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Solar energy is abundant. Discovering ways to harvest solar energy efficiently are of particular 
interest. But, single-threshold solar cells, and emerging perovskite technologies in particular, do not 
harvest low energy photons. Photochemical upconversion by triplet fusion is a strategy to overcome 
this limitation by upconverting low energy photons from below to above the band gap of the solar 
cell. But, efficient upconversion in the relevant part of the spectrum at one-sun illumination has 
been elusive, in part due to a scarcity of high-performance triplet annihilators with low energy triplet 
states. In this paper we show that a perylene monoimide annihilator, when coupled to a far-red 
absorbing metalloporphyrin, can utilize up to 12% of generated triplet states in the upconversion 
process under one-sun illumination. The present composition is applicable to solar cells with band 
gaps above 1.85 eV, but with further sensitizer development could be pushed into the near infrared 
region of the spectrum. 
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High efficiency deep red to yellow photochemical up-
conversion under solar irradiance †

Joseph K. Gallaher,∗a Katherine M. Wright,b Laszlo Frazer,a,c Rowan W. MacQueen,a,d

Maxwell J. Crossley,e Felix N. Castellano,b and Timothy W. Schmidta

The performance of a perylene monoimide annihilator is evaluated in a photochemical upcon-
version composition. It is found to perform up to five times better than the commonly employed
rubrene annihilator at low excitation intensity, but suffers from a low annihilation singlet yield which
hinders its performance under strong excitation. Upconversion action spectroscopy under broad-
band bias reveals that under one sun illumination, an upconversion composition employing the
perylene monoimide utilizes more than 12 % of the generated triplet states to generate emissive,
excited singlet states. In a suitable medium, this composition could enhance the energy conver-
sion efficiency of high band gap solar cells.

Introduction
Solar energy is delivered to the Earth as a broadband spectrum,
reaching the planet’s surface with an intensity of about 1 kWm−2.
However, making efficient use of this energy presents certain
challenges. A silicon solar cell does not make use of that part
of the spectrum with wavelengths longer than 1100 nm, and at
best can provide an open circuit voltage of about 750 mV.1 These
limitations cap the achievable energy conversion efficiency of a
crystalline silicon solar cell to 29 %,2 and that of any single-
junction semiconductor to 33.7 % under the standard AM1.5G
spectrum.3–5

To move beyond the single-junction limit requires more effi-
cient use of the solar spectrum. There are several strategies to
achieve this. Multi-junction cells hold records for energy con-
version efficiencies,1,6,7 using several band-gaps to sequentially
harvest the solar spectrum from higher to lower photon energies.
However, these devices are rather expensive, and are best suited
to concentrator photovoltaic systems.8 Other strategies to over-
come the single-junction limit include multiple exciton genera-
tion9 (including singlet fission4,10–15), intermediate band solar
cells,16–19 hot carrier solar cells,20 and upconversion.21,22
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Fig. 1 Upconversion in action. Red light is absorbed by a bespoke por-
phyrin and the triplet energy is transferred to PMI or rubrene, which then
undergoes triplet-triplet annihilation and emits higher energy, yellow light.

Upconversion (UC) is a process whereby two or more lower
energy photons are combined by a material to produce higher
energy photons (Figure 1). Detailed balance calculations show
that a solar cell utilizing efficient UC is limited to about 43 % en-
ergy conversion efficiency.4 Under solar concentration this figure
is lifted to in excess of 50 %.23

Experimental demonstrations of UC fall into two categories:
Rare-earth UC24 and photochemical UC.25,26 While both pho-
tochemical and rare-earth upconversion is applicable to silicon
photovoltaics,27,28 those cells which stand to gain the most from
UC are those with higher band gaps,23 which include many thin-
film technologies as well as the emerging methylammonium lead
halide perovskite solar cells.29 These higher band gaps are best
addressed with photochemical upconversion (PUC).22,26

In PUC, photons are harvested by sensitizer molecules which
undergo rapid intersystem crossing to generate molecular triplet
states (Figure 2). In a well designed system, this triplet energy
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Fig. 2 The energy transfer scheme involved in photochemical upcon-
version. Large, solid arrows indicate photon absorption and emission
events. Structures of molecules used in this study are shown at the bot-
tom. ISC: intersystem crossing; TET: triplet energy transfer; TTA: triplet-
triplet annihilation.

