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Using a novel method for analyzing transient photoluminescence (PL) experiments, a microscopic
description is obtained for the dye concentration dependence of triplet-triplet annihilation (TTA) in phos-
phorescent host-guest systems. It is demonstrated that the TTA-mechanism, which could be a single-step
dominated process or a diffusion-mediated multi-step process, can be deduced for any given dye concen-
tration from a recently proposed PL intensity analysis. A comparison with the results of kinetic Monte
Carlo simulations provides the TTA-Förster radius and shows that the TTA enhancement due to triplet dif-
fusion can be well described in a microscopic manner assuming Förster- or Dexter-type energy transfer.

� 2016 Elsevier B.V. All rights reserved.
1. Introduction

Triplet excitons play a crucial role in modern organic optoelec-
tronic devices, such as organic light-emitting diodes (OLEDs) and
organic photovoltaic (OPV) devices [1–4]. Already in the 1960s,
photoluminescence (PL) experiments on single crystal anthracene
have been used to study exciton formation and triplet-triplet anni-
hilation (TTA), which in these materials gives rise to delayed fluo-
rescence [5]. More recently, TTA-induced delayed fluorescence has
been exploited as a means to increase the internal quantum effi-
ciency (IQE) of the fluorescent OLEDs beyond the theoretical
spin-statistical limit of 25% [6,7]. To overcome this limit, it is
required that both singlets and triplets are harvested [8]. Phospho-
rescent OLEDs, which make use of the enhanced spin-orbit cou-
pling in dye molecules containing a heavy atom, have shown an
IQE close to 100% [9–11]. For the newly developed class of high-
efficiency OLEDs based on thermally activated delayed fluores-
cence (TADF) materials, fast triplet-to-singlet reverse intersystem
crossing plays an important role [12,13]. Many types of OLEDs thus
successfully explore either direct emission from triplets or emis-
sion following processes in which triplets are present in the inter-
mediate excitonic stages preceding radiative decay. However, due
to their long emissive lifetime, e.g. around one microsecond in typ-
ical high-efficiency phosphorescent dyes, the triplet density is sen-
sitive to bimolecular loss processes such as TTA and triplet-polaron
quenching (TPQ) at high luminance levels [14–17]. In phosphores-
cent OLEDs, these processes give rise to an efficiency drop (roll-off)
with increasing current density [1]. Developing detailed
microscopic-scale understanding of the triplet dynamics is neces-
sary in order to rationally improve the OLED device performance.

In this paper, we focus on the development of a quantitative
microscopic-scale description of the mechanism of TTA in phos-
phorescent host-guest systems such as used in high-efficiency
OLEDs [18–20], using the results of transient PL experiments. In
practical systems, the emissive dye concentration is typically in
the range 3–10 mol%. In this concentration range, the role of triplet
exciton diffusion varies strongly. At high dye concentrations, the
small average distance between the dye molecules facilitates exci-
ton diffusion. Already at small exciton densities the PL efficiency
can then be decreased due to concentration quenching [21],
whereas at large densities exciton diffusion can give rise to an
additional efficiency loss due to TTA. In that case, TTA is thus a
multi-step process: diffusion followed by an interaction process
between two triplets upon which annihilation of one of the triplets
takes place. The interaction leading to TTA can be a Förster-type
dipole-dipole process, which is quantum-mechanically allowed
due to the small mixed-in singlet-character in the predominantly
triplet-type states. In contrast, at low dye concentrations, where
the role of exciton diffusion is limited, the TTA process is predom-
inantly a single-step process, with a rate determined almost
entirely by the rate of the direct interaction process [22–24]. We
note that also a Dexter-type interaction could contribute to the
annihilation process. In a previous publication, we have proposed
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a method to distinguish the TTA mechanism (single-step or multi-
ple step) from a cumulative PL yield analysis as measured in a
time-resolved PL experiment [25]. Using kinetic Monte Carlo
(kMC) simulations, it was shown how this can be already accom-
plished by carrying out a study for only a single emissive dye con-
centration. The method is based on measurements of the total
(time-integrated) efficiency loss as a function of the initial triplet
volume density, combined with a measurement of the time at
which the cumulative PL yield has reached half of its total value.
We recently demonstrated the validity of the method for the case
of a host-guest system in which 3.9 wt% of the often-used green
emitter bis(2-phenylpyridine)(acetylacetonate) iridium(III) (Ir
(ppy)2(acac)) is doped into the host material 4,40-bis(carbazol-9-
yl) biphenyl (CBP) [26]. An analysis which was supported by kMC
simulations led to the conclusion that for this system the Förster
radius (RF;TT) describing the TTA rate is in between 3 and 5 nm,
and that diffusion plays no significant role. This study did not yet
establish whether the novel analysis method could also be applied
successfully for a wide range of dye concentrations, including val-
ues at which strong diffusion takes place.

The purpose of the present paper is threefold: (i) to verify
whether the method developed in Ref. [25] for deducing the TTA
mechanism from transient PL measurements can be applied suc-
cessfully for any dye concentration, (ii) to establish an accurate
description using a single set of microscopic parameters to quan-
tify the TTA and diffusion rates in the full guest concentration
range, and (iii) whether it is then possible to deduce the type of dif-
fusion process (Förster or Dexter-type) from the analysis. In the lit-
erature, both types of processes have been argued to be relevant
[21–30]. For this purpose, we extend the study carried out in Ref.
[26] to CBP:Ir(ppy)2(acac) host-guest systems with a guest concen-
tration which is varied in small steps from 1.0 wt% to 16.4 wt%.

