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ABSTRACT: Molecular photon upconversion via triplet−triplet annihilation
(TTA-UC) is an intriguing strategy to increase solar cell efficiencies and surpass
the Shockley−Quiesser (SQ) limit. In this Perspective, we recount our group’s
efforts to harness TTA-UC by directly incorporating metal ion linked multilayers
of acceptor and sensitizer molecules into an organic−inorganic hybrid solar cell
architecture. These self-assembled multilayers facilitate both upconverted
emission and photocurrent generation from the upconverted state with a record
contribution of 0.158 mA cm−2 under 1 sun solar flux. We recount the
progression toward this record and the mechanistic insights learned along the
way, summarize the rate- and efficiency-limiting events, and outline improve-
ments that must be made to produce a viable TTA-UC solar cell that can surpass
the SQ limit. We also discuss the potential impact that efficient TTA-UC and
photocurrent generation could have on existing record solar cells.

Molecular photon upconversion via triplet−triplet anni-
hilation (TTA-UC)combining two or more low-

energy photons to generate a higher-energy excited stateis of
interest for applications, including bioimaging, oxygen sensing,
anticounterfeiting, and solar energy conversion, the focus of
this Perspective.1−10 TTA-UC, first observed in the 1960s,11 is
typically achieved using sensitizer and acceptor molecules with
the mechanism summarized in Figure 1.12 Briefly, low-energy

excitation of the sensitizer molecule into the singlet excited
state, (1) in Figure 1, is followed by intersystem crossing to the
triplet excited state manifold (2). The triplet excited-state
energy is then transferred from the sensitizer to the acceptor
molecule typically via a Dexter energy-transfer mechanism
(3).13,14 When two acceptor molecules in their triplet excited

states are in proximity they can annihilate, with one acceptor
relaxing back to its ground state and the other being promoted
to its high-energy singlet excited state (4). Emission from the
acceptor singlet excited state (5) is at a higher frequency than
the excitation source, and thus the photon energy is
upconverted in this process.
There are a number of strategies for combining sensitizer

and acceptor molecules to facilitate TTA-UC, including in
solution,12,15−18 polymer films,12,19−22 metal−organic frame-
works,23−26 as a neat solvent,27,28 inside a microemulsion,29 in
a hydrogel,30 and on surfaces.31−41 In contrast to inorganic UC
nanoparticles, which typically have relatively low efficiencies
and require high excitation intensities (>1 W/cm2),7,11

molecular TTA is appealing because upconverted emission
efficiencies upward of 60% have been demonstrated, and UC is
achievable even under low-intensity irradiation (<10 mW/
cm2).42−44 The latter point is particularly important in that
TTA-UC can occur under subsolar intensities and thus has
promise as a means of surpassing the Shockley−Queisser limit
(∼33%) for solar energy conversion.45 Systems analysis
indicates that using TTA-UC to harness previously trans-
mitted, sub-band gap photons can increase the maximum
theoretical solar cell efficiency from 33% to over 45%.18,44,46,47

TTA-UC is typically incorporated into solar energy
conversion schemes via either optical48−55 or electronic
coupling arcitectures.24,32,33,36,41,56 In the former, a TTA-UC
film or solution is placed on the back side of a standard solar
cell. The sub-band gap, low-energy light that is usually lost via
transmission is then absorbed in the TTA-UC material,
upconverted to supra-band gap energies, followed by emission
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Figure 1. Mechanism for TTA-UC including (1) excitation, (2)
intersystem crossing, (3) sensitizer-to-acceptor triplet energy transfer,
(4) triplet−triplet annihilation, and (5) upconverted emission.
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back to the solar cell. This strategy has the advantage of using
established solar cell technologies, allowing each component to
be independently optimized. One possible disadvantage is that,
in contrast to the electronic coupling schemes (vide infra), the
sensitizer concentration must be kept relatively low to prevent
losses due to sensitizer−sensitizer annihilation, parasitic energy
transfer, and/or inner filtering effects.18 Additionally, because
the UC emission is isotropic, this architecture requires
reflectors or waveguides to direct the UC light to the solar
cell to maximize TTA-UC harnessing efficiency.
In the electronically coupled scheme (also known as an

integrated TTA-UC solar cell), TTA-UC is incorporated
directly into the photocurrent generation mechanism. That is,
following excitation and TTA, charge separation of the
upconverted state occurs prior to UC emission. This scheme
circumvents any issues with inner filtering losses, and thus
sensitizer concentrations, and subsequent triplet excited state
densities, can be increased even under low intensity light.
However, this architecture does increase the complexity of the
photocurrent generation mechanism and it requires the TTA-
UC materials to be integrated into the excitation, exciton
diffusion, charge separation, and electron/hole transport
processes. While there have been a number of reports of
optically coupled TTA-UC solar cells, perhaps this complexity
is the reason why, prior to 2015, there were no examples of an
electronically coupled TTA-UC solar cell.31,41

