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All photovoltaic solar cells transmit photons with energies below the absorption threshold (bandgap) of the absorber material,

which are therefore usually lost for the purpose of solar energy conversion. Upconversion (UC) devices can harvest this unused

sub-threshold light behind the solar cell, and create one higher energy photon out of (at least) two transmitted photons. This

higher energy photon is radiated back towards the solar cell, thus expanding the utilization of the solar spectrum. Key require-

ments for UC units are a broad absorption and high UC quantum yield under low-intensity incoherent illumination, as relevant to

solar energy conversion devices, as well as long term photostability. Upconversion by triplet-triplet annihilation (TTA) in organic

chromophores has proven to fulfil the first two basic requirements, and first proof-of-concept applications in photovoltaic con-

version as well as photo(electro)chemical energy storage have been demonstrated. Here we review the basic concept of TTA-UC

and its application in the field of solar energy harvesting, and assess the challenges and prospects for its large-scale application,

including the long term photostablity of TTA upconversion materials.

1 Introduction

Photovoltaic solar energy conversion devices waste a major

part of the incident energy, due to the requirement of a gap in

the continuum of electronic states in the light-harvesting ma-

terial, acting as an absorption threshold. For photon energies

higher than this bandgap, the excess energy is converted into

heat by thermalization of excited charge carriers, while light

with sub-bandgap energies cannot be harvested at all. These

effects dominate the fundamental losses of single-threshold

photovoltaic (PV) devices, and restrain their conversion effi-

ciency to 34% under the AM1.5G spectrum, or about 30%

under a model 6000 K spectrum1–3(Fig. 1).

While power conversion losses in low-bandgap materials

such as germanium or crystalline silicon (c-Si) are dominated

by thermalization, transmission of sub-bandgap light is domi-

nant for bandgaps of greater than 1.3eV, that is, for most thin-

film photovoltaic absorber materials and for all known oxide-

based electrode materials of interest to photoelectrochemical

energy storage.4,5 Even solar cells made from c-Si sacrifice a

considerable part of the solar spectrum by transmission.

Sub-bandgap losses can be remedied by the application of

photonic upconversion, whereby transmitted light is converted

to light of higher energy, which can then be harvested by

the cell and contribute to current generation. Based on de-

tailed balance considerations it has been shown that upconver-

sion can boost the maximum energy conversion efficiency to

about 43% under one sun for a solar cell with a bandgap of

1.76eV, and > 50% under solar concentration.6 Crystalline
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silicon cells could still reach about 38%, although the poten-

tial gain is smaller than for the high-bandgap devices.
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Fig. 1 Relative importance of fundamental loss mechanisms in solar

energy conversion as a function of the PV absorber bandgap, and

examples of absorber materials. Figure inspired by Hirst et. al.7,

plotted for a 6000 K spectrum.

In recent years, upconversion has been an active area in

the field of so-called ‘third-generation photovoltaics’ which

comprises all thin-film device concepts that are, in princi-

ple, capable of circumventing the detailed balance efficiency

limit (Shockley-Queisser limit 1) for a single-threshold PV de-

vice.8,9 Research has focused mainly on two different and es-
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Fig. 2 Working principle of triplet-triplet annihilation upconversion

(TTA-UC, top), and photograph of the TTA-UC effect (bottom). A

key role is played by the long-lived triplet states T1 of the organic

molecules which cannot decay quickly due to quantum-mechanical

laws.

sentially complementary approaches:6,10 Firstly, the applica-

tion of lanthanoid cations (mostly Erbium and Ytterbium) in

a solid-state matrix,11 making use of their discrete and long-

lived atomic states that can facilitate absorption of multiple

photons, followed by upconverted luminescence. The rare-

earth materials absorb in the infrared region of the solar spec-

trum and lanthanoid upconversion (L-UC) is thus most inter-

esting for application to c-Si solar cells12–14.

The second active field of research is the exploitation of

triplet-triplet-annihilation in organic chromophores to achieve

upconversion (TTA-UC).15–17 TTA-UC exploits the longevity

of molecular triplet states. However, as the longevity dimin-

ishes with energy, TTA-UC is most readily applied to solar

cells with bandgaps above about 1.5 eV. This review is devoted

to summarizing the state-of-the-art in TTA-UC and its appli-

cation to solar energy conversion.

2 Triplet triplet annihilation upconversion: Po-

tential and limits

2.1 Description of TTA-UC systems

2.1.1 Working principle of TTA-UC. Upconversion by

triplet-triplet annihilation requires a bimolecular system, con-

sisting of an emitter molecule undergoing efficient TTA, and

a sensitizer molecule which serves to absorb the incident light

and create triplet excitations which are fed into the emitter

manifold. It is based on the anti-Stokes delayed fluorescence

first reported by Parker and Hatchard in the 1960s.18,19 The

upconversion process is as follows: Sensitizer molecules ab-

sorb low energy photons (Step 1 in Fig. 2) and undergo in-

tersystem crossing (ISC, Step 2) to their lowest triplet state.

Ensuing fast triplet-triplet energy transfer (TET, Step 3) stores

this energy in the lowest triplet state of emitter molecules.

Two emitters then interact, facilitating triplet-triplet annihi-

lation (TTA, Step 4), which ideally brings about one emitter

molecule in an excited singlet state while the other is quenched

to its ground state. More detail on the TTA mechanism is

given below. The excited emitter in its S1 state immediately

fluoresces (Step 5) at a higher energy than that of the photons

initially absorbed.

TTA-UC exploits the strong oscillator strength of singlet-

singlet transitions to absorb and emit the light, while interme-

diate energy storage (necessary in incoherent UC processes

as the energy of two photons, incident at different times, is

merged) is facilitated by long-lived T1 triplet states. This

represents an inherent advantage as compared to upconvert-

ing lanthanoid-based phosphors, which use the same elec-

tronic manifold to absorb, store and re-emit the photon en-

ergy, leading to low absorptivity and inherent competition of

non-radiative losses with the UC process. Consequently, high

upconversion yields, where > 30% of absorbed photons give

rise to emitted photons, have been measured for TTA-UC.17,20

TTA-upconversion is an incoherent process, and the intrin-

sic intermediate energy storage in the triplet states allows for

its efficient operation under low-light conditions. There are

examples of lanthanoid upconversion proceeding efficiently

under broadband, pulsed supercontinuum radiation,21,22 but

several studies have shown TTA-upconversion under broad-

band white-light illumination,23,24 with some demonstrations

even employing sunlight itself as the excitation source.25,26

2.1.2 Components of a TTA-UC system. The main re-

quirements regarding the active molecules are:

i) A sensitizer species with

• a strong absorption in the desired region (peaking at sev-

eral Å2 absorption cross-section),

• a high intersystem crossing yield, usually obtained by in-

corporating a heavy metal atom (ΦISC ∼ 1 is desirable),

• a long triplet lifetime (> 10 µs), and

• ideally a small singlet-triplet gap (few kBT ) so as to mini-

mize energy sacrifice in the process of intersystem cross-

ing.

ii) An emitter species with

• a long triplet lifetime (> 100 µs),

• a singlet state at just below double the energy of the first

triplet, to make TTA energetically favourable, and
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• a high fluorescence quantum yield (ΦF ∼ 1 is desirable).

Additionally, it is beneficial if the second excited triplet

state of the emitter cannot be accessed by combining the en-

ergy of two sensitizer triplet states, as this would open a loss

channel (see section 2.2).27

Commonly employed molecular species for TTA-UC sys-

tems are metallated porphyrins as sensitizers while poly-

cyclic aromatic hydrocarbons (PAHs, for example rubrene,

anthracene, perylene etc.) are the most commonly used emit-

ters. However, efficient TTA-UC is not restricted to these

classes of molecules, as others can also satisfy the above-

mentioned conditions: Transition metal complexes such as

Ir(ppy)3
28 or Ru(dmb)3

29 also facilitate efficient ISC by incor-

porating a heavy atom and can act as triplet sensitizers. Boron-

dipyrromethene derivatives (so-called BODIPY dyes)30 were

found to function as rare-metal-free triplet sensitizers at rea-

sonable efficiency, and can also be combined with Ir com-

plexes31 to increase their absorption strength. Regarding

emitter species, most studies have focussed on PAHs, with

BODIPY- and conjugated polymer-based emitters being no-

table exceptions.16,32 Comprehensive review articles regard-

ing the plethora of molecular species employed in TTA sys-

tems include the works of Singh-Rachford et al.16 and Zhao

et al.17.

The large variety of molecules that satisfy the conditions

outlined above allows for tailored spectral tuning of the ab-

sorption and emission wavelengths exhibited by the TTA sys-

tem. So far, obtainable excitation wavelengths range from the

blue (440nm)33 across the visible16 and down into the near

infrared (NIR) out to > 800nm,34,35 while emission wave-

lengths of the upconverted light range from the deep red

(720nm) as far up as the near ultraviolet (NUV) at about

360nm.33,34 The obtained upconversion margins (that is, the

energetic difference between peak absorbed and emitted light)

range from 0.3eV36 to 1eV37, with typical values being

around 0.5eV.

2.2 Dynamics and efficiency of homogeneous solution-

based TTA systems

The simplest realization of a TTA-UC system is obtained by

the dissolution of the active molecules in a suitable solvent.

Most of the fundamental studies on TTA dynamics, as well as

the first device applications of TTA-UC, were based on this

architecture. Commonly employed solvents are toluene, ben-

zene, chloroform, acetonitrile, dimethylformamide or 1,1,2-

trichloroethane, among others.

In order to assess the efficiency of the TTA-UC process,

two aspects have been considered in detail: Firstly, the sensi-

tivity of the desired energetic pathways, sketched in Fig. 2,

to unwanted relaxation/back-reaction processes such as the

non-radiative loss of triplet excitons, phosphorescence and re-

verse intersystem crossing, and secondly, the details of the

spin physics underlying the actual triplet-triplet annihilation

process between two excited emitter molecules. Both aspects

will be discussed in the following.

2.2.1 Rate equations. To describe the competition be-

tween the various molecular processes, and the resulting dy-

namics of the TTA systems, rate equations have been em-

ployed,27,38–42 which have the following general form:

d
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Here,
[

3S∗
]

and
[

3E∗
]

are the sensitizer (S) and emitter (E)

triplet populations, with
[

1S
]

and
[

1E
]

being the respective

ground state populations. The rate constants are kφ for the

sensitizer excitation rate by absorption of incident photons,

kS
1 for the sensitizer triplet decay rate (incorporating phospho-

rescence and non-radiative decay), kT ET for the triplet energy

transfer rate between the sensitizer and emitter manifold, kE
1

for the non-radiative relaxation of emitter triplets, kSE
2 for the

hetero-TTA rate between sensitizer and emitter triplets, kSS
2 for

the homo-TTA rate between sensitizers, and kEE
2 for the homo-

TTA rate between emitters. It is assumed here that hetero-TTA

depletes both the sensitizer and emitter triplet populations.

This may not be so, as the event may populate a singlet or

triplet excited sensitizer level which will return the triplet sen-

sitizer. However, in a well-designed TTA-UC system, these

events should be rare compared to emitter homo-TTA.

Some of the processes depicted in Fig. 2 are not explic-

itly accounted for in the rate equations, such as the photo-

excitation to the sensitizer singlet S1 and the intersystem

crossing to T1, which are assumed to have unit efficiency

and be relatively instantaneous. Indeed, intersystem cross-

ing (ISC) in the PQ4Pd sensitizer used in much of our work

proceeds with a time constant of approximately 10 ps. The

prepared singlet state would otherwise radiate with a lifetime

of some nanoseconds, and as such it can be seen that the ISC

yield is near unity.

