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Kinetics of near-infrared-to-visible upconversion in rubrene: An initial excitation of triplets
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Upconversion (UC) in a molecular system is a process in which excitons produced by a multiple absorption
of low-energy photons at long wavelengths undergo fusion to produce high energy excitons that consequently
recombine to emit anti-Stokes shifted photons. Molecular systems for UC typically require a sensitizer. However,
recent experiments show that UC in rubrene occurs even without the presence of the sensitizer. In this system,
intermediate states are assumed to absorb photons at near-infrared wavelengths, which either absorb additional
photons to populate the emissive singlet state or undergo fusion to generate triplets. The triplets can again
undergo fusion to populate the excited singlet state. The final emission is around 600 nm. These models have
been tested against the intensity dependence of the UC emission. Here, we have measured the kinetics of UC in
rubrene by using intensity modulated photoexcitation at 800 nm to better understand the underlying mechanism.
The models of UC that have been proposed so far do not agree with our measurements. Our results show that the
yield of UC lags behind excitation significantly, indicating that triplet states are directly excited from the ground
state, and their fusion, which depends on the population, becomes prominent after a certain build up time. While
the intermediate states could form dynamically after the UC has been initiated and enhance the process, further
sensitive absorption measurements are necessary to understand the role of the intermediate states in the process.
Our results are important in finding new routes to enhance UC in pristine organic semiconductors for applications
in photovoltaics, lasers, bioimaging, optical devices, and lighting.
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I. INTRODUCTION

Upconversion (UC) in molecular systems proceeds via the
fusion of two triplet excitations. As the direct excitation of
triplet states from a typical singlet ground state is spin forbid-
den, it is common to use sensitizers for the initial excitation.
The overall mechanism involves excitation of the sensitizer,
which undergoes intersystem crossing to populate the triplet
states followed by the energy transfer to the triplet states of
the molecules of interest. Diffusion mediated fusion of two
such molecular excitations leads to a simultaneous excitation
of a high lying singlet state in one of the molecules and
de-excitation in the other [1–4]. This process is also com-
monly known as triplet-triplet annihilation (TTA) [5,6]. The
molecules that have been excited to the singlet state undergo
radiative recombination emitting photons with higher energies
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compared to the photons initially absorbed by the sensitizer.
A simple scheme of the UC in a typical molecular system is
given in Eq.(1):

S∗
1s → T ∗

1s → T ∗
1m : T ∗

1m + T ∗
1m → S1m → S0m + photon, (1)

where S1s and T1s are the first singlet and triplet states of the
sensitizer, S1m and T1m are the first singlet and triplet states of
the chromophore and S0m is the corresponding ground state.
One of the advantages of TTA based UC is the availability of
a huge array of molecular systems that can upconvert photons
from ultraviolet (UV) to near-infrared (NIR) wavelength [7].
UC has been observed in different classes of chromophores
including anthracene [3], tetracene [4], pyrene, and perylene
[8] and diimide based derivatives [9]. UC in these systems
have found numerous applications in lasers, [10] optical de-
vices, [11,12] bioimaging, [13–15] photovoltaics, and lighting
[16–18].

While the initial excitation of the singlet state of the
sensitizer is essential for the efficient absorption of low en-
ergy photons in a typical molecular system for UC, recent
measurements have shown an exception in rubrene where the
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FIG. 1. (a) Molecular structure of rubrene. (b) Model of up-conversion in rubrene where the intermediate state enhances the absorption of
multiple photon. (c) Alternative model of upconversion where the initial excitation is of the residual ions in the crystals. The excited ions fuse
to excite triplets which then undergoes to triplet-triplet annihilation to produce the emissive singlet excitation.

process occurs efficiently even without an extrinsic sensitizer
[19–21].

Rubrene is one of the best performing material among all
the benchmark organic semiconductors [22–24]. It is a p-type
semiconductor and derivative of tetracene having four pendant
phenyl groups attached to the central rings [Fig. 1(a)]. It has
been extensively studied due to the exceptional high hole
mobilities and chemical stability [24–26]. Rubrene is also
a prototypical organic semiconductor that exhibits efficient
fission of a singlet excitation into a pair of triplets and the
reverse process of fusion of triplets to a singlet by TTA. It
is known that the triplet state T1 in rubrene is at 1.14 eV
above its singlet ground state, whereas the optical energy gap
of rubrene, corresponding to the transition to the S1 state, is
2.23 eV [27,28]. This condition makes TTA favorable.

