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Effect of Triplet Confinement on Triplet–Triplet Annihilation 
in Organic Phosphorescent Host–Guest Systems

Arnout Ligthart,* Xander de Vries, Le Zhang, Mike C. W. M. Pols, Peter A. Bobbert, 
Harm van Eersel, and Reinder Coehoorn

The efficiency of phosphorescent organic light emitting diodes (OLEDs) 
shows a decrease with increasing luminance (“roll-off ”). One of the 
contributions to the roll-off is triplet–triplet annihilation (TTA). TTA is the 
process of energy transfer from one triplet exciton to another, after which 
the excited exciton decays nonradiatively to the lowest triplet state. In this 
study, the TTA-rate is measured for a large number of emissive materials 
consisting of a small concentration of phosphorescent “guest” molecules, 
with emission colors across the entire visible range, embedded in various 
host materials. It is found that the TTA-rate does not only depend on the 
direct interaction rate between the excitons on the guest molecules, but 
also on the difference in triplet energy ΔET of the host and guest molecules: 
when ΔET is smaller than about 0.20 eV, diffusion of excitons via the host 
molecules leads to a significant enhancement of the TTA-rate. By varying the 
guest concentration and using kinetic Monte Carlo simulations, the roles of 
the direct interaction, guest-mediated diffusion, and host-mediated diffusion 
are disentangled.

DOI: 10.1002/adfm.201804618

A. Ligthart, X. de Vries, Dr. L. Zhang, M. C. W. M. Pols,  
Prof. P. A. Bobbert, Prof. R. Coehoorn
Department of Applied Physics
Eindhoven University of Technology
P.O. Box 513, NL-5600 MB, Eindhoven, The Netherlands
E-mail: a.ligthart@tue.nl
Prof. P. A. Bobbert, Prof. R. Coehoorn
Institute for Complex Molecular Systems
Eindhoven University of Technology
P.O. Box 513, NL-5600 MB, Eindhoven, The Netherlands
Dr. H. van Eersel
Simbeyond B.V.
Groene Loper 5, NL-5612 AE, Eindhoven, The Netherlands

The ORCID identification number(s) for the author(s) of this article 
can be found under https://doi.org/10.1002/adfm.201804618.

(TPQ).[3–10] TTA and TPQ are due to bimo-
lecular interactions, and give rise to an 
efficiency roll-off at high brightness. In 
addition, these loss processes can trigger 
degradation events.

The main cause of the efficiency roll-
off has been a subject of debate.[3,7,10–16] 
Studies of various different types of devices 
suggest that the predominant mechanism 
depends on the detailed structure of the 
emissive layer.[15] Simulation results of 
phosphorescent OLEDs suggest that TPQ 
is the predominant mechanism at small 
current densities, but that the relative 
contribution due to TTA becomes larger 
at high current densities.[10] Furthermore, 
simulations have revealed a subtle inter-
play between TPQ and TTA: decreasing 
the contribution of one process can 
increase the contribution of the other pro-
cess, so that the roll-off is not significantly 
reduced.[17] The overall IQE reduction is 

not only determined by the encounter-distance-dependence 
of the rate with which the final TPQ and TTA processes takes 
place, but also by the triplet exciton diffusivity.[1,2,18–22] In order 
to accurately quantify the relative contributions from TTA and 
TPQ, it will be necessary to develop a mechanistic description 
of the direct triplet–triplet and triplet–polaron interaction rates 
and of the exciton diffusion processes. That will allow disen-
tangling all contributions, and will support the development of 
predictive simulations as a route toward reduced OLED roll-off.

In this paper, we demonstrate how time-resolved photolu-
minescence studies of the efficiency loss due to TTA can be 
used to sensitively probe triplet exciton diffusion processes in 
organic semiconductor host–guest systems. The analysis pro-
vides not only a mechanistic description of the direct annihi-
lation process, but also of the guest–guest and host-mediated 
diffusion processes that can contribute to the overall TTA rate, 
as well as to the TPQ rate in full OLEDs. In particular, we focus 
on investigating host-mediated triplet diffusion. In state-of-the-
art phosphorescent OLEDs, this contribution to the diffusion 
is limited by selecting host materials with a sufficiently high 
triplet energy. However, this design rule should not be followed 
too rigorously. First, obtaining a long device lifetime requires 
that the dye concentration is not too small. Second, a large 
host triplet energy implies in general also a large fundamental 
energy gap, so that electron and/or hole injection in the host 
material occurs only at a relatively high voltage, giving rise to 

Organic Light Emitting Diodes

1. Introduction

The internal quantum efficiency (IQE) of phosphorescent 
organic light-emitting diodes (OLEDs) is determined by the 
probability that the triplet excitons formed on the emissive 
metal–organic dye molecules will decay radiatively. When 
the charge carriers and triplet excitons are well-confined in 
the emissive layer (EML), the main potential loss processes 
are intrinsic nonradiative decay, concentration quenching,[1,2] 
triplet–triplet annihilation (TTA) and triplet–polaron quenching 
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a reduction of the power efficiency. It is therefore of interest to 
determine the conditions required for good triplet exciton con-
finement on the guest molecules.