In 2015, our research group introduced self-assembled
bilayers of sensitizer and acceptor molecules on a metal oxide
substrate as a step toward an electronically coupled TTA-UC
solar cell.31 As shown in Figure 2a, self-assembled multilayers
via metal ion linkages57,58 are prepared through a stepwise
soaking procedure.59,60 Briefly, the high surface area metal
oxide (ZrO2 or TiO2) is soaked in a solution of the acceptor
molecule, then the ZnII linking ion, and finally the sensitizer
molecule. For our prototype films, 4,4′-(anthracene-9,10-
diyl)bis(4,1-phenylene) diphosphonic acid (A) and Pt(II)
meso-tetra(4-carboxyphenyl)porphine (PtP) were selected as
the acceptor and sensitizer, respectively,31 because they are
derivatives of well-known upconversion pairs.12,61 Each step of
the film-formation process can be monitored using attenuated
total reflection-infrared (ATR-IR)62 and ultraviolet−visible
(UV−vis) spectroscopy with the PtP concentration controlled
by the soaking time. As can be seen in Figure 2c, absorption of
the bilayer film (ZrO2-A-Zn-PtP) is effectively the sum of its A
and PtP components.
Under excitation with green light (532 nm), ZrO2-A-Zn-PtP

showed blue emission (380−520 nm) with a quantum yield of
0.0023 ± 0.0003 (Φem = photons out/photons in).31 The
emission intensity exhibited a quadratic-to-linear dependence
on excitation intensity, indicating that the green-to-blue
upconversion process is occurring via a TTA-UC mecha-
nism.63,64

For photocurrent measurements, TiO2 was used as the
substrate because its conduction band energy is appropriate to
act as an electron acceptor from the singlet excited state of A
(1A*) but not the triplet excited state of A or PtP (3A* or
3PtP*).65,66 Under 2 sun irradiation (AM1.5) passed through a
495 nm long pass filter, a sandwich cell composed of a TiO2-A-
Zn-PtP working electrode, platinum counter electrode, and
TBAClO4 in MeCN electrolyte, had a peak photocurrent of
0.31 mA/cm2.31 Despite having the same total absorption, this
photocurrent was three times the sum of its parts (TiO2-A =
0.008 mA/cm2 and TiO2-PtP = 0.1 mA/cm2). This

observation, combined with the quadratic-to-linear-like inten-
sity dependence, indicated that the bilayer film was an effective
strategy not only to facilitate TTA-UC but also to charge
separate the upconverted state. It is important to note that
because of the lack of a regenerative redox mediator, the
current was only transient and not sustained, but nonetheless it
showed that charge separation of an upconverted state is
feasible.
With a functioning TTA-UC film in hand we sought to

determine the rate and efficiency of both the productive (green
arrows in Figure 3) and nonproductive (red arrows in Figure
3) energy and electron-transfer events in the bilayer scheme.34

Given the complexity of the system, simultaneously quantifying
all dynamics events is an intractable task. Therefore, to
determine the kinetics in the bilayer film, we used steady-state
and time-resolved spectroscopy on a combination of

Figure 2. Preparation (a) and structure (b) of self-assembled bilayer
on a nanocrystalline metal oxide substrate. (c) UV−vis absorption of
the acceptor (blue), bilayer (purple), and sensitizer (red) films on
ZrO2 (black). Reproduced in part from ref 31. Copyright 2015
American Chemical Society.

This observation, combined with
the quadratic-to-linear-like inten-
sity dependence, indicated that
the bilayer film was an effective
strategy not only to facilitate

TTA-UC but also to charge sepa-
rate the upconverted state.
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substrates, sample and control monolayers and/or bilayers, and
excitation wavelengths.
Radiative (kr) and nonradiative (knr) decay constants, for

example, were determined from the lifetime (τ) and emission
quantum yield (Φem) for ZrO2-A and ZrO2-PtP using the
equations kr = Φ/τ and knr = (1 − Φ)/τ. Other rate constants
(e.g., kinj, kBET, etc.) could be quantified directly by monitoring
the formation and disappearance of the oxidized dyes using
transient absorption spectroscopy. For some events, where
there are several competing decay processes, the rate constant
must be determined using comparative measurements between
samples. For example, sensitizer-to-acceptor triplet energy
transfer (kTET) is competitive with kr, knr, and sensitizer−
sensitizer annihilation (kSTTA). In this case, PtP emission
lifetime from two different bilayer films, ZrO2-A-Zn-PtP
(τs(bl)) and ZrO2-B-Zn-PtP (τs), can be used to calculate
kTET using eq 1.