Typical values for the rate constants are listed in Table 1,

assuming a slowly diffusing sensitizer and a rapidly dif-

fusing emitter such as those studied by Castellano and co-

workers.38,43

2.2.2 Spin physics and triplet balance. A crucial aspect

of the TTA-UC process is the triplet-triplet-annihilation itself,
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Table 1 Typical kinetic parameters for a TTA-UC system operating

under one sun.

Quantity Value Unit Reference

kφ 4 s−1 [39]

kS
1 2.5×104 s−1 [39]

kE
1 1×104 s−1 [39]

kT ET 1×109 M−1s−1 a

kSE
2 1×109 M−1s−1 a

kSS
2 1×108 M−1s−1 [39]

kEE
2 2×109 M−1s−1 [38,43]

a In the case of a slowly diffusing sensitizer, the hetero-TTA rate

will be approximately half that of the emitter homo-TTA rate, and

similar to the triplet energy transfer rate.

which fundamentally determines the obtainable efficiency of

the overall process. When two emitter molecules in their re-

spective triplet excited states (3E∗) interact and form an en-

counter complex, it can be of singlet, triplet, or quintet mul-

tiplicity, as a consequence of the tensor product of the initial

spin states of the molecules.

3E
∗
+ 3E

∗











⇀↽ 1 |E · · ·E|∗ → 1E + 1E
∗

(3)

⇀↽ 3 |E · · ·E|∗ → 1E + 3E
∗∗

(4)

⇀↽ 5 |E · · ·E|∗ → 1E + 5E
∗

(5)

Due to the degeneracies of the spin states, the complex for-

mation probabilities are statistically weighted with regard to

their multiplicity. That is, in the ratio of 1:3:5, respectively.

Only the singlet complex (1 in 9) can dissociate to the emitter

S1 state (1E∗) and thus yield the desired upconverted fluores-

cence (pathway from Eq. 3).

For a time it was unclear whether these spin statistics fun-

damentally limited the efficiency of the TTA-UC process and

thereby constrained its applicability to solar cells. Some stud-

ies claimed a fundamental limit of 11% emitter S1 yield based

on this statistical argument, which would correspond to a max-

imum 5.5% quantum yield of the upconversion process, dis-

regarding any other losses.36 However, it had already been

observed in organic light emitting diodes that triplet-triplet

annihilation could bring about excited singlet states with an

efficiency exceeding the statistical limit,44 and this simple

argument has been dismissed based on energetic considera-

tions:27,32,44,45 The emitter quintet state Q1 always lies above

the lowest excited singlet state (S1) and above the lowest ex-

cited triplet state (T1), and, for the vast majority of candidate

emitter molecules, Q1 is energetically inaccessible by com-

bining their T1 states.46 This means that the quintet channel

(Eq. 5) is never open, and a quintet encounter complex must

dissociate back to the two initial emitter triplets without loss

of stored energy.

The question, then, becomes whether or not the triplet chan-

nel is open (Eq. 4). If it is, then the respective TTA process

will create an emitter in its second excited triplet (3E
∗∗

), which

will rapidly internally convert to the first excited triplet state

(3E
∗
) following Kasha’s rule. Therefore, this process would

recover one of the initial triplets, meaning that five emitter

triplets would be quenched for every emitted photon (taking

into account the spin statistical ratio of 1:3 between the sin-

glet and triplet channels), corresponding to a quantum yield

of 20%. The fact that several studies have observed quantum

yields exceeding this number shows that there must be systems

in which 3E
∗∗

is inaccessible. Currently, the highest reported

TTA quantum yields are above 30% in solution,27 effectively

ruling out full participation of the triplet channel.

The rate at which photons are generated in the TTA-UC pro-

cess, per unit volume irradiated, is at most 0.5× kEE
2

[

3E∗
]2

,

where it is assumed that each two triplets lost will yield a

photon, that is, that both the triplet and quintet channels are

closed. We introduced the factor ηconv to express the proba-

bility that the loss of a pair of triplets yields a photon by the

bimolecular process. In rubrene, this was found to be about

ηconv = 0.6.27 For an operational triplet channel, we expect

that one excited singlet is produced for each five triplets lost

giving ηconv of 0.4 (five triplets is 2.5 pairs). Finally, we need

to consider that the excited singlet state may not decay ra-

diatively, and so the fluorescence quantum yield, ΦF , should

be considered. As such, we arrive at the expression for the

rate of photon output by TTA-UC per unit volume irradiated,

WT TA = 0.5×ηconvΦF kEE
2

[

3E∗
]2
.

2.2.3 Intrinsic behaviour of TTA systems. One may

examine the rate equations (Eqns. 1-2) with realistic num-

bers for a typical liquid TTA system, to discern the crucial

steps of the process. Table 1 shows the numbers obtained in

various kinetic studies, including PQ4Pd:rubrene in toluene

which is a red-absorbing system applicable to thin-film solar

cells.47 It is instructive to plot the steady-state photon output,

which is proportional to the square of the steady-state emitter

triplet concentration,
[

3E∗
]2

, as well as the TTA-UC quan-

tum yield, which is given by η = WT TA/(kφ

[

1S
]

). The plots

are shown in Fig. 3 for two sets of molecular concentrations

(black: sensitizer concentration 1mM, emitter concentration

10mM, representing the solubility limit of both species in

toluene; red: sensitizer concentration 10mM, emitter concen-

tration 100mM). The shaded region highlights the range of

excitation rate which is attainable under sunlight for common

porphyrin sensitizer species with Q-band absorption cross sec-

tions peaking around σ = 1−5×10−16 cm2, and a bandwidth

of about 50 nm.

The model reproduces the prototypical intensity behaviour

of TTA systems under variation of the illumination, seen in

many experiments:40,41 A quadratic increase of the photon

output for low illumination density, saturating into a linear

regime for high illumination conditions. The quantum yield
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Fig. 3 Solutions of the TTA rate equations for typical rate constants

at the solubility limit (black curve), as well as for 10-fold increased

molecular concentrations (red curve). The blue area marks the range

of sensitizer excitation rate attainable under sunlight illumination.

linearly increases for small kφ , and begins to saturate in the

transition region between the quadratic and linear photon out-

put regimes. The transition from quadratic to linear behaviour

has been characterized by Monguzzi and co-workers as the

threshold intensity, Ith.40 This behaviour correlates with that

observed for rare-earth upconversion, where the efficiency in-

creases linearly in the low-pump regime and rolls over to sub-

linear and saturates under high pumping conditions.48

In the present case, no spin-physical limitations and no fur-

ther hindrances to the operation of the system have been as-

sumed (ηconv = ΦT TA = 1), therefore the quantum yield satu-

rates at the physical maximum of 50%. It is easy to see that for

operation under sunlight illumination, the given TTA system

is inefficient. The quantum yield for kφ = 4s−1, which was

measured for PQ4Pd, is around 3-4%, even in the solubility

limit of PQ4Pd and rubrene in toluene (black curve).

In order to increase the quantum yield to application-

relevant levels, the model suggests two strategies: Increasing

the concentration of active species, and/or increasing the illu-

mination density. If it were possible to increase [E] and [S] by

a factor of 10 at constant rates (red curve), the quantum yield

increases significantly to around 20%. To this end, overcom-

ing the solubility limit is the prime goal, which is currently

being pursued mainly by solid-state approaches to TTA ma-

terials. These are to be discussed in the next section. Other

approaches aiming at increasing molecular concentrations as

well as ideas to (locally) increase the excitation rate will be

covered in Section 4.

2.3 Towards solid-state TTA

So far, the most widely followed approach to creating solid-

state TTA-UC materials is the blending of the active species

into a photophysically inert polymeric host matrix, which

serves as a mechanical support for the chromophores. It

has been determined that a crucial requirement for the ma-

trix material is a low glass-transition temperature as the bi-

molecular interactions leading to the TET and TTA events

require some residual diffusivity.49 Consequently, most of

the reported systems are based on soft ‘rubbery’ polymers.

Up to now, TTA-UC has been demonstrated in several host

matrices including, but not limited to, cellulose acetate,50

polystyrene,51 a copolymer of ethyleneoxide and epichloro-

hydrin,49,52 polyurethane,53,54 or poly-butylacrylate.55 It was

further shown that upconverting nanoparticles can be formed

using the blending approach with different polymeric host

media, including polystyrene56 or poly-butylacrylate.57 Con-

cerning the attainable efficiency of such blended solid-state

systems, aggregation or even phase-segregation of the dye

species, at concentrations above a few percent, has been found

to be a serious issue which has so-far prevented the realization

of higher UC quantum yields as compared to the liquid sys-

tems.58

A strategy that might help to overcome part of this problem

is the use of a polymer host which, at the same time, acts as the

TTA emitter species, and is doped with only one triplet sen-

sitizing species. Several groups have investigated these ma-

terials, including porphyrin-doped polyfluorene59, porphyrin-

doped poly-pentaphenylene60 and porphyrin-doped super-

yellow.32 Again, in most cases the aggregation of the por-

phyrin triplet sensitizers appeared to be a major problem.

To summarize the state-of-the-art in solid-state TTA-UC it

can be said that although fairly efficient TTA-UC has been

demonstrated in the solid phase by the blending approach (up

to 17% quantum yield55), this strategy will most likely not

allow much higher quantum yields than the liquid approach

without a precise and tailored control over the microscopic ar-

rangement of the active species in order to prevent aggregation

and phase separation. The reader is referred to the review ar-

ticle of Simon and Weder, who discuss the pending issues in
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great detail.58 Strategies that might allow such control will be

discussed below in Section 4.2.3.

3 Application of TTA in solar energy conver-

sion

3.1 Approaches for harvesting sub-bandgap light

Since the early beginnings of photovoltaic energy conversion

research it has been clear that sub-bandgap transmission is

among the two most severe fundamental efficiency losses.1

Thus, the challenge of harvesting sub-bandgap light has stood

for decades. Several approaches, aimed at circumventing

these losses, have been proposed and, in part, realized in de-

vices. These are depicted in Fig. 4.

3.1.1 Multijunction solar cells.

The only approach which is presently widely used in PV

technology is the concept of multi-junction cells (A in Fig. 4),

which relies on the stacking of solar cells with different ab-

sorption thresholds. The first dual-junction solar cell (tandem)

was based on AlGaAs/GaAs and presented in 1979 during a

brief period of intense PV research fueled by the 1970s oil

crisis.61 Over the successive decades, tandems and multijunc-

tions were developed further, with interest in the GaAs system

being renewed in the 1990s by the DoE’s Concentrator Initia-

tive Program. Further performance steps were the first triple-

junction devices on germanium substrates62 in 2000, as well

as the first quadruple-junction cell in 2013, which holds the

current record for PV energy conversion under concentrated

light (44.7% under 297 suns).63 Over the last 2-3 decades,

thin-film tandem and triple-junction cells based on amorphous

and microcrystalline silicon as well as on amorphous silicon-

germanium have been developed,64,65 which are operated un-

der non-concentrated light. Indeed, thin-film devices cannot

be operated under concentrated light.

Irrespective of the undoubtedly higher conversion efficien-

cies with respect to single-junction PV – culminating in the

impressive 44.7% record – the vast majority of the multijunc-

tion cells struggle on the global PV market. One of the ma-

jor drawbacks is the rather complex manufacturing, which re-

quires series-connection of complete solar cells, each of which

is a multilayer structure itself. Also, the series connection

requires matching of the photocurrents delivered by the sub-

cells, which puts additional constraints on device design and

leads to less robust operation, as the solar altitude as well as

atmospheric and environmental parameters impact the relative

performance of the sub-cells. That said, these cells can operate

under hundreds of suns and as such can tolerate manufactur-

ing costs hundreds of times higher providing the concentrator

system can be built for negligible cost.

