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ABSTRACT: Large exciton diffusion lengths generally improve the perform- Classical Hopping (KMC)

ance of organic semiconductor devices, because they enable energy to be

transported farther during the exciton lifetime. However, the physics of exciton

motion in disordered organic materials is not fully understood, and modeling & ¢ — )J ¢ — \
the transport of quantum-mechanically delocalized excitons in disordered

organic semiconductors is a computational challenge. Here, we describe Delocalized Hopping (AKMC)
delocalized kinetic Monte Carlo (dKMC), the first model of three-dimensional

exciton transport in organic semiconductors that includes delocalization,

disorder, and polaron formation. We find that delocalization can dramatically - \
increase exciton transport; for example, delocalization across less than two '\‘| — )J \
molecules in each direction can increase the exciton diffusion coefficient by over

an order of magnitude. The mechanism for the enhancement is 2-fold:

delocalization enables excitons to hop both more frequently and further in each

hop. We also quantify the effect of transient delocalization (short-lived periods where excitons become highly delocalized) and show
that it depends strongly upon the disorder and transition dipole moments.

flicient energy transport, in the form of excitons, is delocalization, after observing individual calculated exciton

essential to the performance of organic semiconductor trajectories in which otherwise localized excitons occasionally
devices, including solar cells, light-emitting diodes, and flexible moved a large distance through brief transitions to highly
electronics."~® However, continued development of materials delocalized states.”” In the context of exciton transport in
with large exciton diffusion lengths is limited by theoretical and organic crystals, Giannini et al. showed that ignoring
computational models of exciton transport that lack important delocalization events reduced the diffusion coeficient 3-fold.”
features. In particular, excitons are often assumed to be However, the basic mechanism of delocalization-enhanced
localized onto individual molecules and to hop between them exciton transport remains incompletely understood, largely
via Forster resonant energy transfer (FRET).”’~'" However, because computational complexity of existing techniques limits
the assumption of localized excitons often fails, leading to simulations to individual materials, low dimensions, short
underestimates of how far excitons can travel.'' Instead, the times, short length scales, or few trajectories. Conclusively
movement of excitons often falls into the theoretically awkward establishing that diffusion enhancements are caused by
intermediate regime between completely localized excitons delocalization requires a method that can go beyond studying

(described using FRET) and completely delocalized excitons
(described using band transport).

Recent studies have significantly improved the modeling of
partially delocalized excitons in the intermediate regime,
showing that delocalization improves exciton transport.
These studies have ranged from detailed atomistic approaches
using multi-configurational time-dependent Hartree
(MCTDH)"*™"® to approaches that balance accuracy and
performance to extend the simulations to lar%er length or time
scales, including quantum master equations "' and surface
hopping.””~*> It has been proposed that delocalization
enhancements of exciton transport are caused by short periods
of large delocalization, dubbed transient delocalization.”>*32°
In particular, Sneyd et al. hypothesized that large diffusion
coefficients in one-dimensional (1D) poly(3-hexylthiophene)
(P3HT) nanofiber films were a consequence of transient

individual materials and can predict trends across wide
parameter ranges while reproducing localized hopping in the
correct limits. Similarly, determining whether delocalization
enhancements are caused by large enhancements to a few
events (as suggested by the hypothesis of transient
delocalization) or smaller enhancements to many events
requires a way to quantify transient delocalization. To
understand the role of delocalization in organic devices
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Figure 1. dKMC model of exciton transport. (a) Exciton transport is modeled on a regular lattice of sites (spheres) with randomly oriented
transition dipole moments y and disordered energies (different colors). Sites are coupled to each other with dipole—dipole coupling J and to an
environment (motion lines). (b) Diagonalizing the polaron-transformed Hamiltonian produces the partially delocalized excitonic states (clouds;
only some states shown), whose size depends upon the strength of the disorder, the excitonic couplings, and the coupling to the environment. (c)
dKMC propagates the dynamics through the excitonic states by tracking and averaging over individual trajectories (green line) through large
systems. At each step, polaron states are only calculated within a small neighborhood, and the destination state is chosen probabilistically from the
outgoing rates (arrows), which are only calculated for states within a cutoff distance (black dotted line).

requires the ability to model delocalized exciton motion in
mesoscopic three-dimensional systems over realistic transport
time scales.