So far, two models have been proposed to explain the pro-
cess [19–21]. The energy diagrams and the processes involved
in the models are shown in Figs. 1(b) and 1(c). Both the mod-
els assume the presence of an intermediate state that facilitates
UC. The first model by Liu et al. [19] proposes the interme-
diate state to be a virtual state that is present only during the
interaction with the photons while the model by Cruz et al.
[20] assumes it to be a weakly resonant state [see Fig. 1(b)].
In this model, the UC occurs by a sequential excitation. The
model by Beimborn et al. [21] assumes that the trapped
charges, denoted by D0 and Dn in Fig. 1(c) (both cations and
anions), absorb the low energy photons and become mobile.
As they diffuse through the crystal, occasionally oppositely
charged ions meet and fuse to produce the excited triplet
excitons, which then undergo TTA. The different models take
into account some aspects of the experimental observations,
such as nonlinear dependence of the UC on the intensity of
incident photons and the excitation spectrum. However, these
models fail to explain the kinetics of the process, which we
report here. Our results are explained by a simplified three
state model in which the UC is initiated by the very weak
excitation of the triplet state from the ground state. The TTA
populates the emissive singlet state that relaxes to the ground
state by emitting upconverted photons. Although our results
do not exclude the pathways that include intermediate states,
such states clearly are not present in the initial build up of the
population in the triplet state. We outline further experiments
to understand how the intermediate states could be formed,
and their contribution to the UC in rubrene.

II. MATERIALS AND METHODS

For our measurements, rubrene (5,6,11,12-Tetraphenyl-
naphthacene) as a red colored powder was purchased from
Sigma Aldrich and used without further purification. Fig. 2(a)
shows a schematic of the setup used to detect UC emission by
intensity modulation. It is based on a similar setup for spec-
troscopy using phase modulation [29–33]. A CW Ti-Sapphire

FIG. 2. (a) Schematic of the optical setup. The intensity of a
beam from a CW Ti-Sapphire oscillator is modulated by an acousto-
optic modulator (AOM). A beam splitter produces two beams: one
for the reference (detected by a silicon photodiode) and the other
to excite the sample. The emission is separated from the excitation
beam using a dichroic mirror and detected by an avalanche photodi-
ode. The signal from the avalanche photodiode is recorded by a data
acquisition system (DAQ). (b) A representative spectrum of emission
from the rubrene powder and the spectrum of the excitation laser.
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oscillator with the output wavelength (λex) at 800 nm is used
as the light source. The laser beam passes through an acousto-
optic modulator (AOM). The AOM is driven by a square wave
RF signal. This modulates the intensity of the diffracted beam
at the same frequency as the RF signal. A 50:50 beam splitter
splits the output of the AOM into two identical replicas, one of
which is detected by a silicon photodiode as a reference and
the other is directed to a microscope. A reflective objective
is used to focus the beam onto the sample for excitation.
The emission from the sample is collected using the same
microscope objective. A dichroic mirror is used to separate
the UC emission from the excitation beam. Two short-pass
filters (OD 4) with cut off at 675 nm are used to further sup-
press the scattered excitation beam. The emission is detected
using an avalanche photodiode (APD). The analog signal
from the APD and the reference are digitized simultaneously.
Algorithms of the generalized lock-in amplifier [34,35] and
coherent waveform averaging [36] are used to analyze the dig-
itized signals. A fiber coupled spectrometer is used to record
the spectra of the emission. For comparison, measurements
are also done using a diode laser at 400 nm. While the overall
setup of these measurements are the same, the dichroic mirror
before the microscope objective is replaced by a suitable long
pass dichoric filter.

III. RESULTS AND DISCUSSIONS

A typical spectrum of the emission observed in the powder
of rubrene under excitation at 800 nm is shown in Fig. 2(b).
It is similar to the spectra reported by Liu et al. [19] and
Cruz et al. [20]. As the emission is at higher energy than the
excitation, it clearly results from UC.

In order to investigate the dynamics involved in the UC,
we compare the kinetics of the emission under excitation with
modulated UV and NIR laser beams. Figure 3(a) shows the
emission as a function of time for the single photon resonant
excitation at 400 nm. A square wave modulation at about
625 Hz is applied to the laser. The figure shows the modulated
intensity of the laser as the reference and the intensity of the
emission from rubrene as the signal. Under the UV excita-
tion, the reference and the emission show similar modulation
Fig. 3(a). This is expected as the emission decays rapidly
following a resonant excitation. Previous experiments have
shown a decrease in the amplitude by three orders of magni-
tude within the first microseconds of impulsive excitation [37]
even though the fission of the singlet excitons is extremely
efficient [38]. The modulation of the emisison under the NIR
excitation, on the other hand, is distinctly different from that
of the reference Fig. 3(b). The emission is shown for the
excitation intensity of I = 3.16 × 1017 photons/(cm2 s). The
emission rises at a slower rate before reaching the steady state
after about 70 μs as shown in Fig. 3(b).

