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Triplet-triplet annihilation (TTA) is one of the primary contributors to efficiency roll-off and
permanent material degradation in phosphorescent organic light-emitting diodes (OLEDs). The
two limiting case models typically used to quantify this quenching mechanism are multi-step Dex-
ter and single-step Forster, which respectively assume ideal Fickian diffusion or perfect trapping
of triplet excitons. For device-relevant guest doping levels (typically 5-12 vol%), both significant
diffusion of excitons and trapping due to spatial and energetic disorder exist, so neither conven-
tional model fits experimental data well. We develop and validate an intermediate TTA model,
which is a weighted average of the limiting cases of pure radiative decay (no TTA) and multi-step
Dexter based TTA that returns an effective TTA rate constant and a parameter quantifying the
portion of well-isolated excitons. Kinetic Monte-Carlo simulations and time-resolved photolumines-
cence measurements of an archetype host-guest system demonstrate that our intermediate model
provides significantly improved fits with more realistic physical values, is more robust to variations
in experimental conditions, and provides an analysis framework for the effects of trapping on TTA .

I. INTRODUCTION

Phosphorescent organic light-emitting diodes (OLEDs)
are a commercial technology with applications in displays
and lighting, yet questions remain about fundamental
processes occuring within the materials. Triplet-triplet
annihilation (TTA) and triplet-polaron quenching (TPQ)
reduce the efficiency of these devices and are thought
to be the primary intrinsic mechanisms through which
these OLEDs degrade under operational conditions [11 [2].
Models and experiments used to explore these mecha-
nisms should accurately represent the processes occurring
and fitting should be robust enough to reveal differences
as a device structure is changed without extreme sensi-
tivity to changes in other fit parameters.

Of interest to this paper, TTA occurs when two exci-
tons aggregate onto a single molecule via,
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where T7 is a triplet, Sy is the ground state, and a highly
excited triplet state (T, with spin = 1) is created roughly
75% of the time, and a highly excited singlet state (S,
with spin = 0) is created in the remaining 25% of cases.
While also possible, it is generally energetically unfavor-
able to generate a quintet (spin = 2)[8H5]. TTA has two
primary consequences: first, the efficiency of the device
is reduced by the non-radiative elimination of triplets,
and second, the S,, or T,, states can have excited state
energies in excess of bond enthalpies, which can result
in breaking of chemical bonds and irreversible material
degradation[6HS].
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TTA rates can be extracted by exciting the sample
with a short laser pulse of sufficiently high intensity and
monitoring the time-resolved photoluminescence (TRPL)
decay. The TRPL response is typically fit to one of two
limiting cases of the TTA governing equation (inf.
[tion 2): The multi-step Dexter (MSD, inf. [Equation 6)
model assumes that the excitons are highly mobile and
can diffuse readily and eventually aggregate via a Dexter
hopping mechanism and annihilate[9, 10]. MSD is, how-
ever, only strictly valid in a flat energy landscape where
diffusion is truly Fickian. The opposite limit, single-step
Forster (SSF, inf. , is strictly true for the
case of fully trapped triplets (no diffusion); here, the exci-
tons are immobile and TTA occurs when two triplets are
sufficiently close that exciton aggregation can occur when
the energy of one triplet can transfer to another existing
triplet via Forster resonant energy transfer (FRET)[I0].
The SSF model is appropriate for a well-dispersed emis-
sive guest doped into a host matrix at a low concentration
(e.g., less than 1 vol%) with large triplet confinement en-
ergy AE = Bty — Er g, with Eg y,(g) the triplet energy
on the host and guest molecules, respectively[TT].

When considering the appropriate model for TTA, it
is important to consider two key points: First, there is
always energy disorder in the frontier orbital energy lev-
els in organic semiconducting materials, which results in
partial trapping of excitons. Second, application relevant
OLED devices typically have doping levels of 5-12 vol%
guest, which will results in some guest molecules being
well isolated, yet many percolating pathways exist that
allow for exciton diffusion[TTHI3].

