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Materials capable to perform upconversion of light transform the photon spectrum and can be used to
increase the efficiency of solar cells by upconverting sub-bandgap photons, increasing the density of
photons able to generate an electron-hole pair in the cell. Incoherent solar radiation suffices to activate
upconverters based on sensitized triplet-triplet annihilation, which makes them particularly suited for
this task. This process requires two molecular species, sensitizers absorbing low energy photons, and
emitters generating higher frequency photons. Successful implementations exist in solutions and
solids. However, solid upconverters exhibit lower efficiency than those in solution, which poses a
serious problem for real applications. In the present work, we suggest a new strategy to increase
the efficiency of sensitized upconverters that exploits the solid nature of the material. We show that
an upconversion model system with molecules distributed as clusters outperforms a system with a
random distribution of molecules, as used in current upconverters. Our simulations reveal a high
potential for improvement of upconverter systems by exploring different structural configurations
of the molecules. The implementation of advanced structures can push the performance of solid
upconverters further towards the theoretical limit and a step closer to technological application of
low power upconversion. © 2014 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4901336]

I. INTRODUCTION

The search for efficient solar cells is a task that has at-
tracted the interest of physicists, chemists, engineers, and ma-
terial scientists for the last two or three decades. A recent idea
is to harness also the region of the solar spectrum that current
solar cells do not use.1–3 One strategy in this direction consists
of adding a layer of upconverting material to solar cells. The
upconverting material will absorb sub-bandgap photons that
cannot be absorbed directly by the cell, and convert them into
high energy photons that create carriers inside the device. The
concept is of special interest, because it is compatible with
current solar cell technologies.1

Realistic calculations estimate a potential increase in the
solar cell efficiency due to upconversion of ∼10%.4 Imple-
mentations successfully demonstrated an increase in solar cell
efficiency due to upconversion.5, 6 However, the best existing
upconversion materials can in principle lead only to an in-
crease of 1%,4 implying that there is still a lot of room for
improvement.

Sensitized upconversion of light by triplet-triplet-
annihilation7, 8 is currently the best candidate to fill this gap,
because it is very sensitive to incoming light, such that
non-concentrated sunlight suffices to activate the process.9

The mechanism relies on the presence of two species of
molecules: Sensitizers that absorb low energy photons, and
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emitter molecules, which are excited by subsequent energy
transfer from the sensitizers and can emit a photon with higher
energy after a triplet-triplet-annihilation process.

For industrial applications solid upconversion materials
are desirable. While reasonably efficient upconverters exist
now in solids,10–18 their efficiency stays below that of solu-
tion based upconverters.9, 19–27 Hence, the main challenge in
this field is the design of solid upconverters with compara-
ble, or even better efficiency than solution based materials.
An innovative experiment in this direction has shown that a
high concentration of active sensitizers can be achieved in
solids, however losses by triplet-triplet annihilation within
aggregates of sensitizer molecules were substantial.13 In
principle, this could be resolved by using a nanostructured
material in order to control the size of these aggregates. Re-
cently, a nanostructured upconverting material was demon-
strated where, indeed, losses due to sensitizer triplet-triplet
annihilation were not observed, despite a large concentra-
tion of sensitizers.28 Although a still relatively poor solar cell
enhancement was measured in this system, probably due to
(yet unknown) new sources of triplet deactivation brought
about by the introduction of the solid scaffold,28 these results
suggest that active control of the concentration of sensitizer
and emitter molecules and their spatial arrangement is within
experimental reach. In our present theoretical contribution,
we therefore explore the potential benefit of nanostructures
for improving the performance of upconverters. In particu-
lar, we show that structures where sensitizer molecules are
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arranged in clusters are more efficient than randomly placed
molecules.