Here, we solve these problems by developing delocalized
kinetic Monte Carlo (dKMC), the first model of three-
dimensional exciton transport that includes the essential
ingredients of disorder, delocalization, and polaron formation.
Our algorithm is based on our dKMC for charge transport;””**
although the equations of motion are similar, exciton dynamics
is significantly different from that of charges because of the
long-range nature of excitonic couplings. The numerical
performance of dKMC allows us to scan wide parameter
ranges to establish that delocalization improves exciton motion
on long time and length scales and in the three dimensions
inaccessible to some previous techniques. We show that the
delocalization enhancement is a consequence of both increased
hopping distances and frequencies and not just one factor
alone. Lastly, we develop a general method to quantify the
contributions of transient delocalization events, showing that
the impact of transient delocalization depends strongly upon
the energetic disorder and the molecular transition dipole
moments.

We model the transport of excitons on a regular, d-
dimensional lattice of N sites (Figure 1la). The energies E, of
the sites are disordered, chosen randomly from a Gaussian

distribution, g(E) = exp(—(E — EO)Z/ZGZ)/\/ 276*, whose
standard deviation o is the excitonic disorder.”” Each site is
also assigned a transition dipole moment g, with constant
magnitude y but random orientation. The sites are coupled to
each other by the dipole—dipole interaction, J,,, = &,,.4"/47e&,|
R,,I°, where R, is the distance vector between sites m
and n and ¢&,, is the orientation factor, &, =4 ‘A —
3(ﬁmn-ﬁm)(ﬁmn-ﬁn ), where hats indicate corresponding unit
vectors. The random orientation of the dipole moments
produces (off-diagonal) disorder in the excitonic couplings,

because they depend strongly upon the orientation of the two
dipoles. The Hamiltonian describing the system is then given

by

z ], Jm){nl

H = z E,In){nl +
n m#n

1
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The environment is treated as an independent bath of
harmonic oscillators on every site™®

HB = Z wnkb:kbnk
nk (2)

where w,; is the frequency of mode k on site n, with creation
and annihilation operators b, and b,. The system—bath
interaction is described with a linear coupling of each site to its
bath modes

Hgy = Z gnk|”><”|(b:[k + by)
n,k (3)

We account for the formation of (excitonic) polarons, quasi-
particles containing the exciton, and the associated distortion
to the bath.’”*" Polaron formation is included in the model by
applying the polaron transformation®

e’ = exp Z ﬁln)(nl(b:k
nk Wy

- bnk)
(4)

to the entire Hamiltonian, giving Htot = eSHtote_S
Hg + Hy + Hg. The transformation displaces the bath
modes, giving the transformed system Hamiltonian

H = Z E,In)(nl + Z T, i Kmal) (il

m#n

(5)

where E, = E, — 2 |gnk|2/ w;. and the excitonic couplings are

olbimln)

where T is the temperature. The bath Hamiltonian is
unaffected, Hy = Hy, and the system—bath Hamiltonian
becomes Hg= Znim]mnlm)(anm %4

mn —
Skt _ -
eXP(Zk wmk(bmk bmk) Zk
For simplicity, we assume the same system—bath interaction
on all sites, g, = g with spectral density J(w)=

renormalized by

2
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Figure 2. Delocalization enhances exciton transport. (a) Delocalization length I, of excitonic states increases with the transition dipole moment
u in all dimensions (shown for ¢ = 30 meV). (b) Exciton diffusion coefficient D as a function of y, predicted without (KMC) and with (dKMC)
delocalization, for ¢ = 30 meV. In all dimensions, the dKMC diffusion coeflicient is larger and increases faster with y compared to that predicted by
KMC. This delocalization enhancement is greater in higher dimensions. The error bars are the standard errors of the mean. (c) Delocalization
length .. and (d) diffusion coefficient D predicted by KMC (blue) and dKMC (orange), for varying ¢ and y in two dimensions. Both the extent
of delocalization (lgy,:) and the delocalization enhancement of D increase with both increasing i and decreasing o.

2 gkzé(w — w;).” Doing so simplifies the renormalization

factor to

—K—exp( f da)

We use a super-ohmic spectral density J(w)=
33-36

coth(a)/ZkBT) )

%(a)/ a)c)3 exp(—w/w,), with a reorganization energy of
A = 150 meV of each molecule (which is within the range of
typical values found in organic semiconductors'"*"****) and a
cutoff frequency @, = 62 meV.”’