τ τ
= −k

1 1
TET

s(bl) s (1)

In the latter sample, B is triphenyl-4,4′-diphosphonic
acid,34,60 a photochemically and photophysically inert
surrogate of A that retains the bilayer structure but does not
act as a TET acceptor. Because kr, knr, and kSTTA are
presumably similar for the two samples, the difference in PtP
emission decay kinetics can be attributed to kTET. From eq 1, a
measured τs = 59 μs and τs(bl) = 33 μs results in a kTET of 1.3 ×
104 s−1. The above three strategies were applied to determine a
majority of the remaining rate constants.
Several notable observations can be made from the data in

Figure 3. First, because of the relatively slow kTET and
competitive knr, the triplet energy-transfer yield is only ∼30%.
Thus, a 3-fold increase in TTA-UC efficiency, and photo-
current (vide infra), could be achieved if the interlayer energy-
transfer rate is increased by an order of magnitude. Second,
presumably because of the geometrically fixed nature of the

bilayer assembly, nonproductive sensitizer−sensitizer annihila-
tion does not occur (kSTTA ≈ 0). Finally, electron injection
from the acceptor singlet excited state happens on a
picosecond time scale (kinj(1A*) > 4.5 × 1011 s−1) and is
significantly faster than nonproductive acceptor-to-sensitizer
FRET. The negligible kSTTA and fast kinj(1A*) are the primary
reasons that the bilayer scheme can accommodate high
sensitizer concentrations and not suffer the nonproductive
losses that are typical in solution or heterogeneous TTA
schemes.15,18,67,68 The fast and near unity injection yield
(Φinj(1A*) ≈ 100%) also indicates that the TTA-UC efficiency
losses in the bilayer architecture are due to the steps prior to
injection (i.e., slow cross surface migration and/or inefficient
TTA).
Given the importance of sensitizer-to-acceptor TET and

interacceptor, cross-surface energy transfer in dictating the
TTA-UC efficiency, we then turned our attention toward
understanding the role of the acceptor molecules’ structure in
dictating these dynamic events.35,37 In addition to the change
in energetics that has been observed in solution,69−71 structural
variations in the acceptor molecule also dictate intermolecular
distance and relative orientation of the supramolecular
assemblies which in turn influence TTA-UC rates and
efficiencies. The acceptor molecules for our study were
composed of an anthracene core functionalized with 9,10- or
2,6- phenyl, methyl, or directly bound phosphonic acid groups
as depicted in Figure 4.

All five anthracene derivatives form the bilayer film with PtP
and adhere to isotherm loading behavior with a close packing,
center-to-center distance (a0) of 9−11 Å for dyes A, 1, 3, and 4
and 16 Å for 2. As can be seen in Table 1, bilayers composed
of A and 1−4 result in dramatically different Φuc, kFRET, and
triplet exciton diffusion rates.
Upon 532 nm excitation, all the ZrO2-(A, 1−4)-Zn-PtP

films exhibit a blue emission feature from 420 to 500 nm with
our prototype bilayer, ZrO2-A-Zn-PtP, giving the highest
quantum yield and then decreasing in the order 1 > 3 > 2 > 4.
Of the acceptor molecules, 2 exhibited the fastest sensitizer-to-
acceptor interlayer triplet energy-transfer rate (kTET = 2.1 ×
104 s−1). The higher rate and nearly doubled TET yield

Figure 3. Productive (green) and nonproductive (red) processes that
occur in a TTA-UC bilayer solar cell. All units are s−1 except for γTTA
(cm3 s−1) (kex = excitation, kisc = intersystem crossing, kSTTA=
sensitizer−sensitizer triplet−triplet annihilation, kr(3S*) = triplet
sensitizer radiative decay, knr(3S*) = triplet sensitizer nonradiative
decay, kTET = sensitizer-to-acceptor triplet energy transfer, kinj(1/3S*) =
sensitizer electron injection, ket = sensitizer-to-acceptor electron
transfer, knr(3A*) = triplet acceptor nonradiative decay, γTTA = second-
order triplet−triplet annihilation constant, kr(1A*) = singlet acceptor
radiative decay, knr(1A*) = singlet acceptor nonradiative decay, kinj(1A*)
= singlet acceptor electron injection, kinj(3A*) = triplet acceptor
electron injection, kBET1 = back electron transfer to acceptor, kBET2 =
back electron transfer to sensitizer). Reprinted from ref 34. Copyright
2017 American Chemical Society.