3.1.2 Intermediate band solar cells. For the above rea-

sons, alternative concepts for harvesting sub-bandgap light

have been proposed. Already in 1960, the idea of deliber-

ately introducing impurities, causing the appearance of a band

of electronic states in the bandgap of silicon PV absorbers,

was suggested66 (B in Fig. 4). Although the initial idea was

dismissed, based on the assumption that the potential bene-

fit of this ‘intermediate band,’ regarding absorption, would be

overcompensated by increased Shockley-Read-Hall recombi-

nation,1,67,68 it was later recognized that the positioning of the

impurity band not at mid-gap but closer to one of the bands

might increase the utilization of the solar spectrum and reduce

the potential impact of recombination.69,70 However, no con-

vincing realization of a so-called intermediate band solar cell

(IBSC) in a bulk material has been demonstrated so-far.

Very recent research activities have focused on quantum

dot arrays71 and highly mismatched alloys72 as potential re-

alizations of multi-band IBSCs, with promising initial re-

sults. However, in order to design an economically compet-

itive IBSC, the main drawback remains the necessity to elec-

tronically re-engineer the absorber material while at the same

time preserving the excellent bulk electronic quality which has

become state-of-the-art in PV technology.

3.1.3 Photonic upconversion. The third approach to

circumventing sub-bandgap losses is photonic upconversion

(panel C in Fig. 4). There are different physical mecha-

nisms which can, in principle, achieve UC, among them co-

herent processes such as simultaneous two-photon absorption

(STPA) and second-harmonic generation (SHG) which are not

of interest to solar energy harvesting due to the requirement of

coherent and intense illumination.

The most studied incoherent upconversion processes be-

sides triplet-triplet annihilation (TTA) are energy transfer up-

conversion (ETU, also known as ‘addition of photons by trans-

fer of energy’, APTE) and excited state absorption (ESA),

which are observed for several classes of ions in solid-state

matrices and were first reported by Auzel in 1966.73 Concern-

ing ETU and ESA, the required long lifetimes of the respective

excited states and a ladder-like arrangement of the energy lev-

els with similar spacings are realized for certain ions of the d

and f elements. Transition-metal ions with open 3d, 4d or 5d

shells have been reported to show upconversion in different

host materials. The highest upconversion efficiencies realized

to date for inorganic materials have been observed for solid

matrices doped with lanthanoid ions, such as Gd3+, Dy3+,

Er3+, Yb3+ or Tm3+. One of the most efficient UC phosphors

to date is NaYF4, doped with Er3+ or co-doped with Yb3+

and Er3+, which was introduced in 1972 by Menyuk et al.74

Comprehensive reviews of ETU by f -shell ions in solid bulk

matrices and nanoparticles include the works by Auzel11 and

Haase et al.75
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Fig. 4 Fundamental concepts to circumvent sub-bandgap losses in PV devices. (A) Tandem solar cells, requiring the electrical connection of

two sub-cells incorporating different absorber materials. (B) Introduction of an impurity band (or intermediate band) into the semiconductor

absorber. (C) Photonic upconversion in a material placed behind the solar cell and re-radiation of the upconverted light towards the PV

absorber.

The first realization of an upconversion-assisted solar cell

was based on Yb3+ and Er3+ ions in a vitroceramic host,

placed behind a GaAs solar cell.76 The first application of the

same system to c-Si solar cells was demonstrated in 2005 by

Shalav et al.,13,77 and current lanthanoid-based upconversion

efforts are mainly focused around crystalline silicon,14,78–80

due to the energetically favorable absorption of Er3+ around

1523nm, below the c-Si band edge in energy and within a

local maximum of the solar spectral irradiance.12 Currently,

the most efficient lanthanoid upconversion phosphor for c-Si

PV applications appears to be β -NaYF4:20-25%Er3+ pow-

der.14,81,82 However, a very recent record result was ob-

tained with mono-crystalline BaY2F8:30%Er3+, which indi-

cates that there is still potential for further efficiency increase

of lanthanoid-UC aiming at c-Si solar cells.83

Furthermore, also other types of solar cells have been

assisted by lanthanoid-based upconversion: De Wild et

al. have applied the Yb/Er system to amorphous silicon so-

lar cells, in the form of a NaYF4:(18%Yb3+,2%Er3+) phos-

phor,84,85 as well as in a more recent study employing a

Gd2O2S:(10%Yb3+,5%Er3+) phosphor.86 Liu et al. have em-

ployed an yttrium-aluminium garnet (YAG) transparent ce-

ramic co-doped with 3.0%Yb3+ and 0.5%Er3+ behind a dye-

sensitized solar cell (DSSC),87 while Shan et al. integrated

Er3+ and Yb3+ co-doped into LaF3 in a nanocomposite with

TiO2 to serve as upconversion layer in DSSCs.88 Other exam-

ples of lanthanoid-based upconversion applied to DSSCs in-

clude the employment of fluorescence resonance energy trans-

fer from upconversion centres,89 the use of colloidal upcon-

version nanocrystals as an energy relay,90 and direct electron

injection from up-conversion nanoparticles to the TiO2 pho-

toanode.91 For a useful review on upconversion nanophos-

phors for solar cell applications, see the recent review of Ra-

masamy et al.92

In 2012, our group demonstrated the first solar cell assisted

by triplet-triplet annihilation upconversion, using the exam-

ple of an amorphous silicon thin-film solar cell.47,93,94 The

approach was successively applied to organic solar cells95 as

well as dye-sensitized solar cells.96 Details about these results

and a comparison to the lanthanoid upconversion system are

given below.

3.2 Limiting efficiency for UC-enhanced solar cells

There is general agreement that, regarding the maximum pos-

sible efficiency from an idealized thermodynamic perspective,

upconversion-assisted solar cells are on par with tandem and

intermediate band solar cells. Trupke et al. have calculated

47.6% maximum conversion efficiency for an upconversion-

assisted solar cell under non-concentrated sunlight9, using a

detailed balance calculation based on equivalent circuits and

assuming 6000K blackbody radiation. Importantly, they con-

sidered an unconstrained model allowing for two different

low-energy absorption thresholds, that is, the upconvertor was

modeled equivalently to two low-bandgap bottom cells con-

nected in series which drive an LED illuminating the high-

bandgap top cell. Tayebjee and Schmidt calculated a maxi-

mum efficiency of 48.2% for the same system using the actual

AM1.5G solar spectrum as illumination source.6,97

Both ETU by lanthanoid ions and TTA-UC are based on the

interaction of identical excited states – either within the 4 f

manifold of the lanthanoid ions or of the first excited triplet

state of the TTA emitter species – which restricts the detailed

7
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balance model to a symmetrical case. Tayebjee and Schmidt

have calculated a limiting efficiency of 43.3% for this case,

with an optimum solar cell absorption threshold of 1.76eV

and an upconvertor absorption threshold of 1.11eV.6,97

For comparison, within the same modeling approach, tan-

dem solar cells, symmetric IBSCs and asymmetric IBSCs

were found to have limiting efficiencies of 45.7%, 45.9% and

51.9% respectively. It has been determined that the lumines-

cent coupling to the ‘top cell’ PV device brought about by

the UC approach is slightly inferior to the direct electrical

coupling manifested in tandems or IBSCs, due to an addi-

tional free energy sacrifice by the re-emission process. Indeed,

Schmidt and Ekins-Daukes proposed that direct injection by

emitters acting as dyes in DSSCs would in effect be a sym-

metric IBSC – a molecular intermediate band solar cell.98 On

the other hand, and unlike for tandems and IBSCs, a radia-

tively coupled upconvertor does not interfere with the elec-

tronic structure of the absorber and the electrical layout of the

solar cell, which makes it much easier to implement into cur-

rent PV technology.

Recently, modeling work has been undertaken in order to

assess the limiting efficiency of solar cell/UC couples under

more realistic boundary conditions. Johnson and Conibeer

have analyzed non-ideal c-Si solar cells coupled to ideal UC

units, and their results are quite specific to crystalline sili-

con PV99. Atre and Dionne have attempted to formulate a

model for upconversion-assisted solar cells incorporating non-

idealities such as recombination in solar cell and upconvertor,

non-radiative relaxation within the upconvertor, narrow ab-

sorption bands of the UC materials as well as non-ideal ab-

sorption of solar cell and upconvertor.100,101 They also explic-

itly include the characteristics of real UC systems from the

domains of both TTA and lanthanoids. Due to the plethora of

parameters in the respective model a rather complex picture

emerges, but the general conclusions are that high-bandgap

thin-film PV technologies are most interesting for combining

with UC, and that ‘bimolecular upconverting materials are al-

ready well-suited to enhance the efficiency of high-bandgap

devices by almost one absolute percent’.101

3.3 Design considerations of TTA upconversion systems

Before discussing the results achieved to date in applying

TTA-upconversion to solar cells and photochemical solar en-

ergy storage devices, we outline the general design principles

of TTA-UC systems for solar energy applications below.

3.3.1 Energetic considerations. The energetic structure

of the TTA system defines the upconversion margin, that is,

the difference in energy between the absorbed and emitted

light. While this does not a priori affect the obtainable cur-

rent increase in combination with a solar cell, it has an indirect

impact: Usually, the quantum efficiency of a solar cell drops
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Fig. 5 Absorption and emission spectra for a typical TTA-UC

system (PQ4Pd(NA) at 0.5mM and rubrene at 5mM dissolved in

toluene). There is a slight overlap of the rubrene emission band with

its own absorption band (resulting in self-absorption) as well as with

the PQ4Pd(NA) Q- and Soret bands.

towards the absorber band edge, and it therefore makes sense

to choose the upconvertor so as to emit further into the absorp-

tion band, to allow the PV cell to make best use of the upcon-

verted photons. Further, with a higher upconversion margin,

more sub-bandgap light may be harvested, and upconverted to

above the absorption threshold.

As seen in Fig. 2, there are energy losses associated with

ISC and there may be energy losses in the TET and TTA pro-

cesses.37 The largest contribution to the overall energy loss

usually stems from intersystem crossing, as the singlet-triplet

gaps of common sensitizer species are in the order of 0.4eV.

The triplet energy transfer between the sensitizer and emit-

ter manifold is driven by a free energy gradient, and so does

not necessarily rely solely on an enthalpic difference between

sensitizer and emitter triplets. Indeed, a difference in con-

centration between the two species can be exploited to drive

TET via the entropic gain associated with the exciton transfer

from the smaller reservoir of states in the sensitizer manifold

to a larger reservoir among the emitter species.37 It has to be

noted, though, that the overall efficiency of the TTA process

is affected if TET is endergonic. TTA itself is not necessarily

associated with an energy loss either, as a careful choice of

the emitter species allows the energy of the S1 singlet to be

at twice the triplet energy T1. But, a small energy sacrifice

can help mitigate the effects of singlet fission reversing the

8
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TTA process. Providing the emitter demonstrates delayed flu-

orescence by TTA, the non-radiative decay rate of the emitter

triplet states has a more direct impact on the overall efficiency.

3.3.2 Optical considerations. The main optical concerns

are the width of the sensitizer absorption bands, parasitic ab-

sorption within the TTA system and the outcoupling efficiency

of the upconverted light.

