiser must lie below 1.12 eV (Fig. 1). In 2020 a PbS
nanocrystal (15) based TTA-UC system that operates below
the bandgap of c¢-Si was proposed by Schmidt et al.,”® PbS
NC’s were used as sensitisers, violanthrone derivative (V79) as
annihilator and singlet oxygen as mediator. Oxygen’s use as a
triplet mediator for V79 was previously documented,**® and
relied on the triplet state of the annihilator lying lower in
energy than the singlet state of oxygen (0.98 eV). This is the
case for V79 where the triplet level was estimated around
0.94 eV. PbS NC’s were excited at 1140 nm, and upconversion
was observed. Although this occurs at low efficiency due
to inefficient TET to oxygen.’*® Rao et al. also presented an
example of an upconversion system that could operate below
the 1.12 eV bandgap of crystalline silicon.”®” The system
combined the mediator and annihilator functions into one
molecule, 5,11-bis(triethylsilylethynyl)anthradithiophene (TES-
ADT). This was achieved by forming a reversible bond to the NP
on the timescale of the triplet excited state.>°”*°® The material
has a triplet level of 1.08 eV and when coupled to a nanocrystal
(14), displayed upconverted emission after excited at 1125 nm.
Whilst the @y is small (~0.047%), the work avoided the triplet
mediator energy limitation of tetracene and allowed an anti-
Stokes shift of 0.86 eV.””” The same TES-ADT system was
recently used in a binary solid-state system, using higher energy
PbS NCs.?” The &y determined to 0.2% with 975 nm excita-
tion. One limiting factor is likely the propensity of TES-ADT
chromophores to undergo SF in the solid-state.'?*?'%?!* Both
Rao and Schmidt argued that these systems are a step towards
relevance of TTA-UC in c-Si solar cells. While this is true, we
refer to Fig. 1 to critically assess the importance of upconver-
sion on c-Si solar cells. In c-Si the potential efficiency gain from
upconversion is around 5%. This may therefore not be an ideal
pairing of UC system to a PV type, we ask would it not be better
to use the UC system with a GaAs solar cell for instance?
We therefore regard these works as a significant intellectual
achievement, stretching the sensitiser absorption edge as well
as the annihilator triplet energy towards lower energies. In
principle achieving quite optimal annihilator triplet energies
for pairing with a high bandgap solar cell.

This section has broadly discussed sensitisers for TTA-UC,
which remains an active field of research. We have described
above the strategies being developed to address key loss factors.
Some of these include singlet-triplet direct energy transfer,
and mediated energy transfer from metal nanostructures to
TTA annihilators. Both of which simultaneously address low
energy absorption and can show efficient TET, and today the
structure to function relationship is understood."*>*'* Further-
more, works have addressed wide ranging limitations, from
toxicity to earth abundance of the metal centre. For upconver-
sion to be relevant to a majority of PVs, the annihilator
emission should be at around 1.7-2.0 eV (the annihilator
emission should be slightly lower than the PV bandgap).
This translates to a lowest possible annihilator triplet energy
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of 0.85-1 eV (for exothermic TTA). It is an interesting observa-
tion, that when being around these triplet energies, singlet
oxygen becomes irrelevant as a quencher. Thus, removing the
need of encapsulating upconversion systems within PV
applications.

Solid-state TTA-UC

Incompatibilities between safety or stability when utilising
solution TTA-UC can be difficult to overcome. The solvents
used are often flammable, toxic, or volatile. Solid-state TTA-UC
offers an alternative that is easier to apply to rigid photo-
voltaics, and indeed any application where a solid phase is
desirable, such as heterogenous catalysis.>'® Triplet exciton
diffusion has fundamentally limited development of high effi-
ciency solid-state TTA-UC. In principle, molecular diffusion
must be replaced with exciton diffusion when going from
solution to solid-state.>'**'*> Further major loss factors include
back energy transfer and aggregation of sensitisers and/or
annihilators, especially tied to the stacking and packing
morphology.®®?'° In this section we categorise efforts to reduce
losses by material type and detail their outlook in photo-
voltaics.

Soft-matrix based solid-state TTA-UC

In soft systems, such as gels, the inside of micelles, and in
polymers below their glass transition temperature, molecular
diffusion is allowed in an otherwise apparent solid-state
system.”**'” The quasi-solid nature of these materials is an
intermediate between solution based and fully rigid systems,
and therefore they have upconversion efficiencies approaching
those in solution.”*®

Gels are liquid in solid emulsions. These materials have
been used as a matrix for upconversion systems,>'*?*' and
temperature responsive systems have further been developed.***>**
To investigate the existence of a structure-upconversion relation-
ship in gel systems, a low molecular weight gelator was
covalently attached to the annihilator DPA with different attach-
ment positions.”®”® They were combined with sensitiser 16
(Fig. 7). The I, ~ 400-1000 mW cm™ > and ®y¢ were found to
be attachment position dependent. Morphological effects on
upconversion efficiency are however currently unclear in gel
systems.

TTA-UC system’s working in liquid conditions can be com-
partmentalised inside micelles. The micelle provides molecular
diffusion, and oxygen exclusion. They can further be incorpo-
rated into a solid polymer host for a variety of practical
applications.”®® A general structure of a solid polymer host
incorporating upconversion micelles is given in Fig. 9a.
Protein matrices encapsulating micelles formed from SDS were
synthesised by Kumar et al.**” Particularly efficient TTA-UC
with a @y of 10% was observed from 16 and DPA. However,
I, values were in the range of 400-700 mW cm 2. TTA-UC in
biopolymeric materials has been further demonstrated by
Kimizuka et al., using Triton X-100 micelles containing the
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Fig. 9 Graphical representation of the working principle of (a) micelle or
pore encapsulated solid gel for TTA-UC, and (b) rubbery polymer matrices
with Ty below room temperature.

16-DPA sensitiser-annihilator couple.>*® By changing to a bio-
polymer, the Iy, value was lowered to 14 mW c¢m ™2, Furthermore,
samples showed stability over 2 years of storage in ambient
conditions. Another recent example,”*® uses crosslinked hydro-
philic polymers to encapsulate organic hydrophobic solvent con-
taining sensitiser 16 and DPA. Upconversion efficiency (®yc =
23%) and stability of the system is high. Whilst the @ is high, so
is the Iy, value (500 mW cm™>). All systems described above have
used 16 as a sensitiser and from a UC in PV perspective this is
problematic. This is because sensitiser 16 has a singlet energy
higher than the absorption edge of all PVs (Fig. 1). We appreciate
however that high stabilities were observed, that upconversion
efficiencies close to that of dilute solutions were observed and that
the concept could be transferred to more PV relevant materials.

Soft polymers with glass transition temperatures below room
temperature have also been used as a matrix for TTA-UC. The
working principle is graphically demonstrated in Fig. 9b and is
based on a relatively high diffusion of dopants in a polymer above
T,. Initial investigations by Castellano et al,**° sparked many
future studies.**"** In a more recent example, PVA was used as
an oxygen blocking barrier for a thin layer of a soft polymer
containing 1 and perylene. This dual polymeric structure was then
backed with glass to provide rigidity and an Iy, of 70 mW cm™>
and a ®yc of 7% was recorded in oxygenated conditions.**®
Following early work with WO, photocatalysts,”****” a soft poly-
mer matrix containing 1 and perylene was applied to the photo-
catalyst BiVO,. This aided in the capture of photons below the
bandgap of the catalyst, increasing the H, and O, evolution by
around 17% against bare BiVO,.”*®* Non-heavy metal based
upconversion has also been demonstrated in soft polymers, with
thiosquaraine and rubrene doped into a polymer matrix. The
formed film was excited at 685 nm under aerated conditions, and
upconverted emission was observed. The authors however did not
report a Pyc.”*® Soft polymer matrices can be regarded as a
transition from the solution-based gels and micelles to a truly
solid-state system. Efficient systems exist, but questions could be
raised as to the appropriateness of incorporating rubbery materials
within PV technology.