Figure 4. Structures of acceptor molecules A and 1−4 with metal ion
binding PO3H2 groups highlighted in blue. Adapted with permission
from ref 37. Copyright 2018 Royal Society of Chemistry.
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compared to A and 1 are presumably due, at least in part, to
the lack of phenyl groups between the anthracene core and the
phosphonate metal ion binding group, effectively decreasing
the distance between PtP and 2.
The rate of acceptor-to-sensitizer Förster resonance energy

transfer (FRET) is dictated by the spectral overlap between
emission and absorption (J), distance between the molecules,
and the relative orientation of their transition dipole moments.
Bilayers containing acceptor molecules A and 1 have similar J
values (2.6 × 10−11 and 2.8 × 10−11 cm3 M−1, respectively) and
kFRET suggesting that either the molecular orientations are
similar, which is unlikely, or that differences in structure
between these two bilayers play a diminished role in dictating
FRET. In contrast, compound 4 exhibits the fastest (kFRET =
1.86 × 108 s−1) and most efficient (ΦFRET = 0.58) FRET
despite the 3 orders of magnitude lower J value (2.8 × 10−14

cm3 M−1) relative to A and 1−3. In this case, it is likely that
the molecular orientations in ZrO2-4-Zn-PtP are appropriate
to strongly favor FRET.
From intensity-dependent emission measurements, the

cross-surface triplet exciton diffusion constant (D) was
calculated.64 The origin of the 2 orders of magnitude higher
D for 4 (2.0 × 10−7 cm2 s−1) compared to the other acceptor
molecules is currently unclear. One could envision that lower
steric hindrance and/or the relative orientation dictated by the
methyl groups at the 2,6- position would favor face-to-face
stacking of the acceptor molecules.
Collectively these results demonstrate that the structure and

orientation of the molecules in the bilayer, despite not being
known, can have a profound impact on intra- and interlayer

energy-transfer events. Measuring and modeling the structure
at these interfaces will be a necessary step in fully explaining
and then controlling migration, triplet energy transfer, back
energy transfer, and ultimately the TTA-UC efficiency in self-
assembled bilayer films.
Up until this point we have described only TTA-UC

emission and transient photocurrent generation. To realize
sustained photocurrent and a fully functional solar cell, an
electron donor, [Co(bpy)3]

2+/3+, was added to the electrolyte
of our standard TiO2-A-Zn-PtP electrochemical cell as
depicted in Figure 5a.32 Under 2 sun irradiation (2 ×
AM1.5) passed through a 495 nm long pass filter (Figure
5b), the sustained Jsc for TiO2-A-Zn-PtP (0.028 ± 0.002 mA/
cm2) was more than 5 times greater than that of TiO2-PtP
(0.005 ± 0.002 mA/cm2) and TiO2-A (0.002 ± 0.002 mA/
cm2) devices.
Not only was there a dramatic increase in photocurrent

relative to its monolayer components, but the Jsc showed a
quadratic-to-linear dependence on excitation intensity, indicat-
ing that the photocurrent was the result of a TTA-UC
mechanism.63,64,72,73 As far as we know, this was only the
second example of an integrated TTA-UC solar cell and the
first observation of a quadratic-to-linear photocurrent−
excitation intensity dependence.
The first example of an integrated TTA-UC solar cell was

reported by Nattestad and co-workers41 and was based on a
heterogeneous TTA-UC scheme introduced by Morandeira
and co-workers, where the acceptor was bound to the metal
oxide surface and the sensitizer was in the electrolyte
solution.39,67 A comparison between the two architectures
showed that for the hetergeneous scheme, there was first an
increase and then a decrease in Jsc with respect to sensitizer
concentration (Figure 6a), presumably because of non-
productive sensitizer−sensitizer TTA losses at higher sensitizer
concentration.67 In contrast, the Jsc for the bilayer film (Figure
6b) continually increases up to the highest sensitizer loading
concentration (A:PtP, 2:1) because, as noted above, the fixed
geometry of the assembly inhibits kSTTA.

34

Further photocurrent enhancements of 0.078 and 0.158 mA
cm−2 were then achieved under 1 sun irradiation using multiple
sensitizers in a self-assembled trilayer33 and by changing the
redox mediator,36 respectively. In the former, the addition of a
second sensitizer Pd(II) meso-tetra(4-carboxyphenyl)porphine
(PdP in Figure 7a) in a TiO2-A-Zn-PdP-Zn-PtP trilayer

Table 1. UC Quantum Yield, Rates of TET and FRET, and
Triplet Exciton Diffusion Coefficient for ZrO2-(A, 1−4)-Zn-
PtP in Deaerated MeCN

Φuc
a kTET (s−1)b kFRET (s−1)c D (cm2 s−1)d

A 0.0023 1.3 × 104 7.8 × 106 4.6 × 10−10

1 0.0008 1.3 × 104 9.3 × 106 3.1 × 10−9

2 0.0004 2.1 × 104 2.4 × 108 1.7 × 10−9

3 0.0007 1.7 × 104 2.4 × 107 1.4 × 10−9

4 0.0001 1.5 × 104 1.9 × 108 2.0 × 10−7

aMeasured relative to ZrO2-A-Zn-PtP (Φuc = 0.0023) via actino-
metry. bkTET = 1/τs(bl) − 1/τs.

ckFRET= 1/τA(bl) − 1/τA.
dD = γTTA/

(8πa0).