is rapidly transfered to annihilator molecules which can store
the energy for hundreds of microseconds – long enough for two
such triplet states to interact.30 When two annihilator triplets
“annihilate”, they ideally generate an excited singlet state which
promptly results in a photon of higher energy than that originally
absorbed. This process is also known as triplet fusion.31 PUC has
been intensively studied over the past decade and a half,32–47

and has been applied to various photovoltaic and photocatalytic
technologies.31,48–54

The most widely used annihilator molecule in PUC studies is
diphenylanthracene, coupled with a platinum or palladium oc-
taethylporphyrin sensitizer.32,55–57 Such a combination can gen-
erate blue light from green light with a quantum yield of about
5 % under one-sun conditions.58 Other green-to-blue systems em-
ploying perylene were found to double this performance,59–61

and the perylene annihilator stands as the record holder for up-
conversion efficiency. However, thin film photovoltaics exhibit
absorption thresholds in the red and near-infrared regions of the
spectrum, requiring sensitizers and annihilators with lower en-
ergy triplet states. One parameter in the road map to optimising
the efficiency of solar photon upconversion is expanding the li-
brary of possible triplet-acceptors to find more effective annihila-
tor species.62

In our demonstrations of upconversion applied to photo-
voltaics,49–54 we have nearly exclusively used rubrene as the
annihilator, and a palladium porphyrin with extended conjuga-
tion as the sensitizer. Rubrene is an intrinsically efficient an-

nihilator, with two triplets generating a singlet with high prob-
ability,38,39 but it diffuses slowly. We previously estimated its
second order triplet-triplet annihilation rate constant at just 1×
108 M−1s−1,38,39,63 more than an order of magnitude below the
diffusion limit in typical solvents. This limits its efficency under
one-sun pumping with available sensitizer materials. Neverthe-
less, we have achieved upconversion enhancements to current
densities exceeding 4.5× 10−3 mAcm−2 under one sun.54 In or-
der to increase this figure of merit,64 we require an annihilator
significantly more effective than rubrene.

In this contribution, we report a perylene monoimide (PMI) an-
nihilator65 which, when coupled to our bespoke porphyrin, gen-
erates excited singlet states with normalized state upconversion
efficiency ηUCs > 12 % under broadband, one-sun pumping.66 At
just 0.1 suns, ηUCs is > 5 %, five times that of rubrene. This
significant improvement brings us a step closer to realising effi-
cient photochemical upconversion for photovoltaics under low-
intensity (sub)-solar conditions.

Methods

Sample Preparation

All samples for optical spectroscopy were prepared under ni-
trogen atmosphere inside a glovebox, with an internal environ-
ment maintained at <0.5 ppm O2. Full details of the materials
and sample preparation can be found in the Supplementary In-
formation (SI). Briefly, upconversion blends of PMI:PdPQ4, and
rubrene:PdPQ4 were prepared by first preparing individual stock
solutions of each component in anhydrous toluene. To make the
upconversion blends an aliquot of annihilator stock solution (i.e.,
PMI or rubrene) was added to an equal volume of PdPQ4 stock
solution, and stirred for 3 hours to ensure mixing of the final so-
lutions. In action spectra experiments, the PMI:PdPQ4 blend had
concentrations of 2.5:1 mM. The rubrene:PdPQ4 blend had con-
centrations of 10:1 mM. The lower concentration of PMI was due
to its lower solubility in toluene compared to rubrene, which lim-
ited the stock solution concentration. For relative external quan-
tum yield experiments, both compositions were made at concen-
trations of 1:0.1 mM. Before removal from the glovebox, all sam-
ples were sealed under inert atmosphere using a custom quartz
curvette with a 1 mm path length, fitted with a J-Young grease-
less stopcock.