MOF based TTA-UC

Metal-organic-frameworks (MOFs) are porous rigid structures,
which are organised based on coordination bonding of the

This journal is © The Royal Society of Chemistry 2022
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Fig. 10 General structure of a MOF with coordination bonded annihila-
tors and sensitisers in an ordered network.

constituent molecules (Fig. 10). This gives them a much higher
order than gel based systems, and can be considered entirely
solid-state as they do not require any solvent to be present in
the pores.>*® MOFs avoid aggregation of the molecular compo-
nents, and allow for some level of oxygen exclusion. MOFs have
been demonstrated to function as upconverters when dispersed
in solution.>**"2** Although they have also been investigated in
entirely solid-state systems. A highly crystalline zirconium MOF
was synthesised containing linkers of both sensitiser and
annihilator in a controlled ratio.>*® The osmium sensitiser is
a carboxylic acid derivative of 7 and the annihilator is based on
anthracene. MOFs synthesised with a sensitiser: annihilator
ratio of 1:94 were encapsulated inside a polymer blend and
I, and @y values were measured at ~10 W cm ™2 and 0.006%
respectively. The low upconversion quantum yield was rea-
soned to be due to trap sites from locally disordered structures
within the framework. We would argue that MOFs for upcon-
version applications may benefit when made using a templated
surface reactions in a continuous flow approach. This method
produces frameworks with lower numbers of defects and a high
surface smoothness, which should benefit optical investiga-
tions.247’248

It was recently shown that by tuning the geometry between
chromophores in MOFs the triplet exchange coupling could be
controlled to direct the spin-mixing of singlet and quintet
triplet pair states.>*° If controlled correctly this could result in
improved upconversion yields compared to random oriented
materials.

Matrix free solid-state upconversion

We define matrix free TTA-UC as sensitiser and annihilator mate-
rials being in their solid-state and no molecular diffusion being
present. This may be seen as the most facile processing method for
solid films, and easiest to apply to PVs. However, neat conditions
can give a multitude of problems such as aggregation-induced
energy loss, FRET back to the sensitiser, non-radiative triplet decay,
and annihilator quenching such as excimer formation.”"*>*2°>
In this section we describe recent literature that attempts to
understand and find fabrication methods to avoid these losses.
Within bulk solid-state upconversion materials, Kazlauskas
et al. investigated a method to reduce detrimental aggregation
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of the annihilator.”>® Two analogues, rubrene and t-butyl-

substituted rubrene, were doped into polystyrene (Fig. 11a).
It was shown that ¢-butyl-substitution greatly increased @y, as
the substituted rubrene exhibited reduced SF. To raise upcon-
version yields, tetraphenyldibenzoperiflanthene (DBP) was
used at 0.5% weight in the polystyrene film. A study by
Nienhaus et al. further highlighted the importance of annihi-
lator aggregation in rubrene containing systems.>** In spin
coated disordered films, SF is negligible and DBP doping at
any concentration did not lead to increased upconversion
yields (Fig. 11b). Later work by Clark et al. suggested that the
initial singlet fission event from S; to '(TT) actually happens
with equal efficiency regardless of the presence of DBP. How-
ever, the DBP inhibits further triplet dissociation and leads to
the higher yields.>>> The described studies indicate the impor-
tance of material design in matrix free systems, with annihi-
lator aggregation and structural order observed to be highly
influential on solid-state upconversion efficiency.

Grozema et al. described a trilayer TTA-UC system for
increasing photocurrent generation. The layers consist of a
crystalline zinc phthalocyanine sensitiser layer, and a crystal-
line perylenetetracarboxylic acid diimide annihilator layer. The
layers were made on a polycrystalline TiO, support (Fig. 11c).>*®
Excitation of the sensitiser at 700 nm resulted in a photocon-
ductance signal. The maximum photon to electron injection
quantum yield was 0.92%. Baldo et al. later investigated
whether sensitiser-annihilator bilayer or blended structures
are the most efficient.”>” Several materials based upon 16 and
an anthracene based annihilator were made. Spatial separation
of sensitiser and annihilator was tested, to observe the effects
of reducing back energy transfer (Fig. 11d). The &y for the
blocker-doped device (2.5%) was around an order of magnitude
higher than for the worst performing bilayer device. Similarly
positive results were observed in the value of I, where the
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Fig. 12 Energy diagram for the mechanisms of TTA-UC at an organic
semiconductor interface, green represents processes happening in the
sensitiser layer, black represents processes happening at the interface and
blue represents processes happening in the annihilator layer.

spatially separated blocker-doped, and bilayer devices display
values of 238 and 1404 mW cm 2, respectively. This study
shows that overcoming back energy transfer to the sensitiser
and aggregation, by means of selective doping, provide a path-
way to achieving higher performance solid-state TTA upconver-
sion devices. More recently the group of Hiramoto et al. have
used the concept of charge recombination at a semiconductor
interface to facilitate TTA-UC.>*®**° The group used non-
fullerene acceptors as bilayers with rubrene, which was used as
the annihilator. This energy transfer mechanism does not rely on
ISC and therefore differs significantly from the traditional mecha-
nism in Fig. 5. Fig. 12 graphically displays triplet formation at a
semiconductor interface in the context of TTA-UC. The first step
relies on diffusion of singlet excitons to the sensitiser/annihilator
interface, where the energy is relaxed to charge transfer states of
singlet character. Triplet annihilators are then created through
dynamics between free charges and charge transfer states. Finally,
two annihilator triplets form a singlet through TTA, leading to UC
emission from the emitter layer.

The work of Hiramoto et al. was the first to utilise singlet
diffusion followed by charge recombination at an interface to
produce efficient TTA-UC. As it was a novel route to realise TTA
in the solid-state it is worth significant discussion. Firstly, the
influence of the sensitiser ISC on the UC yield is eliminated as
CT states are efficiently formed at the interface. Secondly,
diffusion in the sensitiser layer is realised by singlet excitons,
with triplets formed only near the interface. This prevents non-
radiative triplet recombination, which is a major loss process
in conventional sensitiser-annihilator bilayer upconverters.
Another advantage of this system is that it can be modified to
work under both electrical and light stimulus. We would argue
that research in this direction should take inspiration from
lessons drawn in the field of organic photovoltaics.?®*>¢!
Specifically, it is difficult to make a planar layer absorb all
incoming light and at the same time have an efficient exciton
diffusion to the interface. Therefore, the use of these materials
in bulk heterojunctions should be considered.