Figure 5. (a) Electronic transitions and energetics for TiO2, A, PtP, and [Co(bpy)3]
2+/3+ (vs NHE) in the TTA-UC solar cell. (b) Amperometric

i−t curves for solar cells containing TiO2-A, TiO2-PtP, and TiO2-A-Zn-PtP photoanodes with [Co(bpy)3]
2+/3+ redox mediator under two

equivalent AM1.5 solar irradiation. (c) Photocurrent density from TiO2-A-Zn-PtP (purple) and TiO2-PtP devices with respect to 532 nm
excitation intensity. Reproduced in part from ref 32. Copyright 2016 American Chemical Society.
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broadened and increased low-energy light absorption. The
energetics were such that the triplet energy cascades from PtP
to PdP to A effectively increasing the triplet densities on A
which lowered the maximum TTA efficiency onset (Ith value)
to sub-solar intensities (<1 mW/cm2), effectively increasing
the Jsc even under 1 sun flux.15,51,74

For the latter, it was found that the redox potential of the
Co2+/3+ mediator had a dramatic effect on Jsc and Ith values
which varied over an order of magnitude across the six
mediators (Figure 7b) with maximum and minimum values of
0.158 mA cm−2 and 0.8 mW/cm2, respectively. Using transient
absorption spectroscopy, we demonstrated that the cobalt
mediator, while necessary for regenerating the dyes and closing
the electrical circuit, can also quench the triplet excited states
via (1) energy transfer or paramagnetic quenching by the CoII

species and (2) excited-state electron transfer to CoIII

species.36 This quenching reduces the acceptor triplet lifetime
and is strongly competitive with TTA-UC, with some redox
mediators quenching more than others. It is important to note
that a Jsc of 0.158 mA cm−2 is the current record for harnessing
TTA-UC in a solar cell and 0.8 mW/cm2 is on par with the
lowest Ith value reported for any TTA-UC system. From these
results, it is clear that the choice of redox mediator plays a
pivotal role in the efficiency of the device. The redox mediator
must be chosen carefully to minimize recombination and
excited-state quenching while maximizing dye regeneration.

To this point we have walked through our progression in
understanding the dynamics of TTA-UC in a bilayer assembly
as well as our efforts to harness UC in a solar cell. This work is
a small contribution to the larger body of work that
increasingly suggests the TTA-UC is a viable strategy for
improving solar energy conversion efficiencies. Progress in the
field to date, in terms of the Jsc contribution from TTA-UC
(JUC), corrected to the figure of merit under 1 sun
conditions,44,48 is shown in Figure 8.
This graph is an updated version of the one first introduced

by Schmidt and co-workers.44,55 In this graph, they define JUC,
and not open-circuit voltage (Voc) or power conversion
efficiency (PCE), as the critical metric to monitor while
tracking progress in harnessing TTA-UC. This is justified given
that TTA-UC is only a supplement to the high-energy, supra-
band gap photoconversion components of the solar cell which
will primarily dictate Voc and PCE. It is also important to note
that JUC is the current density (mA cm−2) divided by the
square of the solar equivalent intensities used to excite the
solar cell (i.e., mA cm−2 sun−2). This figure of merit (FoM)
approach48,44,55 allows for a general comparison between cells

Figure 6. Photocurrent density at 0 V with respect to the absorbance
at 532 nm (bottom) and sensitizer concentration (top) for (a) TiO2-
A with Pt(II) meso-tetraphenylporphine and [Co(bpy)3]

2+/3+ in DMF
and (b) TiO2-A-Zn-PtP with [Co(bpy)3]

2+/3+ in DMF and under 532
nm laser excitation (5.5 W/cm2). Reprinted from ref 32. Copyright
2016 American Chemical Society.

Figure 7. (a) Self-assembled trilayer on a nanocrystalline metal oxide
substrate and (b) electronic transitions and energetics for TiO2, A,
PtP, and the mediators (vs NHE) alongside the structure of the
CoII/III redox mediators (ISC, intersystem crossing; TET, triplet
energy transfer; TTA, triplet−triplet annihilation). Reproduced in
part from ref 36. Copyright 2017 American Chemical Society.

It is important to note that a Jsc of
0.158 mA cm−2 is the current

record for harnessing TTA-UC in a
solar cell and 0.8 mW/cm2 is on
par with the lowest Ith value

reported for any TTA-UC system.
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measured under different conditions. The underlying assump-
tion is that solar cells measured under high intensities are
operating in the quadratic regime, and thus dividing by the
equivalent suns squared extrapolates to 1 sun conditions. For
cells operating in the linear regime, this extrapolation will
underestimate the performance under 1 sun conditions, and
thus researchers are encouraged to measure and report TTA-
UC solar cell performance under AM1.5 conditions.
They also defined a device relevance threshold of 0.1 mA/cm2

that represents the minimum photocurrent generation
necessary to make a notable impact on solar cell efficiencies.
In Figure 8, optically and electronically coupled TTA-UC solar
cells are depicted in gray and red, respectively. In addition to
our bilayer solar cell work,32,33,36 there are at least three other
examples of integrated TTA-UC solar cells, including the
heterogeneous device by Simpson et al. mentioned above
(0.0001 mA cm−2),41 an OPV architecture by Lin et al.
(0.0133 mA cm−2),56 and the MOF-based system of Ahmad et
al. (0.002 mA cm−2).24

