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ABSTRACT

For thermally activated delayed fluorescence (TADF) host–guest systems used in organic light-emitting diodes, understanding of the
transient photoluminescence (PL) measurements is crucial for accurate determination of the photophysical rates of the emitter. Here, we
study how the PL is affected by triplet-exciton deconfinement from the guest to the host molecules. This deconfinement can complicate the
analysis of the PL decay and potentially lead to a loss of efficiency. From an analytical model, we find that the transient PL intensity
remains bi-exponential in the presence of exciton deconfinement for the case of fast triplet diffusion, albeit with a longer decay time of the
delayed component. Deconfinement might, therefore, not always be recognizable from a single transient PL measurement. The role of
deconfinement depends on the energetic disorder, the guest concentration, and the energy difference ΔET between triplet-exciton energies
on the host and guest molecules and is effectively suppressed for ΔET . 0:2 eV. We find from analytical modeling and kinetic Monte Carlo
simulations that the decay can become non-bi-exponential and even show a distinct third decay step. The shape of the decay curves
depends on the characteristic times for guest–host transfer and host diffusion, relative to the prompt and delayed decay times of the TADF
emitter. A comparison with available experimental data is included, finding qualitative agreement with dedicated deconfinement studies and
indicating the influence of other processes for the often observed power-law decay at long time scales.

Published under license by AIP Publishing. https://doi.org/10.1063/5.0019073

I. INTRODUCTION

At low luminance levels, the internal quantum efficiency
(IQE) of organic light-emitting diodes (OLEDs) that utilize
thermally activated delayed fluorescence (TADF) can be close to
100%.1–3 These high efficiencies are obtained by using fluorescent
emitter molecules that also have a very small energy gap between
the singlet and triplet states. This allows efficient thermally acti-
vated conversion of triplet excitons to the singlet state by reverse
intersystem crossing (rISC; see Fig. 1). Most commonly, the rates of
the relevant intramolecular photophysical processes are deduced
from time-resolved photoluminescence (PL) and total PL yield
experiments, assuming a simple three-level model that includes the
S0 singlet ground state, the S1 lowest singlet excited state, and the
T1 lowest triplet excited state. The time(t)-dependent PL intensity

IPL(t) may then be expressed as a sum of an exponentially decreas-
ing prompt and delayed contribution. Various schemes have been
developed for deducing the photophysical rates (black full and
dashed arrows in the left-hand part of Fig. 1) from measured IPL(t)
curves.4–8 Accurate knowledge of these rates is necessary to evalu-
ate candidates for emitter materials, for understanding the IQE at
low luminance levels, and for developing a mechanistic device
model that also includes the bimolecular loss processes (exciton–
polaron quenching and exciton–exciton annihilation) that give rise
to a decrease of the IQE (“roll-off”) with increasing luminance.9

The processes determining the time-resolved PL intensity
decay can actually be more complicated than that sketched above.
First, for some TADF emitters, additional intramolecular excited
states are involved. These can be higher-energy triplet (Tn) states
within a manifold of states with different degrees of localized and
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charge-transfer (CT) wavefunction character, and also higher-
energy singlet states with a mixed localized and CT character.10–14

Second, in many TADF OLEDs, the TADF emitter molecules are
embedded at a low concentration in a host material, in order to
avoid efficiency losses due to, e.g., concentration quenching. In
such systems, interactions with the host can further complicate the
analysis of the time-resolved PL intensity decay and can obscure
the role of more complex intramolecular processes. Examples of
such effects are (i) varying energy level shifts, in some cases even
time-dependent, due to dielectric screening of excitations on the
TADF molecules by the polarizable environment, (ii) the formation
of CT-states involving host molecules, and (iii) exciton transfer to
states fully located on the host molecules (“deconfinement”).15–18

In this paper, we study the effect of exciton deconfinement
on the transient PL intensity. For TADF host–guest systems,
the critical confinement energy is that of the triplet excitons,
ΔET ; ET,h � ET,g. Here, ET,h and ET,g are the host and guest
triplet energies, respectively. As the host usually has a relatively
large singlet-triplet gap, singlet excitons on the TADF guest are
generally well-confined. The right-hand side of Fig. 1 shows in a
schematic manner the processes that are included: triplet transfer
from guest to host molecules (the direct deconfinement process)
and triplet transfer between host molecules (host diffusion, which
accelerates the deconfinement process). Different deconfinement
regimes are identified and an analytical model is used where appli-
cable. Due to the complex interplay of the different processes, some
regimes have to be studied using three-dimensional (3D) kinetic
Monte Carlo (KMC) simulations. In this work, we focus on the
sensitivity to the confinement energy, the exciton diffusivity on the
host, the TADF emitter concentration, and the energetic disorder
of the host triplet states.

In OLEDs, diffusion of deconfined triplet excitons over the
host can give rise to additional losses, e.g., due to quenching at

defects, and enhanced triplet-polaron quenching and triplet-exciton
annihilation.17,19 Our study leads to design rules for the host triplet
energy, which should be such that on the one hand deconfinement
is minimized, whereas, on the other hand, the host material should
not have an unnecessarily large energy gap in order to avoid large
overvoltages.