Typical widths of the main molecular absorption band of

common sensitizer species (for example, the Q-band of a por-

phyrin) are around 50nm, which constrains the region within

the solar spectrum that can be upconverted with a single TTA

system. However, it has already been demonstrated that a fam-

ily of sensitizers can be combined with a single emitter species

in such way that the sensitizer absorption bands are staggered

in order to provide a quasi-continuous absorption band over

more than 125nm width.102,103

In order to minimize parasitic absorption, the overlap be-

tween the emission band of the TTA emitter and the absorption

bands of both emitter and sensitizer must be minimized. Fig-

ure 5 shows the situation for two TTA solutions employed in

our studies,47,93,95 plotted for typical concentrations. It can be

seen that there are slight overlaps between the rubrene emis-

sion and its own absorption band (self-absorption) as well as

with the porphyrin sensitizer Q- and Soret bands. In the given

situation, the characteristic decay length of the absorbed light

due to sensitizer absorption is on the order of some 100 µm,

while the baseline absorption of the porphyrin around the

emitter peak emission wavelength is close to negligible. How-

ever, we note that upon shifting the absorption band of the

PQ4Pd porphyrin further into the NIR by adding nitro- and

amino-groups, resulting in PQ4PdNA (cf. Fig. 5), the baseline

absorption slightly increases to 7000 M−1 cm−1, about 10% of

the peak absorbance in the red region of the spectrum. Sim-

ilar effects were observed by Yakutkin et al. upon extending

the π-system of a tetra-naphthaloporphyrin to bring about a

tetra-anthraporphyrin: While the distance between the Q- and

Soret band was still favourably large, the baseline absorption

increased to a level which might affect the suitability for ap-

plication.35

Optical modeling of the system shown in Fig. 5, as well

as experiments with varying thickness of the UC unit, re-

vealed that a TTA-UC layer in the presence of a rear reflector

yields the highest overall photon output at a thickness which

is roughly the characteristic decay length of the incident light

at the peak absorption wavelength.47,104 This shows that the

optics are dominated by absorption of the incident light and

that parasitic absorption of the emitted light cannot play an

important role as the ideal thickness would otherwise shift to

lower values. Optical modeling predicts that a Lambertian

back-scattering layer behind an UC layer of ideal thickness

would enhance the UC photon yield by a factor of 3.6. A sim-

ple specular mirror would improve the device by a factor of

2.6.47

In solution at mM concentrations, the porphyrin sensitiz-

ers employed in our studies require an optimum thickness of

the active upconverting layer of between 50− 150 µm. In a-

Si:H and OPV systems, the absorber layer is on the order of

1000 times thinner. Eventually, it is desired to bring about

upconverting layers of comparable thickness. Such a device

will require nano-structured sensitizer supports and is the sub-

ject of present research.94 The requirement of realizing a TTA

system with a thickness of around 100 µm poses a challenge

in combination with the necessity to rigorously deaerate the

UC device in order to suppress triplet quenching by oxygen.

The latter is usually achieved by sequentially freezing the TTA

solution with liquid nitrogen, evacuating the volume over the

frozen solution to the 10−5 mbar range, and successive thaw-

ing (freeze-pump-thaw cycle). This procedure requires a me-

chanically stable cuvette, which is not easily available with

a 100 µm gap. In our first UC-enhanced solar cell device, we

placed a 1 cm diameter cuvette behind the solar cell which was

optically connected to the cell by means of immersion oil.47

This arrangement has several drawbacks. Firstly, about half

of the upconverted light is lost as it is emitted away from the

solar cell and secondly, the cell itself suffers from very poor

light-trapping without any back reflector.

In the next realization of the UC unit we implemented

a crude back-scatterer comprising 100 µm-diameter silver-

coated glass spheres, which were introduced into the 1 cm di-

ameter cuvette.93 The effect of the resulting textured surface

was to multi-pass the incoming light to improve absorption,

while also improving the out-coupling of upconverted light.

Indeed, with a close-packed structure of 100 µm spheres, most

of the surface area presents an optical depth less than this

value. Nevertheless, most of the light rays impinging on the

spheres are reflected at oblique angles. The solution to the

ray-tracing equations required to model this device are com-

plicated, yielding fractal patterns of reflections.105 The region

between three spheres represents a so-called fractal vortex,

with multiple reflections ensuring complete light absorption.

The remainder of the illuminated volume can out-couple the

upconverted light in at most one refection. With this topology

inside a standard 1 cm diameter cuvette we realized a twofold

increase of the UC-related current increase as compared to the

quasi-infinite case.93 The comparison to the optical modeling

results47,104 shows that the configuration is not optimal, but

reasonably close to the optimum situation. At the same time it

allows for facile freeze-pump-thaw deaeration which led us to

adapt this configuration to be the standard experimental setup.

Nonetheless, we fabricated a custom ‘half cuvette’ which

directly connects to the backside glass sheet of the solar cell

and allows for a continuous variation of the upconvertor thick-

ness, for further studies of the UC optics.104 Additionally, dif-
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ferent reflectors can be employed and compared in an in-situ

experiment. With this device we validated the optical model-

ing regarding the optimal thickness of the UC layer and could

show, for the first time, that local concentration of the inci-

dent light leads to an additional enhancement of the UC yield.

These results will be discussed in Section 4. Based on the re-

sults obtained, regarding optimum UC layer thickness and re-

flectors, we finally employed a device-integrated cavity at the

correct thickness, incorporating a dielectric reflecting back-

side layer, which was integrated into a dye-sensitized solar

cell.96 Details are given below in Section 3.5.2.

3.3.3 Solar cell and systems considerations. For a max-

imum efficiency of the solar cell/upconvertor assembly, the

solar cell needs to fulfil the following requirements besides a

high overall efficiency: It must possess a high transmission in

the wavelength region of the sensitizer absorption to pass as

much of the unused light to the UC unit, as well as display

a high quantum efficiency at the emission wavelength of the

emitter to make best use of the upconverted light. While the

general approach of UC-assisted solar cells should be to adapt

the UC material to an existing high-efficiency solar cell in-

stead of vice versa, it is in practice always required to partly

adapt the solar cell to the UC material. This stems from the

fact that most solar cells employ metallic back contacts, which

need to be replaced by transparent conductive oxides (TCOs)

or polymers, and most frontside TCOs and/or antireflection

coatings (ARCs) are not optimized for high transmission in

wavelength ranges outside the solar cell response. Detailed

optical simulations have been performed in the domain of c-Si

solar cells for the combination with lanthanoid materials,106

which led to improved performance of the overall assembly

by mainly increased sub-bandgap transmission. We have also

performed optical modeling and deliberately adapted our a-

Si:H solar cells for optimized overall optics (cf. section 3.6).

Given the finite absorption range of lanthanoid-based UC

materials, strategies have been developed in order to increase

the harvest of sub-bandgap light. One possibility would be

to combine the UC material with a downshifting luminescent

solar concentrator (LSC), as proposed within the so-called

NanoSpec concept.107 The LSC would serve to both funnel

more spectral weight of the solar spectrum into the UC absorp-

tion range and at the same time to geometrically concentrate

the incident light, thus exploiting the non-linearity of the UC

process for an increase of the quantum yield. As a side effect,

the use of UC material would be reduced. While conceptu-

ally convincing, the main drawback currently lies in the low

quantum efficiency of downshifting phosphors in the infrared

range.

While the mentioned concept would in principle be appli-

cable to TTA-UC materials as well, it appears more promising

to employ combinations of multiple sensitizers whose com-

bined absorption regions are staggered such that they strad-

dle a larger region of the solar spectrum - a strategy first

introduced by Baluschev et al.,102,103 which was shown to

work with a single emitting species if the energy levels are

correctly aligned. Broadening the upconvertor’s spectral re-

sponse through sensitization with semiconductor nanocrystals

has been attempted, but this introduces reabsorption of upcon-

verted light at the expense of a back-reflector.108 Strategies

towards realizing concentration of the incident light in combi-

nation with TTA-UC units will be discussed below in section

4.2.2.

3.4 How to measure UC-assisted solar cells

In order to verify the extended utilization of the solar spec-

trum by a solar cell, brought about by an attached upconvertor

unit, the straightforward approach is to measure precisely the

spectral response of the solar cell in the presence of the upcon-

vertor and compare it to the situation without the UC effect. It

turns out that this is a nontrivial task, for the following two

reasons:

1. Usual spectral response or (external) quantum efficiency

(QE) measurement schemes use monochromated white

light as the (modulated) probe, which results in sensitizer

excitation rates much below 1-sun operation conditions.

As the response of the upconvertor, upon changing the

illumination density, is nonlinear at low flux (cf. Fig 3),

the net contribution of the upconvertor to the QE will be

close to zero. Therefore, one has to use a detection and

analysis scheme which takes into account the nonlinear

nature of the upconversion process.

2. To deconvolute the contribution of the upconvertor from

the solar cell characteristics, it is required to measure the

solar cell with and without a contribution from the up-

convertor. However, the upconversion unit comprises a

reflector which is an integral part of the overall optical

system and acts also for wavelengths outside the active

region of the UC unit. Therefore, physically removing

the upconversion unit will alter the optical behaviour of

the solar cell and obstruct the interpretation of the mea-

surement.

3.4.1 Measurement scheme.

In order to measure UC-enhanced thin-film solar cells, we

have employed the following strategy: To compensate for the

nonlinear response of the UC unit and the resulting negligi-

ble UC output at common probe beam intensities, we subject

the upconvertor to a bias beam that selectively excites the sen-

sitizer species. As opposed to the QE probe beam, which is

chopped to allow for lock-in detection of the solar cell cur-

rent, the bias beam is a continuous wave (CW). Fig. 6 shows
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Fig. 6 Measurement scheme for solar cells enhanced by TTA-UC.

A diode laser selectively pumping the sensitizer absorption but not

disturbing the solar cell is used to bias the triplet concentration in

the upconvertor unit, to allow for its measurement with a chopped

monochromated white light probe as commonly employed in

quantum efficiency measurements. The upconvertor is characterized

by comparing the situation with the two beams aligned with those

where the beams are misaligned, rendering the UC yield negligible.

XL - xenon arc lamp, F - long-pass filter, MC - monochromator, BS -

beamsplitter, DL - diode laser, LP - linear polariser, λ/2 - half-wave

plate, PD - photodiode. Figure adapted from Reference 109.

the resulting setup for the measurement of UC-enhanced solar

cells. The bias beam produces a constant background popu-

lation of triplet-excited species in the upconvertor, which im-

proves the likelihood of emitters, excited by the probe beam,

finding annihilation partners. Thus, the CW beam positively

biases the upconversion efficiency in order to create a measur-

able response of the UC unit. It is important to note that the

bias beam should have a much higher power density as com-

pared to the probe beam. However, it provides photons with

an energy where the solar cell has close to zero absorption. Al-

though the lock-in detection method would filter out an even-

tual DC contribution of the bias beam to the solar cell current,

this ensures that the solar cell response is not saturated by the

bias. Ideally, the laser bias takes the role of a moderate DC

light bias for the solar cell, which is best practice for the QE

measurement of thin-film solar cells. In cases where the solar

cell had enough residual absorption in the wavelength range

of the bias beam as to risk saturation effects, we ensured that

probe and bias beam entered the setup from different angles in

such way that they geometrically aligned on the upconvertor

unit, but not on the active cell area.

The setup described above allows circumvention of the non-

linear response of the UC unit, but leaves us with the second

challenge of how to compare the UC-augmented with the stan-

dard response of the cell. Regarding this issue we exploited

the before-mentioned drawback: As the unbiased upconver-

tor shows negligible response upon illumination by the probe

beam alone, we may take this situation to be the baseline for

the QE measurement. However, just switching off the bias

beam might again change the solar cell behaviour in cases

where the cell absorbs slightly in the bias energy region and

shows nonlinear effects – which cannot be excluded a priori.