After the polaron transformation, we diagonalize H to find
its eigenstates, namely, the polaron states v (Figure 1b).
Because x < 1, the polaron transformation reduces the
excitonic couplings, meaning that polaronic states are smaller
than those of the bare excitons,”” simplifying the calculation.
The polaron transformation also absorbs most of the system—
bath interaction into the polaron itself, after which the reduced
system—bath coupling is treated as a perturbation to second
order.”>3*3%7%7 Ag detailed previously,””*° the result of the
perturbative treatment is the secular polaron-transformed

Redfield equation (sPTRE)*

dp, (1)
_w:’ _ R o, .(t
dt Z b () (8)
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a master equation for the polaron-state populations p,,(t). The
Redfield transition rates

R = 2Re Fb (7% 51/1/ Z 2Re I, VK,KV
)
describe the bath-induced relaxation in terms of the damping
rates
.“V;,“V = Z ]mn]m'n'

mnmn

(,ulm)(nlu) </’t/|m/> <n/|y/>1<mn,m'n'(wy"u’) (10)

where K, /(@) = [ ¢ @ (2)V,,(0))gdr is the half-

Fourier transform of the bath correlation function

< (T)V ' /(0)>B = Kz(e A7) _ 1)7 where j'mn,m’n’
) ) + 6 ) and ¢(r)=
19 (cos(we)coth(f/2) — i sin(wr)).**

Solving eq 8 to calculate the dynamics of all of the excitons
is only computationally tractable for small systems. Instead, we
use dKMC,””*® which stochastically unravels the master
equation onto kinetic Monte Carlo and improves the
numerical performance using distance-based cutoffs enabled
by the limited polaron sizes. Here, we summarize the
algorithm, given in full in section SI of the Supporting
Information. First, we select a random disordered landscape of
N sites from the distributions described above, and then and

mm’ mn' nn' nm'
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throughout the simulation we diagonalize subsets of this larger I3, in three dimensions indicates the importance of

landscape to only find polaron states close to the current
location of the exciton (Figure 1c). Then, Redfield rates R,/
for hopping from the current state v are only calculated for
destination states v’ that lie within a certain cutoff radius. In
calculating each of these rates, we truncate the sum in eq 10 to
only include sites contributing the most to the populations of
each state, i.e., the fewest sites m such that ., |(ulm)I* exceeds
a population cutoff. Both of these cutoffs are adjusted to obtain
a target accuracy. The destination state is chosen probabilisti-
cally among the possible targets, in proportion to the
corresponding hopping rates, as in a standard kinetic Monte
Carlo. The procedure is repeated until a chosen final time £,,4,
giving an individual exciton trajectory. The simulation is then
repeated for many trajectories on many realizations of disorder
to obtain sufficient statistics and allow the exciton diffusion
coeflicient to be calculated as

d| (1))

dt\ 2d

(11)

t=tend
where (r*(t)) is the mean-squared exciton displacement,
averaged over trajectories (angle brackets) and realizations of
disorder (overline).

In disordered materials, such as those considered here, D is,
strictly speaking, a time-dependent quantity. Transport in
disordered materials is dispersive: as the exciton is given more
time to explore a disordered landscape, its energy will steadily
decrease as it finds deeper energetic traps, which it must
escape, reducing the diffusion coefficient as time continues.
Therefore, it is necessary to specify an end time t,,4 at which D
is calculated. In this work, we use f,q = 100ps, a typical
excitonic transit time for typical length scales in organic
semiconductors.

All approximations in dKMC are conservative; ie., they
underestimate the extent and effect of delocalization, as
detailed in section S2 of the Supporting Information. In
particular, distance-based cutoffs required by dKMC lead to an
underestimation of delocalization effects, as does the finite
simulation time scale f,4. Although some excitons move on
longer time scales, increasing f.,4 would also increase
delocalization enhancements.

To determine the effect of delocalization on exciton
transport, we vary two key parameters: the transition dipole
moment g and the excitonic disorder o. All other simulation
parameters are outlined in section S3 of the Supporting
Information. Figure 2a shows that increasing y increases the
exciton delocalization, especially in higher dimensions. We
quantify the delocalization using the delocalization length

ldeloc = ml/d (12)
where IPR is the average inverse participation ratio of the
polaron states.