The experimental results show a clear variation of the efficiency
loss due to TTA with respect to the guest concentration and con-
firm the wide applicability of the method developed in Ref. [25].
We provide a quantitative analysis of the experimental data using
an extensive set of kMC simulations, assuming either Förster or
Dexter-type diffusion of triplet excitons. In addition, the analysis
demonstrates the important role of properly taking into account
the percolative nature of the exciton diffusion process in these
positionally disordered materials. With the optimized parameters,
kMC simulation results assuming either Förster- or Dexter-type
diffusion are both found to provide a fair explanation of the exper-
imental results. Therefore, making a clear distinction between
these two triplet diffusion mechanisms would be difficult on the
basis of the present analysis. However, the optimized values of
the microscopic parameters provide already useful information
and insight into theories and simulation models of exciton
diffusion.
(b)

Fig. 1. (a) Absorbance spectra and normalized PL intensity spectra (excitation at
337 nm; normalization to the PL peak intensity) of a neat CBP film and of selected
doped films (thickness 50 nm, on quartz). All absorbance spectra coincide. (b) Guest
weight concentration (cD) dependence of the absorbance at 337 nm and the PL
emission ratio, which is defined as the ratio of the PL intensity in the range 475–
650 nm (emission from Ir(ppy)2(acac)) and the total PL intensity in the range 360–
650 nm. Solid curves are guides-to-the-eye.
2. Experimental results and analysis

The CBP:Ir(ppy)2(acac) films are prepared by co-evaporation on
pre-cleaned quartz substrates and are encapsulated in a glove box.
The thickness of the films is 50 nm. The transient PL experiments
are performed using a home-built set-up, whose main components
are a pulsed nitrogen laser source (wavelength: 337 nm), neutral
density filters to vary the initial triplet density, an optical lens
and a fast-response photodiode. In order to obtain good statistics,
four independent transient PL measurements are done at spatially
separated spots of the sample for each dye concentration. For each
complete transient PL measurement, the initial triplet density is
adjusted from low to high in 25 steps. The details of the sample
fabrication and the transient PL measurement method have been
discussed in Ref. [26]. After the measurements, the measured tran-
sient PL decay is time-integrated. The resulting cumulative PL yield
curves are used to develop a mechanistic description of the triplet-
triplet annihilation process. The details of the analysis are given in
this section below, and in the Supplementary Material.

Fig. 1(a) shows the absorbance and normalized PL emission
spectra of the doped samples and, as a reference, of a neat CBP film
prepared in the same way. All absorption spectra coincide, imply-
ing that the incident light is almost exclusively absorbed by the
host CBP molecules. Fig. 1(b) shows that the averaged absorbance
at 337 nm (the nitrogen laser wavelength) is indeed independent
of the guest concentration. At high guest concentrations almost
all singlets created transfer quickly to the guest Ir(ppy)2(acac)
molecules, and convert subsequently to triplets due to efficient
intersystem crossing [9,31,32]. At very low guest concentrations,
residual emission from the host CBP is observed. This is quantified
in Fig. 1(b), which includes the guest concentration dependence of
the PL emission ratio, defined as the ratio of the peak area of the
guest PL spectrum and the spectrally integrated PL intensity. The
PL emission ratio reveals the efficiency of the exciton transfer pro-
cesses, and has been used for calculating the initial triplet density
(T0) in a manner discussed already in Ref. [26]. The initial triplet
density is actually non-uniform, and T0 is a thickness-averaged
value. However, as explained in Ref. [26], we find that the non-
uniformity will not significantly affect the transient PL response.
A small redshift of the main PL peak at 520 nm and a gradual
smearing out of the shoulder structure at 560 nm might be due
to the increasing statistical probability that emitters are paired,
or to aggregation at high guest concentrations [21,33,34].

For all guest concentrations, the transient PL intensity IðtÞ as
obtained after excitation by a 337 nm N2 laser has been measured
as a function of the initial triplet density T0, in the range
5� 1022 � 3� 1025 m�3, in a manner discussed in detail in Ref.
[26]. An overview of the experimental data for two typical guest
concentrations is given in the Supplementary Material. Conven-
tionally, from a fit to the emission intensity a TTA rate coefficient,
kTT, is derived, assuming that the contribution to the decrease of
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Fig. 2. Analysis of the initial triplet density dependence of the transient PL intensity
for CBP:Ir(ppy)2(acac) systems with a 1.0 and 16.4 wt% guest concentration. (a) The
initial PL intensity shows a saturation effect for the low-concentration system (see
the main text). (b) The relative PL efficiency (symbols) and the T0 dependence
expected from the value of kTT;2 as obtained in this work for small values of T0

assuming fully diffusion controlled TTA (full curves). From the measured values of
gPL;rel for large T0, this assumption is clearly invalid for the 1.0 wt% system. (c) The
values of kTT;1 and kTT;2 for both 1.0 and 16.4 wt% guest concentrations. If no error
bars are shown, the uncertainty is smaller than or approximately equal to the
symbol size.
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the triplet volume density nT due to TTA is given by
dnT=dt ¼ �fkTTn

2
T, with f ¼ 1=2 if upon a triplet-triplet interaction

process one of the two excitons is lost [32,35,36]. However, this
assumption is only valid in the limit of strong diffusion, when
the distribution of triplets remains spatially random. In the case
of weak or no diffusion, the triplets which ‘‘survive” longest are
most likely those which are relatively isolated with respect to
other triplets, so that in the course of the PL decay process the tri-
plet distribution becomes spatially correlated. As proposed first in
Ref. [25] and as demonstrated in Ref. [26], the mechanism of the
TTA process is revealed by deducing from the PL intensity two aux-
iliary parameters, kTT;1 and kTT;2, which are equal in the case of
strong diffusion (multi-step TTA), but different in the case of weak
diffusion (predominantly single-step TTA. The ratio r � kTT;2=kTT;1 is
then significantly larger than 1).

The auxiliary parameter kTT;1ðT0Þ is obtained from the time t1=2
at which the cumulative PL yield YðT0; tÞ has reached half of the
final (t ¼ 1) value, using the analytical expression for YðT0; tÞ that
would be exact in the strong-diffusion limit [25]. The cumulative

PL yield is defined as YðT0; tÞ ¼
R t
0 Iðt0Þdt0. The value of kTT;1 obtained

from the analysis is quite sensitive to the value of lifetime used.
Using a procedure discussed in Ref. [26], the lifetime is carefully
evaluated. At low guest concentrations (<7 wt%), it is almost con-
stant and equal to the value of 1:36� 0:02 ls reported in Ref.
[26] for 3.9 wt% systems. The lifetime decreases gradually with
increasing guest concentration, to 1:15� 0:02 ls for 16.4 wt%
materials (see the Supplementary Material). Such a dependence
of the triplet lifetime on the guest concentration has been observed
earlier and could be ascribed to concentration quenching [21]
(related to exciton diffusion) or to the occurrence of emitter aggre-
gation. Both effects could be consistent with the observed small
redshift of the PL emission.