The importance of good triplet exciton confinement is well 
known from studies of the host triplet exciton energy depend-
ence of the IQE in phosphorescent OLEDs based on small- 
molecule[23–29] or polymer[30–32] host materials, and in third-gen-
eration OLEDs utilizing thermally assisted delayed fluorescence  
(TADF).[33–35] Triplet confinement near interfaces with hole-
transport layers was studied in ref. [36]. A key parameter is 
the triplet confinement energy ΔET  ET,h − ET,g, with ET,h(g) 
the triplet energy on the host and guest molecules, respec-
tively. However, it is presently not clear whether, as a rule, ΔET 
should exceed a certain minimum value in order to guarantee 
sufficient triplet confinement. Most studies carried out so far 
focus on the effect of a variation of the host material type on the 
external quantum efficiency (EQE) of OLEDs. As discussed by 
Swensen et al.,[28] such studies are often at best qualitative: the 
EQE can also be affected by various other loss processes such 
as exciton transfer to the electron and hole transport layers and 
(more indirectly) by the charge transfer properties. For OLEDs 
based on the sky-blue emitter bis[2-(4,6-difluorophenyl)pyrid-
inato-C2,N](picolinato)iridium(III) (FIrpic, ET = 2.7 eV), e.g., 
replacing a higher triplet-energy host material (ET = 2.8 eV) by a 
lower triplet-energy host material (ET = 2.6 eV) was even found 
to lead to a slight increase of the EQE, to almost 18% in the 
low-current-density limit.[28] Neglecting (for the moment) the 
possible role of energetic disorder, the confinement energy ΔET 
properly determines the thermodynamic equilibrium stability 
of triplet excitons on the guest molecules. However, the effects 
of triplet deconfinement on the IQE will also be determined 
by the kinetics of the host–guest and host–host triplet exciton 
transfer processes. It is therefore of interest to study to what 
extent kinetic effects could give rise to a system-to-system vari-
ation of the dependence of exciton deconfinement on the con-
finement energy.

We disentangle the roles of the confinement energy and of 
the host-mediated triplet diffusion by studying in total 22 sys-
tems, based on combinations of five Ir-based emitter molecules 
and seven host molecules. The confinement energy ΔET varies 
from about −0.1 to +0.8 eV. By making use of various host 

materials, also the effect of a variation of the host-mediated 
diffusion is probed. We find that only for ΔET ≲ 0.20 eV, the 
effective TTA rate coefficient is significantly enhanced due to 
triplet deconfinement. For selected systems, experiments have 
been carried out for a variable guest concentration and temper-
ature. Figure 1 shows the various regimes that are probed: in 
the case of strong confinement and small guest concentrations, 
TTA is predominantly due to a single-step direct quenching 
process (Figure 1a). For large guest concentrations, TTA is a 
more indirect multistep process (Figure 1b). And in the case of 
weak confinement, host-mediated diffusion can give rise to an 
additional loss (Figure 1c). Using an analysis method proposed 
by van Eersel et al.,[37] and applied already to bis[2-(2-pyridinyl-
N)phenyl-C](acetylacetonato)iridium(III) (Ir(ppy)2(acac)), 
embedded in a 4,4′-N,N′-dicarbazole-1-1′-biphenyl (CBP) 
host,[21,22] as well as the results of kinetic Monte Carlo (KMC) 
simulations, we find that it is possible to establish a micro-
scopic description that is able to describe all strongly confined 
systems studied, with only slightly different material-dependent 
parameters. Within the model, TTA is described as a Förster 
type process. Guest–guest exciton diffusion is described as 
either a thermally activated Dexter or Förster process, with rates 
that are affected by the random disorder in the triplet energies. 
For weakly confined systems, the complexity of the interplay of 
all processes related to triplet guest–host or host–guest transfer, 
triplet-diffusion on the host, and possible quenching processes 
on the host obviously precludes at present developing a mecha-
nistic model with predictive quality. Nevertheless, we argue that 
for the systems studied our approach provides realistic con-
straints to the parameters describing triplet transfer and anni-
hilation rates.

2. Experimental and Analysis Methods

Table 1 gives an overview of the systems studied. The molecular 
structures are shown in Figure 2. Five phosphorescent emitters 
were used

i) bis[2-(4,6-difluorophenyl)pyridinato-C2,N]-(picolinato)-
iridium(III) (FIrpic, sky-blue),

Adv. Funct. Mater. 2018, 28, 1804618

(a) Direct process

GuestHost

(c) Host-mediated di�usion(b) Guest-guest di�usion
Triplet-excited guest

Figure 1. Schematic overview of the relevant processes leading to TTA in phosphorescent host–guest systems. a) In systems with a low concentration 
of guest molecules and a large triplet confinement energy ΔET, only TTA due to a direct (single step) TTA process is possible. In the figure, this process 
is depicted as a Förster-type process. b) For systems with a high concentration of guest molecules, guest-to-guest triplet exciton diffusion can enhance 
the TTA rate. c) The TTA rate is also enhanced when as a result of weak triplet confinement (small ΔET) host-mediated diffusion occurs. Empty black 
and red spheres denote host and guest molecules in the ground state. Filled red spheres denote triplet-excited guest molecules. The dashed circles 
indicate the region within one TTA-Förster radius around each triplet. The arrows indicate possible diffusion paths.
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ii) tris[2-phenylpyridinato-C2,N]iridium(III) (Ir(ppy)3, green),
iii) bis[2-(2-pyridinyl-N)phenyl-C](acetylacetonato)-iridium(III) 

(Ir(ppy)2(acac), yellow-green),
iv) bis(2-benzo[b]thiophen-2-ylpyridine)(acetylacetonate)

iridium(III) (Ir(BT)2(acac), yellow),
v) bis(2-methyldibenzo[ f,h]quinoxaline)(acetylacetonate)

iridium(III) (Ir(MDQ)2(acac), orange-red).