Next, we compare the measured kinetics of the emis-
sion with the simulations using the proposed models of UC
in rubrene. The models proposed by Liu et al. [19] and
Cruz et al. [20] uses four electronic states, S0, S1, Im and
T1 [Fig. 1(b)]. The intermediate state is either assumed to
be a virtual state [19] or a weakly resonant state [20]. In
the model with weakly resonant Im, the excitation sequen-
tially transfers the population from S0 to Im and then to S1.

(a)

(b)

(c)

FIG. 3. Kinetics of emission under modulated excitation using
(a) UV and (b) NIR laser. Simulations of the kinetics using different
models (c). In (c), the reference is shifted up for clarity.

Singlet fission and TTA transfer populations between S1 and
T1. The kinetics simulated based on this model is shown in
Fig. 3(c) and labeled as Seq. excit. The parameters of the
model are absorption cross section of the intermediate state,
σ0i = 2 × 10−18 cm2, absorption cross of intermediate state
to the excited state, σi2 = 100 × σ0i, rate of relaxation from
S1 to S0, k10 = 6.25 × 107 s−1, relaxation of the triplet, ktrip =
1.67 × 104 s−1, rate of fission of S1, kfiss = 5 × 1010 s−1,
relaxation of the intermediate state, ki = 6.7 × 105 s−1, rate
of triplet-triplet annihilation, kTF = 5.4 × 10−12 cm3s−1, and
self quenching rate of triplets, kT Q = 10−10 cm3s−1. In this
model, the number of molecules that are active in S0 to
Si transition is 1.44 × 1019 molecules/cm3, which is about
two orders of magnitude smaller than the actual density of
molecules. The values are taken from the literature [20] and
all the simulations whose results given in the figure are done at
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FIG. 4. Three state model used to simulate slow build up of UC
emission in rubrene.

the excitation intensity that match the experimental conditions
in Fig. 3(b). The kinetics simulated from this model is similar
to that of the emission under UV excitation (a). It has a fast
rise time. The rise time depends on the excitation density.
If we lower the absorption cross section of the intermediate
state by about two orders of magnitude then it matches the
experimental results. However, such low absorption cross sec-
tions and low density of active molecules produce excitation
densities that are similar to the ones obtained from the S0 to
T1 transition.

The model by Beimborn et al. [21] is more extended. It is
supported by the evidence of charged ions in the UC excitation
spectra and assumes presence of ions trapped in the crystals
(or microcystals) that can be excited by the absorption of
the NIR photons. The excited ions can diffuse around and
when the oppositely charged ions occasionally meet, they fuse
to form the triplet excitons that undergo TTA to populate
the singlet excitons in S1. Relaxation of these excitons to
S0 results in the UC emission. The simulated kinetics of the
emission from this process is shown by the green curve in
Fig. 3(c), labeled as Ions. excit.). In the simulation, the rate
constants k10, kTF, kT Q, ktrip and kfiss are taken from Ref. [20].
The density of charged species are 1.44 × 1019 cm−3 and their
absorption cross-sections are σcs = 10−16 cm2. The curve
shows a fast rise that is similar to the model by Cruz et al.,
but it also decays rapidly even when the excitation is present.
The decay of the emission after reaching the maximum is
due to the continual depletion of the ions with excitation.
The rise, as well as the decay of the signal in this model
depend on the density of the trapped ions. At densities that
are about eight orders of magnitude smaller than assumed in
the work of Beimborn et al. [21], the kinetics are similar to the
experimental results. Similarly, the decay becomes negligible
if the absorption cross sections of the ions are reduced by
six orders of magnitude. However, at such low cross sections
one cannot neglect the contributions from the direct S0 to T1

transitions.
The limiting cases of both the models indicates that the

UC emission involves initial excitation of the triplets. We
use a simple three state model to explain the experimental
observation (Fig. 4). We assume that the triplet excitons are
excited by S0 → T1 with a very low absorption cross section,

(a) (b)

FIG. 5. The Fourier transforms of the kinetics of UC in rubrene at
different excitation density. The bandwidth of the response increases
with the excitation as expected from a three state model (a). The 3dB
frequency is shown in (b) for the different excitations.