The analysis is also sensitive to the value of T0 assumed. Ideally,
Ið0Þ should be linearly proportional to the value of T0. However, at
very small guest concentrations IðT0Þ is found to saturate for large
nominal values of T0, as shown in Fig. 2(a) for the case of 1 wt% sys-
tems. This saturation effect can be used to cross-check the guest
concentration [37,38]. In our case, assuming a molar molecule den-
sity of 1027 m�3, the saturation value of T0 (approximately
1025 m�3) observed for the 1 wt% systems is quite consistent with
the nominal guest concentration. A weight percentage equal to
cD ¼ 1 wt% corresponds therefore to a molar concentration very
close to xD ¼ 1 mol%. For our present set-up, T0 is limited to
3� 1025 m�3, implying that no saturation will be observed for sam-
ples with a guest concentration larger than approximately 4 wt%.
As an example, Fig. 2(a) shows that indeed a fully linear depen-
dence of Ið0Þ on T0 is found for the 16.4 wt% case.

The value of the auxiliary parameter kTT;2ðT0Þ is derived from
the relative PL efficiency, which is a dimensionless quantity
defined as

gPL;relðT0Þ ¼ lim
T 0!0

T 0

T0
� YðT0;1Þ

YðT 0;1Þ ð1Þ

In the absence of TTA, the total cumulative PL yield is propor-
tional to T0, so that then gPL;relðT0Þ ¼ 1. As shown by Fig. 2(b), the
measurements reveal a decrease of gPL;relðT0Þ with increasing T0,
in a manner which depends on the guest concentration. The
decrease is initially larger for high-concentration systems than
for low-concentration systems, revealing an increase of the TTA
efficiency loss with increasing dye concentrations. This effect
may be quantified by a parameter kTT;2ðT0Þ, which is equal to the
value of kTT which would give rise to the measured value of
gPL;relðT0Þ in the case of strong diffusion. The value of kTT;2 may be
derived using an analytical expression for gPL;relðT0Þ (see Ref. [25]).
Fig. 2(c) gives an overview of the T0 dependence of kTT;1 and
kTT;2, for two concentrations. At low guest concentrations, both
parameters are quite different, and depend significantly on T0

beyond an initial triplet density T0 ffi 3� 1024 m�3. In Fig. 2(b), this
is visible as a clear deviation of the measured values of gPL;relðT0Þ
from the curve which is expected when assuming that kTT;2ðT0Þ is
constant and given by the value obtained for T0 < 2� 1024 m�3.
For large guest concentrations, the difference between kTT;2 and
kTT;1 is small, and quite independent of T0. As discussed already
in Ref. [26], an increase of kTT;2 and a decrease of kTT;1 beyond a cer-
tain critical value of T0 is expected in the case of single-step
Förster-type TTA, as a result of a cross-over to a regime in which
on average more than one triplet is present within a sphere around
each triplet with a radius equal to the TT interaction Förster radius,
RF;TT. Consistent with that interpretation, this T0 dependence disap-
pears for large guest concentrations, when TTA is predominantly
due to the diffusion controlled multi-step mechanism. We note
that the exciton dynamics at high excitation densities, which is
complicated and still under intense study in view of e.g. the devel-
opment of organic lasers [39–41], is beyond the scope of the pre-
sent study. Therefore, we limit our analysis to the low-T0 regime
(< 2� 1024 m�3), where kTT;1 and kTT;2 are both T0-independent.

Fig. 3(a) and (b) give the dependence of kTT;1 and kTT;2, averaged
over the entire low-T0 regime, and the r-ratio, respectively, on the

average guest-guest distance, a ¼ x�1=3
D . Fig. 3(a) shows that there

are two distinct regimes. At large guest-guest distances, corre-
sponding to a guest concentration below 7 mol%, kTT;1 and kTT;2
are nearly constant. The role of diffusion is then almost negligible.



(a)

(b)

Fig. 3. The values of kTT;1 and kTT;2 (a) and of the ratio r ¼ kTT;2=kTT;1 (b), as obtained
from the analysis in Section 2, as a function of the average guest-guest distance a
(lower scale) or the guest concentration (upper scale).

(a)

(b)

Fig. 4. Dependence of the values of (a) kTT;2 and (b) kTT;1 on the average guest-guest
distance, as obtained from kMC simulations in which triplet diffusion is described
as a Förster-type process with Förster-radii equal to 1.5, 2.0 and 2.5 nm and a fixed
value RF;TT ¼ 4:5 nm. The starred symbols indicate the experimental results. The
inset shows the dependence of kTT;2 as obtained from kMC simulations as a function
of RF;TT in the absence of diffusion; the horizontal dashed line is the experimental
value for 1.0 wt% concentration, and the vertical dashed line gives the value of RF;TT

used in the subsequent analysis. The upper scale gives the guest concentration.
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Consistent with this view, also the large r-ratio is indicative of a
single-step dominated TTA process. The relatively large error bars
in this regime are due to the weak PL intensity obtained from
the low guest concentration samples. The uncertainties are largest
for kTT;1, which depends strongly on the early evolution of the
cumulative PL yield [25]. As a result, the increase of the r-ratio at
large guest-guest distances, which might be suggested by Fig. 3
(b), is not statistically significant. For guest concentrations above
7 mol% a gradual increase of kTT;1 and kTT;2 is observed, implying
an enhanced TTA rate. In addition, kTT;1 exhibits a steeper depen-
dence on the guest distance, resulting in a decrease of r-ratio as
shown in Fig. 3(b). Such a dependence of the r-ratio on the guest
distance implies an increasing importance of triplet-diffusion.
The observation that even at 16 mol% the r-ratio is significantly lar-
ger than 1 implies that for these materials single-step TTA still
plays a role. In order to quantify the interplay between direct
TTA and diffusion, a microscopic description is needed. In the fol-
lowing section, the experimental data are for that purpose ana-
lyzed using the results of kMC simulations.
3. Refined analysis using kinetic Monte-Carlo simulations