Nanophotonic resonators are a lesser explored approach
to increase ®@yc and reduce I, in solid-state TTA-UC. In an
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by Bérjesson et al. to enable turn-on TTA-UC. Images are adapted from (a)
ref. 262, and (b) ref. 265, with permission from the American Chemical
Society.

attempt to reduce I, for NIR to visible upconversion, Baldo
et al. constructed a Fabry-Pérot microcavity (Fig. 13a).*> PbS
nanocrystals with an excitonic peak tuned to 980 nm were used
as the sensitiser and rubrene was used as the annihilator doped
with DBP at 1%. For previous solid-state systems using PbS
nanocrystals, @yc was unmeasurable due to the low absorbance
of PbS monolayers.'®>*** Using a Fabry-Pérot cavity, a 74 fold
increase of excitons in the PbS monolayer was achieved. The
emission intensity of the microcavity is increased by a factor of
227, with a ®y¢ of 0.06%.2° This small value of @y can be
ascribed to inefficient TET in the solid-state, high back energy
transfer from rubrene to the NCs, and singlet and triplet
trap states in the material. The I, value for the microcavity is
13 mW cm 2 The low Iy and far increased ®yc clearly
demonstrate the advantages of applying Fabry-Pérot cavities
to solid-state TTA-UC. When the coupling between the electro-
magnetic field in the Fabry-Pérot cavity and the molecular
transition dipole moment gets sufficiently large, the system
enters the strong coupling regime.>** Bérjesson et al. used
Fabry-Pérot cavities strongly coupled to DPP(PhCl), to
“turn-on” TTA-UC (Fig. 13b).>®> Whilst DPP(PhCI), shows poor
TTA-UC in solution, owing to Es — 2Er > 0, the triplet pair
from two triplet excitons could directly convert into exciton-
polaritons by TTA inside the microcavity. This is due to a
lowered polariton energy compared to the Eg facilitating the
rate of TTA. The most efficient cavities show a small anti-Stokes
shift of <0.1 eV (613 nm to 590 nm), therefore this system is
currently lacking applicability to PVs. The work however
demonstrates the ability to utilise optical cavities rather than
chemical modifications to influence TTA-UC parameters. One
particular challenge this may address could be the combination
of UC and strong-coupling in solar NIR driven catalysis.”®®">%8

This section has covered solid-state systems, from encapsu-
lation of liquids to neat solid films. Encapsulated systems

This journal is © The Royal Society of Chemistry 2022
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provide high upconversion efficiencies and have already found
applications.>*® However, they contain solvent, limiting applic-
ability in PV technology. Neat solid-state film upconversion has
higher applicability in PV technology, but has so far not
reached high enough upconversion efficiencies. Particularly,
limiting factors in solid-state upconversion include aggregation
induced processes and low triplet diffusion. We encourage
continued structure optimisation of annihilator molecules with
regards to packing and energy transfer. This has been some-
what less explored than sensitiser modification. Equally, new
methods of exciton diffusion must be sought, and we parti-
cularly envisage interest in the semiconductor type setup
introduced by Hiramoto et al. Further to this, new classes of
functional materials are being explored, such as MOFs and
strong-coupling materials.

Singlet fission based energy conversion

In 1965 Singh et al. reported SF for the first time when studying
the laser excitation of anthracene crystals.*®® A few years later
Swenberg and Stacy explained the temperature dependent
fluorescence quenching of tetracene by invoking this newly
rationalised photophysical process.?’® About a decade later, in
1979, Dexter proposed that SF in tetracene could be used to
improve the efficiency of solar cells.>”* However, it wasn’t until
the early 2000’s that interest in SF for solar energy harvesting
really started to grow.>*”* Since then, the focus has been on
understanding the SF process in detail, often through the help
of ultrafast optical spectroscopy and magnetic field dependent
measurements.’> ' 6%70:89.2727274  Another related research
focus has been the design of new SF chromophores.***"7*27>
Above we introduced the details of the SF process and its
relation to TTA. Here we will start by discussing the efficiency
of the SF process followed by a brief overview of SF active
materials and their relevance for PV applications. The following
section will then summarise and discuss the many examples
and approaches towards incorporating photon conversion
with PVs.

The singlet fission quantum yield

As with TTA-UC, the reporting of quantum yields is not always
consistent across the literature, with the discrepancy arising
from how the authors choose to define SF.°" As briefly men-
tioned above, it is often unclear if SF refers to the overall
process of forming two free triplets from the initial singlet
state, or if SF is complete when one of the intermediate triplet
pair states is formed (*(TT) or [Ty- - -Ty]). The quantum yield of
free triplet formation can reach a maximum of 200% using the
IUPAC definition of quantum yields (eqn (1)), as two triplets
can be formed for every absorbed photon. However, if the
strongly bound correlated triplet pair state '(TT) is considered
as one state (e.g. similar the optically dark A, state in polyenes),”
then the maximum quantum yield of '(TT) formation should
be reported with a maximum of 100%, which is not always the
case. We therefore agree with the discussion of Zhu and
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co-workers that the most relevant definition of SF is the
formation of [T;- - -T;].**

Measuring the quantum yield of SF can be difficult, first one
has to decide how to define SF, and secondly, one has to be able
to distinguish between the triplet pair states and free triplet
states, as well as measure these states quantitatively. As triplet
states are non-emissive, one typically has to rely on transient
absorption to follow the SF dynamics. The SF quantum yield
can be estimated in a number of ways. It can be determined
from the rate of singlet quenching and triplet formation.>”®
Singlet quenching can be measured using time-resolved
fluorescence measurements. However, this method determines
the yield of the state of which S; decays into, i.e., '(TT) and not
necessarily free triplet yields. Further, depending on how the
singlet quenching is determined this method might overlook
other deactivation pathways and overestimate the yield. Hence
one should ensure that the singlet quenching rate matches the
triplet rise time.

Alternatively, one could use transient absorption spectro-
scopy. If the ground state bleach is not significantly overlapped
the quantum yield can be obtained from the ratio of the ground
state bleach at initial excitation to those at longer delay times.
The ground state bleach at these times correspond to S; and
S, + T, populations, respectively.'’”*”” Unfortunately, many
molecules have singlet and/or triplet spectra that significantly
overlap the ground state bleach, complicating the analysis.
Another popular approach requiring transient absorption
spectroscopy, is to quantify the triplets generated using the
triplet state molar absorptivity.'*”*”7 28

In solution, a lower limit of the SF triplet yield can be
determined from singlet oxygen emission.”®> The SF yield can
also be inferred by measuring the external or internal quantum
efficiency of optoelectronic devices such as photovoltaics or
photodetectors incorporating SF active materials,*>81:283:284
Another more recent method is to measure the photolumines-
cence enhancement of a NC-SF mixture.*®**>* By measuring
the triplet transfer efficiency to the NC, the SF yield can
be determined. This method has been used in both solution
and solid-state, and the yields correspond well with those
determined by other means.**>>8°

Which method is better can depend on the actual system
and rate of SF. Ultrafast SF might be difficult to resolve
accurately using transient absorption spectroscopy setups with
a large pulse width. Furthermore, often free triplet states are
only fully resolvable on the ns-ms time scale, whereas the
initial S; population must be determined after initial excitation
on the fs timescale. Hence separate setups might be required,
complicating the comparison of the population of these states.
It is therefore better to estimate the QY in multiple ways,
e.g. from transient absorption measurements, and if applicable
a device/photon enhancement to ensure these values align
reasonably.

Singlet fission materials

To fulfil the energetic requirements discussed above, a SF
material should have a large S;-T; splitting. There are different
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ways to guarantee a large singlet-triplet splitting in molecular
materials and it has been an ongoing debate on how to best
design SF chromophores to fulfil this requirement,3*7429%29
Below we cover some of the most common materials that have
been studied for SF.