σ0T ∼ 10−23 cm2. This is about seven orders of magnitude
lower than the typical cross-section for S0 → S1 transition.
Although, σ0T has not been determined, most previous works
have assumed it to be lower than 10−21 cm2 [20]. The rate
equations are given in Eqs. (2)–(4):

dNS0

dt
= −σ0T INS0 + ktripNT1 + (kTF + kT Q)N2

T1

+ (k10 − kfiss)NS1 , (2)

dNT1

dt
= σ0T INS0 − ktripNT1 − (2kTF + kT Q)N2

T1
+ 2kfissNS1 ,

(3)

dNS1

dt
= kTFN2

T1
− (k10 + kfiss)NS1 , (4)

where NS0 , NT1 , and NS1 are the population densities in the
ground state S0, triplet state T1 and excited singlet state S1,
respectively, and I is the excitation intensity. The density of
molecules in the ground state is 1.434 × 1021 molecules/cm3.
Values for the other parameters, kTF, [39] kT Q, [20] k10 and kfiss

[40–42] are from previous literature.
The kinetics of the emission obtained from the model is

shown by blue line (labeled by Tripl. excit.) in Fig. 3(c).
Although the model is simpler and depicts a pathway that has
been previously suggested in anthracene [43] and tetracene,
[44] it explains slow rise in the UC emission that closely
match with the experiments. In this model, the lag in the emis-
sion is because the population of S1 by TTA is efficient only
when the density of the triplet excitons is high. The population
of the triplets builds up during this lag time. According to this
model, one expects that increase in the excitation intensity
results in faster rise time, which can be easily measured in
these experiments.

Therefore, we have carried out further measurements of
the kinetics by varying the excitation intensity. The Fourier
transforms of the kinetics are shown in Fig. 5(a). The data
are analyzed in frequency domain mainly to reduce the un-
certainties introduced by the large noise in the time domain
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data as can be seen in Fig. 3(b). The measurements show
that the bandwidth of the response function increases with
the intensity. This corresponds to faster rise to the steady
emission. The data from the experiments (shown by points)
fit closely with the results of the simulations (shown by the
lines). The dotted lines in the figure indicate the positions
of the 3-dB cut-off frequency. As shown in Fig. 3(b), the
cut-off frequency increases from 6 to 18 kHz for the excitation
power ranging from 2.5 to 9.7 mW. The faster rise in the
steady emission at higher excitation power is a clear feature
of a density dependent dynamics that results from the TTA
of directly excited triplets. Thus, our measurements show that
TTA controls the dynamics of UC during the initial rise of the
emission.

It has been noted in the previous literature that the three
state model does not reproduce all the results of UC in
rubrene. Particularly, it has been argued that the excitation
spectrum reported by Beimborn et al. [21] and intensity de-
pendence reported by Cruz et al., [20] require the presence
of resonant intermediate states, either formed due to charged
centers (anions and cations) or defects. However, such states
have not been directly observed in the absorption spectrum.
This raises an interesting question: Are the intermediate states
formed dynamically? For example, charges can be trapped af-
ter the UC is initiated due to the absorption by the triplets. This
increases the efficiency of UC by adding new pathways for ab-
sorption. The dynamic formation of new excitation pathways
implies change in the absorption crosssection, which could
be measured experimentally. However, the expected cross

sections are rather small, in the range of 10−21 − 10−22 cm−2,
and their accurate measurements require significantly im-
proved sensitivity. Nevertheless, the absorption measurements
are important because they provide valuable information in
explaining the UC in rubrene and also help us to understand
if such processes are present more generally in other organic
semiconductors such as anthracene and tetracene.

IV. CONCLUSION

To summarize, we have investigated the kinetics of UC
in rubrene by using intensity modulated laser beams. Our
measurements show that the emission due to UC lags the ex-
citation and the lag time shortens with the excitation intensity.
From both the observations, we conclude that the initial exci-
tation is driven by the singlet to triplet transition (S0 → T1).
While our measurements do not exclude the previous interpre-
tations of the process that involve resonant intermediate state,
such states could be formed dynamically once the UC has
initiated. Further experiments, particularly highly sensitive
absorption measurements, would be necessary to conclusively
prove that such intermediate states enhance UC in rubrene.
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