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It is well known that in organic solids the collision of two excitons can give rise to delayed ﬂuorescence (DF). Revived interest in this topic is stimulated by the current endeavor towards the development
of eﬃcient organic optoelectronic devices such as organic light-emitting diodes (OLEDs) and solar cells,
or sensitizers used in photodynamic therapy. In such devices, triplet excitations are ubiquitously present
but their annihilations can be either detrimental, e.g., giving rise to a roll-oﬀ of intensity in an OLED, or
mandatory, e.g., if the sensitizer relies on up-conversion of long-lived low-energy triplet excitations. Since
the employed materials are usually noncrystalline, optical excitations migrate via incoherent hopping.
Here, we employ kinetic Monte Carlo simulations (KMC) to study the complex interplay of triplet-triplet
annihilation (TTA) and quenching of the triplet excitations by impurities in a single-component system
featuring a Gaussian energy landscape and variable system parameters such as the length of the hopping
sites, i.e., a conjugated oligomer, the morphology of the system, the degree of disorder (σ ), the concentration of triplet excitations, and temperature. We also explore the eﬀect of polaronic contributions to the
hopping rates. A key conclusion is that the DF features a maximum at a temperature that scales with
σ/kB T. This is related to disorder-induced ﬁlamentary currents and thus locally enhanced triplet densities.
We predict that a maximum for the TTA process near room temperature or above requires typically a
disorder parameter of at least 70 meV.
DOI: 10.1103/PhysRevApplied.14.034050

I. INTRODUCTION
Triplet-triplet annihilation (TTA) plays an important
role in controlling the operation of organic optoelectronic
devices such as organic light-emitting diodes (OLEDs),
organic solid-state lasers, and organic solar cells (OSCs)
[1–5]. In OLEDs, TTA is devised as one of the eﬃcient ways of converting the dark triplet excitons into
emissive singlet excitons, which can decay radiatively to
contribute to delayed ﬂuorescence (DF) [6,7]. In solar
cells, TTA can also be employed to improve eﬃciencies. The maximum theoretical power-conversion eﬃciency (PCE) of single-junction solar cells is dictated
by the Shockley-Queisser limit, which depends on the
bandgap of the light-absorbing material. TTA sensitized photon up-conversion can increase the PCE of
OSCs by converting the low-energy photons into highenergy radiations that can be utilized by the absorber
[8,9]. The same mechanism is used for sensitizing
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semiconductor photocatalysts using the broad-spectrum
sunlight [10,11]. TTA sensitized photon up-conversion is
also advantageous in the ﬁelds of biomedical applications
such as photoinduced drug delivery and photodynamic
therapy [12,13]. In particular, up-conversion of red light
with increased penetration in biological systems into blue
light that is required for most photochemical reactions has
been proved to be highly relevant [14].
TTA involves the collision of two triplets and thus
depends on the diﬀusivity of triplet excitons [6,7,15–17].
Therefore, from a theoretical viewpoint, studying TTA
in a model system also contributes to the fundamental
understanding of triplet transport. The transport of neutral excitations through the inhomogenously disordered
medium such as an amorphous organic semiconductor
ﬁlm proceeds via incoherent hopping between the localized sites [18]. In this scenario, the transport is controlled
by the electronic coupling between the constituent molecular units and the static disorder present due to diﬀerent possible conﬁgurations of the constituent molecules
[19]. The electronic coupling for spin-triplet excitations in
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purely organic materials is dominated by exchange interaction (Dexter-type transfer), which depends on the wavefunction overlap [20]. Thus, the understanding developed in the process of investigating TTA can be utilized to control the triplet diﬀusion in order to optimize
the eﬃciency of organic semiconductor devices extending from next-generation thermally activated delayedﬂuorescence OLEDs [21] to phosphorescent-sensitizeremployed OSCs [22].
In phosphorescent OLEDs or TADF-based OLEDs
made with host-guest systems, TTA is considered as one
of the principle contributors towards the eﬃciency rolloﬀ at high luminance [21,23,24]. Another main factor
determining the eﬃciency roll-oﬀ in OLEDs is tripletpolaron quenching, which again depends on the diﬀusion
of triplet excitons [25,26]. However, TTA does not necessarily need to be detrimental. It can also enhance the
internal quantum eﬃciency of OLEDs when it contributes
to delayed ﬂuorescence via an up-conversion mechanism
[27–29]. This requires eﬃcient bimolecular recombination whereas monomolecular quenching of triplets at trap
sites needs to be avoided [30,31]. Thus, in summary,
TTA can be useful for solar energy conversion, photodynamic therapy, and understanding of triplet diﬀusivity
and for the eﬃciency of OLEDs, and numerous studies
have been devoted to improving these processes [9,13,32].
Nevertheless, a comprehensive study on how the bimolecular annihilation and monomolecular quenching processes
compete with each other and the inﬂuence of material
and ﬁlm properties in controlling and modifying this competition is still lacking. We, therefore, intend to address
this issue for a single-component system through our
study.
We report an investigation of triplet hopping by means
of kinetic Monte Carlo (KMC) simulations. In particular, we study the interplay between bimolecular TTA and
monomolecular quenching processes (at trap sites) to eventually simulate the temperature dependence of quenching,
delayed ﬂuorescence, and phosphorescence (Ph) eﬃciency
in conjugated polymers. Our simulation results are in
agreement with the experimental observations of Hoﬀmann et al. [30]. In that paper, the authors studied the
temperature dependence of Ph and DF in a series of
poly(p-phenylene) derivatives and analyzed the ﬁndings
on the basis of conventional rate equation for triplet excitons under steady-state conditions, yet only in the limit of
low excitation intensities. KMC simulations provide the
additional advantage of elucidating the temperature activation of the trap-induced quenching processes, which is
diﬃcult to do experimentally. When recording the phosphorescence intensity as a function of temperature, we
can only observe that the Ph reduces, yet without direct
indication of which fraction of this was caused by TTA,
by trap-induced quenching, or by other thermally activated nonradiative decay channels. Moreover, with the