In OLED materials, it is generally thought that exciton
diffusion is dominated by Dexter-based transfer[I4], [15]
while the exciton aggregation step in TTA typically oc-
curs via long-range FRET, resulting in a behavior be-
tween the MSD and SSF limiting cases. Indeed, ki-
netic Monte-Carlo (kMC) simulation-based modeling has
shown that the TTA process in physical materials is best
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replicated when both multistep diffusion and Forster cap-
ture are allowed to occur [I1},[16, [I7]. In their work based
on kMC simulations[T06] [I8], 19], Eersel et al. and Zhang
et al. develop a method of disentangling the relative con-
tributions of MSD and SSF to TTA based on a ratio of
two effective rate coefficients kr7 1 and krr2 obtained
from a combination of TRPL and photoluminescence
quantum yield (PLQY) data. Ligthart et al.[1I] and Co-
ehoorn et al.[I7] build on this method to model the ef-
fects of exciton confinement and diffusion with the help of
KMC simulations assuming randomly distributed emitter
dopants. Though useful, the above analyses rely on KMC
simulations and the knowledge of quantities such as pho-
toluminescence quantum yield (np1,) and Forster radius
(Rp 1) which, in case of experiments, require additional
and complex experiments to evaluate and quantities that
are not well known, and does not provide information on
trapping of excitons due to energetic and spatial disorder.

We, herein propose an intermediate fitting model to
TRPL data that does not require additional PLQY mea-
surements or knowledge of Forster radius, provides direct
information regarding the influence of exciton trapping,
reduces fit residuals, improves fitting stability, and can
provide additional insight into the physical mechanism
responsible for TTA.

II. THEORY
II.1. Modeling TTA

The triplet exciton population is commonly modeled
with a rate equation where triplet’s population numbers
(n) are reduced in time (t) through a radiative decay
with a lifetime (7) and through a TTA mechanism that
occurs at a rate proportional to the square of the number
of triplets and a rate coefficient (krr):
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T Z—;—fkTTn27 (2)
In this case, f is typically set to 1/2, as each TTA event
eliminates one of the two excitons involved. In the case of
mobile excitons with an isotropic diffusion coefficient D
and an exciton localization length of Ry, the continuity
equation leads to a TTA rate coefficient kpp[20] 21] of

Assuming a time-independent diffusion coefficient D,
a general solution to Equation [2 can be obtained [21],
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with ¢ = 4mngR% %. But as shown in |Figure 1p, for

non-homogeneous systems, spatial and energetic disor-
der results in a D that is a function of time, with differ-
ing diffusion coefficient for short and long time regimes,

krr = 4w DRy, (1 +

which limits the usefulness of this solution. In most cases,
Equation [2] is solved by approximating the kpr rate in
in one of two time regimes, as follows.

I1.2. Multi-step diffusion model

Ry
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1, the annihilation rate is approximated to a time-
independent rate coefficient

In the long-time (high diffusivity) regime,

kTT,h ~4nDpRy, (5)

resulting in a solution to the rate equation (Equation 2|)
of

n(t) 1
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Again, this is the most commonly used equation by ex-
perimentalists to fit TRPL data and is typically referred
to as the multi-step Dexter (MSD) model.

The rate equation can also be solved in the short-time

(low-diffusivity) regime, \/% > 1, resulting in an ap-

proximated time-dependent rate

ke & 4y/TDeRL*TE = Klpp 7. (7)

This limit has generally been dismissed as it would only
be relevant at exceedingly short time frames for sys-
tems with Fickian diffusion ( ~ 10712 s), but is included
here for completeness. The solution to the rate equa-
tion in the short-time (low diffusivity limit)

regime, using this time-dependent value of kpr is

n(t) _ exp(F) ®
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I1.3. Single-Step FRET model

The other mechanism by which excitons can move
is FRET. The small spectral overlap integral between
phosphorescent emission and absorption from the ground
state suggests that the Forster contribution to diffusion is
negligible[10, 22]. However, a significant spectral overlap
between phosphorescent emission and absorption onto a
triplet state enables triplet aggregation and single-step
Forster(SSF) based TTA to occur[23]. FRET theory, as-
suming fully trapped triplets, predicts a time-dependent
TTA rate of [24]




where the Forster radius, Ry, is a function of the spectra
overlap integral,
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Here ®p1, is photoluminescence quantum yield; 0 <
k% < 4 is dipole-dipole orientation factor; and n is the
refractive index. The integral J over wavelength A quan-
tifies the spectral overlap between the area-normalized
PL spectrum of donor Fp(\) and the absorption spec-
trum of acceptor expressed in terms of absorption cross-
section o (N).