Optical spectroscopy

External quantum yield measurements were performed on a
home-built setup. A 670 nm laser diode was used as the exci-
tation source, and the laser output focused, providing an ellipti-
cal spot with dimensions of approximately 437 × 210 µm (mea-
sured to 1/e2) incident on the upconversion sample. Sample
photoluminescence was collected parallel to the excitation axis
using parabolic mirrors, filtered using a 650 nm short-pass filter
to remove any residual excitation, and fibre-coupled into a high-
resolution USB-spectrometer (Ocean Optics HR4000). The exci-
tation light was attenuated using neutral density filters and a se-
ries of spectra were collected for a range of excitation powers af-
fording a measure of external photon yield, and subsequent com-
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Table 1 Definitions of Important Terms in Photochemical Upconversion 66

Symbol Meaning Max.
#1S∗ # of excited singlet sensitizers
#3S∗ # of excited triplet sensitizers
#1A∗ # of excited singlet annihilators
#3A∗ # of excited triplet annihilators
#hν # of emitted photons
#cp # of reactive contact pairs
ΦISC = #3S∗/#1S∗ Intersystem crossing QY 1
ΦT ET = #3A∗/#3S∗ Triplet energy transfer QY 1
ΦT TA = #1A∗/#3A∗ Triplet-triplet annihilation QY 0.5
ΦF = #hν/#1A∗ Fluorescence QY 1
ΦUCs = ΦISCΦT ET ΦT TA Upconversion state QY 0.5
Φcp = #cp/#3A∗ Contact pair QY 0.5
f = #1A∗/#cp Annihilation singlet yield 1
ηα = 2Φα Normalized efficiencya

k1
3A∗ 1st-order decay constant

k2
3A∗ 2nd-order decay constant

a α = T TA,UCs,cp

parison of, rubrene:PdPQ4 and PMI:PdPQ4 blends over a range of
excitation power densities.

Excitation-action spectra were collected according to our previ-
ously reported home built setup.58,67 In this study the broadband
bias beam (Energetiq LDLS EQ-1500) was filtered using a 650 nm
long-pass filter to give resonant excitation with the Q-band struc-
ture of PdPQ4 absorption (the upconverting region).38,68

Time-resolved photoluminescence spectroscopy was carried
out using a 150 fs regeneratively amplified titanium-doped sap-
phire laser (Clark-MXR CPA 2210), operating at a repetition rate
of 1 kHz and with a fundamental wavelength of 780 nm, and an
optical parametric amplifier (Light Conversion TOPAS-C) to pro-
duce excitation pulses of either 532 or 670 nm. The luminescence
spectra of samples were recorded as a function of time delay af-
ter laser excitation and collected with an intensified CCD cam-
era (Princeton Instruments PI-MAX4) mounted to a spectrograph
(Acton SP-2150i).

Results and Discussion
Terminology
Because this manuscript deals extensively with the concept of up-
conversion efficiency, it is important to clearly lay out the termi-
nology used. Recently, we published a viewpoint in which we
made recommendations for the terminologies to be used in up-
conversion studies.66 In it, we recommended that the symbol Φ

only be used for quantum yields, and where the figure is doubled
so that the maximum is unity, the symbol η is used. As such,
while the maximum ΦT TA is 0.5, the corresponding ηT TA is unity.
A summary of relevant terms is given in Table 1. A comprehensive
list of terms including those not relevant to the present study can
be found in Reference 66.

Relative TTA-UC performance
The structures of the sensitizer and annihilator chromophores
used in this study are shown in Figure 2. The steady-

Fig. 3 Steady-state optical absorption (solid lines) and emission (dashed
lines) spectra of PMI (7.7 mM), PdPQ4 (2 mM), and a PMI:PdPQ4 blend
(2.5:1 molar ratio) in anhydrous toluene. The excitation wavelength for
PMI was 505 nm, and 670 nm for the PMI:PdPQ4 blend (within the ab-
sorption region of the porphyrin Q-band structure). The upconverted
emission observed from the PMI:PdPQ4 blend matches that of PMI emis-
sion, confirming TTA-UC.

state optical absorption and emission spectra of N-(2,5-di-tert-
butylphenyl)perylene-3,4-dicarboximide (PMI) and porphyrin
PdPQ4 are shown in Figure 3. PMI has a large extinction co-
efficient (ε506nm = 35800 mol−1dm3cm−1), consistent with other
perylene-monoimide derivatives. Following photoexcitation,
strong photoluminescence is observed over the range of 500 −
600 nm, with near unity fluorescence quantum yield. As can be
seen in Figure 3, the wavelengths of PMI emission range between
the absorption features of the porphyrin sensitizer (PdPQ4); this
is preferable in photon upconversion processes in order to min-
imise reabsorption of upconverted photons, which would obvi-
ously negatively influence the yield of photons able to escape the
upconverter sample matrix.