We therefore keep the bias beam switched on at all times, and

misalign the two beams for the baseline measurement (Fig. 6).

By doing this, the solar cell still sees the same overall DC bias

illumination, but the upconvertor response in the geometrical

region probed by the probe beam is negligible.

This measurement scheme is based on two assumptions:

Firstly, any nonlinearity of the solar cell does not depend on

the position of the illuminated spot, and secondly, the probe

beam is sufficiently faint as to ensure a negligible UC re-

sponse. The first assumption is usually fulfilled for well-

behaved solar cells, and can be easily tested, for example by

misaligning the bias to a different spot on the cell area and

repeating the measurement. The second assumption might be-

come untrue for highly efficient upconvertor materials, but in

any case would lead to an underestimation of the UC per-

formance. An alternative method for switching off the con-

tribution of a liquid UC unit is to aerate the TTA-UC solu-

tion24. This, on the other hand, leads to destruction of the

dye molecules by singlet oxygen created upon illumination,

changing the optical characteristics of the upconvertor.

We have generalized the above scheme, using standard pho-

todetectors in place of solar cells, to measure raw upconver-

sion efficiencies.110 While many of the researchers reporting

upconversion efficiencies do so using relative actinometry, this

method is inappropriate for use with the optically dense sam-

ples required for efficient operation under one-sun excitation.

We have coupled broadband, white-light biasing with a mod-

ulated monochromatic probe to measure excitation spectra of

upconvertors under solar-relevant conditions. The analysis is

similar to that laid out below, and is detailed in Reference 110.

3.4.2 Analysis scheme. Using the measurement scheme

described above, a quantitative analysis of the UC-augmented

QE curves becomes possible:93 The first quantity to be de-

termined is the effective solar concentration seen by the up-

convertor. The rate of excitation of an individual sensitizer

molecule under 1 sun conditions (1⊙) is denoted kφ⊙, and

is calculated by multiplication of the AM1.5G solar spectrum,

ρ⊙, in photons cm−2 s−1 nm−1 by the transmission of the solar

cell, TSC, and integrating the product of this with the absorp-

tion cross section of the sensitizer species, σ(λ ) in cm2,

kφ⊙ =
∫

ρ⊙(λ )TSC(λ )σ(λ )dλ . (6)

As mentioned in Section 2.2, typical values for kφ⊙ are in the

2−10s−1 range. The irradiation Ib of the bias beam in photons
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per area per time is used to calculate the pump rate under the

given experimental conditions, that is kφb = σ(λb)TSC(λb)Ib

with the bias laser wavelength λb. The ratio C = kφb/kφ⊙ then

gives the effective solar concentration sensed by the upconver-

tor.

In the nonlinear regime (cf. Fig. 3), that is, under ineffi-

cient operating conditions of the upconvertor, and assuming

efficient triplet energy transfer, the rate equations from Sec-

tion 2.2 can be simplified to yield the steady-state emitter

triplet concentration

[

3E∗
]

(z) =
kφ (z)

[

1S
]

kE
1

. (7)

Here we introduced a spatial coordinate z which denotes the

depth inside the upconverting material, to account for the de-

cay of the incident photon flux as the light penetrates the UC

unit. Since the upconverted light production is proportional

to the triplet concentration squared, one can write that the UC

photon production rate is

dY(z) =WT TA(z).dV =
kEE

2 ηconvΦF

2

kφ (z)
2
[

1S
]2

kE 2
1

A.dz. (8)

Under experimental conditions, kφ has contributions from the

bias beam and the monochromated probe beam. Denoting

these additive contributions kφb and kφ p,

dY(z) ∝
[

1S
]2 (

kφb(0)e
−αbz + kφ p(0)e

−αpz
)2

dz, (9)

where the constants have been omitted, and the quantities αb

and αp denote the absorption coefficients of the sensitizer

species which are proportional to the molecular absorption

cross sections at the bias and probe wavelengths, respectively,

αb = σb

[

1S
]

(10)

αp = σp

[

1S
]

. (11)

Integration over z gives

Y =
∫

dY(z) ∝
[

1S
]2

(

k2
φb

2αb

+
k2

φ p

2αp

+
2kφ pkφb

αp +αb

)

(12)

∝
[

1S
]

(

I2
b σb

2
+

I2
pσp

2
+

2IpIbσpσb

σp +σb

)

,(13)

in case of well-behaved transmission of the solar cell which

does not vary drastically around the active wavelength region

of the UC unit.

Now, the linear response of the upconvertor with probe light

is the quantity of interest which is determined in a QE mea-

surement employing lock-in detection. The intensity of the

probe impinging on the solar cell is larger than Ip by a factor

1/TSC(λp), where TSC(λp) is the solar cell transmission at the

probed wavelength. Thus

dY

dIp(front)
∝
[

1S
]

TSC(λp)

(

Ipσp +
2Ibσpσb

σp +σb

)

. (14)

Since the probe light is indeed small compared to the bias,

the first term inside the parentheses can be ignored, and the

augmentation of the QE curve is proportional to the second

term. Denoting the QE in the absence of upconversion QE0,

we obtain

QEUC = QE0 + const.×
Tpσpσb

σp +σb

(15)

QEUC

QE0

= 1+ const.×
Tp

QE0

σpσb

σp +σb

. (16)

This means that the experimentally observed QE ratio can

be modelled using the absorption spectrum of the sensitizer

molecules, and the transmission and baseline QE curves of

the solar cell. Indeed we have found that this model describes

the measured QE data of TTA-UC-enhanced solar cells of

various types very well, as can be seen for the example of a

P3HT:ICBA organic bulk heterojunction solar cell95 in Fig. 7.
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Fig. 7 TTA-UC enhancement signal for a P3HT:ICBA organic solar

cell. The red quantum efficiency curve shows the situation with UC

contribution and the black line is the baseline QE. The inset shows

the ratio of the two curves, with a single-parameter fit of the model

described in the text. The picture shows the device structure of the

employed solar cell.

3.4.3 Figure of merit for UC-enhanced solar cells. To

be able to compare the performance of UC-enhanced solar

cells measured with a biased upconversion unit, we have to

12



3 APPLICATION OF TTA IN SOLAR ENERGY CONVERSION 3.5 Organic and dye-sensitized solar cells

trace back the measured current enhancement to the situation

corresponding to one-sun illumination. To this end we use the

solar concentration factor as defined above to be C = kφb/kφ⊙.

We calculate the current enhancement that results from the

augmentation of the solar cell with the upconvertor at the ef-

fective number of suns imposed by the bias light, by the equa-

tion

∆ jSC =Ce

∫

ΦAM1.5G (λ )(QEUC (λ )−QE0 (λ )) dλ , (17)

where e is the elementary charge. From ∆ jSC, the upconver-

sion figure of merit ζ is calculated as

ζ =
∆ jSC

C2
(18)

to take into account the effective solar concentration C and the

quadratic nature of the UC process at the illumination densi-

ties employed. The choice of this procedure is validated by

the fact that for low solar concentration factors – typically be-

low 5 suns – the figure of merit (FOM) is indeed found to be

constant upon variation of the bias beam intensity. For higher

solar concentration the system approaches the transition to the

linear regime (cf. Fig. 3), which means that the obtained FOM

value is penalized by the assumption of a quadratic behaviour

due to the saturating UC quantum yield.

Table 2 shows our best experimental results for differ-

ent types of thin-film solar cells augmented with TTA-

upconversion, as well as the best results for thin-film and crys-

talline wafer-based solar cells enhanced by lanthanoid-UC re-

ported in the literature. In the following section we will briefly

discuss the performance reached with each solar cell, and the

pending issues in the optimization of the respective UC unit.

3.5 Organic and dye-sensitized solar cells

Both organic and dye-sensitized solar cells are ideal can-

didates for the combination with TTA-upconversion due to

their comparably large absorption thresholds. The latest gen-

eration of organic bulk heterojunction solar cells can pro-

vide significant spectral response as far into the infrared

as 800 − 900nm based on low-bandgap polymers such as

PCPDTBT and its derivatives,112 but for most standard blends

such as P3HT:PCBM the QE does not extend beyond 650−
700nm.113 There are already DSSCs with considerable spec-

tral response down to roughly 900nm, mostly based on the

black dye,114 but even some of the newest highly efficient

DSSC architectures such as porphyrin-based co-sensitized

DSSCs115,116 do not reach above the wavelength range of

750nm in terms of spectral response. This means that for both

classes of solar cells, the porphyrin-based TTA-sensitizers re-

ported so-far35 suffice to extend the utilization of the solar

spectrum for most present devices. In our recent publica-

tion we have combined two different organic bulk heterojunc-

tion cells with a semitransparent design with an external UC

unit.95 We further adapted a DSSC to host the upconvertor

inside the device.96

3.5.1 Organic solar cells. The combination of an or-

ganic solar cell with a TTA-upconvertor requires a bifacial ar-

chitecture. Bifacial – or semitransparent, as is often used syn-

onymously – organic solar cells are not trivially made as the

standard layer sequence requires a low work function metal as

back contact which cannot easily be replaced by a transpar-

ent electrode. Inverted device architectures have recently en-

abled the fabrication of semitransparent polymer-based solar

cells, mostly with PEDOT:PSS transparent conductive poly-

mer front contacts117,118 or a combination of metal oxides

and a very thin semitransparent metal.119 In our study we em-

ployed semitransparent solar cells following the second ap-

proach, fabricated at Karlsruhe Institute of Technology (KIT).

Our cells had the layer sequence glass/ITO cathode/ZnO

buffer/photoactive blend/MoO3 interlayer/semi-transparent

silver anode. The active blends employed in the two cell types

were PCDTBT:PC71BM, as well as P3HT:ICBA, with the lat-

ter cell type also incorporating a topmost MoO3 light coupling

layer (cf. Fig. 7). The PCDTBT:PC71BM cells achieved no-

table power conversion efficiencies of up to 3.8 % under illu-

mination through the ITO cathode and 2.4 % for illumination

through the silver anode. The P3HT:ICBA solar cells exhib-

ited efficiencies of up to 3.1 % and 1.7 %, respectively. Further

details on the fabrication can be found in Reference 95. We

employed the UC unit hosted in a standard cuvette, filled with

100 µm diameter Ag-coated glass beads as discussed above in

Section 3.3.2.

The upconversion FOMs reached with the polymer solar

cells were between 0.24− 1.60× 10−4 mA/cm2 and thus the

lowest among the range of thin-film solar cells studied so-far,

and showed pronounced differences with respect to the orien-

tation of the cell. Upon illumination of the cell through the

ITO layer we measured FOMs that were 50% lower than upon

illumination through the Ag electrode. The apparent reason

for this is the dependence of the solar cell QEs on orientation

which stems from limited exciton diffusion lengths and the re-

sulting sensitivity on the spatial positions of the electric field

amplitude maxima,120 as well as from optical losses in the

Ag electrode. In the usual operation scheme with illumination

through the substrate glass and ITO cathode, the upconvertor

is penalized by the absorptive Ag layer on the rear which is

then positioned in between the active blend and the upconvert-

ing material. This leads to a lower FOM for this orientation.

For illumination through the Ag anode on the other hand, the

upconverted photons can be harvested by the cell with fewer

optical losses, but with a significantly lower quantum effi-
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3.6 Thin-film silicon solar cells 3 APPLICATION OF TTA IN SOLAR ENERGY CONVERSION

Table 2 Current enhancement and upconversion figure-of-merit for different upconversion-assisted solar cells.