-1

PR, = [ ) Knl)l*
n (13)

The IPR roughly corresponds to the number of sites an
excitonic state extends over. Therefore, l4,,. measures to the
extent of an excitonic state in each direction, enabling
comparisons between different dimensions. The considerably
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fully three-dimensional (3D) simulations.

Delocalization significantly increases exciton diffusion,
especially in higher dimensions (Figure 2b). In each
dimension, the diffusion coeflicients predicted by KMC and
dKMC agree at low i, where the electronic states are localized.
As i increases, Dgxyc becomes larger than Dyy;c, demonstrat-
ing that delocalization enhances exciton transport. For y =
10 D in two dimensions, delocalization across less than two
molecules in each direction (lgge. = 1.5) gives a delocalization
enhancement of Dggyc/Dimc = 13. Furthermore, the
delocalization enhancement is greater in higher dimensions if
all parameters are held fixed. In three dimensions, despite the
large computational savings, dKMC is limited to small p
because the excitonic states become too large to be contained
within computationally tractable boxes.

Our conclusions about the importance of delocalization are
general, holding at all typical values of excitonic disorder. In
particular, at any o, increasing g increases the IPR, the
diffusion coefficient D, and the enhancement Dgxpic/Dxmc
(shown for two dimensions in panels ¢ and d of Figure 2).
These parameter scans also show the deleterious effect of
disorder on exciton diffusion; increasing ¢ reduces both IPR
and D at constant p.

The mechanism of delocalization-enhanced exciton trans-
port is 2-fold: excitons both hop further in each hop, and they
hop more frequently, two contributions that are distinguished
in Figure 3. The first mechanism is that delocalized excitons
hop further in each hop, on average, than localized excitons.
Figure 3a shows that the mean-squared hopping distance
(dyop”) grows as a function of 4 in both KMC and dKMC but
much more rapidly for the latter. The parameter scan in Figure
3c repeats the same calculation at various values of ¢, showing
that (dhOP2> increases with both increasing ¢ and decreasing o.
As p increases or ¢ decreases (or both), the excitons become
more delocalized, increasing their coupling to exciton states
that are further away, thus enabling them to hop further in one
hop. Furthermore, the longer distance couplings provide more
possible hopping destinations, increasing the likelihood of
finding an energetically favorable (and thus faster) transition.
The second mechanism of delocalization-enhanced transport is
that the rate of hopping between delocalized excitons is greater
on average, reducing the time between transitions. Figure 3b
shows the average sum of transition rates for hops leaving a
particular state, (Z,,RW), as a function of . As p increases,
()R, ) increases in both KMC and dKMC but considerably
faster in dKMC. The calculation is repeated in Figure 3d for
(3, R,,) but as a function of both u and 6.

Both mechanisms are necessary to explain the large
delocalization enhancements seen in panels b and d of Figure
2. For example, for the parameter values in panels a and b of
Figure 3, the enhancement to (dhopz> is 3X, while that to
(X R,) is 4%, neither of which is sufficient to explain the
12X or 13X enhancement to D in Figure 2b. However, by
dimensional analysis, the enhancement to D should be
proportional to the product of the enhancements to (dhopz)
and () R, ). Indeed, the product of the 3X and 4X
enhancements accounts for the overall 12—13X enhancement
in D. Similarly, over the greater parameter range in panels ¢
and d of Figure 3, multiplying the 25X enhancement to (dhopz)
with the 4.5X enhancement to (), R,,) explains the overall
120X enhancement to D seen in Figure 2d.