The paper is organized as follows. In Sec. II, we develop exact
solutions of the differential equations that describe the photolumi-
nescence IPL(t) and deconfinement processes for two situations: (i)
very fast guest–host transfer and very fast diffusion over the host
and (ii) no diffusion over the host, but deconfinement due to
guest–host transfer. In addition, we analyze using continuum diffu-
sion theory the “intermediate host-diffusion” regime, within which
deconfinement due to host diffusion occurs entirely in the delayed
emission regime. In Sec. III, we use 3D-KMC simulations to study
triplet deconfinement for a wide range of parameters that we con-
sider as realistic for TADF OLEDs, making use of the results of a
recent study of triplet-exciton diffusion over various hosts.20 We
discuss the effects of varying the host diffusion coefficient, the
guest–host transfer rate, the guest concentration, and the photo-
physical rates of the guest molecules and show under which condi-
tions the fast-diffusion and no-diffusion limits that were discussed
in Sec. II are approached. Section IV contains a summary and
conclusions.

II. THE FAST, INTERMEDIATE, AND
ZERO-HOST-DIFFUSION REGIMES

Triplet deconfinement affects the time-resolved delayed PL
intensity due to the resulting reduced density of triplet excitons on
the guest molecules. In this section, we investigate the effect for
three regimes. First, we consider very fast guest–host deconfine-
ment and very fast host diffusion. In that limit, thermodynamic
equilibrium is established between the excitons on the host and
guest molecules, so that the reduction of the density of triplet exci-
tons on the guest molecules follows from Boltzmann statistics.
Second, we discuss the effect of deconfinement for the specific case
of equal but finite guest–host and host–host transfer rates. Third,
we analyze the effect of deconfinement in the absence of host diffu-
sion, where transfer can only occur from a guest to a host site and
back. Throughout this paper, we consider host and guest triplet
states with a Gaussian density of states with widths (standard devi-
ations) σh and σg, respectively. The analytical expressions that are
developed in this section will support the interpretation of the
results from KMC simulations for more general situations, pre-
sented in Sec. III.

A. The fast-diffusion limit

In the limit of fast guest–host triplet-exciton transfer and fast
diffusion over the host (“fast-diffusion limit”), the probability that
a triplet in the system resides on a guest molecule follows from
Boltzmann statistics and is given by

PT,g ¼
cg

cg þ ch exp[� ΔET
kBT

þ σ2
h�σ2

g

2(kBT)
2 ]
, (1)

FIG. 1. Photophysical and exciton transfer rates in the host–guest systems
studied in this work. The photophysical rates of the TADF emitter molecules are
described assuming a three-level model, with (non-)radiative singlet/triplet decay
rates k(n)r,S=T and (reverse) intersystem crossing rates k(r)ISC. The red arrows
indicate the Dexter transfer of triplets to the host material and the subsequent
diffusion over the host. The distance (R) and energy difference (ΔE) dependen-
cies of the guest–host and host–host Dexter transfer rates kD,gh(R, ΔE) and
kD,hh(R, ΔE), respectively, are given in Sec. II C. ΔET is the triplet deconfine-
ment energy barrier.
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where ch and cg ; (1� ch) are the host and guest concentrations,
respectively, T is the temperature, and kB is the Boltzmann cons-
tant. Figure 2 shows the dependence of PT,g on ΔET and on the
guest concentration, for equal host and guest disorder widths. The
figure shows that in the fast-diffusion limit, depending on the guest
concentration, ΔET of at least 0:1�0:2 eV is required to ensure the
excitons still spend a large fraction of time on the guest sites. The
limit of fast diffusion applies if the initial deconfinement is much
faster than the TADF processes and when the transfer between host
sites is fast enough so that any deconfined triplet can quickly reach
another guest site by diffusion. The diffusivity where this limit
applies, therefore, also depends on the concentration. As will be
shown in Sec. III, both processes should occur in the prompt regime.

When the intramolecular processes on the emitter molecules
may be described using the three-level model, the rate equations
that determine the volume densities nS and nT of singlet and triplet
excitons, respectively, are in the fast-diffusion limit given by

dnS
dt

¼ �(kr,S þ knr,S þ kISC)nS þ PT,gkrISCnT

; �kSnS þ PT,gkrISCnT (2)

and

dnT
dt

¼ �PT,g(kr,T þ knr,T þ krISC)nT þ kISCnS

; �PT,gkTnT þ kISCnS, (3)

where kr,S(T) and knr,S(T) are the singlet (triplet) radiative and nonra-
diative decay rates of the TADF emitter, respectively, and kISC and
krISC are the intersystem and reverse intersystem crossing rates of
the TADF emitter, respectively (see Fig. 1). In the fast-diffusion

limit, the effect of triplet deconfinement on the PL intensity decay
is thus equivalent to that of a reduction of the rate coefficients kr,T,
knr,T, and krISC by a factor PT,g. For a PL experiment with initially
only singlets, and nT(0) ¼ 0, the solution of the coupled set of
equations (2) and (3) is

nS(t)=nS(0) ¼ Aexp(�kpt)þ Bexp(�kdt), (4)

nT(t)=nS(0) ¼ �Cexp(�kpt)þ Cexp(�kdt), (5)

with prompt (p) and delayed (d) decay rates that are given by

kp(d) ¼ 1
2
(k1 +

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
k21 � k22

q
), (6)

where

k1 ¼ kS þ PT,gkT, (7)

k2 ¼ 2
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
PT,g(kSkT � kISCkrISC)

q
, (8)

and with

A ¼ 1
2
[1þ kS � PT,gkTffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

k21 � k22
p ], (9)

B ¼ 1
2
[1� kS � PT,gkTffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

k21 � k22
p ], (10)

C ¼ kISCffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
k21 � k22

p : (11)