When paired together in a PMI:PdPQ4 blend, PMI performs
the role of the annihilator (triplet-acceptor), with PdPQ4 as the
sensitizer (triplet-donor). The optical absorption spectra of the
PMI:PdPQ4 blend is shown in the SI. Following photoexcitation
of the PMI:PdPQ4 blend at 670 nm (i.e., within the absorption
window of the porphyrin Q-band structure) an upconverted emis-
sion was detected between 500− 650 nm, corresponding to fluo-
rescence from PMI, confirming triplet-triplet annihilation upcon-
version (TTA-UC) of the pairing.

It is noted that the peaks corresponding to 0−0 and 0−1 transi-
tions (529 and 563 nm, respectively) of PMI differ in relative peak
intensity (i.e., vibronic progression ratio) in neat PMI compared
to the PMI:PdPQ4 blend. This is likely a reabsorption effect due
to the differing excitation depth profile brought about by direct
excitation and sensitized triplet fusion.

Having confirmed TTA-UC occurs in the PMI:PdPQ4 blend, the
question at hand was how PMI performs as an annihilator, par-
ticularly, relative to other deep-red-to-yellow annihilator chro-
mophores reported in the literature. In this regard, we turned
to rubrene, a commonly used annihilator in upconversion blends,
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to act as a relative benchmark of efficiency when paired with the
PdPQ4 porphyrin sensitizer. The absorption and emission wave-
lengths of PMI and rubrene are substantially similar (see SI),
which supports the use of rubrene as a relative comparison for
upconversion efficiency.

To gain insight into the performance of PMI versus rubrene as
annihilator species we probed the TTA-UC dynamics using time-
resolved photoluminescence spectroscopy of each blend (see SI).
Each sample was excited at 670 nm and the phosphorescence
from PdPQ4 triplets (800−900 nm), and the delayed-fluorescence
resulting from TTA-UC of each annihilator species was measured.
Both upconverter blends were at concentrations of 1:0.1 mM (an-
nihilator:sensitizer) in anhydrous toluene.

Figure 4A shows the wavelength-integrated photoluminescence
(kinetics) of PdPQ4 triplet phosphorescene when PdPQ4 is paired
with PMI and rubrene annihilators, integrated around 850 nm.
For the PMI:PdPQ4 blend, the phosphorescence has a lifetime of
780 (±10) ns, which is a 150-fold decrease in phosphorescence
lifetime compared to neat (pure) PdPQ4 (125 ± 1 µs lifetime).
Notably, the PdPQ4 phosphorescence lifetime in the PMI:PdPQ4

blend is significantly shorter than the rubrene:PdPQ4 blend (2.9±
0.1 µs). The phosphorescence lifetime of PdPQ4 triplets is indica-
tive of the triplet-energy-transfer (TET) rate from sensitiser to an-
nihilator. This implies that TET is more rapid from PdPQ4 to PMI
than to rubrene. However, in both cases the triplet energy transfer
yield, ΦT ET , is essentially unity.

The time-resolved anti-Stokes delayed-fluorescence from each
annihilator (integrated around 570 nm for PMI, and 580 nm for
rubrene) are shown in Figure 4B. The signatures are consistent
with TTA-UC processes, namely, an anti-Stokes photolumines-
cence from annihilator singlet states on a delayed timescale (i.e.,
delayed-fluorescence).