https://doi.org/10.1021/acs.jpclett.2c03886
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Figure 3. Mechanism of delocalization-enhanced exciton transport. (a) Mean-squared hopping distance (dhopz) and (b) mean outgoing rate sum
(X, R,,) as functions of the transition dipole moment y for dKMC and KMC in each dimension. As delocalization increases with increasing y, the
dKMC values of both (dhopz) and (YR, ) grow faster than their KMC (localized-hopping) versions. When the enhancements to (dhopz) and
(X,R,,) are multiplied, they account for the total delocalization enhancement to D seen in Figure 2b. Similarly, (c) (d,,,”) and (d) (3, R,,) as
functions of both y and the disorder ¢ for dKMC (orange) and KMC (blue) in two dimensions. As in panels a and b, multiplying the
enhancements to (dhopz) and (3, R,,) accounts for the delocalization enhancement to D in Figure 2d.
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Figure 4. Quantifying transient delocalization. (a) IPR of an exciton over a single trajectory in 2D with g = 10 D. Most of the time, the IPR of an
exciton is near the average (IPR), but occasionally, it briefly delocalizes a large amount, known as transient delocalization. (b) Lorenz curves
showing the cumulative contributions to D of the bottom x% of hopping events, ranked by IPR. The line of equality represents exciton transport
where every hopping event contributes equally to D. The Gini coefficient quantifies how disproportionate the contributions from highly delocalized
events are; it is twice the area between the Lorenz curve and the line of equality. In the more localized example (4 = 1 D), a low Gini coefficient G
= 0.01 implies insignificant transient delocalization. In the more delocalized example (4 = 10 D), the higher value G = 0.43 demonstrates a greater
importance for transient delocalization events; for instance, 25% of the most delocalized hopping events account for S1% of D. (c) Gini coefficients
for a range of y and o in 2D, showing that the importance of transient delocalization depends strongly upon the parameters.

Although the average enhancements can be explained using alternative would be that the delocalization enhancement was
the mechanisms above, averages do not tell the whole story, caused by smaller improvements to many (or all) of the hops.
and to understand transport, we also need to look at Distinguishing these two possibilities requires a way to

measure the inequality of distributions. To do so, we use the
Lorenz curve, a plot of the cumulative distribution function
commonly used in economics to quantify the inequality of
wealth distributions.***’ In studying wealth distributions, the
Lorenz curve shows the fraction of the wealth owned by the

distributions. The delocalization of an exciton is not fixed
but can fluctuate rapidly and by a large amount from the mean
(IPR) (Figure 4a). Transient delocalization is the hypothesis
that these fluctuations are important, i.e., that a few hops

involving highly delocalized states contribute disproportion- bottom x% of the population, i.e., the cumulative proportion of
ately to the delocalization enhancement to D, whereas the the total wealth held by a cumulative proportion of the total
2159 https://doi.org/10.1021/acs jpclett.2c03886
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population (ranked by wealth). If every person had an equal
amount of wealth, the Lorenz curve would be a straight line
known as the line of equality. Departures from equal
distributions are measured by the Gini coefficient G, which
is twice the area between the line of equality and the Lorenz
curve. A fully equal wealth distribution has a Gini coeflicient of
0, and the wealth inequality grows as the Gini coefficient
increases, up to its maximum value of 1.

To quantify the inequality of distributions of exciton hops
based on the extent of delocalization, we plot the cumulative
contribution to the diffusion constant D of the cumulative
proportion of hopping events, ranked by IPR (Figure 4b). To
construct this Lorenz curve, we assign to each hop the greater
of the IPRs of the donor and acceptor states, and then we rank
all of the hops in all of the trajectories based on this IPR. To
calculate the contribution of the bottom x% of hops, we
construct new trajectories where the top (100 — x)% of hops
are removed; ie., we connect together the displacement
vectors of the retained hops. The diffusion coefficient
predicted by these new trajectories is the contribution to the
total D that can be assigned to the bottom x% hops. Unlike
Lorenz curves for wealth inequality, our Lorenz curve may, in
exceptional cases, rise above the line of equality because it is
possible (although rare) for states with smaller IPR to
contribute more to D than larger states. Nevertheless, the
Gini coefficient remains a useful measure of the dispropor-
tionate influence of transient delocalization effects.

Panels b and ¢ of Figure 4 show that the Gini coefficient is
smaller for relatively localized systems and larger for
delocalized systems, whether the delocalization is caused by
large y or small 6 (or both). Therefore, the importance of
transient delocalization depends strongly upon the parameter
regime: in disordered systems with weak couplings, it can be
negligible, and it only becomes significant in organic
semiconductors that are relatively ordered and have strong
couplings among sites. This agrees with the finding that
transient delocalization can have a large effect in organic
crystals,”” where disorder is low and couplings are large.