For obtaining a quantitative microscopic-scale picture of triplet-
diffusion mediated TTA, we have performed kMC simulations for
pure Förster-type diffusion and pure Dexter-type diffusion, using
the Bumblebee simulation tool [42]. The simulation method and
examples of analyses of the simulated time-dependent decay of
the emission intensity have been given in the Appendix and in Sec-
tion III.A of Ref. [25], respectively. All simulations were carried out
for an initial concentration T0 ¼ 1:0� 10�24 m�3, i.e. for the low-T0

regime. As a first step, simulations were carried out without diffu-
sion. The inset in Fig. 4 shows the calculated value of kTT;2 as a func-
tion of the triplet-triplet interaction Förster radius RF;TT. From a
comparison with the experimental value for the smallest dye con-
centration considered, kTT;2 ¼ ð0:95� 0:15Þ � 10�18 m3 s�1, it
would follow that RF;TT ¼ 4:6� 0:2 nm. Consistent with this find-
ing, we have studied the effect of diffusion using a fixed value of
RF;TT ¼ 4:5 nm. We note that this value is larger than the value of
about 3.0–3.6 nm which has been deduced spectroscopically
[1,28].
3.1. TTA enhancement due to Förster-type diffusion

The values of kTT;2 and kTT;1 as obtained from simulations assum-
ing a pure Förster-type diffusion, with a distance (R) dependent
guest-guest triplet exciton transfer rate equal to

rF;diffðRÞ ¼ 1
s

RF;diff

R

� �6

ð2Þ

are shown in Fig. 4(a) and (b), respectively. It may be seen from the
figure that a fair fit to the experimental results for high dye concen-
trations is obtained for RF;diff ¼ 2:0� 0:2 nm. This value is close to
(although slightly larger than) the range of values (1.5–1.8 nm)
obtained by Kawamura et al. [21] from the overlap of the extinction
and emission spectra for various Ir-containing phosphorescent
dyes. We note that the simulation data shown in the figure have
been obtained for a fixed value of s ¼ 1:36 ls, equal to the value
measured for low guest concentrations. It is presently not clear
how the concentration quenching effect, which as discussed above
leads to an approximately 18% decrease of the lifetime for the
16 mol% system to � 1:15 ls, should be included in the analysis.
Repeating the kMC simulations for this smaller lifetime would lead
to 18% larger values of kTT;1 and kTT;2. From Fig. 4, it may be seen that
the best fit value RF;TT would then be only slightly larger, viz.
approximately 2.1 nm. In the analysis, the concentration quenching
effect should thus preferably be included in a physically consistent
microscopic manner. However, this is beyond the scope of the pre-
sent study.

3.2. TTA enhancement due to Dexter-type diffusion

Also Dexter-type triplet transfer can contribute to exciton diffu-
sion. The triplet transfer rate is then given by

rD;diffðRÞ ¼ kD;0 exp �2R
k

� �
ð3Þ

with kD;0 the Dexter hopping rate in the zero distance limit and k an
effective exciton wavefunction decay length, which is related to the
electron and hole wavefunction decay lengths. The approach which
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has been used to obtain optimal values of kD;0 and k, assuming pure
Dexter-type exciton transfer, is explained in detail in the Supple-
mentary Material. The k-value is varied from 0.2 to 1.2 nm. The
result of the optimized combinations of kD;0 and k values is shown
as an inset of Fig. 5(a) for the 6.0 mol% guest concentration. With
the optimized parameters, the guest concentration is varied from
1 to 20 mol% to investigate the effect of diffusion on TTA. Fig. 5(a)
and (b) shows a comparison between the experimental and kMC
simulation results for kTT;2 and kTT;1, respectively, as a function of
the average guest-guest distance. A quite good fit to the experimen-
tal data is obtained using k ffi 0:3 nm and kD;0 ffi 2� 1011 s�1. The
kMC simulations then successfully describe the average guest dis-
tance dependence of both kTT;2 and kTT;1 in the full guest concentra-
tion range, especially for kTT;2.

The value k ffi 0:3 nm, which follows from the analysis, is equal
to the value for the electron, hole and exciton wavefunction decay
lengths employed in recent kMC simulations of the roll-off and
degradation of phosphorescent OLEDs [43]. However, it is much
smaller than the value of 1.7 nm which has been extracted by
Zhang and Forrest for CBP:Ir(ppy)2(acac) systems from the slope
of a plot of the quantity lnðkTT;0=a2Þ versus a, with kTT;0 the TTA rate
coefficient which would follow from a conventional analysis of
time-resolved PL experiments [28]. This approach assumes
diffusion-controlled (multi-step) TTA for all concentrations, and
it assumes that kTT is then proportional to the exciton diffusion
coefficient, given by a2kD;diffðaÞ. However, using our novel analysis
method, we have demonstrated that for the systems studied the
TTA mechanism is in no case fully diffusion-controlled, and at
low concentrations actually close to the single-step limit [26]. Fur-
thermore, we find from the kMC simulations that due to the posi-
tional disorder of the dye molecules the dependence of the exciton
diffusion coefficient on the average guest-guest distance is not
simply equal to a2kD;diffðaÞ. Exciton diffusion is non-uniform (per-
colative) [44]. For similar reasons the a-dependence of kTT in the
case of Förster-type diffusion (Section 3.1) is not simply propor-
tional to a�6, as would be expected for fully diffusion-controlled
TTA in the absence of positional disorder. A detailed discussion of
the dye concentration dependence of the exciton diffusion process
will be given in a forthcoming paper.
(a)

(b)