With the development of new sensitizer pairs and TTA-UC
architectures, much progress has been made toward reaching
and surpassing the device relevant threshold (0.1 mA/cm2).
Here we propose the addition of a device impact threshold of 1
mA/cm2. A 1 mA/cm2 contribution to current world record
DSSC, OPV, or perovskite solar cells would increase PCEs by
one percentage point or more. In a research field where
progress is made in intervals of tenths to hundredths of mA/
cm2, a 1 mA/cm2 improvement would be a remarkable step
forward. However, there is still much work to be done in not
only generating 1 mA/cm2 from TTA-UC but also coupling it
to a world record solar cell.
In terms of improving performance from the bilayer TTA-

UC solar cell, there are a number of steps that can and must be
taken. Even with the current TiO2-A-Zn-PtP bilayer and redox
mediator, photocurrents greater than 0.158 mA cm−2 could be
achieved through engineering strategies like optimizing film
thicknesses and mediator concentrations,75 inhibiting recombi-
nation using TiCl4 treatments,76 or better encapsulation to

exclude or scavenge oxygen from the cell.22,52,56,77,78 Addi-
tionally, as we described above, changing the redox mediator
can have a profound effect on the Jsc and Ith values for TTA-
UC.36 Thus far we have studied only Co2+/3+ complexes, but it
is likely that a suitable mediator could be found that facilitates
regeneration but would not quench the triplet excited state of
the sensitizer and acceptor molecules. Organic solid-state hole-
transporting materials79 are particularly intriguing because they
would not only lack any metal ion-based quenching
mechanism but also help improve the long-term stability of
the device and may help with oxygen exclusion.
The above strategies address issues that are extrinsic to the

molecule−metal oxide interface, but the key to improving light
harvesting and TTA-UC efficiency of the bilayer is by
modifying the molecules in the assembly. One of the simplest
steps forward is to change the sensitizer with the goals of
increasing broad band absorption and reducing energy losses
due to intersystem crossing. Os(II) coordination complexes,80

quantum dots,14,81,82 and thermally activated delayed fluo-
rescence83−85 sensitizers would all achieve this goal, but the
latter two are particularly appealing as low-cost alternatives to
Pt, Pd, or Os molecules.
Our previous work has shown that the structure of the

molecules is also critical in dictating the rate and efficiency of
TET, cross surface triplet migration,35,37 and presumably TTA.
Because the injection yield is near unity,34 these steps are
limiting TTA-UC in the bilayer, and improving any or all of
them will increase solar energy conversion efficiencies.
Unfortunately, while we know that the structure matters,
there is currently no direct information about the intermo-
lecular distances and orientations in the bilayer assembly.
Techniques like near-edge X-ray absorption fine structure
spectroscopy (NEXAFS),86 sum-frequency generation,87 two-
photon photoelectron spectroscopy,88 infrared reflection
adsorption spectroscopy,89 polarized Raman spectroscopy,90

and ATR spectroscopy91,92 will likely play a pivotal role in
deciphering the bilayer structure at the interface. Under-
standing (1) how the position and type of surface/metal ion
binding group dictates the structure and (2) how the structure
influences the energy-transfer dynamics are two critical steps
toward designing assemblies that favor energy transfer,
migration, and TTA.
In both the optically and electronically coupled schemes,

sub-band gap TTA-UC is a complement to supra-band gap
absorption and solar energy conversion. In the optically
coupled architecture, this is readily achieved using a TTA-UC
filter/reflector in conjunction with a high-energy absorbing
solar cell. For the integrated bilayer TTA-UC solar cell, we
envision two possible strategies for harnessing both high- and
low-energy light in a single-junction solar cell. The first is for
the acceptor molecule to act as the high-energy absorber (i.e.,
direct excitation to the singlet state followed by electron
injection). In our previous work, we showed that A in TiO2-A-
Zn-PtP can directly harness high-energy light via this
mechanism (Figure 9a).32 However, for this strategy to be
useful, (1) the acceptor molecule must perform on par with the
highest efficiency dyes used in world record DSSCs and (2)
there must be no competitive high-energy absorption by the
sensitizer molecule.
Regarding point one, finding a dye that has optimal

properties for TTA (i.e., large singlet−triplet gap, fast
intermolecular energy transfer, etc.) and photocurrent
generation (i.e., broad-band absorption (300−700 nm), high

Figure 8. Progression in photocurrent contribution from TTA-UC
(JUC) with respect to time. Reference numbers are in brackets.
Adapted from ref 44. Copyright 2017 American Chemical Society.