In the SSF case, the solution to the rate equation
(Equation 2|) is

n(t) _ exp(—1) ()
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Note that [Equation & and [Equation 11| have nearly
identical form; the difference being the physical origin
of the respective kZ.p—i.e., the triplet localization length
(Rp) or the Forster radius (Ry).

I1.4. Intermediate approximation

Working OLED devices are typically doped with be-
tween 5 vol% and 12 vol% of emitting guest molecule in a
wide-gap host and energetic site disorder exists amongst
guests. Therefore, in a random dispersion, some guests
will be well isolated and some exist within percolating
pathways; furthermore, there is likely some degree of
clustering of the guest species[I].

If one assumes that Dexter-based diffusion processes
dominate, that some level of trapping occurs, and that
TTA can be explained with Dexter-based mechanism[I4],
the true TTA behavior lies somewhere between the limits
assumed in Equations [6] and [§] Solving be-
tween these limits is not analytically tractable since the
exact time dependence of D in is not typi-
cally known; however, a first-order approximation is to
linearly combine the solutions at the limits, by applying

a weighting parameter r to [Equation 8 and (1 — r) to
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As Dy is small for the population of trapped excitons
and they are well localized (i.e., small Ry), we further
simplify this by setting Dé/ ’R% ~ 0, which leads to a
negligible triplet interaction rate, kéij =0 and

20 exp(=L) +
no T
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. (13)

This equation effectively treats the excitons as two sepa-
rate populations—one that is trapped in-place and under-
goes purely radiative recombination (hence the variable
name r) and a second that can diffuse before potentially
participating in TTA.

An effective rate coefficient, krr.c¢f, can similarly be
written as a weighted average of respective rate coeffi-
cients, i.e.,

krrerr = rkpp o+ (1 —=1)krrn = (1= r)kprn.  (14)

An equation similar to[I2] can be formulated using the
MSD limit of [Equation 6] and the SSF limit of
tion 11} In this case, the SSF rate, k7p p, would be
approximated to zero by taking the limit of a negligibly
small Forster radius, which returns equations identical to
[Equation 13| and [Equation 14|

Our intermediate development ignores the physical
mechanism responsible for TTA and returns an effective
MSD-based kpr in the presence of partial trapping. Due
to their equivalent form, it is impossible to differenti-

ate between the mechanisms leading to and
from a single measurement. Advantages of

using [Equation 13| and [Equation 14 are discussed below,
including the ability to identify the extent of trapping

and to identify when significant Forster-based aggrega-
tion occurs.

III. RESULTS AND DISCUSSIONS

To validate the utility of our intermediate solution to
TTA, we next show that it provides an improved fit
with better stability to both simulations and experimen-
tal data.

II1.1. Kinetic Monte-Carlo Simulations

To test this model on a system of known conditions,
we simulate exciton dynamics in an archetype phospho-
rescent OLED emissive-layer guest-host system using the
open-source kinetic Monte-Carlo (kMC) simulation tool
Excimontec[25H27]. Simulations are performed on a cu-
bic grid of lattice points where each point is randomly
assigned as either a guest or a host molecule. Triplet en-
ergies are chosen such that excitons are well confined on
guest sites (AEr = 0.4 ¢V) and a variety of transport
mechanisms, Gaussian energy disorders, and doping lev-
els are chosen to test various scenarios. Details on the



15
—~
Q
~
.

wemer (D)

— 3
— 10
30
— 100

10
L

5
L

Lp (nm)
.
<x? (nm2)>
107102102 107" 10° 10" 10?

10 10° 107 107" 10°
Time (us)

\ (d)

0 20 40 60 8 100
%Emitter

(©

0.8

0.6

0.2

Fraction of excitons
0
Fraction of excitons
0.00 0.05 0.10 0.15 0.20
L

0 " 20 " 30 0 5 10 15

0o ' 10
Displacement (nm) Displacement (nm)

0.0

FIG. 1. (a) Diffusion length (Lp, calculated from root-mean-
square displacements) dependence on emitter concentration.
(b) The log-log plot of mean-square displacement vs. time,
showing Fickian diffusion at high concentrations and differ-
ing diffusion regimes, for short and long times, at low emit-
ter concentrations. Histograms of exciton root-mean-square
displacements for (c) 3% emitter and (d) 30% emitter, both
showing a significant population of trapped triplets with zero
displacement.

simulations are given in the Experimental Methods sec-
tion.