The kinetics of triplet decay is given by30

d[T ]
dt

=−k1[T ]− k2[T ]2 (1)

with the rate of generation of upconverted photons given by

d[hν ]

dt
= f

k2[T ]2

2
ΦF (2)

where f accounts for spin-statistical factors and ΦF is the fluo-
rescence quantum yield. Where k2[T ] ≪ k1, the decay of [T ] is
dominated by first order kinetics and approaches exponential be-
haviour with rate constant k1. Because the upconverted light de-
pends on the square of the triplet concentration, it decays with
twice the rate constant,

d[hν ]

dt
∝ exp(−2k1t). (3)

The kinetics of delayed-fluorescence of the PMI:PdPQ4 blend
are well represented by a monoexponential decay, with a fit-
ted lifetime of 203±10 µs. As seen in Figure 4B, the delayed-
fluorescence lifetime of PMI (in the PMI:PdPQ4 blend) is signif-
icantly longer than observed for rubrene in the rubrene:PdPQ4

blend, which has a lifetime of 62±4 µs. These measurements
provide estimates of k1 for each species, but should be considered

Fig. 4 Time-resolved photoluminescence (TRPL) of PMI:PdPQ4 and
rubrene:PdPQ4 blends following photoexcitation at 670 nm, showing
the kinetics at of (A) phosphorescence from PdPQ4 (integrated around
850 nm) and (B) delayed-fluorescence which results from emission from
PMI (integrated around 570 nm) or rubrene (integrated around 580 nm).
The solid lines are mono-exponential fits to the experimental data. Both
upconverter blends were at a concentration of 1:0.1 mM ratio (annihila-
tor:sensitizer) in anhydrous toluene.
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Fig. 5 Integrated steady-state upconversion intensity for PMI:PdPQ4 and
rubrene:PdPQ4 blends as a function of excitation power, from external
quantum yield measurements. Both upconverter blends were excited at
670 nm. The intensity axis has rescaled to allow for a relative compari-
son, as described in the text.

a lower bound where sensitizer concentrations are higher (Table
2).69

The TTA-UC phosphorescence dynamics are consistent with a
lower k1 for PMI, which augurs well for upconversion efficiency.
As will be discussed in further detail below, the comparison of PMI
and rubrene is ideally poised to provide insight into what effect
the annihilation rate constant (k2) vis-a-vis a poorer annihilation
singlet-yield ( f ) of an annihilator species may have on the overall
TTA-UC process.

Exploiting TTA-UC in a device context relies on maximising the
number of photons being emitted back into a solar cell it is. In
this regard, when considering the efficiency of UC, it is pertinent
to give attention to the number of upconverted photons which are
able to escape at TTA-UC sample matrix. With this in mind, and
as a first approximation of the relative performance (proxy of ef-
ficiency) of the upconvertor blends, we performed simple relative
external quantum yield measurements for a direct comparison of
PMI and rubrene. A monochromatic excitation source (670 nm
laser diode) was used to excite each TTA-UC blend and a por-
tion of the delayed-PL from the sample was collected on a USB-
spectrometer (see SI for further details and spectra).

Figure 5 shows a double-logarithmic plot of integrated delayed-
PL intensity for PMI:PdPQ4 and rubrene:PdPQ4 blends as a func-
tion of excitation power. In addition to detector and background
corrections (see SI), the PL intensity has been normalised and
rescaled onto a relative PL intensity scale in order to directly
compare the PL output. For each spectrum, in both the PMI and
rubrene series, the spectra have been area-normalised to that of
the rubrene:PdPQ4 delayed-PL at the highest excitation power.
Subsequently, the PMI:PdPQ4 series has been re-scaled by the ra-
tio of the area of rubrene and PMI at highest power, allowing a
relative comparison in collected upconverted photons of the two
upconverter blends.

At first glance, it is clear that at low excitation powers
(<10 W cm−2) the number of photons escaping the upconvertor
matrix (i.e., the relative external PL yield) is greater for PMI than
rubrene. However, at higher excitation powers the PL intensity

from PMI levels off, approaching a slope of 1 (see Figure S12),
and the rubrene blend has a greater number of escaping external
photons. As a result there is a cross-over in relative PL intensity
at an excitation density threshold of approximately 10 W cm−2, at
this sensitizer concentration. Since the sensitizer and its concen-
tration is the same in both blends, and the only difference is the
annihilator, this result suggests a difference in TTA-UC efficiency
(ΦUC) which, as discussed in more detail below, can be ascribed
to differences in first- and second-order rate constants (i.e., k1

and k2, respectively) and/or the annihilation singlet-yield of the
annihilator species, f .23,66,68