Initially, the only types of chromophores that were studied
for SF were even-carbon alternant hydrocarbons, such as
anthracene, tetracene, pentacene, and polyenes etc. (Fig. 14).>*
In these types of structures the HOMO and LUMO overlap
significantly, resulting in a large exchange integral Keychange and
hence a large S;-T; splitting (A(S;-Ty) & 2Kexchange)" " Penta-
cene and tetracene, and their derivatives, are probably the most
studied SF materials to date.>»*"7427%275

In 2006 Michl and co-workers introduced another class of
molecules that tend to have large S,-T; separations, biradicals
and biradicaloids.”®®> With two singly occupied degenerate
orbitals, biradicals can have triplet ground states, and by
tuning the biradical character of the molecule, the singlet-
triplet gap can be tuned (Fig. 15). Michl and co-workers later
also demonstrated efficient SF in the biradicaloid 1,3-di-
phenylisobenzofuran with 200 + 30% triplet yield (Fig. 14).>””
Nakano and co-workers later refined the biradical approach, by
correlating the multiple biradical characters y, and y, with the
energetic requirements for SF (where y, and y; corresponds to
the occupation number of the lowest unoccupied natural
orbital LUNO and LUNO + 1, respectively).>**°® They con-
cluded that materials with a small y, and a non-zero y, can all
fulfil the energy matching criteria for SF, and that molecules
with a y1/y, < 0.2, are a good starting point for new SF capable
materials.”*® Smith and Michl’s reviews on SF offers an exten-
sive summary of the even-carbon alternant hydrocarbon and
biradicaloid materials that had been investigated up until their
publication in 2010 and 2013.>**”* Since, the quest for more SF
materials has continued. Michl and co-workers investigated a
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series of small molecule biradicaloids, using quantum
chemical calculations.>*”**® In 2017, Lukman et al. reported
SF in the biradicaloid family of zethrene compounds.'*

Another family of materials similar to the acenes that has
large S;-T, separation is rylenes and their diimide derivatives
(Fig. 14). Rylene-diimides have been widely studied for opto-
electronic applications thanks to their highly versatile and
tunable properties.’**% SF has also been observed in rylene-
diimide crystalline films,””'0h 1402783047310 gelf agsembled
nanocrystals and aggregates, as well as in some dimer
structures.®396127:313:314 Tyriplet yields have been observed to
approach 200% in solid films.

Diketopyrrolopyrroles (DPP, Fig. 14) are another class of
molecules that have been investigated extensively for optoelec-
tronic applications, including SF. Since the S; energy of DPPs
can be tuned without significantly altering the T, energy, the
energetics can be tuned to fulfil the requirements for SF and/or
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TTA.>" SF has been observed in some DPP materials including
films, dimers and nanoparticles, with triplet yields exceeding
150%."°*1993167320 Gyldi and co-workers summarised the many
works on SF chromophores in two recent reviews.*'*”>
Besides intermolecular SF, as observed in the materials
discussed above, intramolecular SF has been observed in dimer
VeI'SiOIlS Of the same materials‘76,83,94796,98,99,105,1097111,132,274,
276,279,313,314,321-331 pyimers are an interesting class of SF mate-
rials as the coupling between the monomers can be system-
atically engineered. Hence, dimers are useful when probing
and addressing fundamental questions of SF. Furthermore,
dimers can possibly have an advantage also in devices, where
an optimized chromophore coupling could be designed into
the structure, removing morphology and packing dependent
issues. Although, in many dimers the question remains if
complete SF is actually observed as the '(TT) state does not
separate further, contrasting the definition of SF in eqn (2).°**"
As the triplet excited states are forced to maintain close proximity
in the dimers, it is not surprising that free triplets are seldom
observed. To overcome this issue, Campos and co-workers
developed structures where triplet separation was energetically
downhill.*® Another approach is to extend the dimers to
oligomers or polymers to allow the individual triplets to physi-
cally separate.*”*31332 However, it is not always enough to
extend the dimers to oligomers to obtain free triplets, for
example Sanders et al. reported that in polypentacene the
triplet pair never separated into free triplets.*® Other polymers
that have been reported to undergo SF are poly(thienylene-
vinylene),*** benzodithiophene-thiophene-1,1-dioxide donor-
acceptor polymers,'®®** and isoindigo based donor-acceptor
polymers.>**> Understandably, most work on SF dimers has
been performed in solution, as it allows for a cleaner system
to study and address specific questions related to e.g. inter-
molecular coupling. However, it is highly relevant from a device
perspective to also study dimers in the solid-state. For example,
it is unclear if some of the limits observed in dimer solutions
(i.e. poor dissociation of (TT)) can be overcome in solid-state.
Recently new design strategies to develop new SF materials
have emerged. Tuning of the S; and T; energies in materials
can be achieved by altering the degree of aromatic/antiaromatic
character in the ground and excited states, as explored by
Fallon et al. and El Bakouri et al.?***°"**® Fallon et al. and
Zeng et al. showed that Cibalackrot and other indolonaphthyr-
idines can be suitable SF chromophores (Fig. 14).°>*°" Wang
et al. also used the tuning of aromaticity and developed a fused
dipyrrolonaphthyridinedione chromophore with a triplet
energy around 1.2 eV and triplet yield of 173%.**” Another
approach to tuning the singlet-triplet gap is introducing strain
to the molecular structure.®®® Furthermore, Padula et al
searched through the Cambridge Structural Database and
evaluated over 40000 structures to find around 200 possible
SF chromophores, many not previously considered.**® The
development of SF materials is in its infancy, many more will
undoubtedly be experimentally demonstrated in the future.
As will be evident from the next section, the development
of new SF chromophores has a huge potential impact on
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photovoltaic applications, as today the proof-of-principle
devices have all used the same three types of molecules (or deri-
vatives thereof): pentacene, tetracene and 1,3-diphenyliso-
benzofuran.

Incorporation of TTA and SF with
photovoltaics

In recent years the progress in overcoming the fundamental
limitations of TTA and SF has further allowed progress in
applying the systems to photovoltaics and other devices.
In this section we will discuss the incorporation of photon
conversion materials to functional devices. We will first detail
the work carried out and then finish with a critical overview of
continuing challenges and limitations to commercial uptake.

TTA-UC in solar cells

TTA-UC has cemented its place in many research fields related
to photochemistry.?'®?**7*%” Although, none is as prevalent as
photovoltaics.®”?*#733¢ In the following section, we will discuss
the incorporation of TTA-UC into photovoltaics. Even though
initially most examples of TTA-UC enhanced devices relied on
solution phase systems,?*%3°0351:3577362 e will limit our dis-
cussion to the more recent and practically relevant solid-state
systems.

We have discussed above (see discussion around Fig. 1) the
theoretical improvements that can be made to the efficiencies
of PVs when utilising TTA-UC. In practicality these improve-
ments are harder to realise. Device architecture, dye sensitisa-
tion and the upconversion process all play a role in the
improvements to short circuit current densities (Jsc) seen.>®®
An earlier perspective by Schmidt et al. remarked that to be
relevant to PV use, a significant increase in short circuit current
density when using upconversion must be observed over a
suitable reference material. Le. (AJyc > 0.1 mA cm > under
one sun excitation density).>** In this section we will highlight
recent examples of solar cells assisted by upconversion, and
where possible assess them against the A/, figure of merit.