Solar cell type Upconvertor C ∆jsc FOM ζ Ref.

type constituent A constituent B ⊙ mA/cm2 mA/cm2/
⊙2

PCDTBT:PC71PM TTA-UC 1.3 mM PQ4PdNA 11 mM rubrene 28.9 0.129 0.15 × 10−3 95

P3HT:ICBA TTA-UC 1.4 mM PQ4PdNA 35 mM rubrene 17.3 0.048 0.16 × 10−3 95

DSSC TTA-UC 0.6 mM PQ4PdNA 33 mM rubrene 3.0 2.25 × 10−3 0.25 × 10−3 96

a-Si:H TTA-UC 0.9 mM PQ4PdNA 13 mM rubrene 19 0.275 0.76 × 10−3 95

DSSC TTA-UC 0.8 mM PQ4PdNA hybrid emittera 0.3 4.05 × 10−4 4.50 × 10−3 111

a-Si:H TTA-UC 0.8 mM PQ4PdNA hybrid emittera 1.4 4.70 × 10−3 2.40 × 10−3 111

DSSC YAG:(Er,Yb) 3% Yb3+ 0.5% Er3+ ? 0.2 ? 87

a-Si:H Gd2O2S:(Er,Yb) 10% Yb3+ 5% Er3+ 20 0.1 0.25 × 10−3 86

c-Si mono-BaY2F8:Er 30% Er3+ – 94 17.0 1.92 × 10−3 83
a mixture of rubrene and 9,10-bis-phenylethynylanthracene

ciency, leading to an improved FOM as compared to the other

orientation, but still somewhat lower than for the other thin-

film solar cells. A next development step would be to combine

the TTA-UC unit with an inverted OPV cell comprising a PE-

DOT:PSS top contact layer to avoid the mentioned parasitic

optical losses. In case semitransparent OPV devices reach ef-

ficiencies in the range of a-Si:H devices in the future, they are

to be expected to exhibit comparable UC-related photocurrent

gains. For low-bandgap polymer absorbers112 it might be re-

quired to employ sensitizers absorbing further in the infrared,

which are however available already now35.

3.5.2 Dye-sensitized solar cells. Classical dye-sensitized

solar cells incorporate a redox couple such as the io-

dide/triiodide system in an organic solvent, in order to regener-

ate the dye after its photon-induced electron injection into the

TiO2.114,121 More recent DSSC architectures mostly employ a

Co(II/III)tris(bipyridyl)-based redox electrolyte which allows

higher photovoltages.116 Leaving aside the solid-electrolyte

DSSC concepts employing conducting polymers, solid molec-

ular hole conductors (such as spiro-MeOTAD) or inorganic

hole conductors,122 this means that the electrolyte is a liq-

uid solution which needs to be encapsulated between the dye-

coated mesoporous TiO2 layer and the counter-electrode. As

this procedure is an integral part of the processing sequence

and leads to a device which is terminated by glass sheets on

both sides, it is only a small additional task to include a second

cavity to host the TTA unit.

In our study on UC-enhanced DSSCs we therefore pursued

an integrated UC device, in which a solution-based UC sys-

tem is contained within an encapsulated chamber on the back

of the DSSC, similar to that which holds the active DSSC sys-

tem (Fig. 8B). DSSCs were made at the University of Wollon-

gong (UoW). This chamber included an Al2O3 back-reflector

coated onto the glass back-sheet and was engineered to have

a thickness of 120 µm that allows optimal optical output from

the TTA-UC solution in combination with the used concentra-

tions, based on the considerations presented in Section 3.3.2.

This architecture bears resemblance to tandem DSSC archi-

tectures. However, no extra TCO layer is required because the

second cavity uses plain soda lime glass resulting in minimal

additional cost. We chose D149 to be the active dye in our

cell concept as its peak absorption (when adsorbed onto TiO2)

matches the peak emission wavelength of rubrene (cf. Fig. 8A

and Fig. 5).

Indeed, we found that the good match of the dye absorp-

tion and the direct incorporation of the UC unit minimizing

optical losses leads to FOMs around 0.25× 10−3 mA/cm2 –

higher than for the organic solar cells but still inferior to a-

Si:H cells (to be discussed in the next section). The inte-

gration strategy might be a practical method for incorporat-

ing TTA-UC into PV devices in general. However, the or-

ganic solvent hosting the TTA system poses a challenge to

the encapsulation. We used Surlyn (Solaronix SA) hot melt

adhesive to join the glass sheets when forming the cavities

for the electrolyte and TTA system, which is not compatible

with highly volatile solvents such as toluene. This points to

the importance of finding alternative, less volatile host me-

dia for TTA-UC systems, such as ionic liquids.123 Using a

hybrid-emitter TTA system we have recently obtained a FOM

of 4.50×10−3 mA/cm2 with a DSSC using our classical back-

reflector design based on silver-coated glass beads. To our

knowledge, this represents the highest enhancement figure-of-

merit for upconversion-enhanced solar cells (cf. Table 2). De-

tails about the experiments and the novel hybrid TTA systems

will be published elsewhere soon.111.

3.6 Thin-film silicon solar cells

Hydrogenated amorphous silicon (a-Si:H) solar cells are prob-

ably the most straightforward candidate for combination with

a TTA-upconvertor as they provide reasonably high efficien-

cies of up to 10.1% but show an absorption threshold of
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Fig. 8 (A) Absorption characteristics of the dye D149 employed in

the upconversion-enhanced dye-sensitized solar cell96 (picture

adapted from Mitsubishi Paper Mills Ltd.). Comparison with Fig. 5

shows the good overlap with the rubrene emission. (B) Device

structure of the UC-enhanced DSSC with an integrated cavity to

host the TTA-upconvertor.

roughly 700nm.124 At the same time it is fairly easy to im-

plement a semitransparent design as a-Si:H absorbers with-

stand the deposition of a backside TCO layer. We therefore

used a-Si:H solar cells as the workhorse during our optimiza-

tion of the TTA materials and optics of the combined sys-

tem.47,93,95,104

The cells we employed were a-Si:H p-i-n solar cells with

i-layer thicknesses of between 90− 150nm. In the course of

our studies we found that the UC performance is increased

when the light trapping of the solar cell is reduced, as the

near-threshold transmission is thereby increased. For this rea-

son we omitted texturing of the front-side TCO which, at the

same time, allowed us to increase the i-layer thickness while

maintaining high sub-threshold transmittance. Our best bifa-

cial a-Si:H p-i-n cells employed a smooth ZnO:Al front TCO

layer, a p-doped µc-Si/µc-SiOx/a-Si:H triple layer stack,125

a 150nm thick (i)a-Si:H absorber, a µc-Si backside n-doped

layer and a ZnO:Al back contact TCO layer. We employed

industrial thin-film processing by plasma-enhanced chemical

vapor deposition (PECVD) and reactive sputtering on 30 × 30

cm2 glass sheets at Helmholtz-Zentrum Berlin für Materialien

und Energie (HZB). The substrates were cut into 10 × 10 cm2

pieces afterwards, each containing 20 1 × 1 cm2 individual

solar cells. The overall conversion efficiency of the semitrans-

parent a-Si:H cells was a notable 7.0% without any backside

reflector.

During the measurements of UC-enhanced a-Si:H solar

cells we connected the UC unit by different means: In a stan-

dard cuvette without back-scattering medium47 and filled with

100 µm diameter Ag-coated glass beads,93,95 or using the half

cuvette and different back-reflecting or -scattering media.104

The best results, including our record 2.40× 10−3 mA/cm2

current increase (cf. Table 2) following the implementation of

a hybrid-emitter TTA system20,111, were obtained with the cu-

vette filled with Ag-coated beads.

Figure 9 shows the history of the FOM obtained with the

different classes of devices, as compared to the best result

of a thin-film solar cell enhanced with lanthanoid upconver-

sion.14 The dashed line represents the maximum current en-

hancement of our best a-Si:H solar cell that would be possi-

ble with our present flagship TTA system if it was operating

at the maximum quantum yield that has been experimentally

demonstrated for high illumination density. This number of

roughly 0.4mA/cm2 is based on detailed optical modeling in

combination with the rate equation description. In our opinion

it also marks the region where commercial application might

become feasible in case the UC unit can be made inexpensive

and durable. Although we have realized a significant increase

of the FOM by two orders of magnitude since our first results,

there are another two orders of magnitude to be gained in or-

der to fully exploit the potential of the TTA system. Section 4

will be devoted to sketching ways that might lead to bridging

this gap. Before we open this discussion we briefly review

concepts for TTA-enhanced solar energy storage in the next

section.
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3.7 TTA-enhanced solar energy storage

TTA upconversion hosts great potential for sensitizing

photo(electro)chemical (PC/PEC) energy storage, as the re-

spective materials and mechanisms usually have threshold en-

ergies well into the visible or even UV range of the spec-

trum. PEC-driven water splitting, for instance, requires a

voltage of 1.23 V plus the over-potentials of the electrodes

(thus, in practice, 2 V), and respective devices are therefore

restrained to high-bandgap absorber materials. One way of

achieving the required high voltage is to invoke multijunction

PV devices, which either efficiently utilise the spectrum but

are highly expensive to manufacture such as III-V-based sys-

tems,126 or consist of thin-film multijunction cells incorpo-

rating high-bandgap absorber materials such as a-Si:H127 and

again suffer from dominant sub-bandgap losses.

The domain of metal oxide PEC electrode materials faces

similar issues: Respective materials have large bandgaps of

> 2eV, giving rise to very significant sub-bandgap losses, and

even for the combination with a driver solar cell, the choices

are again limited to high-voltage high-bandgap PV devices

that leave a large part of the long-wavelength region of the

spectrum unused.128

This means that harvesting and converting sub-bandgap

photons by upconversion is highly relevant for PEC and PC

devices, as inexpensive tandem PV devices which efficiently

use the solar spectrum and deliver a high voltage are presently

unavailable. TTA-UC is particularly interesting for this pur-

pose as relevant energy ranges for harvesting and re-emission

can lie well in the visible or even (in the case of high-gap metal

oxide electrodes) in the UV region of the spectrum.

Until now, only few reports are documented in the

literature where TTA-UC has been used to augment

PEC/PC processes and devices. The majority of those

concerns the sensitization of the oxygen evolution half-

reaction of water splitting using a WO3 photoanode by

green-to-blue TTA-upconversion based on a platinum(II)-

or palladium(II)-octaethylporphyrin/9,10-diphenylanthracene

([Pt/Pd]OEP/DPA) TTA couple. Khnayzer et al. employed the

TTA materials in a liquid solution in toluene and encapsulated

them in a glass cuvette, thus separating them from the aqueous

phase,24 while Kim et al. used a hexadecane/polyisobutylene

host which was enclosed in microcapsules made from ethoxy-

lated trimethylolpropane triacylate ester (ETPTA) which al-

lowed the introduction of the TTA system into the aqueous

phase.129 While the first example employed truncated white

light as the excitation source, the second and also the follow-

ing used a 532nm laser. Monguzzi et al. dispersed the TTA

couple into an elastomeric poly-butylacrylate host, and im-

mersed the resulting solid medium into water.55 These proof-

of-concept studies convincingly illustrate the potential of TTA

in the field of PEC devices and highlight strategies that can

render TTA-UC compatible with an aqueous environment.

However, they rely on a photoanode which is not state-of-

the-art and employ a very crude optical design of the system,

which leaves ample space for optimization of respective de-

vice concepts.

TTA-UC has also been employed to augment photochem-

ical reactions that might be used for solar energy storage.