KMC simulations, we can disentangle the eﬀect of each
individual material parameter on the temperature dependence of various photophysical processes. Therefore, we
use Monte Carlo simulations to determine which material
properties need to be tuned to obtain minimum quenching
and maximum DF at room temperature.
The simulation parameters are the degree of electronic
coupling between the hopping sites, the static energetic
disorder and the quencher (“trap”) concentration. Conjugated segments are designed, and the delocalization eﬀects
associated with the conjugated polymers are studied in
terms of the length of the conjugated chromophores and
anisotropic triplet hopping rates. Athanasopoulos et al.
[33] showed in a KMC study of the temperature dependence of spectral diﬀusion that triplet transport could be
aﬀected by the number of available energetic sites for hopping because of the short-range nature of the exchange
coupling. In a realistic ﬁlm, polymer chains may be more
or less rigid and entangled or partially aligned, so that
the resulting morphology is complex. Two limiting real
morphologies is one where all chains are aligned and one
where all chains cross each other heavily. We try to realize these two limiting cases in our model through two
design morphologies, referred to as parallel and grid lattice. In both cases, the polymer chains are taken as a rigid
one-dimensional sequence of lattice sites. For the parallel lattice, the chain orientation is the same in each layer,
whereas for the grid lattice, the chain orientation is rotated
by 90° between alternate layers. As detailed in the methods section, this results in a signiﬁcantly higher number of
nearest neighbors for the grid lattice. In this way, we investigate the role of morphology in controlling the interplay
between bimolecular TTA and monomolecular quenching
processes. Furthermore, Miller-Abrahams triplet hopping
rates only include the disorder contribution to triplet diffusion. It does not take into consideration the polaronic
eﬀects associated with the conformational distortions upon
energy transfer, described in terms of the geometric reorganization energy. These polaronic eﬀects can be incorporated by including an activation energy in the triplet
hopping rates through Marcus-type formalism [34,35]. We
discuss in detail how the presence of reorganization energy
eﬀects does alter the temperature dependence of mono and
bimolecular processes.
This paper is structured as follows. The details of the
simulation technique are given in Sec. II. The results
section, Sec. III, is concerned with analyzing the inﬂuence of morphology, defects, excitation density, wavefunction delocalization, energetic disorder, and geometric relaxation energy. We also focus on comparing our
KMC results to what is expected from solving rate equations. In the concluding discussion, Sec. IV, we discuss
how parameters need to be tuned to obtain a high TTA
yield at room temperature while summarizing our key
ﬁndings.
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II. SIMULATION TECHNIQUE
The dynamic interplay of triplet-triplet annihilation and
quenching of triplets at trap sites has been studied by
employing a lattice-based kinetic Monte Carlo method to
monitor the motion of excitons as hopping events. To
describe the diﬀusion of triplet states through the disordered medium, we initially consider a Miller-Abrahams(MA) type hopping between energetically uncorrelated
sites of a point lattice [36]. This corresponds to a singlephonon-assisted tunneling between two sites of energy εi
and εj with a rate

εi ≥ εj ,
ν0 e−2γ Rij ,
kij ,T =
(1)
−2γ Rij −(εj − εi )/kB T
e
, εi < εj .
ν0 e
ν 0 is the attempt-to-hop frequency, γ is the inverse localization length, Rij is the hopping distance, and kB T the
thermal energy. The absolute value of γ determines the
localization of the triplet (or charge) wave function; small
γ implies a large delocalization. The exponential decrease
of the hopping rate with γ Rij incorporates the shortrange nature of the MA rate. The MA model assumes
that the Boltzmann factor is equal to 1 for a downward
hop, whereas thermal activation is required for a hop to a
higher-energy site. The attempt-to-hop frequency is typically of the order of a phonon mode, here we choose
ν 0 = 1012 s−1 . The minimum hopping time is deﬁned by
t0 = (1/ν 0 )e2γ α , where α is the lattice spacing (minimum
hopping distance). The triplet lifetime (τ T ) is described
as a multiple of t0 and is deﬁned in such a way that
(1/kISC τPh ) ≈ (τT /t0 ), where k ISC and τ Ph are the intersystem crossing (ISC) rate and phosphorescence lifetime,
respectively.
While the triplets and charges are taken to diﬀuse only
via exchange interaction [18,20,37], which depends upon
the wave-function overlap, singlet excitons can also diﬀuse
by long-range dipole interaction. Thus, to model singlet
diﬀusion, we consider a MA + Förster-type rate:

kij ,S

⎧
⎪
−2γ Rij
⎪
+
⎨ ν0 e
= 
⎪
⎪
⎩ ν0 e−2γ Rij +

1
τs
1
τs




RF
Rij
RF
Rij

6

εi ≥ εj ,

,
6

e−(εj − εi )/kB T ,

εi < εj .
(2)

τ s is the intrinsic lifetime of singlet exciton and RF is the
Förster radius. γ is assumed to be the same for singlets and
triplets. Here we consider τ s = 1 ns and RF = 3 nm [38,39].
RF depends on the spectral overlap of the absorption spectrum of the acceptor and emission spectrum of the donor
and is deﬁned such that at the Förster radius the energytransfer rate is equal to the sum of radiative and nonradiative decay rates. Dipole coupling is usually dominant
over exchange coupling but in the case where the longrange Coulombic rate is very small (large τ s or small RF ),