The following host materials were used

a) N,N′-bis(naphthalen-1-yl)-N,N′-bis(phenyl)-benzidine (NPB),
b) N , N ′ - b i s ( n a p h t h e n - 1 - y l ) - N , N ′ - b i s ( p h e n y l ) - 2 , 2 ′ -

dimethylbenzidine (α-NPD),
c) N,N′-bis(3-methylphenyl)-N,N′-diphenylbenzidine (TPD),
d) 4,4′-N,N′-dicarbazole-1,1′-biphenyl (CBP),
e) 2,2′, 2″-(1,3,5-benzinetriyl)-tris(1-phenyl-1-H-benzimidazole) 

(TPBi),
f) tris(4-carbazoyl-9-ylphenyl)amine (TCTA),
g) 1,3-bis(N-carbazolyl)benzene (mCP).The triplet energies 

of all molecules, as obtained from the peak energy in the 
photo luminescence (PL) spectra, and the triplet confinement 
energy for each host–guest system studied are included in 
Table 1.

The systems studied are 50 nm thick host–guest films, 
coevaporated on pre-cleaned quartz substrates and encap-
sulated in a glove box under nitrogen conditions. For all 
host–guest systems, films containing 3.85 weight percent of 
guest mole cules were studied, while for selected systems a 
full study of the guest concentration dependence was carried 
out. The transient PL experiments were carried out using a 
pulsed nitrogen laser with a wavelength of 337 nm. A 1 mm2 

aperture is used to form a uniform intensity profile. The 
light is focused using a lens on a fast-response photodiode. 
Absorbance measurements (Section S1, Supporting Informa-
tion) are done to determine the initial triplet volume density, 
T0, which is varied in 25 steps using optical density filters. 
To get sufficient statistics, each measurement is repeated on 
four spatially different spots. In ref. [21], a more extensive 
description of the experimental method is given. Although 
almost all absorption occurs on the host molecules, it is 
assumed that the transfer from the host to the guest is 100% 
efficient,[23,38] as a result of singlet diffusion on the host, fol-
lowed by transfer to the guest molecules and subsequent fast 
intersystem crossing on the guest molecules. Steady state PL 
measurements (Section S2, Supporting Information) indeed 
show that for all systems studied the transfer is very efficient, 
as the contribution from the host in the PL spectrum is found 
to be negligible.

The role of guest-mediated diffusion can be judged by ana-
lyzing the transient PL response using a method first proposed 
by van Eersel et al.[37] and experimentally demonstrated by 
Zhang et al. for CBP:Ir(ppy)2(acac) systems.[21,22] Convention-
ally, the effect of TTA on the triplet volume density T(t) in an 
organic semiconductor is described by the expression

τ
= − −T

t
G

T
fk T

d
d

TT
2  (1)

with G the generation rate, τ the effective triplet radiative life-
time, kTT the effective triplet–triplet interaction rate coefficient, 
and f a coefficient indicating the fraction of excitons that are 
lost in the TTA process. Typically, one exciton is assumed to be 
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Table 1. Host–guest systems studied in this paper. In parentheses, the host and guest triplet energies as obtained from the peak energy in the PL 
spectra are given (unit: eV), as displayed in Section S2 (Supporting Information) for the guest molecules and as obtained from the literature for 
the host molecules. For each system included, the triplet confinement energy ΔET (top entry, unit: eV) and the experimental value of kTT,2 and its 
uncertainty range (bottom entry, unit: 10−18 m3 s−1) are given.

Host Guest

Ir(MDQ)2(acac) Ir(BT)2(acac) Ir(ppy)2(acac) Ir(ppy)3 FIrpic

(2.05 eV) (2.23 eV) (2.38 eV) (2.43 eV) (2.62 eV)

NPB (2.30 eV)a) 0.07

3.63 ± 0.09

α-NPD (2.30 eV)b) 0.25 0.07

0.73 ± 0.05 1.74 ± 0.10

TPD (2.40 eV)c) 0.35 0.17 0.02 −0.03

0.67 ± 0.05 1.40 ± 0.10 1.91 ± 0.14 4.2 ± 0.2

CBP (2.56 eV)d) 0.51 0.33 0.18 0.13 −0.06

0.56 ± 0.05 1.06 ± 0.08 1.05 ± 0.06 1.10 ± 0.09 1.08 ± 0.09

TPBi (2.66 eV)e) 0.28 0.23 0.04

0.81 ± 0.05 1.02 ± 0.16 1.57 ± 0.06

TCTA (2.84 eV)f) 0.79 0.61 0.46 0.41 0.22

0.52 ± 0.09 0.99 ± 0.10 0.65 ± 0.06 1.05 ± 0.09 0.85 ± 0.07

mCP (2.90 eV)g) 0.52 0.28

0.62 ± 0.05 0.65 ± 0.15

a)Refs. [36,39]; b)Ref. [40]; c)Refs. [3,36,39,41]; d)Refs. [3,24,28,36]; e)Refs. [42,43]; f)Refs. [27,39,42,44]; g)Refs. [24,28,34].
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lost upon the encounter of two excitons, so that f is generally 
assumed to be equal to 1/2. When Equation (1) is applicable, 
the response I(t) of the system in a transient-photolumines-
cence (PL) experiment is given by

( )

(0)