Figure 1| (a) shows an increase in exciton root-mean-
square (RMS) displacements with increased guest con-

centration as more low-energy percolation paths are
formed for the well-confined triplet excitons, as expected.

(b) show that at 3 vol% and 10 vol% emitter
doping levels, which are of most interest in OLED ap-
plication, the mean square displacement dependence on
time has two different domains over the exciton lifetime:
a Fickian diffusion regime at early times (¢ < 300 ns)
where < x? >o t, and an anomalous diffusion regime
at time scales of the exciton lifetime (¢ 2 300 ns) where
< 2?2 > t%, with 0 < a < 1. KMC simulations show
that even at 30 vol% guest, ~7% of the excitons undergo
zero displacement (d)), whereas an analyti-
cal solution to the Fickian diffusion equation[28] (non-
normalized fit to displacements > 5 nm) predicts pre-
cisely 0% will have zero displacement and ~ 2.6% will
have < 0.5 nm displacement. Therefore, the popular
MSD diffusion model in is not strictly correct,
as has been noted by multiple authors [T6HIS] 22] 29].

On the other hand, multiple authors have argued for
using the SSF model described by to fit
TRPL data for low guest doping levels where diffusion
is limited [II]. However, contrary to the assumptions
of the SSF model with no exciton diffusion,
(c) shows that even at low guest concentrations (e.g.,
3 vol%), ~ 20% of the excitons undergo diffusion. Con-
sequently, the SSF model will not fully describe TTA
process, even at these low doping levels. Hence, in the
doping regime of interest to devices (i.e., 5 to 12 vol%),

we argue that the intermediate model (Equation 13)) is

more appropriate for fitting data.
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FIG. 2. Fit parameters r and kpr.fy in our intermediate model for (a) various emitter doping levels and either a flat or 70
meV Gaussian energy disorder at 7' = 300 K , (b) various Guassian energy disorder levels in a neat emitter, where og is the
standard deviation of a Gaussian distribution of triplet energy levels, kg is the Boltzmann constant, and the model was tested
at a system temperature of 7' = 200 K or T'= 370 K, and (c) the correlation between r and krp,crs for all data in (a) and (b).

The consistency of the fit parameter 7, and its intuitive
physical interpretation can be understood from its depen-
dence on both spatial and Gaussian energetic disorder.

a) shows that r is reduced as the doping level

is increased, resulting from an increase in the number of

low-energy (i.e., guest) percolation paths and b)
shows that an increase in Gaussian energy disorder in a

neat film increases r. In both cases, as spatial or energetic
disorder increases, so does the concentration of isolated,
trapped excitons that are likely to decay radiatively with-
out participating in TTA.Concurrently, an increase in
guest doping level or decrease in energy dispersion in-
creases exciton diffusivity due to guest detrapping[30],

thereby increasing krrcss, as shown in (a) and
(b). Note that kpr.sr and r are inversely related in all
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FIG. 3. (a) Fit parameter krp,crs of the intermediate model vs. initial triplet concentration (ng) for simulations with a MSD
triplet-aggregation mechanism: for a neat material with no energy disorder, a 10 vol% guest sites with no energy disorder in

a host matrix, and for a neat material with energetic disorder.

The red curve is for simulations with FRET-mediated triplet

aggregation. (b) The corresponding conventional k77 values for the MSD model. (c) Fit parameter r of the intermediate model
vs. ng. (d) lifetime (7) extracted with conventional MSD model (open symbols), and our intermediate model (closed symbols).

cases (Flgure 2(c)).