as discussed below for the triplets, the Förster rate becomes
less than the Dexter rate and the short-range exchange
mechanism becomes the dominant diﬀusion mechanism
for singlets as well.
For host-guest systems, the Eindhoven group have
investigated the diﬀusion of triplets in detail by using transient PL measurements coupled with KMC simulations,
and have analyzed the relative contribution of singlestep Förster-type triplet-triplet interactions and the multistep triplet diﬀusion processes to the mechanism of TTA
in phosphorescent host-guest systems [1,32,40–43]. The
results from the Eindhoven group stimulated us to consider the contribution of dipole-dipole-coupling-induced
long-range Förster rate to the triplet hopping in addition
to the short-range Dexter rate [1,40–42]. The impact of
increasing the Förster contribution to triplet transport on
the temperature dependence of quenching, DF and Ph
events is shown in Fig. S1 (see the Supplemental Material [44]). The data are shown for purely Dexter-type
rates and for increased contribution from the Coulombic
interactions represented by the increase in Förster radius
from 1 to 5 nm. No signiﬁcant changes are observed
with the incorporation of Förster rates. The reason lies in
the comparatively long lifetime of the triplet states. The
Förster-type transfer rate is inversely proportional to the
lifetime of the state considered. Thus, for triplet states,
the Förster-type energy rate is rather low, so that it cannot compete with the Dexter-type energy-transfer rate. As
a result, the Dexter transfer dominates the energy-transfer
process entirely here. This is diﬀerent from the case of
strongly phosphorescent emitters that are characterized by
a much shorter triplet lifetime. We, therefore, subsequently
only considered the Dexter-type MA rate for the triplet
hopping process.
At time t = 0, random lattice sites in the simulation box
(100 × 50 × 50 lattice sites) are initialized with a predeﬁned number of triplets in accordance with an initial triplet
density [T0 ]. In our simulation, the lattice points have a
spacing of 1.5 nm in direction of the x and z axis, while
a spacing of 1.68 nm is adopted along the y axis. This
anisotropic choice is based on matching experimental conditions in previous work [18,33]. By repeating some of the
simulations for an isotropic lattice conﬁguration, we conﬁrm that our use of a slightly anisotropic lattice does not
have a signiﬁcant impact on our results and conclusion (see
Fig. S2 within the Supplemental Material [44]). Generating
100 triplet excitations in this simulation box corresponds to
a triplet density of about 1017 cm−3 .
In addition, some of the point sites are assigned as deep
trap sites (sites of signiﬁcantly lower energy) based upon a
trap concentration (ct ). The triplet (singlet) energy is taken
from a Gaussian distribution centered on energy ET (ES )
with a variance of σ T (σ S ) representing the static uncorrelated disorder in triplet (singlet) excited-state energies. At
each Monte Carlo step each excitation can either diﬀuse to
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a neighboring site with rate kij ,T (kij ,S ) or can decay radiatively with rate k R,T (k R,S ) or can decay nonradiatively with
rate k NR,T (k NR,S ). Singlets can also undergo ISC (with rate
k ISC ) thus leading to the generation of triplets. A schematic
of all the radiative and nonradiative processes considered
is shown in Fig. 1(a). Exciton-exciton annihilations and
triplet quenching at the trap sites are considered as onsite and instantaneous processes, i.e., if two excitons reach
the same lattice site, they annihilate. Similarly, if a triplet
reaches a trap site, it is quenched. The quenching rate (k Q )
is represented as kQ = kt cQ , where kt is the triplet diﬀusion rate and cQ is the eﬀective quencher concentration,
which here is simply the trap concentration (ct ) [30]. The
trap depth is taken to be 300 meV, so that detrapping is
negligible [45]. An interaction between two triplets can
give rise to singlets, triplets, and quintets with a statistical probability of 1/9, 3/9, and 5/9, respectively. Therefore,
if the formed singlets decay radiatively, they contribute to
delayed ﬂuorescence. Quintets are generally not formed
because of the high energy associated with them; thus,
this event can be simply described as the scattering of two
triplets. This is how triplet-triplet annihilation is executed
in this “computer experiment.” Singlet-triplet annihilation
(STA) and singlet-singlet annihilation (SSA) are included
in the simulations, and are modeled as on-site and instantaneous processes, in a similar way as TTA. However, they
eventually turn out to be negligible as compared to other
emissive and exciton loss processes. There are two reasons
for this: ﬁrstly, the short lifetime of singlets (in the range

of ns) prevents the buildup of a signiﬁcant population that
is needed for SSA or STA events. This is in contrast to
triplets that live for milliseconds and so have enough lifetime to ﬁnd each other as a sequence of hops. Second,
the singlets (here) in the KMC simulation are generated
from the TTA events, i.e., the initial singlet population
is only a small fraction of the initial triplet population.
Thus at low initial triplet density considered in the simulation ([T0 ] = 1016 –1018 cm−3 ), the number of singlets
present at any given time is rather low. These two reasons
combined, the chances of a singlet encountering a triplet
or another singlet are insigniﬁcant and consequently STA
and SSA events are less probable as compared to TTA.
This might not be true for high [T0 ] (for example, [T0 ]
≥5 × 1018 cm−3 ) and thus the STA and SSA events may
no longer be negligible.
For each excitation, the rates of the processes described
are determined. For computational eﬃciency reasons, hops
to only a ﬁxed number of nearest neighbors are considered, that is, we took sites up to the fourth-nearest neighbor
into account. For each event i, the rate ki is calculated.
For the selection of an event, ﬁrstly, for each event i the
partial sum Si = iβ=1 kβ is calculated. A random number is drawn from the interval (0, kT ], with kT = Nβ=1 kβ ,
N being the total number of events. From all possible
events, the event i for which Si−1 < ϕkT ≤ Si , ϕ ∈ (0, 1]
holds is selected. The selected event is executed for the
corresponding excitation and the simulation time is
updated by the waiting time, τw = −ln(X )/kT , where X

(a)

(b)

(c)

(d)

FIG. 1. (a) Schematic of all the radiative and nonradiative processes considered in the KMC simulation (PF, prompt ﬂuorescence;
DF, delayed ﬂuorescence; IC, internal conversion; ISC, intersystem crossing; Ph, phosphorescence; TTA, triplet-triplet annihilation).
The reaction of TTA can be given as T1 + T1 → (TT)*. (b) Pictorial representation of the design of a conjugated segment with “n”
isoenergetic repeat units and separate inverse localization lengths for triplet transport parallel and perpendicular to the chain. (c) Top
view of the parallel lattice with all the chains along y direction in all the layers. (d) Top view of the grid lattice with all the chains in
layer 1 and layer 2 aligned along y and x direction, respectively.

034050-4

KINETIC MONTE CARLO STUDY . . .

PHYS. REV. APPLIED 14, 034050 (2020)