In a PL experiment, the recorded fluorescence signal is pro-
portional to the singlet population. Therefore, the PL signal shows
the TADF-characteristic bi-exponential decay that is described by
Eq. (4). The fraction of excitons that decay during the prompt and
delayed regime may be described using the integrated intensities
from Eq. (4), such that

ΦPF ¼
ð1
0
Aexp(�kpt) ¼ A

kp
,

ΦDF ¼
ð1
0
Bexp(�kdt) ¼ B

kd
:

(12)

As is common in the literature for experimentally studied
systems, we will use the ratio of integrated intensities ΦDF=ΦPF to
quantify the TADF emission.21

Triplet-exciton deconfinement affects, in principle, the prompt
as well as the delayed component. As an example, we consider mate-
rials for which knr,S ¼ kr,T ¼ knr,T ¼ 0. Disregarding both rISC and
deconfinement, the prompt rate kp ¼ kr,S þ kISC is then determined
only by radiative decay and ISC. Repopulation of the singlet state via
fast rISC within the prompt regime reduces kp [Eqs. (6)–(8)].
However, for most TADF emitters, kp is not significantly affected by
triplet upconversion or by triplet deconfinement. Often, to a good

FIG. 2. Dependence of the fraction of triplet excitons residing on guest mole-
cules PT,g on the triplet confinement energy ΔET and on the emitter (guest)
concentration, in the limit of fast triplet-exciton diffusion over the host and
assuming equal host and guest energy disorder widths (σh ¼ σg).
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approximation, kp � kd, k(n)r,S � k(n)r,T, and kISC � krISC.
5 Under

these conditions, kp � kS and kd � PT,g � (kT � kISCkrISC=kS). In
other words, the repopulation of singlets via rISC is then so slow
that the prompt rate is to a good approximation equal to the sum of
the radiative decay and ISC rates. As a result, the reduction of rISC
by deconfinement then has no effect on the prompt component, but
only on the decay in the delayed regime. With fast enough decon-
finement and diffusion, PT,g [Eq. (1)] describes the relative fraction
of the triplet population on guest molecules at all times. To what
extent such fast exciton transfer is realistic will be discussed below.

Figure 3(a) shows the effect of deconfinement on the transient
PL decay for a system containing 4 mol % of a TADF emitter
assuming equal DOS widths of the host and guest materials. We
assumed that in the absence of deconfinement kp ¼ 108 s�1 and kd ¼
105 s�1 and the ratio of integrated intensities ΦDF=ΦPF ¼ 10, while
knr,S ¼ kr,T ¼ knr,T ¼ 0. The corresponding photophysical rates are
kr,S ¼ 9:2� 106 s�1, kISC ¼ 9:0� 107 s�1, and krISC ¼ 1:1� 106 s�1.
The three parameters characterizing the PL decay are representative of
state-of-the-art TADF emitters. Consistent with Fig. 2, we observe
already for ΔET smaller than 0.1 eV a significant effect of deconfine-
ment, leading to a lower intensity but a longer lifetime of the delayed
component. As expected from the theoretical analysis, the prompt
component is not significantly affected. Because no loss of triplets on
the host is assumed, the integrated intensity remains constant, so that
ΦDF=ΦPF is independent of ΔET.

B. Intermediate host diffusion

The fast-diffusion conditions that were assumed in Sec. II A
no longer apply if the diffusion time tdiff needed to establish an
equilibrium triplet occupancy over the entire host–guest system is
larger than the transition time tpd that marks the change from the
prompt to the delayed decay regime. In such a case, the transfer of
triplets to host molecules will lead to a decay curve that is in
between that for the fast-diffusion limit and that for perfect

confinement. Deconfinement will cease to play a role when the
characteristic time for diffusion to the first nearest neighbor (NN)
molecules, tdiff ,NN, becomes larger than the characteristic time for
the delayed decay, td ; k�1

d . In this subsection, we investigate the
role of deconfinement in the intermediate regime, for systems for
which ΔET ¼ 0 eV, with equal guest–host and host–host transfer
rates and with tpd � tdiff ,NN , tdiff � td. The deconfinement
process then gives rise to an additional step in the intensity decay
curve that occurs entirely within the delayed regime.

In the delayed regime, the relative density of singlets is very
small and at its onset equal to the coefficient B, as given by
Eq. (10). Almost all excitons in the system are triplets and the emis-
sion occurs due to relatively slow rISC, followed by relatively fast
radiative singlet decay. When the triplet density is reduced due to
diffusion to host sites, the singlet density is, therefore, reduced by
the same factor. For the diffusion conditions mentioned above, and
well within the time interval tdiff ,NN , t , tdiff , this reduction
factor can be obtained using the standard continuum theory of
three-dimensional diffusion from a point source (see Sec. S1 in the
supplementary material). The relative density of singlets is then
expected to be given by

nS(t)
nS(0)

� Ba3

(4πDht)
3=2

for tdiff ,NN , t , tdiff , (13)

with Dh the host diffusion coefficient and a the average intermolec-
ular distance (defined such that there are 1=a3 molecules per m3).
In Fig. 3(b), we illustrate the effect for a material with a host diffu-
sion coefficient Dh ¼ 3:2� 10�12 m2 s�1, which is a realistic value
(see Sec. III B), and a ¼ 1 nm. The guest concentration is 4 mol %,
as in Fig. 3(a), but all photophysical rates are taken a factor 10
larger in order to fulfill the requirement that the deconfinement
process occurs entirely within the delayed emission regime. In the
figure, the dashed line gives the singlet density that would follow