II1.1.1.  Improved stability of krr rate fitting

A long standing issue is that the MSD model can not
fit both the short- and long-lifetime regions of a TRPL
curve and the value of kpr obtained from fitting to MSD
or SSF depends on the laser pulse excitation energy, time
delays between the pulse and the beginning the fit, and
the weighting method chosen [I§]. [Figure 3| (a) shows
that k77 crr in our intermediate model is independent
of initial triplet populations in kMC simulations with
Dexter-based aggregation for a neat film with flat energy
landscape (black squares), 10 vol% randomly dispersed
guest with no guest energy disorder (blue circles), and a
neat system with Gaussian energetic disorder (green tri-
angles). This improved fitting robustness relative to the

MSD model, especially at low excitation levels (see sense-
tivity in b)), makes it significantly easier to com-
pare results between different experiments and from dif-
ferent laboratories. [Figure 3(c) shows that r decreases as
ng increases for all simulation conditions. In all cases, as
excitation density increases, the probability of a mobile
exciton encountering a trapped exciton increases. Fur-
thermore, we note that our intermediate model is better
at extracting the actual radiative lifetime used in the
simulations (7 = 1 us), especially at high excitation lev-
els (see [Figure 3(d)). However, krrers extracted from
simulations in which the triplet aggregation step is me-
diated by Forster transfer depend on the initial triplet
population, as shown by the red curve in [Figure 3|(a).
Therefore, the dependence of krr.ff on excitation in-
tensity can therefore be used to identify the dominant
TTA mechanism in real systems using this intermediate
model.

IT1.2. Experimental Results

Finally, we apply our intermediate TTA model to
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vol% Model Rg [nm] r

3% SSF 2.66 — 1.11 —
Intermediate — 0.433 1.13 0.458
Full MSD — — 1.15 0.086
MSD — — 1.85 0.299

10% SSF 3.07 — 0.96 —
Intermediate — 0.248 1.09 0.702
Full MSD — — 1.15 0.182
MSD — — 1.98 0.545

30% SSF 3.63 — 0.73 —
Intermediate — 0.139 0.92 1.421
Full MSD — — 1.06 0.435
MSD — — 185 1.162

TABLE I. Fit parameters extract from experimental TRPL in
using SSF model (Equation 11)), intermediate model
(Equation 13|), Full-MSD (Equation 4), and MSD (Equa-|
tion 6). kr7.ers values for the Full-MSD and MSD models
correspond to krr of and k77, of

respectively.

experimental TRPL data for conventional guest:host
materials system with a high triplet-confinement
energy, tris[2-phenylpyridinato-C2,N]iridium (I1I)
(Ir(ppy)s):3,3’-Di(9H-carbazol-9-yl1)-1,1’-biphenyl

(mCBP) (AEr = 038 eV) [II, BI]. Because of
the well localized exciton wavefunction in these organic
materials and the large energy barrier AEr that pre-
vents triplets back-transfer onto host molecules, energy
transfer between well-isolated guest molecules at low
doping levels should follow the long-range SSF mecha-
nism in while high guest concentrations
allows formation of percolating low-energy diffusion

7 [ps] kesserr [L0""m’s™'] paths, enabling MSD.

Figure 4| shows TRPL spectra for a 3 vol%, 10 vol%
and 30 vol% Ir(ppy)s in mCBP and fit parameters cor-
responding to each model are reported in Below
each TRPL spectrum are the corresponding residuals of
the model fits, showing that the intermediate model has
the smallest residual. Details of sample preparation and
TRPL measurement are provided in the Experimental
Methods section.

We employ the Akaike Information Criterion (AIC) to
test the goodness of fit while penalizing additional fit pa-
rameters to the experimental data presented in
[Table 11l show that the intermediate model returns the
lowest (best) AIC values (A; = 0) for all guest concen-
trations tested, the SSF returns a middling positive A;
value and the MSD models perform the worst with the
highest A; value, especially for the 3 vol% and 10 vol%
Ir(ppy)s concentrations. As expected, the AIC shows
that the SSF model performs best at lower guest concen-
tration and the MSD model improves as doping levels are
increased.

Doping Intermediate SSF Full-MSD MSD

3 vol% 0 0.82 2.45 3.30
10 vol% 0 1.85 2.43 3.27
30 vol% 0 1.81 1.84 2.52

TABLE II. AIC values relative to that of the intermediate
model (A;), showing that the intermediate model has the best
fit even when penalized against the additional fit parameters.

It can be seen that a fit to all terms in the MSD
model results in the wrong lifetime in all three concen-



trations, which has significant impacts on the magnitude
of the calculated kpr, as has been pointed out in the
literature[I8]. The lifetime extracted from MSD is often
so poor that people often fit the lifetime independently
and fix it in their MSD fitting process. The interme-
diate model therefore significantly reduces differences in
extracted k7 r¢ for different excitation values, making
it a more reliable and consistent estimator.