is a random number between 0 and 1. The simulation
stops when there is no excitation left in the simulation
box. Results are obtained by averaging over a suﬃciently
high number of trials, e.g., 100 trials (for details, refer to
Sec. S1 within the Supplemental Material [44]). The eﬀects
of morphology and material parameters such as conjugation length (n), inverse localization length along (γ ) and
perpendicular (γ⊥ ) to the chain, trap concentration (ct )
and energetic disorder (σ ) on quenching, delayed ﬂuorescence and phosphorescence processes are simulated. The
resulting variation of quenching, DF and Ph events with
temperature is expressed in terms of the percentage of the
initial (t = 0) number of triplets in the simulation box.
By considering extended conjugated chromophores, our
study explicitly includes the eﬀect of conjugation length.
Following the approach of Athanasopoulos et al. we implement the delocalization of an exciton over several repeat
units by deﬁning a conjugated chromophore as a segment
with “n” isoenergetic lattice sites as illustrated in Fig. 1(b),
that have strong electronic coupling between them [18,33].
The diﬀerent electronic coupling for transport parallel and
perpendicular to the conjugated chromophores is obtained
by adopting diﬀerent values for the inverse localization
length γ if the sites i and j are in a direction parallel to
the chain (γ ) or perpendicular to the chain (γ⊥ ). Thus, the
ratio γ : γ⊥ determines the anisotropy of the triplet transport. For example, γ = 1 nm−1 and γ⊥ = 2 nm−1 (γ :
γ⊥ = 0.5) implies higher coupling in a direction parallel
to the chain and lower coupling for hops perpendicular to
the chain, thus making triplet hops parallel to the chain
more probable than hops perpendicular to the chain. This
applies to both, hops between conjugated segments of
adjacent chains and hops between conjugated segments
along the same chain. Moreover, since each conjugated
segment is represented by a sequence of lattice points
with identical energy, while the energies diﬀer between
the conjugated segments, the hops within a conjugated
segment are inherently faster than the hops between the
conjugated segments. This procedure allows us to treat
the conjugation and delocalization eﬀects in a stochastic
manner.
When considering elongated chromophores, their
mutual arrangement, i.e., the ﬁlm morphology, becomes
a key parameter. This is because the electronic coupling
for the hopping of triplet excitons is provided by exchange
interaction, which depends on the orbital overlap of the
sites involved in the hopping process [Eq. (1)]. Thus, the
number of accessible and adjacent neighboring sites is
crucial for the transport of triplets, and for elongated chromophores, diﬀerent ﬁlm morphologies result in a diﬀerent
number of accessible neighbors. Consider, for example, a
thin ﬁlm consisting of elongated conjugated chromophores
such as rigid oligomers that are all oriented along the same
direction, e.g., along the y axis [Fig. 1(c)]. In the simplest
case of such a parallel arrangement, hops are possible from

each chromophore to adjacent neighbors on either side as
well as on the top and bottom and at the chromophore ends.
In contrast, consider now the case where the oligomers are
still all aligned along the y axis in one layer, yet they are
all aligned orthogonally, e.g., along the x axis, in the layer
above and below it [Fig. 1(d)]. This gridlike arrangement
increases the number of contact points to next neighbors in
the layer above and below from previously only two contacts in total to several contacts [for Fig. 1(d) that is two
times three equal contacts in total, for the layers above and
below, as illustrated in Fig. S3 within the Supplemental
Material [44]]. As a consequence, more hops to sites of
diﬀerent energy are possible, and this signiﬁcantly impacts
on triplet diﬀusion.
The same approach was taken by Athanasopoulos et
al. [33] who studied the temperature dependence of spectral relaxation for triplet states. They found that increasing the number of available lattice sites for hopping by
changing from a parallel chromophore arrangement to a
gridlike chromophore arrangement helps in overcoming
local energy barriers that otherwise stop the relaxation
prior to reaching lower-energy sites, in agreement with
experimental results. This approach of chains in parallel or gridlike arrangement represent two extreme cases.
Of course, real polymer ﬁlms have far more complex
morphologies and sophisticated approaches exist to represent them [46], yet our approach is suﬃcient to capture the essential physics with reasonable computational
eﬀort.
III. RESULTS AND ANALYSIS
A. General features
In KMC simulation, we monitor the interplay between
intrinsic decay of triplet excitations, i.e., phosphorescence,
quenching at nonradiative scavengers (Q), and delayed ﬂuorescence as a function of temperature and a whole set
of system parameters. Figure 2(a) shows the evolution
of these quantities for two lattices and for two diﬀerent
values of initial triplet density, [T0 ] = 5 × 1016 cm−3 and
1018 cm−3 , equivalent to 50 and 1000 excitations, respectively. The resulting incidences are given as a percentage of
the initial (t = 0) number of triplets in the simulation box.
Results for a wider range of initial triplet densities [T0 ] can
be found in Fig. S4 within the Supplemental Material [44].
The percentages of Ph, DF, and quenching do not add up to
100% due to the spin statistics inherent in the TTA process.
Independent of the choice of lattice and excitation density,
we obtain general trends that are in excellent agreement
with the experimental observations of Hoﬀmann et al. [30],
thus conﬁrming our computational approach. The general
evolution we observe is the following.
At very low temperature, there is phosphorescence
as well as some delayed ﬂuorescence. Upon increasing
temperature, quenching turns on at the expense of Ph.
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(a)

(b)

FIG. 2. Comparison of simulated quenching, DF, and Ph events (a) in the grid (green circles) and parallel lattice (blue diamonds) to
study the inﬂuence of morphology on the temperature dependence of monomolecular and bimolecular recombination processes. Data
are shown for two diﬀerent values of initial triplet density, [T0 ] = 5 × 1016 cm−3 (empty symbol, dashed line) and 1018 cm−3 (ﬁlled
symbol, solid line). (b) With the triplet quenching rate parametrized in terms of the trap concentration (ct ). Data for ct = 1017 cm−3 (red
squares), ct = 5 × 1017 cm−3 (green circles), ct = 1018 cm−3 (brown triangles), and ct = 3 × 1018 cm−3 (blue diamonds). A constant
coupling along and perpendicular to the chain (γ = 1.5 nm−1 and γ⊥ = 2 nm−1 ) is used and a disorder of σ = 35 meV is used for the
triplet energy distribution. For (a), ct = 5 × 1017 cm−3 and for (b) grid lattice morphology with n = 3 is used. Solid lines serve as a
guide to the eye.

Simultaneously DF increases such as to pass over a
maximum. This behavior is a generic feature of hopping of excitations within a Gaussian density of states
(DOS) distribution. At very low temperatures, most of
the triplets that have been initially generated randomly
within the DOS relax up to some point and subsequently
emit phosphorescence [33]. At intermediate temperatures
thermally activated dispersive transport leads to growing
DF. At even higher temperatures, DF decreases because