1

(1 )exp( / )0 TT 0 TT

I t

I T fk t T fkτ τ τ
=

+ −
 (2)

with T0 the initial triplet density and I(0) the initial PL inten-
sity. However, this description of TTA breaks down when 
applied to systems with little or no diffusion. The exciton den-
sity becomes then spatially nonuniform when time proceeds,  
so that Equation (2) is no longer valid. Within the refined analy sis 
method developed in refs. [21,22,37], the measured time at 
which half of the emission has taken place is used to deduce, 
for any value of T0, a first effective rate coefficient kTT,1, 
assuming that Equation (2) is applicable. Accurately deducing 
kTT,1 requires determining τ with high accuracy. The lifetime 
is determined in the very low T0 (<1024 m−3) region in which 
TTA is negligible. A second effective rate coefficient, kTT,2, is 
obtained from the measured decrease of the total PL efficiency, 
relative to the PL efficiency in the zero-fluence limit, again 
assuming that Equation (2) is applicable. In the limit of strong 
diffusion, the conventional analysis method is applicable, and 
the ratio

≡r k k/TT,2 TT,1  (3)

is equal to 1. In the absence of guest-mediated diffusion, when 
TTA is due to a single-step Förster-type process, the r-ratio can 
be well above 2. The role of guest-mediated diffusion can thus 
already be deduced from an analysis of the PL response for a 
single material.[21] For CBP:Ir(ppy)2(acac) systems, kTT,1 and 
kTT,2 have been found to become T0-dependent for values of T0 
above 1025 m−3, in a manner as expected from KMC simula-
tions within which TTA is described as a long-range Förster-
type process. The effect was found to occur when T0 exceeds 
the value at which on average one triplet is present within a 
sphere with a radius equal to the triplet–triplet interaction 
Förster radius, RF,TT.[21] In this paper, we focus on the low-tri-
plet density regime (T0 < 1024 m−3), in which kTT,1 and kTT,2 are 
independent of T0. A more detailed discussion of the analysis 
method is given in ref. [21].

In the case of weak triplet confinement, resulting in delayed 
emission after host-mediated exciton diffusion and potentially 
trapping on the host, the decay is not monoexponential. In 
Section 3, the decay is from correlated single-photon-counting 
(CSPC) experiments shown to be well-described by a stretched-
exponential function, I(t) = I(0)exp [−(t/τ′)β], with τ′ an effec-
tive 1/e lifetime and with β an exponent that decreases with 
decreasing triplet confinement.

Adv. Funct. Mater. 2018, 28, 1804618
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Figure 2. Structure of the host and guest molecules included in this study.
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3. Experimental Results and Analysis

In this section, we first present the results of an in-depth study 
of the system TCTA:Ir(ppy)2(acac). For this system, the triplet 
confinement energy is large (ΔET = 0.46 eV), so that deconfine-
ment to the host plays no role. From this study, we motivate 
why for studying triplet deconfinement effects materials with 
a guest concentration of 3.85 wt% were selected. Subsequently, 
we show that for all systems included in Table 1 good triplet 
confinement requires that ΔET is larger than ≈0.20 eV. The 
role of triplet diffusion is further investigated by studying for 
selected systems the temperature dependence of the TTA loss.

3.1. Strong Confinement—TCTA:Ir(ppy)2(acac)

Figure 3a shows the measured dependence of kTT,1 and kTT,2  
on the average guest–guest distance a = cg

−1/3 and guest 
concentration, cg (top axis of the figure), for the system 
TCTA:Ir(ppy)2(acac). The analysis has been based on the meas-
ured lifetime, deduced from the emission in the low-fluence 
limit, which decreases from 1.36 µs for small cg to 1.14 µs for 
cg = 18 mol%. Such a decrease (indicative of concentration 
quenching) is quite generally observed for phosphorescent 
host–guest systems (see, e.g., ref. [1]), and can result from 
diffusion followed by quenching at defects or from a finite 
nonradiative decay probability upon repeated Förster-type tri-
plet transfer between adjacent molecules (“dampening”[2]). 
The method used to deduce kTT,1 and kTT,2 from the experi-
mental data is explained in detail in Section S3 (Supporting 
Information).

The figure shows that beyond cg ≅ 4 mol%, kTT,1 and kTT,2 
increase with increasing guest concentration. The effect can be 
attributed to guest-mediated triplet diffusion, consistent with 
the decrease of the r-ratio with increasing guest concentration 
shown in Figure 3b. For cg larger than 20 mol%, the r-ratio 

approaches 1 and the conventional (strong-diffusion) model 
(Equation (2)) is well-obeyed. Similar results were found for 
TCTA:Ir(ppy)3 systems, for which the exciton confinement is 
also excellent (Section S4, Supporting Information). This moti-
vates using a guest concentration of 3.85 wt% when studying 
in the next subsection the effects of deconfinement, so that no 
guest-mediated diffusion occurs whereas the transfer of exci-
tons from the host (where most absorption takes place) to the 
guest molecules is still very efficient.

We note that qualitatively similar results were obtained by 
Zhang et al. for CBP:Ir(ppy)2(acac) systems. However, for those 
systems the measured values of kTT,1 and kTT,2 are significantly 
larger than for TCTA:Ir(ppy)2(acac), viz. by a factor 1.4 and 1.8, 
respectively, for systems with cg ≅ 4 mol%. This indicates that 
in CBP:Ir(ppy)2(acac) systems, with ΔET = 0.17 eV, triplet diffu-
sion via the host gives rise to a significant contribution to the 
efficiency loss due to TTA, consistent with the results shown in 
the next subsection.