FIG. 3. Time dependence of the normalized exciton densities during a PL experiment for a cg ¼ 4% host–guest system. (a) Very fast triplet deconfinement and diffusion
over the host, for various values of the triplet-exciton confinement energy. The photophysical rates are kr,S ¼ 9:2� 106 s�1, kISC ¼ 9:0� 107 s�1, and
krISC ¼ 1:1� 106 s�1. These rates are such that in the absence of deconfinement, kp ¼ 108 s�1, kd ¼ 105 s�1, and ΦDF=ΦPF ¼ 10. (b) Intermediate host diffusion with
Dh ¼ 3:2� 10�12 m2 s�1 (kgh ¼ khh ¼ 3:2� 106 s�1), in a system with ΔET ¼ 0meV and with tenfold enhanced photophysical rates as compared to (a). The four time
scales indicated in the figure are defined in Sec. II B. (c) No host diffusion and deconfinement to the first and up to the second-nearest-neighbor molecules [blue (M ¼ 1)
and green (M ¼ 2) curves, respectively, limit of low guest concentration], with kgh ¼ 3:2� 106 s�1 and with the same photophysical rates as in (b). The vertical bars indi-
cate the inverse decay rates that follow from Eqs. (16) and (17), respectively. Results are shown for ΔET ¼ 0 (full curves) and 50 meV (dashed-dotted curves).
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from Eq. (13) and the green curve gives the approximate overall
intensity decay after including gradual transitions near the ends of
the time range in which the deconfinement takes place. The figure
shows that the deconfinement process occurs in a relatively narrow
time range. The boundaries of that range may be obtained as
follows. We define the times t ¼ tdiff ,NN and t ¼ tdiff at which the
deconfinement process starts and ends, respectively, as the times at
which the singlet density has decreased by approximately a factor 2
and 1/cg, respectively. Within the framework of the continuum dif-
fusion model leading to Eq. (13), it then follows that

t*diff ,NN ¼ 22=3
a2

4πDh
and tdiff ¼ 1

c2=3g

a2

4πDh
: (14)

We note that within the continuum model, no distinction is made
between the transfer rates between like or unlike molecules. In actual
systems, these can differ, so that the actual time at which the decon-
finement process starts can deviate from the value given in Eq. (14).
This is indicated by labeling this quantity of t*diff ,NN with an asterisk.
In Sec. II C, we will develop an expression for tdiff ,NN that is based
on the actual rate of guest–host transfer. For 4 mol % systems, the
ratio t*diff=tdiff ,NN is from Eq. (14) approximately equal to 5.

C. The zero-host-diffusion limit

In the absence of host diffusion (“zero-host-diffusion limit”),
the probability that a triplet resides on a guest molecule nonetheless
decreases with time due to guest–host transfer. In this paper, we
will treat the Dexter-type exciton transfer as a thermally activated
hopping process with a rate that follows from the Miller–Abrahams
(MA) formalism.22 For Dexter transfer between initial (i) and
final (f ) sites at a distance R and with an energy difference
ΔE ¼ Ef � Ei the Dexter rate kD is given by

kD(R, ΔE) ¼ kD,1exp[� 2(R� a)
λ

]exp[� jΔEj þ ΔE
2kBT

], (15)

with kD,1 being the transfer rate between two equi-energetic nearest
neighbor sites at a distance a and λ the exciton wavefunction decay
length. Following a previous work, we take λ ¼ 0:3 nm for the host
and guest molecules.20

When the guest–host and guest–guest transfer rates are very
fast and the concentration of guest molecules is large, a thermal
equilibrium distribution of triplets on the guest and host states is
quickly established so that the effect of these processes on the PL
decay curve is equivalent to that of fast host diffusion. However, we
find that for realistic values of the guest–host transfer rates and for
dilute systems with realistic guest concentrations that this condition
is not met (see Sec. III). Deconfinement due to transfer to neigh-
boring host sites may be studied systematically and analytically by
extending the set of rate equations for nS and nT [Eqs. (2) and (3)]
to include transfer to and from host molecules at distinct distances,
with weights that are determined by the radial distribution func-
tion. Within the framework of the MA formalism discussed above,
the transfer rate from a guest molecule to a host molecule at a spe-
cific distance R and triplet energy difference ΔE is determined by
only a single parameter, kD,1,gh ; kgh.

In Fig. 3(c), we illustrate the effect by modeling the material as
a simple cubic lattice with a lattice parameter a ¼ 1 nm. The full
curves in the figures show for ΔET ¼ 0meV the time-dependence
of the singlet density, obtained analytically by solving a set of three
or four coupled rate equations, for deconfinement to one of the six
nearest-neighbor (NN) host molecules (blue curves) and up to the
12 second-nearest-neighbor (NNN) molecules (green curves),
respectively. The dashed-dotted curves show the decay for
ΔET ¼ 50meV. Including deconfinement up to the Mth nearest-
neighbor shell is found to lead to a normalized singlet density that
is a sum of M þ 2 exponentially decaying functions. Initially,
exciton deconfinement is only due to transfer to one of the NN
molecules. Subsequently, also deconfinement to NNN molecules
contributes. In a dilute system, successive deconfinement to ever
more distant host sites occurs. The figure clearly shows sequential
and well-separated NN and NNN deconfinement. Deconfinement
to further neighbors is very slow, so that in the delayed emission
regime, the singlet density does not reach the fast-diffusion limit
level. The full curves have been obtained for the same parameters
as used in (b), apart from switching-off exciton transfer between
the host molecules and assuming a limit of low guest concentration.
The role of guest concentration in the absence of host diffusion is
demonstrated in Fig. S3 in the supplementary material.