the concentration of triplets needed for their bimolecular
encounter is diminished due to progressive quenching at
triplet scavengers.
B. Eﬀect of lattice choice and excitation intensity
The KMC simulations allow us to explore how the
DF intensity is aﬀected by the ﬁlm morphology and the
excitation density, even for high illumination intensities.
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When comparing the two lattices, we observe less quenching and more DF for the grid lattice (shown in green
circles). This applies not only to the peak value but, also
to the value at 300 K where devices typically operate. Furthermore, the temperature Tmax at which the DF peaks,
shifts to slightly higher values for the grid lattice. The
fraction of phosphorescence events is not aﬀected by the
choice of lattice. We observe a similar trend, i.e., a reduced
fraction of quenching events, more DF and, in contrast to
the change of lattice, a reduction of Ph when the excitation
density is increased.
The intensity dependence is straightforward to understand. For a given temperature, a higher excitation density
increases the triplet population [T], so that the bimolecular process, TTA, is favored over the monomolecular
quenching process. In Fig. 2(a) we see that using a grid
lattice has the same eﬀect as increasing the excitation
density, i.e., the bimolecular DF process is favored over
the monomolecular quenching process. Evidently, using
an arrangement with many contact points that allow for
more isotropic hopping increases the chance of two triplets
meeting each other, even if they have been generated at
some distance and at diﬀerent chains. This is consistent
with the earlier results of Athanasopoulos et al. on spectral diﬀusion, where very low-energy sites in the DOS can
only be reached for the grid lattice [33].
Since our primary aim is to establish guidelines for
achieving high DF at room temperature, therefore we
discuss the inﬂuence of all the other material parameters for the grid lattice with an initial triplet density [T0 ]
of 5 × 1016 cm−3 . This value corresponds to the triplet
density generated in an optical experiment with an excitation ﬂuence of approximately 10 µJ/cm2 , incident photon
wavelength of 355 nm (typical of a Nd : YAG laser), an
absorption length of 100 nm with an underlying assumption of uniform absorption with a coeﬃcient of about
105 cm−1 throughout the ﬁlm thickness and considering a
singlet-to-triplet yield of about 1%–2% typical for purely
organic materials (with no heavy atoms and ISC rate of
approximately 107 s−1 ) [20].
C. Inﬂuence of trap concentration (ct )
Even well synthesized and puriﬁed compounds contain some residual amount of structural or chemical defect
sites where triplet states can be quenched. It is clear that
their amount plays a key role in controlling the dynamic
interplay between the bimolecular and monomolecular
processes. Figure 2(b) illustrates quantitatively the impact
of reducing the concentration of such quenching sites. In
agreement with typical defect concentrations [47], we vary
the trap concentration from 3 × 1018 cm−3 to 1017 cm−3
and observe a strong increase in the DF at room temperature as the defect concentration reduces, in addition to a
slight shift of the DF peak (Tmax ) to higher temperatures.

Evidently, the purity of compounds is a key parameter to
obtain high TTA rates.
D. Inﬂuence of delocalization
The present OLED technology is dominated by using
molecules suitable for making devices through thermal
evaporation in vacuum. Nevertheless, using solutionprocessed molecules such as oligomers or even polymers
is still a possible avenue. Moreover, triplets move by
means of wave-function overlap, so that transport along
a conjugated backbone is usually faster than hopping to
an adjacent chromophore [18]. Therefore, conjugation of
the chromophore should aﬀect the temperature evolution
of bimolecular annihilation and monomolecular quenching
processes. As described above and as depicted in Fig. 1(b),
in our simulation, the length of a chromophore is deﬁned
through the number of adjacent isoenergetic sites (n) along
the chain.
Figure 3(a) shows the eﬀect of conjugation on quenching, DF and Ph events for the grid lattice. Quenching
events decrease with increasing length of the conjugated
segment and concomitantly, DF events increase with the
peak in DF (represented by Tmax ) remaining at approximately similar temperature. The fraction of DF events
at room temperature is also raised. This eﬀect can be
understood by the reasoning already brought forward to
comprehend the increased DF for the grid morphology
compared to the parallel lattice. As the length of the conjugated segment is increased, the number of crossing points
to chromophores of diﬀerent energies raises [cf. Fig. 1(d)].
In this way, an increasing conjugation length leads to an
increased rate of successful hops to adjacent chromophores
and, somewhat paradox, more isotropic diﬀusion. This, in
turn, enhances the chance of two triplets meeting, i.e., the
bimolecular recombination rate, and thus suppresses the
relative number of quenching events.
The anisotropy of the excitation transport also becomes
key when considering transport along the polymer chains.
This anisotropy is studied by systematically varying the
ratio γ : γ⊥ as, due to the Dexter-type nature of triplet
transfer, this ratio controls the directionality and hence the
anisotropy of triplet diﬀusion [18,33]. γ : γ⊥ = 1 corresponds to isotropic diﬀusion, whereas γ : γ⊥ < 1 ensures
that coupling along the chain is stronger than perpendicular to it. Figure 3(b) summarizes this eﬀect for a conjugated
segment of length n = 10. As the hopping events perpendicular to the chain direction are increased by reducing γ⊥
from 4 to 2, we observe an increase in DF events up to
about 150 K, yet there is no eﬀect at higher temperatures.
This is in contrast to the eﬀects obtained when using the
grid over the parallel-chain arrangement or when increasing the conjugation length, and, at ﬁrst sight, may seem
counterintuitive since increasing the electronic coupling
to adjacent chains should have a similar eﬀect. A similar
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(a)

(b)

FIG. 3. Inﬂuence of delocalization is studied by simulating the number of quenching, DF, and Ph events by (a) varying the length
of the conjugated segment (n) from 3 to 40 for the grid lattice morphology with γ = 0.5 nm−1 and γ⊥ = 2 nm−1 and (b) for a ﬁxed n
(n = 10) by varying the anisotropy of coupling with a constant parallel to the chain inverse localization length of γ = 1.5 nm−1 and
varying the one perpendicular to the chain (γ⊥ ) from 4 to 2 nm−1 , thus increasing the interchain hopping transport. The results are
obtained with a constant trap concentration ct = 5 × 1017 cm−3 and energetic disorder σ = 35 meV. Solid lines serve as a guide to the
eye.

result is obtained when keeping γ⊥ constant and reducing
γ such as to increase the conjugation along the chain, see
Fig. S5 within the Supplemental Material [44].
It can be easily understood by recalling that the MA
rate [Eq. (1)], consists of two exponential terms, that is the
strength of the electronic coupling, e−2γ Rij , and the Boltzmann factor for upward jumps. Increasing the coupling
perpendicular to the chain increases the oﬀ-chain hopping
rate. While this dominates from low temperatures up to
about 150 K, from 150 K onwards the Boltzmann term
controls the total rate, irrespective of the enhancement in

the coupling. We note that going to even smaller values
than 2 for γ⊥ is unrealistic. This strong inﬂuence of the
Boltzmann factor calls for a closer inspection on the impact
of energetic disorder.
E. Inﬂuence of energetic disorder (σ )
Figure 4(a) shows the variation of Ph, DF, and quenching events for diﬀerent energetic disorder values for the
triplets, using the same parameters and the MA rate
employed so far. As the energetic disorder increases from
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(b)

FIG. 4. Eﬀect of static disorder (σ ) is investigated on the temperature dependence of quenching, DF, and Ph events for (a) and (b)
Miller-Abrahams rate and (c) for a Marcus rate with Ea = 60 meV. (b) shows data in (a) represented with respect to thermal energy
normalized disorder (σ ) values instead of temperature on a semilog scale. A grid morphology with the length of the conjugated segment
n = 3 and a constant coupling along and perpendicular to the chain (γ = 1.5 nm−1 and γ⊥ = 2 nm−1 ) is used. Trap concentration
ct = 5 × 1017 cm−3 is used for obtaining the simulation results. Solid lines serve as a guide to the eye.