Fig. 5. Dependence of the values of (a) kTT;2 and (b) kTT;1 on the average guest-guest
distance, as obtained from the kMC simulations in which triplet diffusion is
described as a pure Dexter-type process with various values of the exciton
wavefunction decay length k, combined with the values of kD;0 as given in the inset
of (a), for a fixed value RF;TT ¼ 4:5 nm and at guest concentration 6.0 mol%. The stars
indicate the experimental results. The upper scale gives the guest concentration.
The best fit value kD;0 ffi 2� 1011 s�1 corresponds to a hop rate
to a first nearest neighbor site at a distance a0 ¼ 1 nm equal to
kD;1 ¼ kD;0 expð�2a0=kÞ ffi 2:6� 108 s�1. This value is two orders of
magnitude smaller than the electron or hole hopping attempt fre-
quency assumed typically [25,45]. The difference could be in part
due to the neglect of excitonic energetic disorder [25,46,47]. From
the emission spectrum, we deduce a Gaussian width (standard
deviation) of the triplet density of states equal to approximately
50 meV. Assuming that width, and thermally activated Dexter-
type diffusion, we find that a two orders of magnitude larger value
of kD;0 ð2� 1013 s�1Þ would be consistent with the experimental
results (not shown).

On the basis of the analysis given in this section, we cannot
decide whether the diffusion process is predominantly due to
Förster- or Dexter-type transfer, or perhaps due to a combination
of both. This is due to the rather long-range nature of the
Förster-type triplet-triplet interaction, so that diffusive exciton
transfer only affects the triplet loss due to TTA for relatively small
average intersite distances. The analysis probes most sensitively
the role of diffusion in a relatively small guest concentration range,
corresponding to an average intersite distance in the range 1.7–
2.3 nm. Consistent with this view, the exciton transfer rates
rF;diffðRÞ and rD;diffðRÞ which provide a best fit to the measured data
are equal for an intersite distance R � 1:8 nm (see the Supplemen-
tary Material).
4. Summary and conclusions

In this paper, we have shown that a novel method for analyzing
the results of transient PL experiments, which probe the efficiency
loss due to TTA in phosphorescent host-guest OLED materials, pro-
vides a consistent view on the mechanism of the TTA process in a
wide range of guest concentrations. For the CBP:Ir(ppy)2(acac) sys-
tems studied, TTA is for small concentrations due to a single-step
dipole-dipole interaction mechanism, characterized by a Förster
radius RF;TT ffi 4:5 nm. For concentrations above approximately
7 mol%, TTA is enhanced due to triplet diffusion, and becomes a
multi-step process. This is evident from an observed increase of
the two auxiliary parameters, kTT;1 and kTT;2, with increasing guest
concentration, and an observed decrease of the ratio r between
both quantities (¼ kTT;2=kTT;1). We find that even for the largest
guest concentrations included in our study (16 mol%), the r-ratio
is still larger than 1, implying that the fully diffusion controlled
limit has then not yet been reached.

As to the diffusion mechanism, using the results of kinetic
Monte Carlo simulations, a quantitative analysis shows that the
diffusion contribution can be quite well described as a dipole-
dipole energy transfer process with a Förster-radius
RF;diff ¼ 2:0� 0:2 nm or as a result of Dexter-type exciton transfer
with an exciton wavefunction decay length k ffi 0:3 nm and a pref-
actor kD;0 ¼ 2� 1011 s�1. From the quality of the fit, no distinction
between both mechanisms can be made. The value of RF;diff is con-
sistent with typical values as obtained spectroscopically for similar
materials, and the value of k is equal to the value employed earlier
in studies of charge and exciton transport.

The analysis given in this paper provides a first step towards a
fully microscopic picture of the TTA mechanism. In contrast to the
conventional description, in terms of a rate coefficient kTT, the
microscopic description provides an explanation for the observed
increase of the TTA loss at high initial exciton densities (see Ref.
[26]) and a proper prediction for the TTA loss under steady-state
conditions (see Ref. [25]). Future studies are required to resolve
the discrepancy of the value of RF;TT obtained from our study and
the (somewhat smaller) spectroscopic value, and to deduce the
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mechanism of the diffusion process. These studies should include a
systematic variation of the type of host and guest material, so that
the relative roles of the direct and multi-step TTA mechanism can
be varied and the possible effects of non-ideal exciton confinement
are probed.

Acknowledgments

The authors would like to thank Dr. S.C.J. Meskers, Dr. M.M.
Wienk, W.M. Dijkstra, M.L.M.C. van der Sluijs and A. Ligthart for
useful help and comments. The research was supported by the
Dutch Technology Foundation STW, the applied science division
of NWO, and the Technology Program of the Dutch Ministry of Eco-
nomic Affairs (LZ), and by the Dutch nanotechnology program
NanoNextNL (HvE). The work was carried out in part at the Philips
Research Laboratories, Eindhoven, The Netherlands (LZ, HvE and
RC).

Appendix A. Supplementary material

Supplementary data associated with this article can be found, in
the online version, at http://dx.doi.org/10.1016/j.cplett.2016.07.
048.

References

[1] C. Murawski, K. Leo, M.C. Gather, Efficiency roll-off in organic light-emitting
diodes, Adv. Mater. 25 (2013) 6801–6827, http://dx.doi.org/10.1002/
adma.201301603.

[2] A. Köhler, H. Bässler, Triplet states in organic semiconductors, Mater. Sci. Eng.:
R: Rep. 66 (2009) 71–109, http://dx.doi.org/10.1016/j.mser.2009.09.001.

[3] A. Rao, M.W.B. Wilson, J.M. Hodgkiss, S. Albert-Seifried, H. Bässler, R.H. Friend,
Exciton fission and charge generation via triplet excitons in pentacene/C60
bilayers, J. Am. Chem. Soc. 132 (2010) 12698–12703, http://dx.doi.org/
10.1021/ja1042462.