Modelling TTA–UC efficiency

Gauging the efficiency of an efficient upconvertor under simu-
lated solar pumping is a non-trivial task. Simple external quan-
tum efficiency measurements, while useful, will tend to under-
estimate the intrinsic efficiency of the TTA process without ac-
counting for reabsorption effects. In previous work, we reported
a method to measure the efficiency with which triplet states gen-
erate excited singlet states in an optically dense composition,67

a technique referred to herein as excitation-action spectroscopy.
Briefly, annihilator fluorescence is measured at a particular wave-
length as the linear response of the upconversion composition to
a chopped, monochromated probe beam, using lock-in amplifica-
tion. Since the linear response of a quadratic process is zero, the
upconvertor is placed under a continuous pump, exciting sensi-
tizer molecules at a rate comparable to solar excitation.

Figure 6 shows the excitation-action spectra of the PMI:PdPQ4

(Figure 6A) and rubrene:PdPQ4 (Figure 6B) blends. The spec-
tral features of the excitation spectra are characterised by absorp-
tion features from the sensitizer porphyrin (600− 700 nm), and
the 0−0 band of the corresponding annihilator (< 550 nm). The
plots have been normalized, with the intensity of the annihilator
excitation feature set to unity.

Roughly speaking, since the plots are a measure of the linear
response of upconverted light to a weak probe, the state upcon-
version quantum yield ΦUCs can be gauged from the intensity of
the sensitizer peak (with the annihilator peak set to unity). To ar-
rive at a more accurate figure requires detailed modelling of the
experiment.

In our previous work, we modelled upconversion action spectra
using the assumption that at a depth z in the upconvertor the con-
centration of annihilator triplet states is in steady-state, thereby
yielding the rate equation of the following general form:

d[T ]z
dt

= 0 = kφ (z)[S]− k1[T ]z − k2[T ]2z . (4)

where [T ]z is the concentration of annihilator triplet states at
depth z, [S] is the concentration of sensitizers, kφ (z) is the excita-
tion rate of the sensitizer, and k1 and k2 are the first and second-
order annihilator triplet decay constants, respectively.

This assumption allowed modelling of the upconversion
excitation-action spectra to quantitatively determine TTA effi-
ciency by taking into account the reabsorption of emitted light
by both the sensitizer and the annihilator, but without requiring
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Fig. 6 Excitation-action spectra (symbols) of PQ4Pd sensitized upcon-
vertors with PMI (top) and rubrene (bottom) annihilator. The solid lines
represent fits to the experimental data using the broadband bias model,
as described in the text. The fits to 1.05-sun data are plotted as thick
lines.

knowledge of the fluorescence quantum yield. The action spec-
trum includes the direct excitation of the annihilator, so the mea-
surement is internally calibrated. However, in our previous work,
it was assumed that the bias pump was monochromatic and that
the upconvertor remained, at all times, in the quadratic regime.
In this work it was necessary to explicitly take account of broad-
band pumping. Thus, the excitation-action spectra were modelled
using Equations 5-7.

σ(λ ) = A×
(

αe
p(λ )

αp(λ )+αPL
+

∫
∞

0
dz f Φcp(z)αs

p(λ )e
−(αp(λ )+αPL)z

)
(5)

and

Φcp(z) =
1
2

k2[T ]z
k2[T ]z + k1

(6)

[T ]z =
−k1 +

√
k2

1 +4k2kφ (z)[S]

2k2
(7)

The parameter A is an experimental scale factor, and the α

terms are the (natural) extinction coefficients (with inverse di-
mension of length) of the upconversion blend at the probe wave-
length (p) and photoluminescence detection wavelength (PL) of
the annihilator (e) and the sensitizer (s). Further, f is the anni-
hilation singlet-yield which accounts for the probability that the
annihilation event of a pair of triplets yields the desired singlet.
The function Φcp(z) accounts for the effect of the change in triplet
concentration ([T ]z) as a function of depth (z) on the probability
of second-order decay events due to contact pair formation.

The rate constant for the excitation rate of the sensitizer, kφ (z),
as a function of depth, z, may be determined by

kφ (z)[S] =
∫

dλE λ
bias(λ )αs(λ )exp(−α(λ )z) (8)

where E λ
bias(λ ) is the spectral photon flux of the bias source,

with units of photons per cm2 per nm per s, having a known spec-
trum and spot size for each excitation condition.