II. MODEL

The process of sensitized upconversion starts with the ab-
sorption of a photon by a sensitizer molecule, resulting in an
excitation of the singlet S1 state. Due to very fast and effi-
cient inter system crossing, the population is rapidly trans-
ferred from the singlet S1 to the triplet T1 state, which is long-
lived, since relaxation to the singlet ground state S0 is spin
forbidden. The triplet can then be transferred to other sensi-
tizer or emitter molecules by triplet-hopping.29

When two triplets encounter each other they annihilate.
In our model below, this happens when a triplet hops to a
molecule that already carries a triplet excitation. The prod-
uct of such annihilation reactions depends on the molecular
species involved. If one of the molecules is a sensitizer, an-
nihilation results in a loss of triplets via non-radiative decay
channels, e.g., thermal relaxation. If both molecules are sen-
sitizers, only one triplet is lost.30 Otherwise, i.e., if one of the
molecules is a sensitizer and the other one an emitter, the en-
counter amounts to a hetero reaction, which, to the best of
our knowledge, has not been studied for molecules used in
sensitized upconversion. Thus, for our model we make the
ad hoc assumption that sensitizer-emitter triplet-triplet anni-
hilation results in the loss of both triplets. Upconversion oc-
curs if both molecules involved in the transfer are emitters.
Strictly speaking, upconversion takes place only if the spins
of the triplets add up to mS = 0, since the emission stems
from a singlet state. However, it is not clear whether triplet
encounters yielding triplets or quintets limit the upconver-
sion process. On the one hand, quintet states seem not to be
possible for energetic reasons,29 but elsewhere it is also sug-
gested that there is no spin statistical limit at all.31, 32 Hence,
we do not treat the spin degree of freedom in this work. Fur-
thermore, although long-lived, triplets do exhibit decay, at
a finite rate, and this process is accounted for in our model
below.

Our main intent here is to show that a proper spatial or-
ganization of emitters and sensitizers enhances the upcon-
version efficiency. For our model system we think of a host
matrix that provides a lattice-like structure in which sensi-
tizers and emitters are embedded. On the basis of exten-
sive numerical simulations we first study a system where
emitters and sensitizers are randomly distributed. This corre-
sponds to the spatial structure of state-of-the-art experimental
implementations.9–17, 19–22, 25 We compare this to a system in
which clusters of sensitizers are embedded in a sea of emit-
ters, see Figure 1(b). We also provide a phenomenological ex-
planation to the observation that the upconversion efficiency
in the latter system is larger than in structures with randomly
distributed molecules.

To compare the different structures we need to assess
their efficiency. In applications one wants to maximize the
upconversion luminescence, rather than the quantum yield,
which is defined as the ratio between the number of absorbed
photons and upconverted triplets. Since the quantum yield
does not take the absorption efficiency into account, there

FIG. 1. (a) Randomly placed molecules, emitters in blue and sensitizers
in red. Some emitters are very close to each other, whereas others are
surrounded by sensitizers and have no partner to perform upconversion.
(b) Correlated placement of molecules: A circle represents a cluster of sen-
sitizers, whereas outside the circles only emitters are embedded in the host
material.

is no one to one correspondence between a maximal quan-
tum yield, and a maximal upconversion luminescence. There-
fore, we define the more suitable upconversion efficiency χ

as our figure of merit. It is identical to the external quan-
tum efficiency (EQE)—given by the quotient of the number
of incident photons and the number of upconverted triplets—
up to the factor σ abs which is proportional to the absorption
cross section of a single sensitizer molecule. More precisely,
σ abs denotes the probability that an incident photon will be
absorbed if all molecules were sensitizers. Assuming a low
density of sensitizer triplets, such that all sensitizers can con-
tribute to absorption, and a singlet-triplet intersystem crossing
quantum yield of unity, this can be rewritten as

χ = EQE

σabs

= ρS

no. of upconv. triplets

no. of created triplets
= ρS IQE, (1)

where ρS is the percentage of sensitizer molecules in the lat-
tice. In this sense, χ measures how well the system performs
compared to the absolute optimum—a system in which each
lattice site can absorb photons, and in which all triplets are
upconverted. The maximum upconversion efficiency χ = 1
corresponds to the best possible system for a given sensitizer
cross section σ abs.

In experimental situations, the triplet hopping rate J
depends on the distance and the orientation between the
molecules. Furthermore, a very high viscosity of the host ma-
terial is detrimental for the upconversion process,10, 11, 15, 17

i.e., rubbery host materials work better than stiff hosts, since
the flexibility most likely increases the triplet diffusion length.
Hence, performing simulations with an averaged, constant
hopping rate should result in reasonable estimates for rub-
bery low viscosity materials, where sensitizers and emitters
have some freedom to move. Therefore, to retain general-
ity, we assume that the time scale of our model is defined
by the constant rate J = 1 for hopping between sensitizer
molecules, or from a sensitizer to an emitter. Our hopping
rate J is in units of that in real systems, Jexp ∼ 108 s−1.25 In
the following, all rates will be rescaled with respect to this
quantity.