IV. EXPERIMENTAL METHODS

KMC simulations: Kinetic Monte Carlo simulations
were performed using the open-source software, Exci-
montec [25] B2, B3]. All simulations use a 40 x 40 x 40
cubic lattice with lattice constant a = 1 nm to simulate
exciton transport and decay in a disordered host-guest
system. The host-guest matrix is simulated by ran-
domly assigning a fraction of the lattice sites to guest
molecules and the rest to host molecules. Energetic dis-
order is simulated by randomly assigning each site a
triplet energy Ep sampled from the Gaussian distribu-
tion exp (—FE%/20%) /\/2n0%, where o is the width of
the distribution[34] [35]. Triplet exciton transport is sim-
ulated based on Miller-Abrahams rate[30}, 7] and exciton
quenching rates are based on Dexter model[9] [I0], for the
multi-step process, and Forster model [10] [38], 39], for the
long range single-step process. In we list im-

portant parameters used in the Excimontec simulations.

Parameter Symbol Value Ref
Host HOMO 6.0eV  [40]
LUMO 24eV  [40]

Guest HOMO 5.6 eV [41] [42]

LUMO 28 eV [4I]42]

Triplet localization ~y 0.2 nm [43] [44]
Férster radius Ro 3.0 nm [45]
Annihilation prefactor Raex 10'2s™'  [45]
Hopping prefactor Vo 10"s™1  [15]

TABLE III. kMC simulation parameters.

Device fabrication: Materials for TRPL measure-
ment were use as purchased from Luminescent Technol-
ogy Corp (Lumtec). We deposited an 80 nm thick guest-
host emissive layer by vacuum thermal evaporation onto
quartz substrates at a background pressure of 1 x 1076
Torr and ambient temperature. Samples were unloaded
directly into a nitrogen-atmosphere glovebox and encap-
sulated with glass cover, using UV-vure epoxy, to prevent
oxygen intrusion.

TRPL measurement details: TRPL measurements
were performed on a in-house fabricated system con-
sisting of a SRS NL100 nitrogen laser (337 nm wave-
length, 170 pJ pulse energy), 400 nm long-pass filter,

a photomultiplier tube (185-900 nm spectral response,
gain> 107, 1.4 ns response time, Thorlabs PMTSS), a
preamplifier (DC to 350 MHz, SRS SR445A), and a
100 MHz oscilloscope. Initial excitation densities are es-
timated to be ng = 1.6 x 102°m—3.

V. CONCLUSIONS

In this work, we formulate an intermediate model (e.g.
to better quantify triplet-triplet annihila-
tion (TTA) process in real phosphorescent host-guest sys-
tems. This model is a first-order approximation using a
weighed average of the high-diffusion-limit and pure ra-
diative limit solutions to the TTA governing equation
(Equation 2)).

Our intermediate model has fit parameters r, which is
a proxy for the portion of trapped excitons, and krr ey
which lumps both Forster and Dexter based mechanisms
into an effective TTA rate coefficient. We use kinetic
Monte Carlo (kMC) simulations to verify the consistency
and quality of the fit parameters and to demonstrate
their intuitive physical interpretations. That is, the life-
time (7) extracted with our intermediate model is consis-
tent with the kMC simulation inputs and r increases as
guest-doping levels are decreased and the site energy dis-
order is increased. The consistency of krr .y is demon-
strated by its stability over different excitation densities,
which will make comparing results from different labo-
ratories easier. Furthermore, k77 f¢ is nominally inde-
pendent of energetic landscape in systems when Dexter-
based aggregation is dominate, but when Forster -base
aggreation is dominate, k77 .f; increases with pump in-
tensity. The variation in k77,¢¢ at high pump intensity
and the value of r at low pump intensity enable a way to
differentiate between the effects of exciton trapping and
SSF type mechanisms. Our intermediate model is then
tested on experimental time-resolved photoluminescence
measurements of a doping series in the Ir(ppy)s;:mCBP
host-guest system and compared against the conventional
multi-step Dexter (MSD) and single-step Forster (SSF)
models. The Akaike Information Criterion (AIC) shows
that the goodness of fit of our intermediate model is su-
perior to that of the conventional MSD and SSF models.
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