Börjesson et al. used the aforementioned PdOEP/DPA sys-

tem to sensitize a photoisomerization reaction of a fulvalene

diruthenium derivative. Upon thermal or catalytic activation,

the isomerism can be reversed and the compound releases the

stored energy as heat, thus acting as a recyclable solar fuel.

The liquid molecular solar thermal (MOST) storage medium

and the liquid TTA system, both dissolved in toluene, were

cycled through a microfluidic chip as the light-harvesting sur-

face.23

TTA-UC was further employed to sensitize photochemical

reactions for other applications: Islangulov et al. sensitized

TTA between anthracene with the metal-to-ligand charge-

transfer (MLCT) sensitizer [Ru(dmb)3] in order to produce

reactive excited singlet species prone to cycloaddition chem-

istry, resulting in the formation of anthracene dimers.130 Jiang

et al. used a red-absorbing porphyrin/anthracene-derivative

TTA couple to sensitize trans-cis-photoisomerization of azo-

tolane in a cross-linked liquid-crystal polymer, resulting in a

photomechanical effect with potential application in soft actu-

ation.131

4 Prospects for device applications

We have seen, so far, that there is a clear application case for

TTA-upconversion aiming to remedy sub-bandgap losses in

thin-film solar cells and photo(electro)chemical devices. In re-

cent years, a number of proof-of-concept application examples

and – in some areas – a successive technological optimization

have shown that TTA-UC can indeed be feasibly integrated

into devices. The major bottleneck at present is the limited

quantum yield under relevant operation conditions. In order

to result in low-cost, large-scale deployable systems, the UC-

augmented devices must not rely on geometric-optical con-

centration in order to function at appreciable yield. We there-

fore have to strive for

• incorporating concepts that enable the remarkably high

quantum yields of present TTA-UC systems also under

1-sun conditions,

• tackling the longevity of TTA systems under operation

conditions, and

• developing facile and scalable concepts for oxygen de-

fense and encapsulation.
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4.1 Reported efficiencies under one-sun conditions

While there are many reports of TTA-UC upconversion effi-

ciencies,132 these are mostly obtained under strong pumping

conditions using cw laser excitation. Under one-sun equiv-

alent broadband excitation, MacQueen and Schmidt reported

a red to yellow rubrene emitter system with a TTA quantum

yield of 0.55% (ΦT TA = 1.1%).110 Indeed, in that experiment

upconversion excitation spectra were obtained with as low as

0.09 suns excitation. Monguzzi and co-workers recently re-

ported a semiconductor nanocrystal-boosted system which ex-

hibited a half-maximum output at 0.5 suns.108 The DPA emit-

ter has a maximum upconversion yield of 25%. Thus, the

quantum yield at 0.5 suns is taken to be 12.5%. For the same

emitter, we obtain about 3% quantum yield (ΦT TA = 6%) un-

der one sun excitation, increasing to 7% by three suns. Clearly,

several percent quantum yields are possible under one-sun

pumping. This must be increased several-fold. Below we out-

line several approaches one might take to bring about more

efficient one-sun TTA-UC.

4.2 How to further increase UC yield

A possible guideline for this task is given in the form of Eq. 7,

which is the steady-state solution of the rate equations. Here

we see that in order to increase the steady-state concentration

of emitter molecules in their triplet excited state
[

3S∗
]

– and

thus the UC yield – we have to increase the triplet lifetime

1/kE
1 , the sensitizer excitation rate kφ as well as the concen-

tration of sensitizers
[

1S
]

.

4.2.1 Increasing the triplet lifetime. The triplet lifetime

of the emitter is governed by the rate of intersystem cross-

ing. It is already orbitally forbidden, being a π − π transi-

tion for PAHs, and if there are no heavy atoms to promote

the crossing back to the ground state, it would at first appear

that nothing can be done to decrease the rate. However, the

rate depends on a matrix element involving a promoting vi-

brational mode, usually an out-of-plane bend for PAHs, and

a Franck-Condon factor for the non-participating modes. The

Franck-Condon factor for an iso-energetic transition is domi-

nated by the contributions from the highest frequency modes,

which in the case of PAHs are the C–H stretches. This can

be diminished by increasing the number of quanta that needs

to be taken up by the modes, which is effected by increasing

the mass and thus decreasing the frequency through deuter-

ation. We have recently shown that upconversion yields can

be increased by about 20% in this way for a model perylene

emitter system.133 While this might seem a modest increase, it

shows that phonon-engineering of emitter materials can affect

upconversion efficiency. Deuteration itself is unlikely to be an

economically viable strategy, with perdeuterated compounds

costing some 100× more than their hydrogenated counter-

parts.

4.2.2 Increasing the excitation density. In order to in-

crease the excitation rate of the sensitizers we can either in-

crease the incident photon flux or the near-field environment

of the sensitizer species. As mentioned before, global geo-

metrical concentration is probably not a feasible way as the re-

spective lens arrays and tracking systems drive the cost of the

system. However, microfocussing arrays consisting of lenses

or focussing reflectors may provide an elegant solution to this

issue. We have recently shown that replacing a flat reflector

behind the UC unit with a reflective surface bearing spherical

indentations, that result in a focussing effect upon reflection

of the light, leads to a 30% increase of the UC-related current

increase of an a-Si:H solar cell104. The respective optical el-

ement was a hot-embossed aluminium-coated PTFE film, and

was of mediocre optical performance. Optical modeling sug-

gested that an optimized design (higher filling fraction and op-

timized depth of the indentations) could lead to a nine-fold in-

crease of the UC yield. Thus, local geometrical concentration

was highlighted to be a fairly easily implemented alternative

to global concentrators, and may prove useful in augmenting

the relatively dilute liquid TTA systems currently available.

Note that the use of micro-optical focussing elements filled

with the UC meterial renders the combined optical system in-

sensitive to the incidence angle, which also spares the use of

tracking systems, being usually required for macroscopic con-

centrators.

In case TTA materials with significantly higher dye concen-

trations become available (cf. the next section) and the char-

acteristic absorption length approaches the wavelength of the

light, near-field optical effects will become a very attractive

route for increasing the sensitizer excitation rate. These might

result from photonic structures such as distributed Bragg re-

flectors (DBR) or from plasmonic resonances hosted by metal-

lic nanostructures.

DBRs have been employed to enhance lanthanoid-based up-

conversion134 by enhanced absorption of incident light via

so-called slow light modes, and recent modeling work sug-

gests beneficial effects also for TTA-upconversion.135 Plas-

monic effects have been shown to enhance lanthanoid upcon-

version136 and were also employed in combination with TTA-

UC systems: Baluschev et al. used a conjugated polyfluorene

polymer acting as TTA emitter, sensitized with PtOEP blended

into the blue-emitting host, which was coated onto a silver sur-

face employing a 15nm LiF spacer to prevent quenching of

the triplets by the presence of the metal. Upon changing the

orientation of the substrate with respect to an incident laser

beam, the authors could clearly identify the TE and TM modes

of the plasmonic resonance hosted by the Ag layer in the

TTA yield.137 Recently, Poorkazem et al. dispersed plasmon-
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ically active silver nanoplates in a poly(methyl methacrylate)

(PMMA) host which contained a PdOEP/DPA TTA-UC sys-

tem, and observed a pronounced increase of the upconverted

fluorescence signal as compared to a PdOEP/DPA/PMMA

system lacking the silver nanoplates.138 Theoretical studies

have further emphasized the possibility of enhancing TTA-UC

in plasmonically active nanoparticles with crescent-shaped sil-

ver coatings.139

In summary, it is without doubt that plasmonics can pro-

vide great potential for increasing the TTA-UC yield by near-

field enhancement of sensitizer transition rates, and possibly

also by enhancing the outcoupling efficiency of the upcon-

verted light. However, unlike for the geometrical concentra-

tion approach which has already proven to be useful, an in-

situ demonstration of the benefit of near-field optical effects

in a solar energy conversion device is still lacking. Addition-

ally, metal-induced exciton quenching might become an issue

regarding plasmonic enhancement.

4.2.3 Increasing the molecular density. A third, equally

important lever to higher UC yield is the concentration of

the active species. Liquid systems are restrained to the mM

range due to limited solubility of, primarily, the sensitizer

species, while the solid-state approaches discussed in Sec-

tion 2.3 mostly suffer from aggregation and phase separation

when the dye load is increased. Thus far the most efficient

TTA systems still reside in the liquid phase, and new archi-

tectures are required to increase dye load while preventing ag-

gregation and proximity self-quenching. This review does not

aim at providing the full scope of possible synthetic routes

toward this goal. However we highlight some notable ap-

proaches which – in our view – might contribute to solving

the pending issues in solid-state TTA.

An elegant and straightforward approach would be cova-

lently linking sensitizer and emitter species.140 Recent stud-

ies imply that this indeed increases the UC yield in liquid

solutions,141 while earlier studies have found an increase of

the TTA photon yield of a porphyrin sensitizer end-capped

poly-pentaphenylene solid TTA emitter142 as compared to a

porphyrin-doped host. Although others have argued that the

gain in UC efficiency in this system was minute and relate this

finding to a possible exciton back-diffusion,58 these strategies

point in the right direction but require much more effort in

order to realize efficient and robust TTA systems tailored for

solar energy applications.

Another interesting strategy is omitting the host ma-

trix completely by functionalizing the active species with

branched alkyl chains, thus creating a nonvolatile organic liq-

uid solely consisting of the active species. Duan et al. pursued

this approach functionalizing the PtOEP/DPA system and re-

alized a concentration of up to 10mM of porphyrin sensitizer

in the resulting DPA solution.143 The quantum yield was mea-

sured to be up to 28%.

Further, an increase of dye load should also be possible

by tethering the active species onto nanoscopic support struc-

tures. Lissau et al. reported upconverted fluorescence from

the PtOEP/DPA system adsorbed onto ZrO2 nanoparticles, but

found their system to be limited by aggregation; sub-optimal

dye loading and orientation; and oxygen quenching. An im-

proved system featured functionalized DPA with carboxylate

anchor groups on ZrO2 nanoparticles floating in a butyroni-

trile solution containing the PtOEP sensitizer, and showed im-

proved performance144.

Our own activities in this field have been focussed around

tethering the sensitizer species onto nanoscale scaffolds which

are then immersed into a liquid emitter solution or interspersed

with a polymeric emitter. First results of our red-absorbing

porphyrins bound to silica nanoparticles in rubrene solution,

in combination with amorphous silicon solar cells, showed a

working system but no benefit with respect to the liquid sys-

tem.94 Clearly, more work is required to shed light on the

changes in dynamics, transfer and quenching rates associated

with immobilized dyes in order to assess if this concept bears

potential for improving TTA-UC efficiency.

Finally, an interesting strategy is to move away from the

TTA couple paradigm and to introduce a third (or even more)

active species. Successful attempts to combine two or more

porphyrin sensitizers providing triplets to the same emitter

were presented above and mainly aim at extending the spec-

tral harvest of the TTA system.102,103 However, in contrast,

employing more than one emitter species appears to yield a

benefit in UC efficiency. First of all, the solubility problem

can be mitigated if the sensitizer triplets are accepted by two

separate species instead of one. In addition, there seems to be

a synergetic effect in the combination of two emitting species

which results in a clear gain in UC yield as compared to a

classical TTA couple.20,145 Consequently, our newest and best

solar cell results (cf. Table 2) were obtained with dual-emitter

TTA systems. The exact reason for this effect is currently un-

der investigation, and a respective analysis of our results will

be published elsewhere soon.