20 to 70 meV, both TTA and quenching rates slow
down and the DF peak (Tmax ) shifts to room temperature
for a disorder of 70 meV, while remaining at the same
value throughout. It appears that the same curves are just
stretched towards higher temperature values.
In fact, for a Gaussian DOS with a MA hopping rate,
there is an inherent scalability between disorder and temperature [19,39,48,49]. This is illustrated in Fig. 4(b),
where the same data are displayed on a semilogarithmic scale as a function of σ /kB T instead of temperature.
As shown, the quenching, DF, and Ph events for all the
disorder values superimpose on each other for identical
σ /kB T values. In particular, the DF events peak at around
σ/kB T ≈ 3 for all the disorder values. Thus, to obtain maximum DF at room temperature (with kB T ≈ 25 meV), an
energetic disorder of σ ≈ 75 meV is required (for values
of γ and trap concentration as given in the caption to
Fig. 4).

F. Inﬂuence of geometric relaxation energy (λ)
The MA rate is very easy to implement in a simulation,
and it is thus widely used to model excitation transport in
disordered materials. However, it neglects that the transfer of an excitation from one site to another is generally
associated with some change in molecular conﬁguration.
The energetic changes associated with these molecular
distortions are expressed in terms of the geometric relaxation energy (λ) [50]. When λ is small compared to the
site disorder parametrized through σ , the MA rate still
gives a very good description [34,37]. We estimate this
is often the case for charges, yet not for triplets, where
geometric relaxation energies can be large compared to σ ,
so that they dominate the transport at room temperature
[37,51]. When such electron-phonon coupling cannot be
neglected, relaxation energy must also enter the expression
of triplet hopping rate as an additional activation term and
the transport at high temperatures can be modeled within
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the Marcus formalism [35].

of the triplet exciton needs to be considered, as detailed in
Sec. S2 within the Supplemental Material [44]. The eﬀect
is that in the Marcus case, the mobility of triplets decreases
faster with temperature when the disorder is large, compared to the MA case. As a result, at higher temperatures,
quenching is more suppressed than in the MA case. Less
quenching implies a higher triplet concentration [T], and
thus the bimolecular TTA process is favored. Overall, this
shifts Tmax to lower temperatures compared to the MA case
[Fig. 4(a)] and leads to higher peak values.
While variation of the disorder has a strong impact on
the fraction of TTA events that occur, changes in the geometric reorganization energy do not aﬀect the intensity of
the room-temperature DF (Fig. 5). Similar to the case of
varying the oﬀ-chain coupling [Fig. 3(b)], the additional
activation energy due to molecular reorganization eﬀects
only modiﬁes the low-temperature part of the curve, while
the behavior at room temperature is entirely dominated by
the disorder contribution.

kij =

Jij2




π
( G + 4Ea )2
exp −
,
4Ea kB T
16Ea kB T

(3)

where Jij = J0 e−γ Rij represents the electronic coupling. J 0
is the nearest-neighbor coupling constant. Ea represents
the additional activation energy due to the geometric reorganization and relates to the reorganization energy (λ) as
Ea = λ/4. G = (εj − εi ) represents the free-energy diﬀerence between the two hopping sites and thus incorporates
the eﬀect of energetic disorder (σ ).
We compare the inﬂuence of material parameters on
TTA and quenching rate when the Marcus rate, Eq. (3), is
used for triplet diﬀusion and summarize the diﬀerences as
compared with the MA approach. We ﬁnd that the inﬂuence of trap concentration (ct ), conjugation length (n),
and anisotropy ratio (γ : γ⊥ ) are qualitatively and quantitatively very similar to the results obtained by using
Miller-Abrahams rate, as shown in Figs. S6, S7, and S8
within the Supplemental Material [44]. A quantitative difference occurs when considering the eﬀect of energetic
disorder on the temperature dependence of quenching, DF,
and Ph events in the presence of geometric reorganization
[Fig. 4(c)]. The activation energy is ﬁxed at Ea = 60 meV
and σ is varied from 20 to 70 meV. Similar to the scenario when the MA rate is used, the relative inﬂuence of
quenching compared to TTA is suppressed with increasing
disorder so that the peak of the DF shifts to higher temperature. However, this peak shift is now accompanied by an
increase in overall intensity for high disorder values, and a
decrease for low disorder values. For σ of about 35 meV,
the temperature and intensity of the DF peak are identical
for the MA and the Marcus rate.
To understand the origin of this diﬀerence, we compare the eﬀect of disorder for both the approaches (Fig.
S9 within the Supplemental Material [44]). We ﬁnd that
the percentage of quenching events at the DF peak temperature, Tmax , is constant when MA rates are used, yet
it reduces with increasing disorder when Marcus rates are
used. More precisely, the quenching events in the Marcus case fall from values above the one for the MA case
to values below it. The reason for this is related to the
way how an additional activation energy impacts on the
overall hopping rates given by Eqs. (1) and (3). For a
MA rate, an increase in disorder can be compensated by
an increase in temperature, so that the average hopping
rate remains unchanged. For higher disorder, the DF peak
occurs at correspondingly higher temperature, yet the ratio
of quenching events to DF events at Tmax remains unaffected. In contrast, in the Marcus rate, Eq. (3), a constant
term is added. How this impact on the rate depends on σ
relative to Ea [34,52]. A detailed analysis is complex and
requires going beyond the rate equation for two individual sites, rather, the statistical mean value for the mobility