Much effort has been made in applying upconverting layers
to TiO, dye sensitised solar cells. In 2018 Nagata et al. immo-
bilised both a platinum sensitiser complex (PtTPO), and a DPA
carboxylic acid derivative onto TiO, nanoparticles at an FTO
electrode (Fig. 16a)."”® Immobilisation of the DPA or platinum
complex alone led to no significant current density increases.
On immobilisation of the two dyes concurrently (10: 1, annihi-
lator : sensitiser), a small AJ,. of 3.6 x 10> mA cm > was
observed under 1 sun irradiation. This led to a 0.72% power
conversion efficiency for the upconverting device compared
to 0.60% with annihilator immobilised alone. Immobilised
molecular layers were again used by Hanson et al. in 2019.%°
Supramolecular assemblies were constructed, consisting of a
singlet sensitiser, a triplet sensitiser and an annihilator
(Fig. 16b). The addition of the singlet sensitiser broadened
the absorption envelope of the upconversion layer and allowed
the filling of a so-called transparency window in the triplet
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sensitiser-annihilator bilayer. A record Jsc for a TTA-UC solar
cell was reported (0.315 mA cm ™ ?). According to the definition
above however, the AJ,. should be the increase offered only by
upconversion and not by direct dye sensitisation of the solar
cell. This value was not directly reported. CdSe NCs were later
used by the same group in the fabrication of TiO, solar cells
with upconversion assisted efficiencies.*®® CdSe NCs were
coated with a DPA derivative before being implanted between
the TiO, and Pt electrodes together with an electron mediator
(Fig. 16¢). The cells showed, however, lower /. values (29 pA cm™?)
than their previously reported systems. Unfortunately, there are
several drawbacks regarding the use of CdSe NCs in solar cells.
Below unity energy transfer yields from the NC to the DPA were
observed, along with slow electron regeneration, and competitive
excited state quenching by the redox mediator. These are all
challenges that need addressing.

We will now turn our attention to some recent examples of
perovskite based PVs, which have been explored in upconversion
applications.**” 2% Kimizuka et al. applied a known singlet to
triplet sensitiser (5) as an add-on technology to increase the
number of photons absorbed (Fig. 16d).>”® The sensitiser was
immobilised in a PVA matrix, along with rubrene as an annihi-
lator, and DPB as a singlet sink. The PVA film was applied below
the solar cell material and a 938 nm laser was used as an

5000 | Energy Environ. Sci., 2022, 15, 4982-5016

excitation source. Measuring the current density with and without
the PVA layer achieved a AJ,c ~ 0.1 mA cm ™2, however, this value
was only achieved at an excitation density of 4 W em ™2, around
40 times higher than the entire energy of the solar spectrum.
Chen et al. used perovskite and rubrene:DPB mixed layers, which
were spin coated into the device creating a charge transfer
complex through coulombic interactions.””* The perovskite was
described as the sensitiser, the rubrene as the annihilator and the
DPB as the emitter (Fig. 16e). Increased power conversion effi-
ciency and a high AJ,. were measured. The conclusions of this
work have, however, been subject to some criticism from others
within the field.*”* Earlier work demonstrated the complex nature,
and non-optimised procedure of using perovskite as a sensitiser,
and rubrene as an annihilator in the TTA-UC process.'”3¢77369
The efficiency gains are likely to be valid, but due to improve-
ments made to the continuity and crystallinity of the perovskite
surface. It is unlikely that in the material proposed by Chen et al.,
TTA-UC is the main mechanism of efficiency improvement,
although we note the authors explanation that it is possible for
these mechanisms to operate synergistically.>”

Singlet fission in solar cells

There are numerous ways of incorporating SF materials
with solar cells. A common approach is to incorporate the SF

This journal is © The Royal Society of Chemistry 2022
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materials as part of the active material in the solar cell, for
example as one of the dyes in a dye sensitised solar cell
(DSSC),***** or organic photovoltaic (OPV).”" Perhaps the most
intuitive way to incorporate SF with solar cells is to directly
couple the SF material on top of a solar cell material. Here the
triplet states could either transfer to the SC through triplet
energy transfer or dissociate into free charges at the SC/SF
interface. This approach was first proposed by Dexter over
40 years ago,”’" but it has turned out to be extremely challen-
ging to achieve efficient sensitisation of the SC in this
way.**?”137% A more recent approach that has been proposed,
but not yet implemented in photovoltaics, is to convert the SF
process into a photon multiplication process. Photon multi-
plication requires the dark triplet states generated by SF to be
converted into emissive states, so that two low energy photons
can be emitted for every high energy photon absorbed.”?”* In
the next few paragraphs we will discuss the progress in applying
SF to photovoltaic devices and the future prospect of the various
approaches. We will start with devices where SF materials are part
of the active material (DSSC, Organic PV, Inorganic PVs) and
continue with devices where the SF material instead is coupled to
the solar cell.

DSSC

As the prospect of using SF in solar cells re-emerged as a
possible and practical way to improve the efficiency of solar
cells in the early 2000’s, Michl and co-workers pursued the idea
of applying SF to DSSCs. To effectively achieve the theoretical
efficiency gain of around 45%, a SF dye with Ey of 0.9-1.1 eV
and Eg of 1.8-2.2 eV would have to be combined with a
conventional dye with Es of 0.9-1.1 eV.>”> Michl, Johnson
and co-workers initially used a 1,3-diphenylisobenzofuran deri-
vative that could anchor to the TiO, electrode of an DSSC.?”>
The main challenge with this approach is that electron injec-
tion from the singlet state out-competes SF in these surface
bound chromophores.**?”77 To overcome this issue, a sur-
face passivation strategy has been pursued, where a thin
insulating layer of ZrO, or AlO, is deposited to slow down
electron injection allowing SF to occur (Fig. 17).''*?7>7377
Kunzmann et al. used a pentacene dimer where SF occurred
intra-molecularly, and electron injection up to 130% was
reported.’”® By using a dimer structure the chromophore
coupling can be directly designed compared to surface bound
monomer structures where the non-ideal coupling compared to
solid-state crystals has led to a slowing of the SF process.*””
Another advantage with a dimer approach is that SF would not
be directly influenced by adding in a conventional low bandgap
dye. Banerjee et al. recently demonstrated an alternative
approach to adding a low bandgap dye to a surface anchored
SF dye by metal-ion assisted self-assembly.*”®

To achieve highly efficient SF sensitised DSSC the focus
should lie in finding a suitable SF dye, one that is efficient
in dimer form, has a suitable triplet energy relative to the
conventional TiO, electrodes and is stable enough for long-
term illumination. As new SF materials are developed, these
conditions can hopefully be met, as the DSSC structure, already
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Chemical Society. Copyright 2018.
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relying on dye incorporation, is particularly suitable for SF
sensitisation.

Organic PVs

Another PV type that already uses molecular dyes is organic
photovoltaics (OPVs). It is perhaps not surprising that the first
examples of solar cells with EQEs and IQEs exceeding 100%
were reported in OPVs containing SF dyes.”®**7°%! Careful
molecular engineering is required, to obtain the correct mor-
phology and minimise charge recombination and triplet-charge
annihilation, whilst maintaining an optimal interface and
energetics for electron transfer.>®>%° In all cases to date, even
though SF is operational, the benefit in these OPV is minimal
on overall performance compared to an optimised OPV without
SF.*?°3°! One reason for this poor enhancement is related to
the morphology of the device. For efficient SF to occur, bilayer
OPVs must be used,*??83:379:381,386,388,389,392 which sets strict
limits to device thickness. This is due to the short triplet
diffusion lengths,**® and hence total photon absorption.**°
In traditional OPVs, bulk heterojunctions are more common,
but these structures have proved less efficient for SF
materials.**®**® However, in some instances SF can be compa-
tible in mixed blends if the SF chromophores aggregate appro-
priately, as observed by Jadhav et al for tetracene in a C60
copper-phthalocyanine (CuPc) blend.**

Many of the above-mentioned proof-of-principle SF-OPVs
also have another significant short coming, to obtain any gain
from SF a low energy absorber is also needed in the device. This
has been addressed by Jadhav et al’** and Tritsch et al>*°
where CuPc has been incorporated as a low bandgap chromo-
phore (Fig. 18).