Hopping processes are allowed only among near-
est neighbors, and emitter-to-sensitizer transport can be
neglected for certain choices of emitter and sensitizer
molecules.30 For example, when using rubrene as emitter,
with lowest triplet, T1, state energy ≈1.15 eV, and the
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sensitizer PdPQ4, with S1 energy ≈1.8 eV, i.e., much higher
than the energy of the emitter T1 state, it is reasonable to ne-
glect emitter-to-sensitizer energy transfer, since �E = (1.8–
1.15) eV = 0.65 eV � kBT � 0.03 eV at room temperature.
However, for completeness we present results for models with
both vanishing, and finite emitter-to-sensitizer energy transfer
rate, Jesc = 0 and 0.5.

The finite lifetime of the triplets depends on the exper-
imental implementation. In many cases the system is oper-
ated in the regime where the upconversion luminescence de-
pends linearly on the incident intensity. In this case, one may
neglect the emitter triplet decay channels,33, 34 such that �t
= 0. But there are also materials where these loss channels
are relevant. Hence, we also studied systems with scaled rates
�d = 10−3 for the decay of sensitizer triplets, and �t = 10−4

for the decay of emitter triplets. These values are compatible
with experimental estimates for upconverting materials with
rubrene as emitter and PdPQ4 as sensitizer.25, 32

We assume that the molecules are placed in a three-
dimensional cubic structure. Each lattice site is occupied by a
sensitizer or by an emitter molecule. They are distributed in
two different ways: For the first setup we place sensitizers and
emitters randomly on the lattice sites with probability ρS and
ρE = 1 − ρS, respectively. This resembles solid state materials
already available,10–16 see Figure 1(a) for a sketch. The sec-
ond setup separates sensitizers and emitters. Sensitizers oc-
cupy compact regions in the host material, depicted as circles
in Figure 1(b). These clusters of sensitizers can be character-
ized by their linear size l (in units of the lattice spacing) and
are surrounded by regions where the host contains emitters
only. The clusters are then separated by single layers of emit-
ter molecules, such that ρS = l3/(l + 1)3.

The following list summarizes all processes involved in
our model: Creation of an excitation on a sensitizer (∅ → A
with rate �c), decay of excitations in sensitizers or emitters
(A → ∅ with rate �d, B → ∅ with rate �t), annihilation of
triplets (A + A → A, A + B → ∅), and upconversion (B + B
→ hν), where A refers to a sensitizer triplet and B to an emit-
ter triplet. Moreover, as discussed above, excitations jump be-
tween nearest neighbors at rate J (sensitizer to sensitizer, or
sensitizer to emitter), or Jesc (emitter to sensitizer). Whenever
a triplet hops onto an already excited molecule, annihilation
or upconversion is assumed to occur instantaneously. This is
justified since the corresponding rates are much larger than
the triplet hopping rates J and Jesc.7

To study our model we use a continuous time kinetic
Monte Carlo algorithm.35 For each set of parameters, the sys-
tem is evolved until equilibrium is reached—where creation
of triplets is counterbalanced by upconversion of triplets, into
photons, on the one hand, and by losses due to decay and
annihilation, on the other hand. After equilibration, we mon-
itor the evolution of the system and collect the data. We have
checked that the equilibration time is sufficient, by numerical
propagation over variable time intervals, and that the standard
deviation of data taken is on the order of 1%. For the random
system we take data from ten different samples, to perform
the disorder average, and the lattice size is L3, with L = 40.
From simulations at equilibrium we obtain the efficiencies χ ,
and IQE, via (1).