G. The role of disorder in the TTA process
The role of disorder is twofold. First, it changes the hopping rate, i.e., Eq. (1) or (3). Second, and perhaps less
appreciated though relevant, is the fact that by changing
the energy landscape, it modiﬁes the spatial distribution
of the triplet states. This is illustrated in Fig. 6 for MA
rates for two cases, σ /kB T < 1 and σ /kB T > 1. Taking kB T
at room temperature, this corresponds to σ values of 20
and 70 meV, respectively. Analogous ﬁgures for 35 and
50 meV can be found within the Supplemental Material
[44] (Fig. S10). The color plot in Fig. 6 (heat map) indicates an exemplary cut through the X-Z plane. In the top
panel, the color indicates the number of annihilations that
occur at any lattice site in that plane. They are normalized
relative to the maximum number of annihilations observed
at a lattice site in that plane. In the bottom panel, any lattice
sites with energies that are more than 1.5σ below the center
of the DOS are indicated in red color. Grid lines are shown
to ease visual comparison between the top and bottom
panel. In addition, an enlarged view is shown in Fig. S11
within the Supplemental Material [44]. Evidently, there is
little correlation between the fraction of TTA events in a
lattice plane and the lower-energy sites when the disorder
is smaller than the mean thermal energy. However, when
the energetic landscape has valleys deeper than the mean
available thermal energy, the TTA events are observed
mostly in the energetic valleys. To allow for a more quantitative assessment, we calculate Pearson linear correlation
function (ρ). Essentially, this function corresponds to the
covariance of the energy of the lattice sites and the number
of annihilations happening at those lattice sites within a
particular plane normalized by the product of their standard deviations (for expression refer to Sec. S3 within
the Supplemental Material [44]). We ﬁnd ρ = −0.12 for a
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relax energetically and hop predominantly through the valleys, so that a nonuniform distribution results. Such a
ﬁlamentary nature of excitation transport has previously
been observed for charges in disordered materials [54,55].
As the bimolecular TTA process depends quadratically on
the triplet density, the TTA events also take place predominantly in the valleys. This implies a higher eﬀective TTA
rate than is expected on the basis of the spatially averaged
triplet density. Evidently, a high σ /kB T value is required
for a high TTA yield.
H. Comparison to analytical calculation
It is instructive to compare the results of the MC simulation to experimental data and to analytical calculations.
In earlier work, we along with others were already able
to demonstrate that kinetic MC simulations can accurately
reproduce the spectral signatures of triplet diﬀusion in conjugated materials [1,18]. Nearly a decade ago, Hoﬀmann
et al. published a detailed investigation of the temperature
dependence of delayed ﬂuorescence and phosphorescence
for poly- and oligoﬂuorenes [30]. As mentioned earlier,
the results of our MC simulation are in very good agreement with the experimental data by Hoﬀmann et al. In this
work, Hoﬀmann et al. also formulated an analytical theory
for the limit of low excitation density that could describe
the experimental results, albeit only when the conjugation
length was not too long. Here we extend the approach
by Hoﬀmann et al. to apply to any excitation density and
compare the analytical result to our KMC data.
Bimolecular recombination with an annihilation rate
constant γTTA (not to be confused with the symbol for
inverse conjugation length) gives rise to DF with an
intensity
IDF = cγTTA [T]2 ,

FIG. 5. Simulated dependence of quenching, DF, and Ph
events with Marcus rate in the presence of both energetic disorder and reorganization induced polaronic disorder. Simulated
data for energetic disorder σ = 35 meV and Ea = 40, 60, 80, and
100 meV. Solid lines serve as a guide to the eye.

disorder parameter of σ = 20 meV, yet ρ = −0.21, −0.23
and −0.22 for σ = 35, 50, and 70 meV. These ρ values are
obtained by averaging over all the planes in the simulation box. It is negative because there is negative covariance
(low energy implies a high number of annihilations).
This is straightforward to understand and can be
explained in the framework of the transport energy developed for charge carriers [53]. For σ /kB T > 1, the triplets

(4)

where c is a constant equal to the fraction of triplettriplet encounters that generate a singlet state times the
rate constant for the radiative singlet decay. [T] denotes
the concentration of triplet excitons. Under steady-state
conditions
d[T]
= 0 = G − (kR + kNR + kQ )[T] − γTTA [T]2 ,
dt

(5)

where G is the formation rate of triplet excitons, k R and
k NR are radiative and nonradiative decay rates, and k Q is
the monomolecular quenching rate. Solving the quadratic
Eq. (5) for triplet exciton concentration and neglecting the
negative solution for [T] yields

[T] =
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(a)

FIG. 6. Color maps showing
(top panels) the relative number
of annihilations per lattice site in
the X -Z plane (with gray indicating zero annihilations and black
implying the maximum number
of annihilation events found in
that plane at a site), and (bottom
panels) the triplet state energies
for each site in that plane. Sites
with energies below 1.5σ of the
mean triplet energy (ET ) are colored in red. This is shown for
300 K for (a) σ = 20 meV (i.e.,
σ /kB T < 1) and (b) σ = 70 meV
(i.e., σ /kB T > 1).

(b)

The condition to derive Tmax , the temperature at which DF
exhibits a maximum.
∂IDF
= 0.
∂T

(7)

To carry out the derivative, we need to assume a temperature dependence for the diﬀerent parameters involved. We
take G, k R , and k NR to be independent of temperature in
agreement with usual experimental ﬁndings, while we consider k Q and γTTA to vary with temperature. For simplicity,
we assume an Arrheniuslike temperature dependence of k Q
and γTTA with constant activation energy E act , viz.


−Eact
kQ = kQ0 + kQ1 exp
kB T

γTTA = γ0 + γ1 exp

−Eact
kB T


,

(8)

.

(9)



Inserting Eqs. (8) and (9) into Eq. (6), Eq. (6) in Eq. (4)
and then using I DF from Eq. (4) into Eq. (7) and solving it,
we obtain
Tmax,1 =


−1
Eact
γ1 kQ1
ln
,
kB
γ1 (kR + kNR + kQ0 ) − 2kQ1 γ0
(10)

Tmax,2

 

−γ1
Eact
ln
=
kB
γ0

−1

.