3.2. Effect of Triplet Confinement

Figure 4 shows the dependence of kTT,2 on the exciton confine-
ment energy for all host–guest systems studied, measured at a 
temperature T = 298 K, at a guest concentration of 3.85 wt%. 
This corresponds to molar-concentrations in the range  
2.3–4.7 mol%, depending on the system (Section S5, Sup-
porting Information). The numerical values and experimental 
uncertainties are included in Table 1. The fraction of excitons 
lost, from which kTT,2 has been deduced, is for all systems given 
in Section S6 (Supporting Information). The figure shows that 
for small confinement energies a significant enhancement 
of kTT,2 is found, up to a factor of 4, as compared to the value 

Adv. Funct. Mater. 2018, 28, 1804618

Figure 3. Dependence on the average guest–guest distance of a) the rate 
coefficients kTT,1 and kTT,2 and b) the ratio r = kTT,2/kTT,1, for the system 
TCTA:Ir(ppy)2(acac). The dashed curves are a guide-to-the-eye. The upper 
axis shows the guest concentration; 1 mol% corresponds to 0.82 wt%.

Figure 4. The dependence of kTT,2 on the triplet confinement energy 
(the difference between the host and guest triplet energies), measured 
at 298 K, for systems based on five different phosphorescent guest 
molecules (colored symbols, as indicated) and seven different host 
molecules. In Table 1, the numerical values are given. All systems have a 
guest concentration of 3.85 wt%.
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obtained for confinement energies larger then about 0.20 eV. 
We interpret this result as a consequence of host-diffusion 
mediated TTA, giving rise to an enhanced efficiency loss. 
Interestingly, for all five emitter molecules kTT,2 is quite sim-
ilar when embedded in a well-confining host, viz. in the range  
(0.5–1.1) × 10−18 m3 s−1.

Triplet deconfinement to inert host triplet states (at which 
no radiative or nonradiative decay takes place) is expected 
to give rise to an increase of the effective lifetime. How-
ever, deconfinement would lead to a reduced effective life-
time if strong quenching would occur upon diffusion on the 
host. Experimentally, we find an increase of the lifetime, up 
to a factor larger than 30, for systems with ΔET < 0.1 eV, as 
shown in Figure 5. The figure gives the effective (1/e) life-
time τeff as measured from CSPC experiments relative to the 
lifetime τ0, as a function of the confinement energy. Inter-
estingly, the confinement energy below which a significant 
increase of the lifetime is observed (0.1 eV) is smaller than 
the value below which the kTT,2 rate coefficient is enhanced. It 
thus appears that for confinement energies in the 0.1–0.2 eV  
range a measurement of the loss due to TTA is a more sensi-
tive probe of exciton confinement than a measurement of the 
lifetime enhancement. The difference between both methods 
as a probe of exciton confinement is also apparent when 
considering systems with a negative exciton confinement 
energy, such as CBP:FIrpic (ΔE ≅ −0.06 eV). On the one hand, 
the effective lifetime is then strongly enhanced, as the tri-
plets reside with a large probability on the CBP host mole-
cules. On the other hand, kTT,2 is only moderately enhanced 
(factor ≈2) with respect to the value in a well-confining matrix 
such as mCP.

Further insight can be gained from the shape of the 
transient PL response in the zero-fluence limit, as meas-
ured using the CSPC technique. Monoexponential decay is 
expected in the limit of very fast guest–host and host–host 
exciton transfer, as compared to the radiative decay rate of 
triplets at a guest molecule. Deconfinement to an inert host 

would then give rise to an enhancement of the triplet lifetime 
by a factor

τ
τ

σ σ
= + − ∆ +
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with ch = 1 −cg the host concentration σh(g) the standard devia-
tion of the energy distribution of the host (guest) triplet states, 
assumed to be Gaussian, and kB the Boltzmann constant. 
For cg = 0.04 and ΔET = 0, 0.1, and 0.2 eV, e.g., an enhance-
ment by a factor of 25, 1.5, and 1.01, respectively, would then 
be expected, assuming that σh = σg. Whereas the experi-
mental data shown in Figure 5 are not inconsistent with this 
rough estimate, which is very sensitive to the confinement 
energy, we actually find in all cases of weak confinement with 
ΔET < 0.1 eV a stretched-exponential decay. An overview of 
effective lifetimes and stretching exponents β for all systems 
studied is given in Section S7 (Supporting Information). As an 
example, we show in Section S7 (Supporting Information) the 
monoexponential and stretched-exponential PL emission inten-
sities for the systems TCTA:Ir(ppy)2(acac) (ΔET = 0.46 eV) and 
TPD:Ir(ppy)2(acac) (ΔET = 0.02 eV), respectively. This finding 
indicates that spatial and/or energetic disorder effects, com-
bined with guest–host or host–host exciton transfer rates that 
cannot be considered as very fast, determine in the case of 
weak confinement the actual PL response.

3.3. Temperature Dependence of the TTA Rate Coefficient

It is not a priori clear how the host-mediated diffusion contri-
bution to the TTA loss could be best described. The diffusion 
could either be due to an incoherent triplet hopping process 
such as depicted in Figure 1, or it could be due to a coherent 
host-mediated (superexchange like) coupling between guest 
sites, such as found to be relevant in the charge transport of 
organic semiconductor host–guest systems.[45] Incoherent 
exciton transfer is a thermally activated process, although the 
precise description is a subject of current debate,[46,47] whereas 
in as far as known to us for the case of coherent transfer no 
theoretical model giving the temperature dependence is avail-
able. In order to further explore the nature of the host-mediated 
diffusion contribution to TTA, we have carried out measure-
ments at 200 K of kTT,2 for 3.85 wt% Ir(ppy)2(acac) in TCTA, 
CBP, and TPD. We find that kTT,2 shows no significant tempera-
ture dependence for Ir(ppy)2(acac) in TCTA, for which the con-
finement is already excellent at room temperature. However, 
for Ir(ppy)2(acac) in CBP and TPD, kTT,2 decreases at 200 K  
to the value measured for TCTA:Ir(ppy)2(acac). An overview of 
the measurement results is given in Section S8 (Supporting 
Information). Host-mediated diffusion is thus indeed a ther-
mally activated process.