4.3 Longevity

For applications in solar energy harvesting, an encapsulated

TTA-UC system would be required to last for several years.

Even if one might consider a liquid TTA system in a flow re-

actor where an exchange of the active solution is more eas-

ily achieved23, the economic feasibility of applying a TTA-

UC booster to a solar energy device crucially depends on the

longevity. However, to our knowledge, no experimental re-

sults have been reported so-far regarding photodegradation of

TTA systems under application-relevant conditions. To this

end, we have collected preliminary data which we present here
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Fig. 10 Photo-degradation of a TTA-UC system. (A) Setup for

measuring the decay of UC yield over an extended period of time.

(B) Analysis of the photo-degradation data based on model-based

fitting. Details of the analysis are given in the text. (C) The time

constant a[3E∗]0 of the model fit shows a quadratic dependence on

the incident excitation power density. Extrapolation to 1 sun

conditions yields the black curve in panel (B).

for the first time.

The experimental setup consisted of a TPPPd/perylene TTA

couple,37 dissolved in a highly nonvolatile synthetic silicone

oil. We inserted a well-defined amount of this mixture into

an EPR tube with 5mm inner diameter, including a miniature

magnetic stirrer. The outside of the tube was covered with a

white Lambertian reflector, leaving only a roughly 1mm sized

hole for detection of the upconverted fluorescence through an

optical fiber using a monochromator/CCD camera assembly

(Princeton Instruments). A 532nm diode laser coupled into an

optical fiber was inserted into the EPR tube such that the light

spot covered the entire surface of the TTA solution (Fig. 10A).

The EPR tube was evacuated to the 10−5 mbar range using a

diffusion pump and the pump line was connected during the

entire duration of the experiment. After pumping on the solu-

tion for 2h during stirring to deaerate and evaporate residual

volatile components, the experiment was started by exposing

the solution to the 532nm light. Over the course of several

hours, fluorescence spectra were taken every minute and the

peak height of the perylene fluorescence around 455nm was

monitored. After the experiment, the effective solar concen-

tration was again calculated to be C = kφb/kφ⊙, with kφb in

this case assumed to be the total incident photon flux divided

by the number of molecules in the cuvette, that is, assuming an

optically hermetic system and a quasi-homogeneous flooding

of the solution with incident light.

The obtained decay traces of the fluorescence intensity were

afterwards analyzed with the help of a model. We normalized

the square root of the fluorescence intensity which results in

data sets of the relative decay of the steady-state emitter triplet

density [3E∗]t /[
3E∗]0.27 We found that these curves could be

reasonably fit assuming that the emitter species are destroyed

by a second-order process,

d
[

3E∗
]

t

dt
=−a

[

3E∗
]2

t
⇒

[

3E∗
]

t

[3E∗]0
=

1

a [3E∗]0 t +1
. (19)

The fit results are shown in Fig. 10B.

We noted from UV-VIS absorption spectra taken after the

degradation run that [E] and [S] had been diminished equally

such that the ratio [S]/[E] was approximately constant. Thus,

the photo-destruction mechanism must affect both molecular

species.

We fit the decay curves for different effective light con-

centrations and found the square root of the time constant
√

a[3E∗]0 to vary linearly with the incident laser power

(Fig. 10C). Extrapolating the respective linear fit to 1 sun con-

ditions we arrive at the black model curve in panel (B), pre-

dicting that after 1000h at 1 sun conditions – corresponding

to one year of outdoor operation in central Europe – the triplet

concentration would have dropped by 10%. After three years

30% loss would have occurred, corresponding to a loss in the

UC photon yield of about 50%.

While this analysis is only a first and crude step towards

assessing the longevity of TTA systems under relevant condi-

tions, we consider the results to be promising, even though the

lifetime is most likely not yet sufficient for an economically

feasible operation. Given the fact that the employed excita-

tion energies (hν) are 25% higher than for the red-absorbing

TTA systems relevant to PV devices, and the energy accessible

by second order processes might be up to 1eV lower in those

TTA couples, the destruction rate will likely be reduced. The

fact that the PV device protects the upconvertor from high-

energy photons will further help to extend the lifetime of the

TTA system. However, further and more detailed studies are

needed to conclude about the longevity in device-relevant con-

figurations, and dedicated materials design will be required in

order to increase the lifetime under 1 sun conditions towards

the order of 10 years or more.
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4.4 Encapsulation and oxygen defense

Oxygen is detrimental to the operation of TTA-UC as it scav-

enges triplet excitons from the active TTA species. The elec-

tronic ground-state of molecular oxygen has a triplet configu-

ration of electron spins with a T0 − S1 energy gap of 0.97eV.

This makes it an effective quencher of triplet-excited chro-

mophores in TTA-UC systems by the reaction [3O2] + [3M∗]

→ [1O∗
2] + [1M]. Sustainably excluding oxygen is therefore

a prime directive in the design of device-appended TTA-UC

systems. Additionally, replacing highly volatile solvents such

as toluene, which are commonly used for lab-based TTA sys-

tems, becomes mandatory for long-term encapsulation of TTA

systems. While the containment of the TTA system in a

closed glass cuvette after freeze-pump-thaw cycles is a practi-

cal method in the lab, device application requires new routes

for both oxygen defense and encapsulation. In the literature

we already find documents of very different approaches that

might be viable to this end, and partly include rendering the

TTA-system to be bio- or aqueous-compatible.

Polymeric micro- or nano-capsules filled with a liquid

TTA system have been presented in a number of studies and

allow stable operation in water,129,146–149 as do polymeric

nanofibers containing nano-capsules filled with a liquid TTA

system.150 Self-organized micellar carriers based on non-ionic

surfactants have been presented and likewise allow transfer-

ence of the system into water.151 There are also several alter-

natives to the highly volatile solvents: Ionic liquids have been

presented as a completely nonvolatile host matrix,123 while

hexadecane/polyisobutylene was found to be a less volatile

host, also providing some degree of oxygen protection.129 Fi-

nally, matrices which have oxygen-scavenging properties can

further reduce the detrimental impact of atmospheric condi-

tions.152,153

In summary it appears that several complementary strate-

gies for oxygen exclusion and encapsulation are already avail-

able. As for the longevity issue discussed above, focussed ef-

forts are needed to explore the feasibility of those approaches

in a device context.

4.5 Materials Cost

In the end, the uptake of photovoltaics is a trade-off between

cost and efficiency, there being a market for cheap but rea-

sonably efficient cells (η ≈ 10%), and a market for highly

efficient yet expensive cells (η > 20%). The addition of an

upconvertor to a thin-film solar cell must not add a consider-

able cost to its manufacture. The cost will comprise two com-

ponents, the materials cost and the manufacturing cost. We

begin with estimating the materials cost.

In order to absorb the sub-bandgap light, the sensitizer ma-

terials must be in a high enough concentration such that their

absorption cross sections, σ , could be used to tesselate the

rear of the solar cell. At a surface coverage of 1/σ , 1/e of

the incoming radiation would be absorbed at peak, which, in

conjunction with a back-reflector, has been determined to be

optimal.93

The PQ4Pd porphyrin has a peak absorption cross section

of 4 Å2, which would yield an optimal surface concentra-

tion of 2.5× 1019m−2, or 4× 10−5 mol m−2. With a molec-

ular mass of ∼ 1500 amu, this translates to about 65 mg m−2.

Now, while specialty research chemicals cost on the order of

$1000/g, vat dyes which are manufactured in bulk can be pur-

chased for prices ranging from $1 to $50/kg. At $50/kg, the

dye cost would be just a third of a cent per square metre. The

emitters in widespread use are already manufactured in bulk:

Rubrene can be obtained for as little as $10/kg, as can vari-

ous perylene dyes, some of which are used in paints for vehi-

cles. Phthalocyanines, which have been demonstrated as sen-

sitizers,154 are available for as little as $1/kg. Thus, given a

choice of sensitizer and emitter species which are already in

widespread use and having scalable synthesis, the cost for dye

production could be well in the c/m2 range.

In terms of elemental raw materials use, the palladium or

platinum metal currently incorporated in the porphyrin sensi-

tizers is expected to dominate the price. The cost of palladium

is $780/oz at the time of writing. Assuming an absorption

cross section of 4 Å2, this amounts to 4 mg m−2, which would

cost about 12c m−2. Thus, the use of precious metals in the

sensitizer species would be the main price driver given bulk

synthesis prices as discussed above.

To pay for itself, the upconvertor must generate an ad-

ditional Wp $−1. Assuming a cell voltage of 0.5 V at its

maximum power point, an additional 2A $−1 is required.

At an upconvertor cost of 1$ m−2 – much higher than the

more optimistic estimates outlined above – this amounts to

0.2 mA cm−2, which is at the upper end of what we believe

is eventually achievable with a single sensitizer species.95

Note however that by broadening the absorption range through

the use of multiple sensitizer species feeding the same emit-

ter35, the current harvest could be increased by adding a single

molecular species, thus leveraging the cost of the entire UC

system.

Clearly, there is a need to identify upconversion materi-

als which are either already in widespread use, have scalable

syntheses, and forgo the use of precious metals. With re-

spect to upconversion without heavy metals, BODIPY dyes

were shouwn to function as rare-metal-free triplet sensitiz-

ers.30 It has further been demonstrated that zinc porphyrins

can sensitize TTA-UC systems.155,156 Zinc costs on the order

$2/kg, which is a tiny fraction of the cost of palladium. While

zinc compounds do not usually have the ∼100% triplet yields

of palladium and platinum compounds, they are still high

(∼ 80−90%), and since intersystem crossing is not presently

a bottleneck in TTA-UC efficiency the prospects for achieving
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photochemical upconversion with cheap materials are good.

Regarding the manufactoring cost for integration of an UC

unit into a solar energy harvesting device, a sincere estimate

is hard to make based on the currently available UC sys-

tems. Clearly, the realization of an efficient solid-state TTA-

UC material would greatly improve the application perspec-

tive. However, incorporation of liquid materials does not gen-

erally preclude a large-scale application as can be seen from

the example of liquid crystal flat panel displays. As a result,

respective sealing and encapsulation methods are available,

but a commercially viable application of liquid-based TTA-

UC might ultimately be hindered by the requirement of a sec-

ond glass sheet to form the cavity hosting the UC unit. Thus,

the application perspective of TTA-UC will crucially depend

on further materials development, mainly tackling the chal-

lenges of solid state matrices as well as photo-degratation.

5 Conclusion

In conclusion, we have shown the status and prospects of

device application for triplet-triplet annihilation upconver-

sion in the context of solar energy conversion and storage.

The application perspective of TTA-UC for thin-film PV and

photo(electro)chemical storage is clearly given, due to the in-

herently large bandgaps of respective absorbers and ensuing

transmission losses. It is apparent that the quantum yield of

TTA-upconversion systems under device operation conditions

is the crucial quantity to be optimized in the near future. Al-

though it approaches the physical limit under high excitation

flux for some TTA systems, it is mostly in the low percent

range under 1-sun conditions. The combination of micro- or

nano-optical enhancement schemes with tailored engineering

of TTA materials to facilitate higher concentrations of the ac-

tive species might pave the way to higher QEs in device con-

figuration. Alongside this challenge in material and optical

design, the longevity of the UC unit needs to be addressed

within a technological effort. There seems to be a plethora

of possible complementary approaches to oxygen defense and

encapsulation, making it realistic that this aspect will not hin-

der application. Photo-degradation of the organic species is

more likely to be a crucial issue, but very preliminary results

let us hope that it can be resolved. Finally, we believe that

TTA-UC has a bright future for solar energy harvesting if we

are able to rise to the challenges set out above.
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