We find that when the prompt, NN, and NNN deconfinement
and delayed decay rates are sufficiently different, the decay rate of
the PL intensity due to deconfinement to the N1 ¼ 6 nearest-
neighbor molecules is equal to

kNN ¼ [1þ N1 exp (� ΔET
kBT

)]kD,1,gh ; f1kD,1,gh, (16)

and the decay rate of the PL intensity due to deconfinement to the
N2 ¼ 12 second-nearest-neighbor molecules is equal to

kNNN ¼ [
1þ (N1 þ N2) exp (� ΔET

kBT
)

1þ N1 exp (� ΔET
kBT

)
]kD,2,gh ; f2kD,2,gh, (17)

with kD,2,gh the Dexter transfer rate to the NNN host molecules. In
Fig. 3(c), the corresponding characteristic times are indicated by
short vertical bars. The singlet density decreases by a factor f1 and
f2, defined above, respectively. The additional decay due to decon-
finement to more distant neighbor molecules can be calculated in
an analogous manner, as long as the assumption that the successive
deconfinement steps are sufficiently distinct and occur well in
between the prompt and delayed decay. However, the effect of
deconfinement to more distant neighbors is found to be relatively
small, as is shown in Sec. S2 (Fig. S1) in the supplementary
material.

It is of interest to compare the results of this microscopic
model for deconfinement due to guest–host transfer with the con-
tinuum model developed in Sec. II B to describe the effect of host
diffusion. For the case of diffusion due to NN-only triplet transfer
with a rate k0 on a simple cubic lattice with site-independent triplet
energies, the host diffusion coefficient is given by Dh ¼ a2k0. From
Eq. (16), the onset time is then 1=kNN ¼ (1=7)k�1

0 , which is very
close to the time t*diff ,NN � 0:13� k�1

0 that follows from Eq. (14),

Journal of
Applied Physics ARTICLE scitation.org/journal/jap

J. Appl. Phys. 128, 075501 (2020); doi: 10.1063/5.0019073 128, 075501-5

Published under license by AIP Publishing.

https://doi.org/10.1063/5.0019073#suppl
https://doi.org/10.1063/5.0019073#suppl
https://doi.org/10.1063/5.0019073#suppl
https://aip.scitation.org/journal/jap


i.e., from a continuum diffusion model within no distinction is
made between guest–guest and host–host transfer.

We note that due to positional and energetic disorder the
actual decay in this limit will be more gradual. Furthermore, the
energetic disorder will give rise to a slightly reduced effective
guest–host transfer rate. We expect that this reduction is similar to
the reduction of the diffusion coefficient due to disorder, which
from KMC simulations is found to be about a factor of four for dis-
order energies of 40 meV (see Sec. III). We also note that within
this analysis, the deconfinement from the guest sites are treated as
independent processes. The analysis assumes thus that the guest
concentration is sufficiently small, so that the host sites that are
involved can only be reached from one guest site. The interference
between deconfinement from nearby guest sites and the enhanced
deconfinement due to host diffusion will be studied in Sec. III
using KMC simulations.

III. KINETIC MONTE CARLO SIMULATIONS

In Sec. II, we have argued that the effect of triplet deconfine-
ment depends (qualitatively) on the values of the times scale tdiff ,NN
for NN transfer and tdiff for host diffusion, relative to the character-
istic times tpd (prompt-delayed crossover) and td (delayed decay
time) that follow from the perfect confinement curve. The value of
tdiff ,NN ; 1=kNN may be obtained from Eq. (16), while tdiff may be
obtained from Eq. (14). In Sec. II, we have already addressed the
cases of tdiff ,NN being larger than td (perfect confinement) as well as
tdiff ,NN and tdiff both being smaller than tpd (fast diffusion).

In this section, we first use the KMC simulation tool
Bumblebee to establish the accuracy of the analytical models that
have been presented in Sec. II.23 Next, we investigate the effect of
triplet deconfinement for the case of directly competing time
scales, namely, fast guest–host transfer tdiff ,NN , tpd but weak or
even no bulk diffusion, and with intermediate guest–host transfer
tpd , tdiff ,NN , td and intermediate to fast bulk diffusion. In
Sec. III A, the simulation method is presented and applied to
various limiting cases. The selection of realistic simulation parame-
ters is motivated in Sec. III B, and the simulation results are given
in Sec. III C. A comparison with experimental literature results is
given in Sec. III D.

A. Simulation method

The organic semiconductor host–guest thin film is simulated
as a 3D simple cubic lattice with a lattice constant a of 1 nm. Each
site represents either a host or a guest molecule. The host and guest
sites are randomly distributed with a molar guest concentration cg
and a host concentration ch ¼ 1� cg. The disorder of the film is
taken into account by distributing the energy levels of the sites
according to a Gaussian distribution. We assume equal standard
deviations of the energetic disorder of the host and guest molecules,
σg ¼ σh ¼ 40meV, as used in a recent study of diffusion in phos-
phorescent host–guest systems.20

In addition to the intramolecular processes, shown in the
left-hand side of Fig. 1, we include Dexter-type guest–host (gh),
host–guest (hg), and host–host (hh) triplet transfer, as indicated in
the right-hand side of Fig. 1. The transfer is treated as a thermally
activated hopping process, with a rate that follows from the