An alternative to adding in a low bandgap chromophore to
the OPV device is to use the SF OPV as a top cell in a voltage
matched parallel connected tandem cell, with a low bandgap
bottom cell (Fig. 19).**>*°® This approach has been successfully
used to demonstrate an overall EQE exceeding 100%. An additional
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Fig. 18 (a) Schematic illustration of a tetracene/CuPc/Cgo OPV where the
CuPc low bandgap donor and Cgg acceptor constitute the traditional OPV
and tetracene functions as an additional singlet fission sensitizer for high
energy photons. (b) energy alignment of the materials in the device in (a).
Reprinted from ref. 394, with permission from American Chemical Society.
Copyright 2011.

benefit of a voltage matched, rather than current matched series
connected tandem cell is their better spectral stability, and smaller
sensitivity to diffuse rather than direct lighting (Fig. 19).>%>%%
Challenges remain in bringing SF OPVs to real life practical
PV applications. One must obtain a suitable morphology for SF,
charge separation and electron/hole migration in one device.
Furthermore, the device must constitute a SF molecule, a low
bandgap chromophore and an acceptor molecule. Collating
everything into a single device is one of the major hurdles in
this field. Conventional OPVs struggle with morphology opti-
misation as is and blending in another dye that also has
stringent requirements on morphology results in a difficult
puzzle to solve. Moreover, moving away from acene based SF
chromophores would be required for photostable SF chromo-
phores that can be used in devices. However, parallel connected
voltage matched tandem cells by the use of SF top cells is an
interesting and highly promising implementation of SF war-
ranting further efforts to achieving efficient SF sensitised OPVs.

Inorganic PVs

SF chromophores have also been combined with inorganic PV
materials. For example, Ehrler et al. combined pentacene with
PbS NCs and PbSe NC/amorphous silicon in functioning
devices.**”**® Even though the IQE did not exceed 100%, they
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concluded that triplet excitons could be dissociated into free
charges at the organic/inorganic interface.”*”**® They later
improved the device performance by using a solution proces-
sable pentacene derivative (TIPS-Pc), together with PbS NCs.
This system was able to achieve a 170% IQE and 4.8% overall
device efficiency.*®’

The potential for SF to sensitise perovskite solar cells has
been investigated recently. Even though no devices were pre-
pared, the demonstration of ultrafast charge injection from the
triplet pair state or SF generated triplet states to perovskite
films is a promising first step.*°**°" In these two studies TIPS-
Pc was used as the SF material, and a MAPDbI; perovskite film
was used as the device relevant electron acceptor.*’®*** These
studies call for evaluating SF systems in full devices. However,
as discussed above (Fig. 1), the most SF relevant devices are
those with low bandgap (<1.4 eV) material. Hence the future
direction of SF sensitised inorganic PVs should build on this
advantage compared to organic PVs, and exploit the many low
bandgap materials available, such as PbS/PbSe NCs and NIR
perovskite materials.

Directly coupled singlet fission solar cell devices

A drawback to the SF active material PVs described above, is
that a completely new device has to be designed, optimised and
fabricated. By adding a SF material to an already optimised
and efficient solar cell, part of the wheel does not have to be
re-invented. Ideally, SF could be combined with a c-Si cell, as
c-Si is the dominating PV technology today and has a suitable
bandgap for SF enhancement (Fig. 1d). However, adding a layer
of SF material to a c-Si cell, as proposed by Dexter almost half a
century ago, has not resulted in any significant gains.**"*”*
In 2018 MacQueen et al. evaporated 100 nm tetracene on top
of a hydrogen passivated n-doped c-Si bottom cell. PEDOT:PSS
was used as a hole transporting layer on top of the tetracene.
This design was chosen to achieve triplet harvesting from
tetracene, either through exciton dissociation or triplet energy
transfer at the tetracene-silicon interface (Fig. 20). The
Si substrate remained well passivated, but the tetracene acted
to shadow the device and slightly lower the overall current.*?
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(a) Conventional series connected tandem which requires current matching to operate efficiently. (b) A singlet fission-based voltage matched

tandem connected in parallel. (c) theoretical maximum efficiency of a Si single junction device, a parallel and series connected tandem as a function of
the ratio between diffuse and direct lighting. Reprinted from ref. 396, with permission from American Chemical Society, Copyright 2020.
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They concluded that the SF material did not improve the device
performance, likely due to a potential mismatch between the
tetracene triplet ionisation energy and the Si conduction band
edge (Fig. 20a). The triplet yield was not measured directly, but
modelling suggested about 8% exciton to photocurrent genera-
tion from tetracene.*’ It has been reported previously that Si
can have a quenching effect of tetracene singlet emission with
negligible triplet injection, and that an insulating interlayer can
alleviate the quenching.’®>*°* Importantly, an insulating layer
on the c-Si surface is often employed in solar cells already to
passivate the Si surface. Moreover, one might envision that a
properly designed interlayer might even participate and facili-
tate energy transfer from a SF material. Einzinger et al. used an
8 A layer of hafnium oxynitride on Si to enable efficient triplet
injection into the semiconductor.’’* The insulating layer
allowed for an overall 133% exciton transfer from tetracene to
Si, with 56% being singlet transfer and 76% triplet transfer.
However, the overall power conversion efficiency was recorded
as 5.1%, significantly lower than conventional c-Si PVs. The
poor efficiency was limited by carrier collection from the front
surface of the cell, as the device structure employed was a
interdigitated back contacted cell, (Fig. 20c).”* Future direc-
tions will require understanding and optimisation of the sur-
face passivation required for efficient solar cell performance,
while maintaining efficient triplet and/or charge injection from
the SF material. Daiber et al. recently introduced an optical
screening method to test triplet quenching at the organic-
silicon interface, to quickly evaluate the effect of different
surface treatments.*** Another significant hurdle for these types
of SF devices is the small absorption afforded by the 30-100 nm
thin SF layer deposited on the solar cell surface.***”* This is
limited by the triplet diffusion length of the SF material to ensure
efficient triplet migration to the interface.**>™*%”
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Fig. 20 (a) Band alignment of tetracene in a c-Si PV device. (b) Schematic

illustration of the device and the processes SF, triplet energy transfer and
charge transfer in the device studied by MacQueen et al. (a) and (b)
Reprinted from ref. 36 with permission from Royal Society of Chemistry.
(c) Device structure of the tetracene sensitized c-Si interdigitated back
contacted solar cell used by Einzinger et al. Reprinted with permission
from ref. 374. Copyright Nature Springer 2019.
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Any developed SF material must be photostable over years,
while also meeting the energetic requirements for SF and
charge/triplet injection to the solar cell. If these challenges
can be overcome there are a significant gains to expect for
silicon PVs.’” Depending on if the triplet transfer occurs
through charge transfer or Dexter transfer, Daiber et al. esti-
mated that the efficiency limit of a SF-silicon solar cell could
reach 34.6% and 32.9%, respectively.*** An additional advan-
tage of using SF, or any other type of multi exciton generation
process, with c-Si PVs is that the operating temperature of the
device is decreased as thermalisation is minimised.*°® The
decreased operating temperature in turn leads to a longer
device lifetime.**®

Singlet fission based photon multiplication

Ideally, a SF material could be added to an optimised solar
cell as is, without the need to modify the underlying device.
However, this ambition has turned out to be challenging, as
discussed above. By converting the SF process into a photon
multiplication process (PM), i.e. a high energy photon is split
into two low energy photons, a solar cell could be optimised for
what it does best, absorbing photons to generate current, and
the SF material could be optically coupled to the device
(Fig. 21a). This approach would overcome the requirements
of direct and close contact between the solar cell and SF
material, as charge or electron transfer would be exchanged
for photon emission and re-absorption.””**%® A photon multi-
plier could enhance c-Si cells above 30% efficiency under real-
world conditions (Fig. 21d-f).