In the limit of fast host-mediated diffusion and for the case 
of equal host and guest triplet exciton disorder energies σT, one 
expects from Equation (4) that a measurement of the tempera-
ture dependence of the enhancement of the triplet lifetime will 
provide an independent method for determining the triplet 
confinement energy. The effective lifetime is then expected to 
decrease with decreasing temperature. For the weakly confined 

Adv. Funct. Mater. 2018, 28, 1804618

Figure 5. Effective emission lifetime in the zero-fluence limit for the 
3.85 wt% host–guest systems studied.
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system α-NPD:Ir(BT)2(acac), we find indeed a small decrease of 
the effective lifetime with decreasing temperature. However, we 
find that for the very weakly confined systems TPBi:FIrpic and 
TPD:Ir(ppy)2(acac) the effective lifetime actually increases with 
decreasing temperature. We attribute this surprising result to 
the decrease of the diffusion over the host with decreasing tem-
perature. The final effect is determined by a delicate balance 
between two opposing effects, viz. the decrease in the escape 
rate and the decrease of the diffusion rate on the host with 
decreasing temperature. The experimental results are shown in 
Section S9 of the Supporting Information. In Section 4.2, we 
analyze this effect using KMC simulations.

4. Quantitative Analysis—KMC Simulations

4.1. Strong Confinement—Guest–Guest Diffusion

Making use of KMC simulations it is possible to obtain a quan-
titative microscopic picture of guest–guest exciton diffusion in 
systems for which the triplet confinement is strong. The KMC 
simulations were done using the Bumblebee simulation tool,[48] 
for an initial triplet density of 1024 m−3, i.e., within the low-
T0 region considered in the experiments. A realistic Gaussian 
disorder in the triplet energy levels of σT = 0.05 eV (standard 
deviation) was taken into account. TTA is assumed to be due 
to a Förster-type process,[49] with a distance (R) dependent rate 
given by

τ
= 



r R

R

R
( )

1
F,TTA

F,TT
6

 (5)

with RF,TT the Förster radius for TTA. The value of RF,TT can 
be determined spectroscopically. In the literature values 
in the range of 3.0–3.6 nm are found for various Ir-based 
phosphorescent emitters.[7,19] We focus here on the system 
TCTA:Ir(ppy)2(acac), with ΔET = 0.46 eV. For systems with a 
guest concentration below ≈4 mol%, guest–guest diffusion is 
not yet significant (see Figure 3). Figure 6 shows that an excel-
lent fit to the measured values of kTT,1 and kTT,2 is obtained from 
KMC simulations with RF,TT = 3.5 nm. From the narrow range 
of values of kTT,2 in the strong-confinement regime, observed 
in Figure 4, it follows immediately that for the emitters studied 
RF,TT varies only little, from about 3.4 nm for Ir(MDQ)2(acac) 
to about 3.8 nm for Ir(ppy)3.[50] We note that from the avail-
able data, we cannot exclude that for FIrpic a study with a more 
strongly confining host than mCP would lead to a value of RF,TT 
that is slightly smaller than 3.4 nm.

It is not known whether guest–guest triplet diffusion is most 
properly described as a Förster or Dexter process, or by a com-
bination of both. As shown in Figure 6, we find from KMC 
simulations that for TCTA:Ir(ppy)2(acac) a good description of 
the experimental data can be obtained assuming either pro-
cess, using a Förster radius for diffusion equal to RF,diff = 2.7 
nm (Figure 6a) or using (for Dexter-type diffusion) a distance-
dependent rate between equienergetic sites given by

λ
= −

−





r R k
R a

( ) exp
2( )

D,diff D,1  (6)

with kD,1 = 1.4 × 109 s−1 the Dexter hopping rate to the nearest 
neighbor at a distance a = 1 nm and with λ = 0.35 nm the 
exciton wavefunction decay length (Figure 6b). The effect of 
energetic disorder has been included by treating both processes 
as thermally activated, in a manner as described by the Miller–
Abrahams formula.[51] We note that RF,TT is not expected to be 
equal to RF,diff, as the absorption spectrum for an excited guest 
molecule is different than that for a nonexcited guest. If no 
disorder is included, a good fit assuming Förster-type diffu-
sion is obtained with RF,diff = 2.0 nm. This value is equal to the 
value obtained by Zhang et al.[21] for Förster-type guest–guest 
diffusion in the system CBP:Ir(ppy)2(acac) under the assump-
tion of no excitonic disorder. From measurements of the 
overlap of the extinction and emission spectrum for various 
Ir-containing emitter molecules Kawamura et al. found values 
for RF,diff in the range of 1.5–1.8 nm.[2] The value for RF,TT  
found in the simulations with energetic disorder is almost 
a factor of two higher, and even the value when neglecting 
disorder is slightly larger. In as far as the Förster process is 
concerned, a microscopic approach that is consistent with 
the results of analyses based on a more macroscopic and 
ensemble-averaged spectral overlap approach is thus still to be 
developed. Concerning the Dexter mechanism, we note that 
the value of λ obtained is close to the value of 0.3 nm used 
for the electron, hole and exciton wavefunction decay lengths 
in recent studies on charge transport and efficiency roll-off 
simulations.[10,20] However, the value obtained for kD,1 is an 
order of magnitude lower than the value typically assumed for 
electron and hole hopping rates in these studies. We note that, 
although for Ir(ppy)3 in TCTA a similar concentration depend-
ence of kTT,2 as for Ir(ppy)2(acac) was found (Section S4,  