Miller–Abrahams formalism that was already discussed in
Sec. II C.22 For the sake of notational simplicity, the transfer rates
to equi-energetic nearest-neighbor sites, kD,1,gh ; kD,1,hg and kD,1,hh,
will be written as kgh and khh, respectively. The resulting host diffu-
sion coefficient, Dh, is then given by

Dh ¼ αγa2khh, (18)

where α ¼ 1:295 is an enhancement factor due to Dexter transfer
to more remote neighbor molecules and γ ¼ 0:239 is a reduction
factor due to the energetic disorder. In a previous work also, the
dependence of these prefactors on the wavefunction decay length
and the disorder energy has been discussed.20

The binding energy of the excitons is assumed to be sufficient
to suppress all exciton dissociations. The simulations are performed
in the low exciton density limit: at any moment, only a single
exciton is present in the system. This implies that all exciton–
exciton annihilation interactions are excluded. Like in the analytical
model, we assume that on the host molecules no radiative or non-
radiative decay occurs. At each Monte Carlo step, transfer to all
sites within a cube of side length 7 nm, centered around the origi-
nal triplet-exciton position, is included as a possible process. The
simulations were carried out for systems with a size of 100� 100�
100 sites, with periodic boundary conditions. In order to obtain an
appropriate statistical average we have carried out simulations for at
least 20 of such systems, with different random disorder configura-
tions. For each configuration, we have calculated the time at which
radiative decay takes place for at least 3000 excitons, which at t ¼ 0
are randomly located on one of the guest molecules and in the
singlet state. This assumes that in the experiment, the guest is
either directly excited or that it is excited after very fast
Förster-type transfer from a host molecule to a guest molecule. All
simulations are carried out at room temperature (T ¼ 300K).

We find that for the fast-diffusion limit as well as for the
zero-host-diffusion limit, the KMC simulation results are consistent
with the results from the analytical models for those limits. This is
for the fast-diffusion limit demonstrated in Fig. S2(a) in the supple-
mentary material, for systems with Dh ¼ 10�10 m2 s�1 containing
TADF guest molecules with kp ¼ 108 s�1, kd ¼ 105 s�1, and
ΦDF=ΦPF ¼ 10 at a concentration cg ¼ 4mol%. Figure S2(b) gives
a comparison for systems with different host and guest disorder
parameters. Figure S3 shows a comparison of KMC simulation
results at 4 mol % with analytical zero-host-diffusion results in the
limit of low guest concentration, using the same photophysical rate
parameters as in Fig. 3(c).

B. Parameter value selection

To study triplet-exciton deconfinement under realistic condi-
tions, we need to determine the range of relevant exciton transfer
rates in TADF host–guest systems. The experimental values of the
triplet diffusion coefficient for various amorphous organic materi-
als, including widely used host materials such as CBP and mCP
(1,3-Bis(N-carbazolyl)benzene), are between Dh ¼ 10�13 m2 s�1

and Dh ¼ 10�10 m2 s�1.20,24,25 From Eq. (18), the corresponding
range of host–host triplet transfer rates is in the range of
khh ¼ 3:2� 105–3:2� 108 s�1. The reported triplet diffusion
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lengths are typically a few tens of nanometers, i.e., much larger than
the average distance between the TADF emitter molecules. Deducing
a range of typical values from available experimental information for
kgh is at present quite difficult. We will, therefore, consider a wide
range of values, similar to the range of values for khh.

We remark that, in general, the Dexter transfer rate between
unlike molecules in a mixture of two materials (1 and 2) with equal
triplet-exciton wavefunction decay lengths can be estimated as the
geometric mean

ffiffiffiffiffiffiffiffiffi
k1k2

p
, with k1 and k2, the transfer rates that

would follow from the bulk values of the materials’ diffusion coeffi-
cients using Eq. (18).26 However, in view of the large ISC and rISC
rates for TADF emitters, it is difficult to distinguish singlet and
triplet diffusion. A detailed analysis of exciton diffusion in mixtures
of the widely used emitter 4Cz-IPN with the host material UGH2
by Menke and Holmes, taking the different diffusion behavior
during the time spent in the singlet state and time spent in the
triplet state into account, leads for pure 4Cz-IPN to a nearest-
neighbor Dexter transfer rate kD,1(R ¼ 1 nm) � 8� 107 s�1 and to
an effective wavefunction decay length of λ ¼ 2:5 nm.27 The
authors suggest that the surprisingly large interaction range might
be indicative of aggregation of the TADF emitter molecules when
present in dilute systems, leading to a strongly reduced concentra-
tion dependence of the contribution of triplet diffusion to the total
triplet diffusion length. In such a case also, analyses of exciton
deconfinement should be adapted.

C. Simulation results

In Fig. 4, we show the results of KMC simulations regarding
the sensitivity of the time-resolved PL intensity to deconfinement
for various values of the host diffusion coefficient, guest concentra-
tion, guest–host transfer rate, and the photophysical rates of the
guest molecules, for systems with ΔET ¼ 0 eV. As indicated in the
introduction of this section, we focus here on cases of deconfine-
ment with competing timescales not yet covered in Sec. II.