A 1 mA/cm2 contribution to
current world record DSSC, OPV,
or perovskite solar cells would

increase PCEs by one percentage
point or more.
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electron injection yield, fast regeneration, etc.) is a nontrivial, if
not impossible task. Regarding point two, any high-energy
absorption by the sensitizer molecule will result in Jsc losses
because the TTA-UC mechanism is inherently less efficient (2
photons in 1 electron out) than direct excitation and electron
injection (1 photon in 1 electron out). In an ideal scenario, the
sensitizer would only absorb low-energy light (>700 nm) but
have no optical transitions from 350 to 700 nm. As far as we
know, no such sensitizer exists. That is not to say sensitizers
and acceptors could not be found that have many of these
properties, but an intensive cost-benefit analysis would be
needed to see if the sacrifices in high-energy conversion are
worth the gains from TTA-UC.
Arguably a more tangible solution may be to generate a

layered TiO2 anode as depicted in Figure 9b. In this
architecture, the high-energy absorber and the TTA-UC
portion are spatially separated on the bottom and top of the
nanocrystalline metal oxide film, respectively. With the
incident light from the bottom electrode, there are no
concerns with competitive, high-energy absorption by the
TTA-UC layer. Conceptually this strategy can be thought of as
replacing the scattering layer of a record-breaking dye-
sensitized or perovskite−TiO2 solar cells with a TTA-UC
layer. Layered dye-sensitized solar cells of this type have been
demonstrated with complementary chromophores,93,94 and we
see no reason why these film formation strategies could not be
used to generate a TTA-UC solar cell. One caveat is that the
redox mediator or hole-transporting material would have to be
appropriate for both the high- and low-energy conversion
layers.
In terms of our bilayer TTA-UC solar cell, thus far we have

only upconverted green light (500−550 nm) to blue light
(400−500 nm), so our record photocurrents are not entirely
device relevant, yet. Systems analyses indicate that maximum
theoretical efficiencies of 45% can be realized only if low-

energy UC is a supplement to a 1.76 eV (∼700 nm) band gap,
high-energy absorber. Given the limit S1 ≥ 2 × T1 and
assuming no energy losses, TTA-UC could theoretically be
used to harness 700−1400 nm (0.88−1.76 eV). In practice,
however, this is a nontrivial task. In addition to inherent energy
losses during energy- and electron-transfer events, the number
of near-IR sensitizers is limited and the current low-energy
excitation limit of TTA-UC is 980 nm (ΦTTA = 0.01%).80,81,95

The energy gap law (i.e., nonradiative rates exponentially
increase as the energy gap decreases)96,97 inherently limits the
excited-state lifetime of near-IR sensitizer which can lower
TET yields. Regardless, TTA-UC pairs nearing 1000 nm
excitation exist and could be incorporated into the bilayer
assembly. As we will show below, even absorption out to 1000
nm could have significant impacts on solar energy conversion
efficiencies.
The ideal 1.76 eV band gap material (∼700 nm) for optimal

use of TTA-UC nicely coincides with the absorption onset of
current world record DSSCs (∼700 nm)98 and perovskite
(∼800 nm) solar cells.99 Assuming that we could replace their
scattering layers with a TTA-UC layer, the question is, how
much could we improve these solar cells? Figure 10 shows the
results for a rough calculation on the possible contribution
from TTA-UC to the highest-efficiency perovskite solar cell yet
published.99

Numerous assumptions have gone into these calculations.
The first is that the sensitizer has broad and uniform
absorption from ∼800−1000 nm. The second is regarding
the efficiency of TTA. According to rigorous spin statistics,
only 11% of triplet encounter pairs can undergo TTA.100−103 If

Figure 9. Two strategies to harness both high- and low-energy light
on high surface area metal oxides (gray spheres) with the incident
light depicted by yellow arrows. (a) Acceptor molecule (blue sphere)
acts as both the high-energy absorber and acceptor from the sensitizer
molecule (red sphere) in the TTA-UC mechanism (TET, triplet-
energy transfer; mig, triplet migration; TTA, triplet−triplet
annihilation; e− inj, electron injection). (b) Layered TiO2 anode
with the high-energy absorber (purple sphere) and the TTA-UC
molecules (red and blue spheres) spatially separated.

Figure 10. (a) IPCE and (b) I−V curve photocurrent enhancement
by coupling TTA-UC to the solar cell in ref 99.