The question is then, how to convert the SF process into a
photon multiplication process? There are in principle two
strategies: the SF process could be engineered to generate two
singlet excited states instead of triplet states.”’>*'" Alterna-
tively, the two generated triplets could be transferred to an
emissive material not sensitive to the spin of the exciton, such
as semiconducting nanocrystals (NCs).?®>*'> The former
approach has not gained much interest and there remains
many uncertainties about how viable this approach is.**° The
latter approach has recently been demonstrated practically in
solution,”®® and in films.**® The overall process (Fig. 21b and c)
occurs as follows: in a solution or film with high density of SF
materials, a high energy photon is first absorbed by the SF
material to initiate SF. The two formed triplet states are
eventually transferred to a NC of appropriate energy, via a
surface anchored triplet mediator ligand. The NC then relaxes
radiatively emitting a low energy photon. With this approach
Allardice et al. demonstrated how the emission of PbS NCs
could be enhanced 1.25 times when exciting the SF material in
solution.?®® With close to quantitative triplet transfer to the NC
the emission enhancement could also be used to calculate the
actual free triplet yield in the SF material according to
eqn (11).286,287,289

B <<1>PM) AbsEX AbsEX) 1)
it Pne Absty, Absty,
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Fig. 21 (a) Schematic of a photon multiplier material coupled to a silicon PV. The SF material first absorbs a high energy photon and undergoes SF to

generate two triplet states. These non-emissive triplet states are transferred via triplet energy transfer (TET) to a NIR emitter, for example a
semiconducting NC (QD). The NIR emitters emits two low energy photons for every high energy photon absorbed. The low energy photons are
subsequently absorbed by the PV device. Adapted from ref. 133 with permission from AIP publishing. (b) and (c) Detailed illustration of the photon
multiplier process with a PbS NC NIR emitter and TIPS-tetracene carboxylic acid mediator ligands. A high energy photon is absorbed by the SF material
TIPS-tetracene. After triplet generation from SF the two triplets migrate and transfer to NCs via a mediator ligand. The NCs then relaxes radiatively
emitting NIR photons. Reprinted from ref. 288, with permission from American Chemical Society. Copyright 2020. (d—f) Estimated PV efficiencies using a
photon multiplier approach or tandem device applied to silicon cells of different base efficiencies for standard test conditions (d), sun light and
temperature conditions in Netherlands (e) and Colorado (f). Reprinted from ref. 409, with permission from the American Chemical Society, Copyright

2018.

where @py is the quantum yield of emission when exciting the
SF material, @xc is the intrinsic quantum yield of emission
of the NC, Absk, is the total absorbance at the excitation
wavelength and is the sum of the absorption of the SF material
(Abs§y) and the NC (Absyg). It was also highlighted that for
efficient triplet transfer, a triplet mediator ligand on the NC
surface is required, hence the overall process is effectively the
reverse of NC sensitised TTA-UC (Fig. 21b and c)."*®

In thin films, as the SF yield is usually higher than in
solution, Allardice et al. later showed a 190% exciton multipli-
cation factor using TIPS-tetracene films with PbS NCs emitters
and TIPS-tetracene carboxylic acid mediator ligands. The overall
photon multiplication was limited by the low emission quantum
yield of the PbS NCs.>®> However, one key demonstration was that
the photon multiplier approach was compatible with thick films of
the SF material TIPS-tetracene. Thick films allowed >95% of the
incoming high energy light to be absorbed by the SF material while
minimal NC absorption across the spectra was maintained.”*®

5004 | Energy Environ. Sci., 2022, 15, 4982-5016

Gray et al. worked out the energetic requirement for efficient
triplet transfer to ligated NCs. They concluded that SF materials
with triplet energies around 1.4 eV would be required for NCs
with emission relevant for c-Si.>®” This triplet energy is slightly
higher than most common SF chromophores, hence warrant-
ing further research to develop new SF materials.

In 2018 Nagata et al. used a SF-PM approach in OLEDs to
improve the light emission efficiency.*'* Instead of NCs as the
low energy emitter they used an erbium(m) complex to harvest
the triplets generated in rubrene, resulting in a 100.8% exciton
generation efficiency.*”® The Er emission at 1530 nm is too
low in energy to be combined with c-Si, but other lanthanide
ions could be considered with more suitable emission wave-
lengths.*"*

The photon multiplication approach is relatively new and
has not been applied to PVs yet. Two key challenges remain:
firstly, finding a combination of materials (SF chromophores
and NCs) that can operate at energies relevant for c-Si.

This journal is © The Royal Society of Chemistry 2022
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Secondly, developing NCs (or other emitters) with emission
quantum yields exceeding 80-90% that can still efficiently
accept triplets. Ultimately, a combination of materials that
can be mixed and processed into a suitable film morphology
that allows high yields of triplet generation, triplet transfer and
NC emission will be required.

Challenges & opportunities in TTA-UC
and SF application to PVs
Radiative transfer of photons to PVs

In most TTA-UC systems, and in SF-PM, the end product is
photons. In many aspects this is a unique advantage of TTA-UC
and SF-PM compared to other approaches to improve solar cells
such as multi junction cells, which are hampered by the need to
current match the individual PV materials. It reduces the
complexity and, at least theoretically, decouples the device
and photon conversion material, allowing for the separate
optimisation of each part. It also might allow for incorporating
these materials with already existing devices in the future,
greatly enhancing the potential impact. However, for the gene-
rated photons to benefit a solar cell they have to be transferred
to the device. There are numerous ways one can imagine this to
be done with varying degrees of complexity and associated cost.

First, the simplest and probably the most desirable approach is
to add the TTA-UC or SF-PM layer underneath or on top of the PV
device, respectively. With a realistic refractive index of the photon
conversion material of 1.7 theoretical modelling suggest that only
10% of the emitted light in a SF-PM is lost due to emission leaving
the layer away from the solar cell.*”” Most of the light is in fact
directed to the solar cell directly or through total internal
reflection.”®® Since SF and TTA materials are very similar it is
reasonable to believe that similar high coupling efficiencies can
be reached for a TTA-UC layer.

Most TTA-UC PV devices in literature have used the simple
back layer approach,®”®*!'® even when employing liquid TTA-UC
systems,3>0?31:357,359,360,416 R TTA-UC this requires the PV to
have transparent back electrodes (for the relevant low energy
photons). This might require a change in device structure for
some types of PVs, accompanied with a decreased efficiency.**”
Hence, any gain from TTA-UC must outperform any losses due
to change in device structure. Furthermore, to maximise the
photon flux into the TTA-UC material, the layer is often capped
by a reflecting back surface.*>*331:359379416 A TTA-UC back
layer might compete with the implementation of bifacial PV
modules.** It has been argued that these bifacial modules can
conservatively estimate a 10% efficiency gain, compared to a
monofacial module, any TTA-UC layer must be able to compete
with this gain to be implemented. However, bifacial modules is
a technique mostly relevant for high efficiency Si devices used
in solar farms. As discussed in Fig. 1, Si devices have less to
gain from TTA-UC and hence a competitive comparison
between TTA-UC and bifacial modules is not the most relevant.
Instead, considering that bifacial modules are not possible for
building mounted or building integrated PVs, and that these

This journal is © The Royal Society of Chemistry 2022
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types of PVs are proposed to benefit from next generation PV
materials such as the higher bandgap perovskites, OPVs and
DSSC, we believe that TTA-UC can still play an important role in
improving these systems.