[4] H. Yersin, A.F. Rausch, R. Czerwieniec, T. Hofbeck, T. Fischer, The triplet state of
organo-transition metal compounds. Triplet harvesting and singlet harvesting
for efficient OLEDs, Coord. Chem. Rev. 255 (2011) 2622–2652, http://dx.doi.
org/10.1016/j.ccr.2011.01.042.

[5] R.G. Kepler, J.C. Caris, P. Avakian, E. Abramson, Triplet excitons and delayed
fluorescence in anthracene crystals, Phys. Rev. Lett. 10 (1963) 400–402, http://
dx.doi.org/10.1103/PhysRevLett.10.400.

[6] Y. Zhang, S.R. Forrest, Triplets contribute to both an increase and loss in
fluorescent yield in organic light emitting diodes, Phys. Rev. Lett. 108 (2012)
267404, http://dx.doi.org/10.1103/PhysRevLett.108.267404.

[7] B.H. Wallikewitz, D. Kabra, S. Gélinas, R.H. Friend, Triplet dynamics in
fluorescent polymer light-emitting diodes, Phys. Rev. B 85 (2012) 045209,
http://dx.doi.org/10.1103/PhysRevB.85.045209.

[8] S. Reineke, M.A. Baldo, Recent progress in the understanding of exciton
dynamics within phosphorescent OLEDs, Phys. Status Solidi (A) 209 (2012)
2341–2353, http://dx.doi.org/10.1002/pssa.201228292.

[9] C. Adachi, M.A. Baldo, M.E. Thompson, S.R. Forrest, Nearly 100% internal
phosphorescence efficiency in an organic light-emitting device, J. Appl. Phys.
90 (2001) 5048–5051, http://dx.doi.org/10.1063/1.1409582.

[10] M.A. Baldo, D.F. O’Brien, Y. You, A. Shoustikov, S. Sibley, M.E. Thompson, S.R.
Forrest, Highly efficient phosphorescent emission from organic
electroluminescent devices, Nature 395 (1998) 151, http://dx.doi.org/
10.1038/25954.

[11] J. Lee, H.-F. Chen, T. Batagoda, C. Coburn, P.I. Djurovich, M.E. Thompson, S.R.
Forrest, Deep blue phosphorescent organic light-emitting diodes with very
high brightness and efficiency, Nat. Mater. 15 (2016) 92, http://dx.doi.org/
10.1038/nmat4446.

[12] H. Uoyama, K. Goushi, K. Shizu, H. Nomura, C. Adachi, Highly efficient organic
light-emitting diodes from delayed fluorescence, Nature 492 (2012) 234,
http://dx.doi.org/10.1038/nature11687.

[13] Q. Zhang, B. Li, S. Huang, H. Nomura, H. Tanaka, C. Adachi, Efficient blue
organic light-emitting diodes employing thermally activated delayed
fluorescence, Nat. Photon. 8 (2014) 326, http://dx.doi.org/10.1038/
nphoton.2014.12.

[14] R. Coehoorn, H. van Eersel, P. Bobbert, R. Janssen, Kinetic Monte Carlo study of
the sensitivity of OLED efficiency and lifetime to materials parameters, Adv.
Funct. Mater. 25 (2015) 2024–2037, http://dx.doi.org/10.1002/
adfm.201402532.

[15] N.C. Erickson, R.J. Holmes, Engineering efficiency roll-off in organic light-
emitting devices, Adv. Funct. Mater. 24 (2014) 6074–6080, http://dx.doi.org/
10.1002/adfm.201401009.

[16] S. Wehrmeister, L. Jäger, T. Wehlus, A.F. Rausch, T.C.G. Reusch, T.D. Schmidt, W.
Brütting, Combined electrical and optical analysis of the efficiency roll-off in
phosphorescent organic light-emitting diodes, Phys. Rev. Appl. 3 (2015)
024008, http://dx.doi.org/10.1103/PhysRevApplied.3.024008.

[17] S. Reineke, K. Walzer, K. Leo, Triplet-exciton quenching in organic
phosphorescent light-emitting diodes with Ir-based emitters, Phys. Rev. B 75
(2007) 125328, http://dx.doi.org/10.1103/PhysRevB.75.125328.

[18] M.G. Helander, Z.B. Wang, J. Qiu, M.T. Greiner, D.P. Puzzo, Z.W. Liu, Z.H. Lu,
Chlorinated indium tin oxide electrodes with high work function for organic
device compatibility, Science 332 (2011) 944–947, http://dx.doi.org/
10.1126/science.1202992.

[19] K.-H. Kim, C.-K. Moon, J.-H. Lee, S.-Y. Kim, J.-J. Kim, Highly efficient organic
light-emitting diodes with phosphorescent emitters having high quantum
yield and horizontal orientation of transition dipole moments, Adv. Mater. 26
(2014) 3844–3847, http://dx.doi.org/10.1002/adma.201305733.

[20] S.-Y. Kim, W.-I. Jeong, C. Mayr, Y.-S. Park, K.-H. Kim, J.-H. Lee, C.-K. Moon, W.
Brütting, J.-J. Kim, Organic light-emitting diodes with 30% external quantum
efficiency based on a horizontally oriented emitter, Adv. Funct. Mater. 23
(2013) 3896–3900, http://dx.doi.org/10.1002/adfm.201300104.

[21] Y. Kawamura, J. Brooks, J.J. Brown, H. Sasabe, C. Adachi, Intermolecular
interaction and a concentration-quenching mechanism of phosphorescent Ir
(III) complexes in a solid film, Phys. Rev. Lett. 96 (2006) 017404, http://dx.doi.
org/10.1103/PhysRevLett.96.017404.

[22] T. Förster, Zwischenmolekulare energiewanderung und fluoreszenz, Ann. Phys.
437 (1948) 55–75, http://dx.doi.org/10.1002/andp.19484370105.

[23] W. Staroske, M. Pfeiffer, K. Leo, M. Hoffmann, Single-step triplet-triplet
annihilation: an intrinsic limit for the high brightness efficiency of
phosphorescent organic light emitting diodes, Phys. Rev. Lett. 98 (2007)
197402, http://dx.doi.org/10.1103/PhysRevLett.98.197402.