Quantifying transient delocalization with the Gini coeflicient
has the advantage of taking into account the entire distribution
of trajectories. In contrast, initial approaches to transient
delocalization™ only identified individual transient delocaliza-
tion events in particular trajectories, which cannot be
guaranteed to be typical, especially in disordered materials
where individual trajectories can behave very differently. More
recent work classified events as transient delocalization or
not;”” however, doing so requires an arbitrary cutoff and
discards information contained in the full distribution. For
example, IPR fluctuations to (IPR) + 1 may be sufficiently rare
to classify such events as transient delocalization in one
material”” but insufficient in another material with larger
fluctuations. For example, Figure 4a shows a material where a
cutoff of IPR = (IPR) + 1 would label as many as 24% of
events as transient delocalization, meaning that they are no
longer remarkable, rare events. A more generic definition
might have a cutoff that depends upon the spread of the IPRs,
setting the limit of transient delocalization at IPR = (IPR) +
wopr, where w = 1 has been used when studying charge
transport to characterize the time between wave function
delocalization events,”® but even this requires an arbitrary
choice of how many standard deviations w should be
considered. Because our method applies to any distribution
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of events, it can quantify transient delocalization in all
parameter regimes (Figure 4).

Overall, the computational performance of dKMC has
enabled some of the largest simulations of delocalized exciton
transport in disordered materials. Previously, the largest such
simulations were two-dimensional (2D) simulations of about
300 molecules for 1 ps;22 in contrast, we simulated 3D systems
with millions of sites for 100 ps. In addition, the speed of
dKMC allows predictions of general trends over large
parameter ranges, which have yielded the mechanistic insights
above.

This gain in computational performance requires a series of
approximations that can be limiting in some cases. Many of the
assumptions in dKMC come from the underlying master
equation, sSPTRE. While sPTRE is accurate in the parameter
ranges studied here, it loses accuracy when the system is
weakly coupled to a slow bath, where the exciton dynamics
occurs faster than the bath relaxation, preventing the relaxed-
bath assumption of the fully displaced polaron trans-
formation.””*”***! As an alternative, the variational polaron
transformation®>**>* would allow dKMC to be more
accurately applied to a system weakly coupled to slow baths
or to an ohmic or sub-ohmic bath. Similarly, SPTRE uses the
secular approximation to neglect coherences between states
and justify tracking only the polaron populations. The
approximation is justified because coherences are unlikely to
be induced in incoherent light,”>~®> and even if they were, they
would be unlikely to survive on exciton-transport time scales.
However, if required, dKMC could be adapted to include
coherences. A final assumption is the local (diagonal) system—
bath coupling, which is usually made in disordered organic
semiconductors.”® However, in organic crystals, non-local (off-
diagonal) system—bath couplings become important as they
introduce dynamic disorder in the electronic couplings, which
can be relevant on the fast transport time scales in organic
crystals.'” Relaxing the local-bath assumption would require a
significant adjustment to the sPTRE equations of motions,
because the polaron transformation relies on the ability to
remove diagonal system—bath couplings.

dKMC could be applied to explain the exciton-transport
behavior of specific disordered materials using multiscale
simulation. dKMC input parameters, o, y, 4, and @, can be
calculated for specific materials using atomistic quantum-
chemistry simulations, as has been done for other effective
Hamiltonian models of exciton transport,””*>***°

We anticipate that dKMC will also be applied to describe
related processes in optoelectronic materials, including exciton
recombination, exciton dissociation, and singlet fission.
Eventually, we expect that it will be possible to incorporate
delocalization into mesoscopic simulation of all optoelectronic
processes relevant to organic electronics and, through rates
predicted by dKMC or simplifications, such as jKMC,** into
device-scale drift-diffusion models.

In conclusion, dKMC describes mesoscale 3D exciton
transport in organic semiconductors, for the first time,
including the important ingredients of disorder, delocalization,
and polaron formation. Our simulations show that delocaliza-
tion significantly improves exciton transport over classical
hopping, especially in higher dimensions. We showed that this
enhancement is a combined effect of larger average hopping
distances and outgoing rates, and we quantified the
contribution of transient delocalization, finding that its
importance depends strongly upon the nature of the material.
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We anticipate that these mechanistic insights will aid in the
discovery of improved exciton-transport materials and that our
simulation techniques can be further extended to address other
open questions in organic optoelectronics.
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