Another possibility is to develop luminescent solar concen-
trators (LSC) that incorporate TTA-UC and/or SF-PM and use
these with relevant PV devices. A LSC is a device that absorbs
sunlight in luminescent chromophores dispersed in a polymer
or glass layer.”"” Both direct and diffuse sunlight is concen-
trated at the edges by re-emission from the chromophores
followed by total internal reflection, effectively waveguiding
the light to the edges.*’” Hence the PV device is attached to
the edges of the LSC. In LSCs, light is lost by emission that
escapes the emissive layer. Typically ~25% of the absorbed
photons are lost in this way.*” Furthermore, for LSCs to
effectively concentrate light, there has to be a free energy loss
to compensate for the loss in entropy associated with the light
concentration.”*® This free energy loss is usually achieved by a
Stokes shift between the absorbed and re-emitted photons.
Hence, some energy will be lost as heat with the LSC approach.
However, it was recently shown that for SF-PM LSCs this loss
requirement is relaxed, and at low intensities a SF-PM based
LSC might outperform standard LSCs.*'® How the fundamental
limits of a LSC change for a TTA-UC based LSC has not yet been
discussed, but would be a useful way to evaluate the potential of
this approach. Ha et al. experimentally demonstrated a TTA-UC
LSC coupled to a DSSC.*'° Although, the reported efficiency has
been questioned.*”® Still, much is left to explore for the LSC
approach. For example, in some LSC designs, the light concen-
tration could also be used to ensure that the TTA-UC system
operates above its Iy,.>*°

Regardless of the approach to couple TTA-UC and SF-PM to a
device, the emissive material would require a high QY to
minimise losses. This is particularly important as in a thick
film or LSC, substantial amounts of reabsorption can occur.
The simplicity of the layer approach makes it particularly
attractive for incorporating photon conversion materials with
devices. Proof-of-principle devices for TTA-UC and theoretical
modelling of SF-PM materials indicate that optical coupling
these materials to PVs is feasible, and the bottle neck is now
associated with inefficient systems or materials limitations.

Stability and cost considerations

Both TTA-UC and SF materials research has been heavily reliant
on acene materials. Efforts have been made to develop more
stable SF materials. However, the photo instability of TTA-UC
and SF materials is a common challenge that remains.
Considering that commercial solar cell modules have degra-
dation rates of approximately 0.5% per year,*”" and lifetimes
exceeding 25 years, it would be interesting to consider the
maximum degradation rate of the photon conversion material
that still allows for economic viability. For example, it was
recently estimated for perovskite-silicon tandem solar cell with
an PCE of 28% would still be economically viable if the
perovskite material degraded at a rate of 2% per year.*”*> A
possible advantage with some of the organic photon conversion
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materials is that the degradation product is mostly transparent
to visible light, hence not affecting the intrinsic PV device
performance. This might mean that a higher degree of degra-
dation is acceptable.**®

Besides degradation, materials toxicity and scarcity should
be considered. Recent work by Wickerts et al. highlighted that
photon upconversion materials using NC sensitisers need to
achieve a 0.05-2 percentage points increase of module effi-
ciency per applied gram of NC for it to be preferable over
installing more PVs, from a climate perspective.

Finally, for TTA-UC and SF to become practically relevant
they must provide efficiency gains that overcome any additional
cost of adding the photon conversion material to the PV
module. Richards et al. concluded that it was unlikely that an
NIR upconversion material (TTA-UC or rare earth based) would
be economically viable to improve the commercially dominant
c-Si PV modules.**® Even with the most optimistic estimates,
like sensitiser absorption in the 1400-1650 nm region and 50%
UC yield, the low cost and high efficiency of current c-Si
modules makes it unfeasible.>*® However, as shown in Fig. 1,
¢-Si is not the most optimal PV material to benefit from photon
upconversion. Efforts should instead focus on complementing
next generation solar cells with higher band gaps, like OPVs
and perovskite devices. Moreover, other applications, such as
solar driven photocatalysis, could be more economically
relevant.**

A cost and life cycle analysis of SF coupled PVs would be
highly relevant. Especially as several approaches towards incor-
porating SF materials with PVs are approaching practical
feasibility. A number of theoretical papers indicate that SF
enhanced solar cells have many properties that can compete
with silicon based tandem devices.>***°®% Considering that
tandem devices are on the verge of commercialisation there is
much hope that SF will also be feasible in the near future.

Concluding remarks and future
requirements in solving fundamental
TTA and SF limitations

TTA-UC and SF have been growing in prevalence within the
scientific literature, but have remained largely separated and
discussed without a clear connection. This is unfortunate
owing to the intertwined nature of the photophysical processes
in both techniques. We have discussed herein how SF and TTA-
UC systems have been thoroughly investigated, understood,
and some level of optimisation has occurred. However, we also
note there is a long away to go before TTA-UC and SF can be
practically used in devices. We provide an analysis of the future
challenges and prospects with regards to utilisation of TTA-UC
and SF in photovoltaic technology.

Specifically, we started this review with an introduction to
the major existing challenges in SF and TTA. It was clear that
challenges common to both techniques include, but are not
limited to poor triplet diffusion in solid state, reversibility of
TTA and SF, and poor matching of the energy levels to PV
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materials. It should be noted that both the TTA and SF
processes are very efficient under optimised conditions, such
as in solution. The challenge then is to retain these high
efficiencies when applying them to photovoltaic relevant con-
ditions. In tandem we must improve the transfer of energy
to the PV through improved energy/electron/photon transfer
pathways. No challenge within photon conversion for PV appli-
cations is completely solved. The most direct path forward
might be to look over the shoulder of other research areas.

Increasing relevance of solar energy capture

Solar capture with focus towards defined PV bandgaps (Fig. 1)
must remain a vital research area.®”*** Here, the selection of PV
must be carefully considered. For TTA-UC, the PV materials
with large bandgaps would benefit most. These include GaAs, InP,
GaInP, CdTe, Organic and ABX;. Many of these are expensive
technologies with little commercial viability, although promising
research continues into perovskite, organic and CdTe PVs and
efforts of combining TTA-UC with these devices would therefore
be most relevant. The rapidly moving research field of thermally
activated delayed fluorescence could serve as a source of inspira-
tion when designing new low-loss sensitisers. QD sensitizers is
another promising direction in this regard, where there still
remain fundamental questions to address in terms of mediating
efficient triplet transfer. Conversely, SF may be applied to low
bandgap PV materials, such as c-Si and CIGS, for maximal benefit.
Given the huge number of commercial c-Si systems in place
around the world, it would seem as though these are the natural
target. From a material perspective, the increased understanding
of excited state aromaticity could provide a pathway towards new
molecular motifs for SF.**%%*3

Improving triplet exciton diffusion

Especially in the solid-state this is crucial. The number of
studies targeting triplet diffusion could increase in the field
of TTA-UC. Here, the field of SF is considerably ahead, and
many lessons has been learned that could be implemented in
TTA-UC systems. An alternative approach to self-assembled
systems are framework materials such as MOFs, where there
is a scope of engineering long distance conjugation and thus
diffusion.**’

Material stability and abundancy

Both are important factors for commercial implementation.
The material stability in photon conversion remains under-
reported in the literature, and it would seem beneficial to see a
rise in reporting of this data. Furthermore, scarce transition
metals must be replaced in triplet sensitisers. Here, CT
mediated ISC can play a role, and inspiration can further be
taken from the research of photodynamic therapy, which have
similar requirements on sensitisers.

Ultimately, both SF and TTA-UC have potential to become
practical technologies for PV applications. While the efficiency
enhancements observed in TTA-UC and SF PV devices currently
remain below commercially relevant values, a pathway exists to
increase efficiency gains and improve cost viability. Currently,

This journal is © The Royal Society of Chemistry 2022
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there is a lack of efficient and stable materials and solid-state
morphology tuning is complicated. However, the mechanisms
are understood much better today, and therefore the future is
bright for photon conversion.
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