The Journal of Physical Chemistry Letters Perspective

DOI: 10.1021/acs.jpclett.8b02635
J. Phys. Chem. Lett. 2018, 9, 5810−5821

5816

http://dx.doi.org/10.1021/acs.jpclett.8b02635


the quintet encounter pairs are energetically inaccessible and
the triplet pairs only result in the loss of one excited state, then
secondary encounters would increase efficiencies up to 40%.104

However, these limits are still in debate. With the common
acceptor molecule rubrene, TTA-UC efficiencies upward of
60% have been observed.43 TTA-UC could feasibly occur with
100% efficiency if the emitter is designed such that higher
triplet energy levels are energetically inaccessible.43,104 For
example, singlet oxygen generation via triplet sensitization is a
special type of triplet−triplet annihilation that can occur with
100% efficiency.105

Here we will perform the analysis with all of these possible
scenarios (ΦTTA = 0.11, 0.40, 0.60, 1.0), with two photons in
giving one electron out (ΦTTA = 0.11 gives 0.055 electrons per
incident photon). Additionally, we will assume there is a 20%
loss due to less than unity absorption, recombination losses,
slow regeneration, etc. (i.e ΦTTA = 1.0 gives an IPCE = (1.0/2
× 0.8) × 100% = 40%).
Using the resulting IPCE spectrum (Figure 10a) and the

standard AM1.5 solar spectrum, the integrated TTA-UC
photocurrent contribution (JUC) from 800 to 1000 nm can be
calculated. The I−V curve for a perovskite solar cell, with
contributions from each of these possible ΦTTA scenarios, can
then be simulated (Figure 10b) by adding JUC to the Jsc and by
assuming that the Voc, series and shunt resistances, and fill
factor remain unchanged. From the I−V curves, the maximum
power and PCEs can be calculated, and the results are
summarized in Table 2.

Even for the spin statistically limited scenario (ΦTTA = 0.11),
there is a JUC of 0.6 mA/cm2 and an increase in solar cell
efficiency by 0.5 percentage points. For 100% efficient TTA-
UC, there is a remarkable JUC of 6.1 mA/cm2 and an increase
in solar cell efficiency of 5.4 percentage points. The assumed
20% loss is readily achievable in a standard solar cell but may
be generous for a TTA-UC device because of the additional
loss pathways noted above (i.e., quenching by the mediator,
inner filtering losses, etc.). That said, with a reasonable ΦTTA of
0.40, a device impact threshold of 1 mA/cm2 can be achieved

even with 70% non-TTA photon-to-current losses. It is also
worth noting that the band gap of this perovskite solar cell
(∼1.5 eV) is not ideal to maximize the efficiency enhancement
from TTA.99 An increased Voc, JUC contribution, and overall
conversion efficiency could be achieved with a 1.76 eV (∼700
nm) band gap perovskite solar cell. Alternatively, given its
lower efficiency and higher-energy onset, the TTA-UC
contribution would be larger for the world record DSSC.98

These results of course are optimistic in that we assume that
the addition of TTA-UC in no way hinders the performance of
the record solar cell. While that may be the case with the TTA-
UC filter strategy, it most certainly will not be true for an
integrated TTA-UC solar cell. Additionally, while ΦTTA greater
than 11% under 1 sun flux have been demonstrated with visible
TTA-UC,43 the record ΦTTA with 980 nm excitation is only
0.01% and requires >10 W/cm2 excitation source,81 well above
solar flux (<10 mA/cm2). Nonetheless, these calculations show
that TTA-UC could make major contributions to solar energy
conversion but only after significant advances in (1) coupling
TTA-UC to record-breaking solar cells, (2) shifting absorption
to 1000 nm, and (3) increasing TTA-UC efficiencies under 1
sun conditions.
In this Perspective we have discussed our progress

facilitating and harnessing TTA-UC using self-assembled
bilayers of sensitizer and acceptor molecules on a metal
oxide substrate. These bilayers are effective in facilitating TTA-
UC emission and charge separation of the UC state. Kinetic
analysis of the TTA-UC mechanism shows the triplet energy-
transfer and TTA events, but not sensitizer−sensitizer TTA or
electron injection, are fundamentally limiting the TTA-UC
efficiency of the current bilayer film. The structure of the
acceptor molecule, the addition of a second sensitizer, and
variation of the redox mediator can all have a profound effect
on the rate and efficiency of energy transfer, TTA-UC, and
photocurrent generation. Using this knowledge, a TTA-UC
photocurrent of up to 0.158 mA cm−2 has been achieved and is
the current record for harnessing TTA-UC in a solar cell. We
also discuss where progress needs to be made to improve
TTA-UC in the bilayer, including (1) understanding and
controlling the bilayer structure, (2) incorporating new redox
mediators and sensitizers, (3) coupling the bilayer to world
record solar cells, and (4) shifting TTA-UC bilayer absorption
into the near-IR. We close by performing rough calculations as
to what the contribution of TTA-UC to a world record solar
cells could be. In totality, this work shows that while significant
progress has been achieved, there is still much progress to be
made in increasing the efficiency and harnessing TTA-UC for
efficient solar energy conversion.
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