[24] T. Yonehara, K. Goushi, T. Sawabe, I. Takasu, C. Adachi, Comparison of transient
state and steady state exciton-exciton annihilation rates based on Förster-type
energy transfer, Jpn. J. Appl. Phys. 54 (2015) 071601.

[25] H. van Eersel, P.A. Bobbert, R. Coehoorn, Kinetic Monte Carlo study of triplet-
triplet annihilation in organic phosphorescent emitters, J. Appl. Phys. 117
(2015) 115502, http://dx.doi.org/10.1063/1.4914460.

[26] L. Zhang, H. van Eersel, P. Bobbert, R. Coehoorn, Clarifying the mechanism of
triplet-triplet annihilation in phosphorescent organic host-guest systems: a
combined experimental and simulation study, Chem. Phys. Lett. 652 (2016)
142–147, http://dx.doi.org/10.1016/j.cplett.2016.04.043.

[27] D.L. Dexter, A theory of sensitized luminescence in solids, J. Chem. Phys. 21
(1953) 836–850, http://dx.doi.org/10.1063/1.1699044.

[28] Y. Zhang, S.R. Forrest, Triplet diffusion leads to triplet-triplet annihilation in
organic phosphorescent emitters, Chem. Phys. Lett. 590 (2013) 106–110,
http://dx.doi.org/10.1016/j.cplett.2013.10.048.

[29] J.C. Ribierre, A. Ruseckas, K. Knights, S.V. Staton, N. Cumpstey, P.L. Burn, I.D.W.
Samuel, Triplet exciton diffusion and phosphorescence quenching in Iridium
(III)-centered dendrimers, Phys. Rev. Lett. 100 (2008) 017402, http://dx.doi.
org/10.1103/PhysRevLett.100.017402.

[30] D. Wasserberg, S.C.J. Meskers, R.A.J. Janssen, Phosphorescent resonant energy
transfer between iridium complexes, J. Phys. Chem. A 111 (2007) 1381–1388,
http://dx.doi.org/10.1021/jp066055q.

[31] A. Ruseckas, J.C. Ribierre, P.E. Shaw, S.V. Staton, P.L. Burn, I.D.W. Samuel,
Singlet energy transfer and singlet-singlet annihilation in light-emitting
blends of organic semiconductors, Appl. Phys. Lett. 95 (2009) 183305, http://
dx.doi.org/10.1063/1.3253422.

[32] N. Giebink, Y. Sun, S. Forrest, Transient analysis of triplet exciton dynamics in
amorphous organic semiconductor thin films, Org. Electron. 7 (2006) 375–386,
http://dx.doi.org/10.1016/j.orgel.2006.04.007.

[33] S. Reineke, T.C. Rosenow, B. Lüssem, K. Leo, Improved high-brightness
efficiency of phosphorescent organic LEDs comprising emitter molecules
with small permanent dipole moments, Adv. Mater. 22 (2010) 3189–3193,
http://dx.doi.org/10.1002/adma.201000529.

[34] Y. Kawamura, K. Goushi, J. Brooks, J.J. Brown, H. Sasabe, C. Adachi, 100%
phosphorescence quantum efficiency of Ir(III) complexes in organic
semiconductor films, Appl. Phys. Lett. 86 (2005) 071104, http://dx.doi.org/
10.1063/1.1862777.

[35] M.A. Baldo, C. Adachi, S.R. Forrest, Transient analysis of organic
electrophosphorescence. II. Transient analysis of triplet-triplet annihilation,
Phys. Rev. B 62 (2000) 10967–10977, http://dx.doi.org/10.1103/
PhysRevB.62.10967.

[36] E.B. Namdas, A. Ruseckas, I.D.W. Samuel, S.-C. Lo, P.L. Burn, Triplet exciton
diffusion in fac-tris(2-phenylpyridine) iridium(iii)-cored electroluminescent
dendrimers, Appl. Phys. Lett. 86 (2005) 091104, http://dx.doi.org/10.1063/
1.1867571.

[37] S. Reineke, G. Schwartz, K. Walzer, K. Leo, Direct observation of host-guest
triplet-triplet annihilation in phosphorescent solid mixed films, Phys. Status
Solidi (RRL) – Rapid Res. Lett. 3 (2009) 67–69, http://dx.doi.org/10.1002/
pssr.200802266.

[38] S. Reineke, G. Schwartz, K. Walzer, M. Falke, K. Leo, Highly phosphorescent
organic mixed films: the effect of aggregation on triplet-triplet
annihilation, Appl. Phys. Lett. 94 (2009) 163305, http://dx.doi.org/10.1063/
1.3123815.

[39] V.G. Kozlov, V. Bulovic, P.E. Burrows, S.R. Forrest, Laser action in organic
semiconductor waveguide and double-heterostructure devices, Nature 389
(1997) 362, http://dx.doi.org/10.1038/38693.

[40] H. Nakanotani, T. Oyamada, Y. Kawamura, H. Sasabe, C. Adachi, Injection and
transport of high current density over 1000 A/cm2 in organic light emitting
diodes under pulse excitation, Jpn. J. Appl. Phys. 44 (2005) 3659.