FIG. 2. Dependence of the upconversion efficiency χ on the percentage ρE= 1 − ρS of emitter molecules for the random structure (a) and the clustered
structure (b). For both configurations: Jesc = 0, �t = 0, �d = 0. Each curve
corresponds to a particular creation rate �c. From top to bottom �c increases
exponentially, i.e., �c = 10k with k = −7, −6, . . . , 6. For vanishing ρE (or l
→ ∞), the upconversion efficiency vanishes, since the dominant loss channel
is annihilation. In contrast, for ρE → 1 (or l → 0), χ tends to zero since
the number of sensitizers in the system vanishes. In between, there exists an
optimal value of ρE (or l), which maximizes χ . (a) Notice that for the random
structure curves at the lower, k = −7, −6, −5, as well as the upper, k = 2,
. . . , 6, edge of the �c interval overlap. (b) For the clustered structure, curves
for k = 2, . . . , 6, i.e., large �c values, overlap. The lines are a guide to the
eye.

III. RESULTS AND DISCUSSION

Figure 2 compares the upconversion efficiencies for ran-
dom and clustered structures, for Jesc = 0, i.e., no triplet hop-
ping from emitter to sensitizer, and for �t = �d = 0, i.e.,
infinite triplet lifetime. In both cases, the upconversion effi-
ciency decreases with increasing creation rate �c. This indi-
cates that, independently of the system, if the creation rate is
too high, most of the excitations annihilate through loss chan-
nels. Moreover, for all �c the curves show a maximum at a
certain value of the parameter defining the morphology of the
system, i.e., ρE = 1 − ρS for random structures, and l for the
clustered ones. These maxima reflect the fact that by tuning
the morphology of the material one may improve the upcon-
version efficiency.9, 14, 25 Similar results can be obtained for
finite Jesc and finite lifetime of the excitations.

Figure 3 reveals how the values of ρE and l that maxi-
mize χ depend on the creation rate. For the random structure
the curve of ρE, opt has a step-like shape, see Figure 3(a). No-
tice that including emitter-to-sensitizer hopping via Jesc = 0.5
(symbols +,× in Figure 3) shifts the curve upwards relative
to Jesc = 0 (©,�). Qualitatively, however, the shapes of the
curves are very similar. At small creation rates, and �d = �t
= 0 (©,+), the optimal value is almost constant. The triplet
density is small, and thus also losses due to A + A and A
+ B annihilation reactions. Consequently, it is more relevant
to create as many excitations as possible by increasing ab-
sorption via ρS. In fact, in this regime the optimal value ρE, opt
≈ 0.4 for Jesc = 0 corresponds to ρS, opt = 0.6, i.e., more than
half of the molecules being sensitizers.

On the other hand, when considering finite decay rates
�d, �t (�, ×), we observe that ρE, opt increases slightly as �c
→ 0. This can be attributed to the fact that the decay rate �t
of emitters is one order of magnitude smaller than that, �d, of
the sensitizer molecules, see above. Therefore, increasing the
number of emitters reduces the overall loss due to decay, and
thereby a higher efficiency can be achieved. With increasing
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FIG. 3. Emitter densities optimizing the upconversion efficiency (obtained
as the positions of the maxima in Figure 2), as function of the creation
rate �c on a logarithmic scale. (a) Random system: Values ρE, opt which
maximize the efficiency χ . Parameter values used in the simulations: (©)
Jesc = 0, �t = 0, �d = 0; (�) Jesc = 0, �t = 10−4, �d = 10−3; (+) Jesc
= 0.5, �t = 0, �d = 0; (×) Jesc = 0.5, �t = 10−4, �d = 10−3. As �c increases
beyond the hopping rate J = 1, the system passes from an absorption or decay
limited regime, with small optimal emitter density ρE, opt (and, correspond-
ingly, large optimal sensitizer density ρS, opt = 1 − ρE, opt), to an annihilation
limited regime, where ρE, opt is large (and ρS, opt small). (b) Clustered system:
Values lopt that maximize the efficiency χ , on a logarithmic scale. Parameter
values used in the simulations as in (a). With increasing �c, the optimal size
lopt of sensitizer clusters (and, correspondingly, also the optimal sensitizer

density ρ
S,opt

= l3
opt /(1 + l

opt
)3) decreases, in order to prevent losses due to

annihilation. However, at very large �c the restriction to integer values leads
to lopt = 2. This value balances losses due to annihilation and the absorption
factor in (1). The dashed line represents a fit to the theoretically predicted
power law, see text.

creation rates, around �c = J = 1, the optimal percentage
ρE, opt of emitters jumps to higher values and reaches a plateau
for �c → ∞. In this regime, many excitations are created
such that the triplet density is rather high. Hence, triplet loss
via A + A and A + B reactions is the dominant triplet loss
mechanism. A high density of emitters reduces these, leading
to an overall higher upconversion efficiency.