Adv. Funct. Mater. 2018, 28, 1804618

Figure 6. Experimentally determined parameters kTT,1 (black) and kTT,2 
(red) for TCTA:Ir(ppy)2(acac) as function of the distance between guest 
molecules. The final annihilation process is assumed to be a Förster-type 
process with a triplet–triplet interaction radius RF,TT = 3.5 nm. a) KMC 
simulations results (open symbols) obtained using pure Förster-type dif-
fusion with RF,diff = 2.7 nm and a constant lifetime of 1.36 µs. b) The KMC 
results assuming a pure Dexter-type diffusion using a wavefunction decay 
length λ = 0.35 nm and a nearest neighbor hopping attempt frequency 
kD,1 = 1.4 × 109 s−1.



www.afm-journal.dewww.advancedsciencenews.com

1804618 (8 of 10) © 2018 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

Supporting Information), preliminary results obtained for var-
ious other Ir-based emitters reveal that the role of guest–guest 
diffusion is quite molecule-specific.

4.2. Weak Confinement–Host-Mediated Diffusion

We have used KMC simulations to explore the effects of host-
mediated diffusion under the constraint that no guest–guest 
diffusion takes place (as in the experiments for 3.85 wt% sys-
tems presented in Section 3.2), for systems with a cg = 5 mol% 
guest concentration. Additional simulations for 3 mol% sys-
tems (Section S10, Supporting Information) reveal that the sen-
sitivity of the main simulation results to such a change of cg is 
only minor. Guest–guest TTA is described as a Förster process, 
with RF,TT = 3.5 nm, the excitonic disorder energy is assumed 
to be σT = 0.05 eV, τ = 1 µs, T0 = 10−24 m−3, and T = 300 K. 
In the absence of more detailed information, guest–host, host–
host, and host–guest exciton transfer are treated as a thermally 
activated Dexter process with the same (varying) value of kD,1 
and with λ = 0.30 nm, and possible guest–host and host–host 
TTA are described as an immediate nearest-neighbor process. 
Possible quenching or nonradiative decay processes on the host 
are not included.

Figure 7a shows the dependence of kTT,2 on kD,1 for values 
of ΔET in the range −0.05 eV to +0.30 eV. In Section S11 of 
the Supporting Information, the simulated relative PL effi-
ciency from which kTT,2 has been evaluated is given. The figure 
shows that there are two regimes: for weak host-mediated dif-
fusion kTT,2 is decreased, because part of the excitons reside on 
the host so that guest–guest TTA is reduced, whereas for strong 
host-mediated diffusion kTT,2 is increased, because the dif-
fusing excitons create already within the radiative decay time 
τ new closely spaced excited guest molecules. In the kD,1-range 
studied, a significant enhancement of kTT,2 is only obtained for 
values of ΔET below 0.2 eV, consistent with the experimental 
results (Figure 4). The largest observed enhancement, by 
about a factor 4, would for the parameters assumed and taking 
ΔET ≈ 0 eV be expected to result from a value kD,1 ≅ 3 × 107 s−1.

Figure 7b shows the enhancement of the PL lifetime ((t1/2/
ln 2)/τ, i.e., as defined in Figure 5), as obtained from KMC 
simulations carried out in the zero-fluence limit (no TTA) for 
the same kD,1 and ΔET range. For large kD,1, the enhancement 
approaches the values given by Equation (4). For a given con-
finement energy, the enhancement is largest for intermediate 
values of kD,1, for which the excitons diffuse on the host but 
quickly reach a guest at which radiative decay can take place. 
The figure shows that an enhancement by a factor 30–40, as 
obtained for systems with ΔET ≈ 0 eV (Figure 5), would be con-
sistent with values of kD,1 in almost the entire range considered. 
The figure thus suggests that measurements of the lifetime 
enhancement can be a sensitive probe of triplet confinement, 
but are a less sensitive probe of the detailed diffusion rates. 
Consistent with the experimental findings, the KMC simula-
tions also show a significantly stretched decay, with average life-
times that are a factor 4–6 larger than the (already enhanced) 
effective lifetime t1/2/ln 2 shown in Figure 7b for weakly con-
fined systems (ΔET < 0.1 eV) with kD,1 around 3 × 105 s−1 
(see Section S12 in the Supporting Information). Giving a 

discussion of the detailed shape of the decay, which is not in 
all cases well-described by a stretched-exponential function, is 
beyond the scope of the paper.

In Section 3.3, the surprising observation of an increase of 
the effective PL lifetime with decreasing temperature, meas-
ured for TPBi:FIrpic and TPD:Ir(ppy)2(acac) was attributed to 
decreasing diffusion on the host. The effect can outbalance 
the decrease of the thermally activated deconfinement rate. 
The results of KMC simulations are consistent with this view. 
The effect is found for quite weakly confined systems (ΔET < 
0.1 eV) for which the Dexter rate coefficient kD,1 is relatively 
small, around and below 108 s−1. We note that also in Figure 7b 
the contours of equal lifetime enhancement become then 
dependent on kD,1. An overview of the simulation data is given 
in Section S13 of the Supporting Information.