http://dx.doi.org/10.1016/j.cplett.2016.07.048
http://dx.doi.org/10.1016/j.cplett.2016.07.048
http://dx.doi.org/10.1002/adma.201301603
http://dx.doi.org/10.1002/adma.201301603
http://dx.doi.org/10.1016/j.mser.2009.09.001
http://dx.doi.org/10.1021/ja1042462
http://dx.doi.org/10.1021/ja1042462
http://dx.doi.org/10.1016/j.ccr.2011.01.042
http://dx.doi.org/10.1016/j.ccr.2011.01.042
http://dx.doi.org/10.1103/PhysRevLett.10.400
http://dx.doi.org/10.1103/PhysRevLett.10.400
http://dx.doi.org/10.1103/PhysRevLett.108.267404
http://dx.doi.org/10.1103/PhysRevB.85.045209
http://dx.doi.org/10.1002/pssa.201228292
http://dx.doi.org/10.1063/1.1409582
http://dx.doi.org/10.1038/25954
http://dx.doi.org/10.1038/25954
http://dx.doi.org/10.1038/nmat4446
http://dx.doi.org/10.1038/nmat4446
http://dx.doi.org/10.1038/nature11687
http://dx.doi.org/10.1038/nphoton.2014.12
http://dx.doi.org/10.1038/nphoton.2014.12
http://dx.doi.org/10.1002/adfm.201402532
http://dx.doi.org/10.1002/adfm.201402532
http://dx.doi.org/10.1002/adfm.201401009
http://dx.doi.org/10.1002/adfm.201401009
http://dx.doi.org/10.1103/PhysRevApplied.3.024008
http://dx.doi.org/10.1103/PhysRevB.75.125328
http://dx.doi.org/10.1126/science.1202992
http://dx.doi.org/10.1126/science.1202992
http://dx.doi.org/10.1002/adma.201305733
http://dx.doi.org/10.1002/adfm.201300104
http://dx.doi.org/10.1103/PhysRevLett.96.017404
http://dx.doi.org/10.1103/PhysRevLett.96.017404
http://dx.doi.org/10.1002/andp.19484370105
http://dx.doi.org/10.1103/PhysRevLett.98.197402
http://refhub.elsevier.com/S0009-2614(16)30538-3/h0120
http://refhub.elsevier.com/S0009-2614(16)30538-3/h0120
http://refhub.elsevier.com/S0009-2614(16)30538-3/h0120
http://dx.doi.org/10.1063/1.4914460
http://dx.doi.org/10.1016/j.cplett.2016.04.043
http://dx.doi.org/10.1063/1.1699044
http://dx.doi.org/10.1016/j.cplett.2013.10.048
http://dx.doi.org/10.1103/PhysRevLett.100.017402
http://dx.doi.org/10.1103/PhysRevLett.100.017402
http://dx.doi.org/10.1021/jp066055q
http://dx.doi.org/10.1063/1.3253422
http://dx.doi.org/10.1063/1.3253422
http://dx.doi.org/10.1016/j.orgel.2006.04.007
http://dx.doi.org/10.1002/adma.201000529
http://dx.doi.org/10.1063/1.1862777
http://dx.doi.org/10.1063/1.1862777
http://dx.doi.org/10.1103/PhysRevB.62.10967
http://dx.doi.org/10.1103/PhysRevB.62.10967
http://dx.doi.org/10.1063/1.1867571
http://dx.doi.org/10.1063/1.1867571
http://dx.doi.org/10.1002/pssr.200802266
http://dx.doi.org/10.1002/pssr.200802266
http://dx.doi.org/10.1063/1.3123815
http://dx.doi.org/10.1063/1.3123815
http://dx.doi.org/10.1038/38693
http://refhub.elsevier.com/S0009-2614(16)30538-3/h0200
http://refhub.elsevier.com/S0009-2614(16)30538-3/h0200
http://refhub.elsevier.com/S0009-2614(16)30538-3/h0200
http://refhub.elsevier.com/S0009-2614(16)30538-3/h0200
http://refhub.elsevier.com/S0009-2614(16)30538-3/h0200


L. Zhang et al. / Chemical Physics Letters 662 (2016) 221–227 227
[41] D. Kasemann, R. Brückner, H. Fröb, K. Leo, Organic light-emitting diodes under
high currents explored by transient electroluminescence on the nanosecond
scale, Phys. Rev. B 84 (2011) 115208, http://dx.doi.org/10.1103/
PhysRevB.84.115208.

[42] The Bumblebee Software is provided by Simbeyond B.V. <http://
simbeyond.com>.

[43] H. van Eersel, P.A. Bobbert, R.A.J. Janssen, R. Coehoorn, Monte carlo study of
efficiency roll-off of phosphorescent organic light-emitting diodes: evidence
for dominant role of triplet-polaron quenching, Appl. Phys. Lett. 105 (2014)
143303, http://dx.doi.org/10.1063/1.4897534.

[44] R. Coehoorn, P.A. Bobbert, Effects of gaussian disorder on charge carrier
transport and recombination in organic semiconductors, Phys. Status Solidi (A)
209 (2012) 2354–2377, http://dx.doi.org/10.1002/pssa.201228387.
[45] H. Bässler, Charge transport in disordered organic photoconductors a monte
carlo simulation study, Phys. Status Solidi (B) 175 (1993) 15–56, http://dx.doi.
org/10.1002/pssb.2221750102.

[46] S. Matthew Menke, R.J. Holmes, Evaluating the role of energetic disorder and
thermal activation in exciton transport, J. Mater. Chem. C 4 (2016) 3437–3442,
http://dx.doi.org/10.1039/C6TC00525J.

[47] G.D. Scholes, Long-range resonance energy transfer in molecular systems,
Annu. Rev. Phys. Chem. 54 (2003) 57–87, http://dx.doi.org/10.1146/
annurev.physchem.54.011002.103746.

http://dx.doi.org/10.1103/PhysRevB.84.115208
http://dx.doi.org/10.1103/PhysRevB.84.115208
http://simbeyond.com
http://simbeyond.com
http://dx.doi.org/10.1063/1.4897534
http://dx.doi.org/10.1002/pssa.201228387
http://dx.doi.org/10.1002/pssb.2221750102
http://dx.doi.org/10.1002/pssb.2221750102
http://dx.doi.org/10.1039/C6TC00525J
http://dx.doi.org/10.1146/annurev.physchem.54.011002.103746
http://dx.doi.org/10.1146/annurev.physchem.54.011002.103746

	Analysis of the phosphorescent dye concentration dependence �of triplet-triplet annihilation in organic host-guest systems
	1 Introduction
	2 Experimental results and analysis
	3 Refined analysis using kinetic Monte-Carlo simulations
	3.1 TTA enhancement due to Förster-type diffusion
	3.2 TTA enhancement due to Dexter-type diffusion

	4 Summary and conclusions
	Acknowledgments
	Appendix A Supplementary material
	References