Figure 3(b) shows results for the structure with clustered
sensitizer molecules. The optimal size of these clusters, lopt,
is shown as a function of �c, on a double logarithmic scale. In
the small creation rate regime, i.e., �c 
 J, and in the absence
of decay, �d = �t = 0, and emitter-to-sensitizer hopping, Jesc
= 0, it can be shown by a scaling analysis similar to the one
presented previously for 1D systems,30 that the optimal l fol-
lows a power law lopt ∼ (J/�c)1/5, in very good agreement with
the numerical data. In particular, since lopt → ∞ for �c →
0, the optimal percentage ρS, opt of sensitizer molecules tends
to 1 for �c → 0, in contrast to the random structure where,
as mentioned above, the optimal ρS saturates at �0.6 in this
limit. For Jesc = 0.5, the optimal l is considerably smaller. On
the other hand, at large creation rates, lopt approaches the con-
stant value lopt = 2. In this regime, the best solution is to have
small clusters, in order to minimize losses due to A + A and
A + B annihilation processes.

Finally, in Figure 4 we plot the maximal efficiencies,
χopt, for the two different topologies. One can observe that
both structures perform similarly and rather inefficiently for
high creation rates �c. However, irrespective of the model pa-
rameters Jesc, �d, and �t, for low creation rates, i.e., �c 
 J,
the system with clusters performs much better. This is the ex-
perimentally relevant regime. In fact, a comparison with ex-
perimental values �c = 10 s−1, and J = 3, 33 × 108 s−1,25

yields �c ≈ 10−7 and J = 1, in our scaled units.

FIG. 4. Optimal upconversion efficiency values χopt for the random (red)
and clustered (blue) system. Symbols as in Figure 3. For both systems the
efficiency drops as the creation rate increases. The clustered system reaches
efficiency values more than twice as large as the random system, in the regime
�c 
 J. Above �c = J = 1, the efficiency becomes very small and is almost
identical for both morphologies. The dotted lines are a guide to the eye.

The superior performance of clustered as compared to
random structures for �c 
 J can be explained as follows:
In the random structure, isolated emitter molecules exist—
especially at low values of the emitter density ρE. Since these
molecules do not possess a neighboring emitter necessary for
upconversion (B + B → ¯ν), all excitations reaching an iso-
lated emitter molecule are eventually lost due to annihilation
processes. Similar annihilation losses also occur in small clus-
ters of emitter molecules. Therefore, in order to prevent the
occurrence of isolated emitters (or small clusters thereof), the
percentage ρS = 1 − ρE of sensitizer molecules cannot be
chosen too large. In the clustered structure, on the other hand,
small inefficient emitter clusters do not occur, since all emitter
molecules are connected with each other. Consequently, the
percentage of sensitizers may be increased (ρS → 1 for �c →
0, see above), thus enhancing the creation of excitations in the
system.

In principle, other structures might perform even better
than our presented three-dimensional clusters of sensitizers,
separated by single layers of emitters. What our results indi-
cate is that structures which increase the connectivity between
emitter molecules, while at the same time maintaining a rel-
atively large percentage of sensitizer molecules, are superior
to the random structure.

IV. CONCLUSIONS

We conclude that implementing specific topologies for
triplet-triplet-annihilation based upconversion results in sub-
stantially higher upconversion luminescence, compared to
current implementations. An increase in emitter triplet anni-
hilation efficiency, in particular at low intensities (small cre-
ation rate �c) and higher absorptivity, by raising the sensitizer
ratio ρS, are the main benefits of an optimized structure. Our
model calculations predict up to twofold higher upconversion
efficiency, see Figure 4, at otherwise identical parameters,
i.e., creation, decay, and energy transfer rates. The structures
we envision for upconversion systems are feasible to prepare
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given the incredible advances in materials chemistry and, in
particular, self-assembly over the past few decades.36–41
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