Interestingly, the system CBP:FIrpic shows a lifetime 
enhancement as expected for a system with ΔET close to 0 eV, 
but only a relatively small enhancement of kTT,2 (by a factor 

Adv. Funct. Mater. 2018, 28, 1804618

Figure 7. Results of KMC simulation studies of the effects of triplet exciton 
deconfinement in a phosphorescent host–guest system (cg = 5 mol%) with 
σT = 0.05 eV and τ = 1 µs, for T0 = 1024 m−3 and T = 300 K. Guest–guest 
TTA is described as a Förster process with RF,TT = 3.5 nm, and possible 
other contributions are described as an immediate nearest-neighbor 
process. a) Dependence of kTT,2 on the Dexter exciton transfer rate to first 
nearest neighbor molecules kD,1 and on the triplet confinement energy 
ΔET. b) Contours of equal enhancement of the effective emissive lifetime, 
t1/2/ln 2, as a function of kD,1 and ΔET.
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of about 2, see Figure 4). The relatively small TTA-induced 
loss could explain, at least in part, the finding of a fairly large 
external quantum efficiency (EQE) of OLEDs based on this 
system with endothermic host–guest transfer,[23] although a 
further increase of the EQE can be obtained from mCP:FIrpic 
based OLEDs with exothermic host–guest transfer.[52] 
From Figure 7a, it would follow that the weak TTA-loss for 
CBP:FIrpic could be a result of weak host-mediated diffu-
sion, with kD,1 about one order of magnitude smaller than 
for TPD or NPB hosts. From density functional theory (DFT) 
calculations, it is known that for CBP and TPD the triplet 
wavefunction is localized on the central biphenyl part of the  
molecule,[53] whereas we find from DFT calculations that for 
NPB and α-NPD the triplet wavefunctions are localized on the 
more exterior parts of the molecules (Section S14, Supporting 
Information). Interestingly, these calculations also show a 
clear difference between the degree of localization of the tri-
plet wavefunctions on the two latter molecules, which could 
be related to the significantly different values of kTT,2 for sys-
tems containing Ir(BT)2(acac). It would be of interest to estab-
lish from a comparison with explicit molecular-scale exciton 
transfer calculations to what extent the experimental results 
presented in our work also provide a sensitive probe to exciton 
diffusion in host materials.

5. Summary and Conclusions

In this paper, we have used time-resolved photoluminescence 
experiments to disentangle the processes involved in triplet–tri-
plet annihilation in phosphorescent host–guest systems based 
on a large number of host–guest combinations with varying 
host–guest triplet confinement energy ΔET and varying guest 
concentration. A significant enhancement of the TTA-rate coef-
ficient is observed for systems with ΔET ⩽ 0.2 eV, up to a factor 
of 4 in, e.g., TPD:Ir(ppy)3. The enhancement is found to be 
a thermally activated process, as it decreases with decreasing 
temperature. For ΔET ⩽ 0.1 eV, we also find a strong increase 
of the effective emissive lifetime, up to a factor of 30–40, and 
stretched-exponential instead of monoexponential decay, with 
in some cases rather small stretching exponents. These effects 
are attributed to host-mediated diffusion in which the triplets 
escape from the guest and diffuse over the host, thereby effec-
tively increasing the interaction radius of the triplets.

For the prototypical strongly confined system 
TCTA:Ir(ppy)2(acac), a mechanistic microscopic description of 
the direct TTA process and the guest–guest diffusion contribu-
tion has been given using a recently proposed analysis method 
of the time-resolved emission, combined with the results of 
kinetic Monte Carlo simulations. The direct TTA process is well 
described by a Förster type process with RF,TT = 3.5 nm. Similar 
values are found for the four other Ir-based phosphorescent 
emitters studied. For this system, diffusion enhances the TTA-
loss when the guest concentration cg > 6 mol%. However, even 
for the highest guest concentration considered, cg = 18 mol%, 
the strong-diffusion limit has not yet been reached. The effect 
of diffusion can be well described assuming either a Förster 
mechanism with RF,diff = 2.7 nm, a value that is significantly 
larger than literature values as deduced from the overlap 

of emission and extinction spectra, or a Dexter mechanism 
with a wavefunction decay length λ = 0.35 nm and a hopping 
attempt rate to the first nearest neighbor kD,1 = 1.4 × 109 s−1. 
Refined studies will thus be required to elucidate the transfer 
mechanism.

Making use of the observed TTA-Förster radius, KMC simu-
lations have been used to explore for systems with negligible 
direct guest–guest diffusion the dependence of the enhance-
ment of the TTA rate and the emissive lifetime on ΔET and on 
the guest–host and host–host triplet transfer rates. The compar-
ison with the experimental results suggests that the host–host 
hopping rates can be quite molecule-specific. When describing 
host-mediated transfer as a Dexter-type process with a wave-
function decay length λ = 0.3 nm, values of kD,1 in the range 
106–108 s−1 are obtained. Interestingly, these values are much 
smaller than the values obtained in Section 4.1 for Dexter-
type guest–guest diffusion. In particular, for CBP as a host for 
FIrpic, the experiments suggest a quite small diffusion rate. We 
conclude that these experiments do not only sensitively probe 
the TTA-induced efficiency loss as a function of the exciton con-
finement energy, but potentially also the rate of host-mediated 
triplet diffusion.

Supporting Information
Supporting Information is available from the Wiley Online Library or 
from the author.
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