As shown in Figure 6 the shape of the excitation-action spectra
are well reproduced by the above model (solid lines). Table 2
shows the parameters f and k2 for each annihilator in the PdPQ4

sensitised upconvertor blends resulting from the optimised fits (k1

values were taken from the fits in Figure 4). These derived values
show that PMI has a lower f value, but a larger second order
rate-constant than rubrene. This is notable as we have previously
reported the potential impact that an increase in k2 may have
on the efficiency of an upconverter, calculating that 2-orders of
magnitude increase in k2 would provide a photon upconverter
with efficiency 6-fold greater than a proposed threshold for device
relevance.62

The relative performance of PMI and rubrene as an annihilator
species in TTA-UC can be gauged by plotting

ηUCs = f
k2[T ]0

k2[T ]0 + k1
(9)

as a function of the bias intensity. This is a measure of the ef-
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Table 2 Derived values from modelling excitation-action spectra

k1 (s−1) k2 (M−1 s−1) f

PMI 2.46(12)×103 3.0×109 0.23

Rubrene 8.1(5)×103 9.5×108 ∼ 1

ficiency with which excited state annihilators are generated by
excitation of the sensitizer at the front of the cuvette. As the light
is extinguished as it penetrates the cuvette, this quantity naturally
declines.

Figure 7 shows the determined TTA-UC efficiencies as a func-
tion of bias intensity, measured in sun equivalence, for each
blend. Immediately observed is that PMI is the more efficient
annihilator species at low bias intensity, but levels off and is over-
taken in efficiency at higher bias intensity by rubrene. This is
consistent with the trend observed in the external PL yield mea-
surements (see above). Moreover, the modelled normalized state
UC efficiency (ηUCs ) for PMI, at just 0.1 suns, is 4.8%, which is
five-times greater than that of rubrene. Further, at the literature
benchmark value of one-sun equivalent excitation PMI achieves
>12% normalized efficiency (> 6% upconversion state quantum
yield). As noted above, as the bias intensity increases ηUCs levels
off earlier for PMI owing to its low f . In contrast, there is only a
small levelling off for rubrene observed over the bias intensities
probed, showing once more the cross-over in performance metric
between the PMI and rubrene.
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Fig. 7 (Normalized, left axis) upconversion state efficiencies for the
PQ4Pd sensitized upconvertors as a function of the bias intensity (in sun
equivalence). The dashed lines are to guide the eye.

As seen from Equation 9, it follows that differences in the ob-
served TTA efficiency can be attributed to differences in f , k1,
and k2. One first observation is that the higher ‘ceiling’ of TTA-
UC efficiency for rubrene would imply that rubrene has a greater
annihilation singlet yield ( f ) compared to PMI.68 Previously, we
reported an f value for rubrene of about 0.6.39 This was based
on estimated excited state yields and the proportion of second-
order decay, as gauged from kinetic traces. The excited state

yields were determined from a front-face experiment comparing
the yield of prompt and delayed fluorescence from rubrene in an
upconversion composition.38 The details of self-absorption were
not considered. The discrepancy between the value obtained from
modelling action spectra, and those from our previous published
results warrants further investigation.

As will be discussed in further detail below, the present compar-
ison of PMI and rubrene is ideally poised to provide insight into
the effect of annihilation rate constant (k2) versus a poorer anni-
hilation singlet-yield ( f ) of an annihilator species on the TTA-UC
efficiency.

TTA-UC efficiency battle: annihilator k2 vs f
At low excitation rates, the second order decay of annihilator
triplets may be ignored and the triplet concentration is given by
[T ] = kφ [S]/k1. From Equation 2, we see that

d[hν ]

dt

∣∣∣∣
low

=
1
2

f k2

(
kφ [S]

k1

)2

ΦF (10)

For high excitation rates, where the second order decay domi-
nates, [T ] =

√
kφ [S]/k2, and

d[hν ]

dt

∣∣∣∣
high

=
1
2

f kφ [S]ΦF (11)

This change from quadratic to linear behaviour is often used to
diagnose the upconversion threshold intensity, where the decay
due to the first and second order processes are equal.70–72