(11)

In Eq. (9) γ0 and γ1 > 0, so that Tmax,2 is not a proper solution in this context. Thus Tmax = Tmax,1 . This is, exactly
the same expression that was obtained by Hoﬀmann et
al. in the limit of low exciton concentration by neglecting the quadratic triplet-triplet annihilation term in Eq. (5).
As shown by Hoﬀmann for the low-intensity case, a similar expression results when the argument (Eact /kB T) in the
exponential of Eqs. (5) and (6) is replaced by (σ /kB T)2 , that
is
Tmax,1 =


−1/2
σ
γ1 kQ1
ln
.
kB
γ1 (kR + kNR + kQ0 ) − 2kQ1 γ0
(12)

Equations (10) and (12) reﬂect the dependence of Tmax on
key parameters such as the sample purity and on the energetic disorder. The central observation is, however, that
Tmax does not contain any dependence on the generation
rate G. This is at variance with the simulation results (cf.
Fig. 1 and S4) as well as with the experimental observations. Both indicate a dependence of DF peak position on
the excitation intensity. Thus, we reach the conclusion that
the constants k Q0 , k Q1 , γ0 , and γ1 as described in Eqs. (8)
and (9) must, in some way, be dependent on the generation
intensity.
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This information is key and needs to be included to
correctly predict the dependence of DF on the excitation intensity. In contrast to analytical calculations, MC
simulations inherently consider the excitation intensity
dependence of diﬀerent emissive processes and excitonloss processes. In addition, any time dependence of the
diﬀusion and annihilation processes is inherently included,
while analytical calculations (described above) represent
the steady-state condition [56]. The energetic relaxation
and subsequent diﬀusion of excitations into the valleys of
the energy landscape is well known [54,57]. This enhances
the local triplet density there over the average value. We
consider this nonuniform triplet density to be the reason
for the dependence of the above constants on the generation rate G. [Comparison to the MC simulations in Figs. 3
and 4 with Eq. (10) further show that the dependence of
Tmax on conjugation length and transport anisotropy is also
not captured by Eq. (10), unless the impact of conjugation
length and transport anisotropy on the constants k Q0 , k Q1 ,
γ0 and γ1 are explicitly taken into account. This is, though,
of lesser relevance since this dependence is comparatively
weak, as evident in Figs. 3 and 4.]
IV. CONCLUDING DISCUSSION
One of the advantages of kinetic MC simulations is that
it allows to decouple the eﬀects caused from diﬀerent material parameters by systematically varying only one of them.
In this way, our study allowed us to identify and highlight
the strong role of detrimental triplet quenching by impurities. Further, we ﬁnd that the ﬁlm morphology plays a key
role in determining the relative extent of bimolecular and
monomolecular recombination. A morphology of mostly
parallel chains, conducive for directional transport, favors
quenching at the trap sites whereas a gridlike morphology
of many crossing chains that allows for more isotropic hopping enhances the fraction of TTA events. Our study of
delocalization eﬀects suggests that increasing the length of
conjugated segments improves DF by raising the number
of readily accessible crossing points to other chains, thus
increasing the isotropy of transport.
The role of energetic disorder is twofold. First, an
increased disorder reduces the triplet diﬀusivity [19,39,
48]. A high diﬀusivity enables triplet motion to impurity sites where their concentration is reduced. Since TTA
depends quadratically on the triplet concentration, the
fraction of TTA events eventually reduces. Thus, a moderately low triplet diﬀusivity is desirable. In fact, in our
earlier study we found that the reason why the number
of TTA events peaks at a certain temperature is simply that the temperature activated diﬀusivity becomes too
high [30]. This is consistent with the results of Blom and
co-workers on singlet diﬀusion in poly-(p-phenylene vinylene) (PPV) derivatives [58]. They found that the more
disordered super-yellow-PPV had a lower diﬀusivity at

room temperature and thus a longer exciton lifetime. This
gives rise to a higher photoluminescence quantum yield
due to the slower exciton diﬀusion towards quenching
sites [59].
The second role of energetic disorder, however, is that
it causes ﬁlamentary transport, thus enhancing the probability of two triplets to encounter each other rather than an
impurity. A key result of our study is that energetic disorder is crucial for obtaining a high yield of TTA events
at room temperature. For typical values of the remaining parameters, a disorder in the order of σ/kB T ≈ 3 is
required to obtain a DF peak at room temperature. Using
values such as σ ≈ 70 meV, a trap concentration of approximately 1017 cm−3 , γ = 0.5 nm−1 , γ⊥ = 2 nm−1 and a
conjugation length of 20 repeat units, we obtain a yield
of TTA events of 140%, i.e., about 30% DF events for
an excitation intensity of 5 × 1016 cm−3 (Fig. S12 within
the Supplemental Material [44]). We note that the yield of
TTA events exceeds 100% of the initial number of triplets
present. This is because through the spin statistics, we consider secondary processes, i.e., that two triplets may collide
to form one TTA event, then separate (e.g., because they
formed a quintet state), and collide again with a certain
probability.
We ﬁnally address the question of modeling excitation transport via the energetic-disorder-controlled
Miller-Abrahams or polaronic-activation-controlled Marcus approach, which has always been a topic of debate in
the community [60]. Coehoorn and co-workers have been
able to successfully model charge transport and exciton
dynamics in OLEDs by simply incorporating the MillerAbrahams transport rates [1,32,40–42]. The recent full
quantum treatment of charge-carrier dynamics in amorphous organic semiconductors indeed conﬁrms that the
MA approach captures the salient features of transport,
albeit at low temperatures [61]. In our earlier studies
we observed that the reorganization energy can have a
substantial inﬂuence on the rates for triplet processes,
notably at higher temperatures (>100 K), which requires
the use of the Marcus rate to describe the hopping process [18]. Therefore, we use the MA approach to ﬁrst
address the current problem and subsequently only highlighted the key diﬀerences that can be expected if the
reorganization energy eﬀects are explicitly considered in
these energetically disordered materials. We observe that
delocalization eﬀects and the eﬀects due to trap concentration do not change. Disorder eﬀects are also more
or less similar except for an increase in DF intensity
for higher energetic disorders. Decreased reorganization
energy increases the DF at low temperatures but does not
have any eﬀect on room-temperature DF. We attribute the
comparatively low sensitivity of the result to the speciﬁc
hopping rate chosen to the fact that this study is concerned
with determining yields for triplet processes rather than
rates.
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In brief, we develop a kinetic Monte Carlo study that
describes how TTA, triplet quenching and phosphorescence evolve as a function of temperature when a wide
range of experimental and material parameters are varied. Our results are qualitatively consistent over a whole
range of parameters with the experiments performed on a
series of poly(p-polyﬂuorenes), conﬁrming the suitability
of the model [33]. We ﬁnd that the choice of hopping rate
is not critical when considering the yield of TTA events,
and that analytical studies need to include the intensity and
time dependence of quenching and annihilation constants
to come to a description that reﬂects experiments. Optimizing the TTA process, and concomitantly the yield of
DF, to peak at room temperature is possible. It requires
(i) a high disorder and therefore dispersive transport (in
the range of σ /kB T ≈ 3), (ii) a high sample purity (about
1017 quenching sites per cm3 ), and (iii) a morphology and
conjugation length with many contact points that enables
isotropic hopping.
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