Figures 4(a) and 4(b) show, for guest concentrations of 1 and
4mol %, respectively, the sensitivity to the host diffusion coefficient
for guests with photophysical rates as used in Fig. 3(a), and a large
guest–host transfer rate, viz., kgh ¼ 3:2� 108 s�1. Host transfer
with the same rate would lead to a relatively large diffusion coeffi-
cient, Dh ¼ 10�10 m2 s�1. The corresponding characteristic time for
NN deconfinement is very small, viz., tdiff ,NN � 0:5 ns and thus
well within the prompt regime. The intensity decay reveals even in
the absence of host diffusion a considerable deviation from the
perfect confinement curve. The zero-diffusion curves show around
10�6 s an accelerated intensity decrease, which from Fig. 3(c) (full
M ¼ 2 curve) can be attributed to deconfinement to the
second-nearest-neighbor host molecules. Due to the triplet energy
disorder, which is included in the KMC simulations, this feature is
less clearly pronounced than in the analytical model results. When
the bulk diffusion is slow but finite (Dh ¼ 10�13 m2 s�1), for the 1
and 4 mol % systems according to Eq. (14), the deconfinement is
expected to be complete at a time tdiff of approximately 7 and
17 μs, respectively. The figures show that these are fair estimates
and that the deconfinement completion times decrease inversely
with Dh, as expected.

Figure 4(c) shows in more detail the effect of a concentration
variation on the intensity decay curves, for the photophysical and
fast guest–host transfer rates used in panels (a) and (b) and for the
case of a small host-diffusion coefficient (Dh ¼ 10�13 m2 s�1). For
the smallest guest concentration considered (0.1mol %), the charac-
teristic time tdiff is about 8� 10�5 s, which is much larger than
td ¼ 1� 10�5 s. However, due to the deconfinement, the end of the
delayed emission regime is shifted, so that the fully deconfined state
is nevertheless reached well before the end of the delayed emission.

Already at the beginning of the delayed emission regime,
partial deconfinement has occurred due to NN guest–host transfer,
whereas during the delayed emission regime, further deconfine-
ment takes place due to a combination of guest–host transfer and
bulk diffusion. On the other hand, for the largest concentration
considered (20 mol %) the deconfinement process is almost entirely
due to guest–host transfer. Although tdiff is now much smaller
(� 2� 10�6 s), the figure shows that already much earlier the state
of full deconfinement has been reached. The relative roles of decon-
finement due to guest–host transfer and bulk diffusion depend thus
strongly on the guest concentration.

Figure 4(d) gives simulation results for two emitters, at a con-
centration of 4 mol %, with the sets of photophysical rates of the
guest that were used in Fig. 3(a) (green curves and symbols) and
with tenfold larger photophysical rates (blue curves and symbols),
as used in Figs. 3(b) and 3(c). The host diffusion coefficient
is taken large (Dh ¼ 10�10 m2 s�1, corresponding to
khh ¼ 3:2� 108 s). As the value of tdiff � 7� 10�9 s is for both
emitters smaller than tpd, the role of deconfinement is for both
emitters determined by the guest–host transfer rate. That rate is
varied from a value equal to khh to a three orders of magnitude
lower value. As expected, the figure reveals a strong effect of such a
decrease of kgh. When the deconfinement occurs in the delayed
regime, it is seen to lead to an intermediate step in the decay curve
in a time range that shifts proportionally to kgh. Host diffusion is
expected to determine the shape of the step. Close inspection of the
simulation curves shows that, consistent with Eq. (13), the intensity
decays indeed to a good approximation proportionally to t�3=2.
The figure also shows that the emission curves are then quite inde-
pendent of the photophysical rates. To a fair approximation, that
happens for kgh in the range 3:2� (105�106) s�1. This observation
validates our general picture, within which the characteristic times
tdiff ,NN an tdiff that determine the shape of the decay curves in the
delayed regime are independent of the photophysical rates when
both time constants fall within the delayed regime.

The KMC simulations show qualitatively similar effects on the
delayed emission for materials with positive values of ΔET, as
shown in Fig. S4 in the supplementary material for 4 mol %
systems. The effect on the PL decay becomes then negligible for
ΔET . 0:1 eV, consistent with the effect shown in Fig. 3(a).

D. Comparison with experiment

The analytical and KMC simulation results show that to
achieve good confinement in systems with guest concentrations
down to 1 mol % a triplet confinement energy of ΔET � 0:2 eV is
needed. The fraction of triplets that stays on the guest molecules is
then always larger than 95%. This criterion for good confinement
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is similar to that for triplet deconfinement from Ir-cored phospho-
rescent emitter molecules to many host molecules, as obtained
experimentally from electroluminescence, photoluminescence, and
triplet–triplet annihilation studies.28–31 The effect of deconfinement
on the PL decay decreases with increasing guest concentration, so
that for cg � 20%, the same exciton occupation on guest sites can
already be achieved for ΔET � 0:1 eV.

Experimentally validating the criterion for good confinement
in TADF host–guest systems is not straightforward. Within the
framework of our modeling study, the total PL efficiency is for-
mally expected to be equal to that of singlets on the TADF emitter
and independent of ΔET. One might ask how in practical systems,
the total PL efficiency varies with ΔET. Such experiments have been
performed by Sato et al. for TADF host–guest systems based

on the TADF emitter 2-biphenyl-4,6-bis(12-phenylindolo[2,3-a]
carbazole-11-yl)-1,3,5-triazine (PIC-TRZ2), with a triplet energy of
about 2.6 eV.19 Even when embedding the emitter in materials with
triplet energies above up to 2.8 eV, the PL efficiency was found to
show a tendency to increase with increasing ΔET, up to a triplet
energy of about 3.5 eV. Our study shows that this effect cannot be
related to triplet deconfinement. Alternatively, it could be due to an
effect of the host on the non-radiative decay rate of triplets on the
TADF molecule, as suggested by the authors for the host (UGH2)
with the largest triplet energy included in their study. Further time-
resolved measurements would be needed to disentangle the various
effects. As expected, triplet deconfinement is observed in hosts with
insufficient ΔET and leads to an efficiency loss due to non-radiative
decay on the host.