Given the same sensitizer concentration and low excitation in-
tensity, the rate at which excited singlet annihilators are gener-
ated is governed by f k2/k2

1. This quantity is fit to 114 s/M for
PMI, but only 14 s/M for rubrene, and thus we can expect ap-
proximately 8 times as much upconverted light from a PMI com-
position than rubrene at low intensity (both ΦF ∼ 1). The ratio
of slopes at low intensity in Figure 7 is 6.6. But, in Figure 5,
the ratio of upconverted light in the low intensity regime is a lit-
tle more than double. Nevertheless, despite a lower f value, PMI
performs better than rubrene at low intensities due in a large part
to its lower first order rate of triplet decay, k1. Its higher apparent
k2 value also contributes. This may be rationalised by the larger
molecular size and steric hindrance of rubrene, compared to PMI,
negatively influencing k2. For example, size and steric-bulk could
reduce the mobility of rubrene (annihilator) and molecular con-
tact during possible TET collision events.73

In the high intensity limit, only f matters. Since PMI has a
rather low f value, it reaches its efficiency and rubene overtakes
at higher intensities. The question at hand is what effect this
has on the realization of photon upconversion being applied to
photovoltaic applications.

The champion annihilator is perylene itself. It was shown by
Hoseinkhani et al. to exhibit an f of unity, and excellent sub-
solar upconversion performance when coupled with palladium
tetraphenyltetrabenzoporphyrin.59 At one sun, an external up-
conversion quantum yield exceeding 10 % was obtained, with
about 3 % being obtained at 0.1 suns. Although perylene-based
annihilators have been used in some of the most efficient TTA-UC
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systems,31,59,74 a potential drawback of perylene is a high incli-
nation to aggregate and the formation of excimers (excited-state
dimers), which commonly have a high rate of non-radiative de-
cay.75 The formation of dark-states such as excimers would, obvi-
ously, negatively impact the overall TTA-UC efficiency. However,
we found no evidence of excimer formation in the present work.

The performance of PMI presented here shows that a higher
annihilation rate constant, k2, and lower triplet decay rate, k1,
of an annihilator can yield more efficient TTA-UC at low sun
illumination, but a poor annihilation singlet yield, f , causes a
reduced maximum efficiency achievable at high sun excitation.
From benchmarking PMI against rubrene, we can outlay some
important design considerations for the road map to realising ef-
ficient photochemical upconversion for photovoltaics.

It is proposed that the dominant inherent characteristic of the
annihilator that should be the centre of attention depends on the
excitation conditions. If the target is for the greatest maximum
efficiency in high-intensity situations, then any losses in overall
TTA-UC efficiency caused a poor second-order rate constant, k2,
may be ‘remedied’ by having a relatively high annihilation singlet
yield, f .

On the other hand, in the search for efficient TTA-UC systems
for use in applications with low-intensity illumination the anni-
hilation rate constant, k2, and the triplet decay rate (squared)
appear to dominate the overall TTA-UC efficiency. Thus, at sub-
solar intensities the design of an effective annihilator molecule
should prioritize triplet lifetime, as well as factors contributing to
maximising the diffusion of annihilators.

While the present study was undertaken exclusively in solu-
tions, the principles outlayed here also apply to solid state upcon-
vertors. Indeed, quasi-solid state materials may yet have a role to
play in photovoltaics.56,76

Conclusions
We have characterized a perylene monoimide (PMI) derivative
as an upconverting annihilator, comparing it to the commonly
used rubrene. Using a variety of spectroscopies, we have estab-
lished that it performs very well under low photon flux, when
coupled with the PdPQ4 sensitizer, owing to a low triplet decay
rate and a higher triplet-triplet annihilation rate than rubrene.
Yet, it suffers from a poor anihilation singlet yield, f , with only
23 % of excitonically reactive contact pairs generating the excited
singlet state. Under solar irradiance, our composition achieved
over 6 % upconversion state quantum yield, ΦUCs which is 12 %
of the maximum achievable, ηUCs . The comparison between PMI
and rubrene underlines that an annihilator that performs well at
low excitation intensities, does not necessarily perform well at
higher intensities, and vice-versa.
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