FIG. 4. Time dependence of the normalized singlet exciton density for various values of the host diffusion coefficient, guest concentration, guest–host transfer rate, and
photophysical rates of the guest molecules, for systems with ΔET ¼ 0 eV. The full curves show analytical solutions for the perfect confinement and fast-diffusion limits,
and the symbols show KMC simulation results. (a) Dependence on the host diffusion coefficient, varied in steps of a factor 10, for guests with photophysical rates as used
in Fig. 3(a), for guest–host transfer rate of kgh ¼ 3:2� 108 s�1, at a guest concentration of cg ¼ 1mol %. (b) As in (a), for a guest concentration of 4 mol %. (c)
Dependence on the guest concentration as indicated in the figure, for a small host diffusion coefficient of Dh ¼ 10�13 m2 s�1, large kgh ¼ 3:2� 108 s�1 and for the photo-
physical rates as used in (a). (d) Dependence on the guest–host transfer rate, varied in steps of a factor 10, for guests with photophysical rates as used in Fig. 3(a) (green
curves and symbols, kp ¼ 1� 108 s�1) and Figs. 3(b) and 3(c) (blue curves and symbols, kp ¼ 1� 109 s�1), for cg ¼ 4mol %.
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Experimental studies have shown that the PL intensity of
TADF systems can show at long time scales a tail following a
power-law behavior.7,32 From our analysis, we expect in limited
time intervals, a power-law decrease with a slope of �3=2 when
bulk diffusion determines the deconfinement rate [Fig. 3(b)] and
under some conditions a decrease with a smaller slope [e.g.,
Fig. 4(a)]. In the studies cited, the slope is somewhat larger and
smaller, respectively. This is an indication of complicating effects
that have not been included in our study, such as (non-)radiative
decay of triplets on host molecules, a distribution of photophysical
rates due to conformational disorder, and a time-dependent
singlet-triplet gap due to a time-dependent polarization of the host
molecules towards the emitters.21,32,33

IV. SUMMARY AND CONCLUSIONS

Using analytical modeling and KMC simulations, we have
studied how triplet deconfinement in TADF host–guest systems as
employed in OLEDs is expected to affect the transient photolumi-
nescence from these materials. In our description of the kinetics of
the deconfinement process, we have made a distinction between
the transfer rate from the emissive guest molecules to the nearest-
neighbor (NN) host molecules and the triplet diffusion over the
host materials, determined by the transfer rate between pairs of
host molecules. We find that the shape of the decay curve is ulti-
mately determined by the interplay of the characteristic times
tdiff ,NN and tdiff for these two processes and their relation to the
transition time tpd between TADF regimes, as well as the delayed
decay time td.

In the fast-diffusion limit, tdiff ,NN and tdiff are both smaller
than tpd. Independent of the precise transfer rates, the PL decay is
then determined by the thermodynamic occupation probability of
triplet excitons on the host and guest molecules. For that limit, ana-
lytical expressions are given. These show that for 1 mol % systems,
triplet-exciton deconfinement starts to affect the transient PL inten-
sity curves when the triplet confinement energy becomes smaller
than ΔET � 0:2 eV. For 10 mol % systems, this occurs for ΔET
below approximately 0:1 eV. Notably, the transient PL intensity
decay in this fast-diffusion limit remains bi-exponential, albeit the
delayed intensity being reduced and the delayed decay time
enhanced. Therefore, deconfinement can in principle not be ruled
out by a single PL measurement. In the study of TADF materials,
consistently and comparably extracting the photophysical parame-
ters, such as the ISC and rISC rates, is a vital tool and identifying
and suppressing deconfinement is one of the necessary compo-
nents to do so.34

For rates that realistically describe the guest–host and host–
host triplet transfer, and for realistic photophysical rates of the
TADF molecules, we find that the PL decay curve can be more
complex, e.g., showing in the delayed regime (tpd , t , td) a dis-
tinct additional intensity decrease, caused by host diffusion and
being proportional to t�3=2. In the case of very weak host diffusion
but sufficiently fast guest–host transfer, this additional intensity
decrease is expected to reflect the pair distribution function, i.e.,
the distribution of distances to the nearest-neighbor and more
distant molecules. The multistep-shaped decrease that we have
obtained for the case of a simple cubic lattice will in realistic

materials be smeared out due to positional and transfer-integral
disorder. KMC studies show that also when tdiff ,NN and tdiff do not
fall in the delayed regime, the shape of the PL curves can be ratio-
nalized on the basis of the four characteristic time scales. A varia-
tion of the guest concentration, which only affects tdiff , is expected
to provide a sensitive method for separating the contributions of
guest–host transfer and host diffusion.

SUPPLEMENTARY MATERIAL

The supplementary material contains a derivation of the
point-source diffusion model used in Sec. II B (S1), the time-
dependence of PT,g in the case of host–guest transfer without host
diffusion (S2), a comparison of the analytical model results with
KMC results (S3), and KMC simulation results demonstrating the
interplay of different confinement energies ΔET and host–guest
transfer rates kgh.
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