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The outcome of excited-state processes is strongly dependent on initial conditions, i.e., the nature of
the state arising from excitation. The physics of photoexcitation and the nature of the excited states gen-
erated are well established and applied routinely in the exploration of photochemical mechanisms and the
interpretation of laser experiments across a broad range of molecules and materials. However, despite its
importance in emerging technologies such as organic light-emitting diodes (OLEDs), the nature of excited
states formed by electrical excitation is much less understood. In this paper, we use kinetic Monte Carlo
(KMC) simulations to reveal that during charge recombination there is a substantial probability of form-
ing higher-lying excited states with >0.5 eV excess energy compared to the lowest excited state. The
probability of these hot-exciton pathways depends on the energy gap between the states and the intrinsic
energetic disorder in the system. Our simulations also reveal the concept of electrical selection, in that
only higher-lying excited states exhibiting HOMO — x or x — LUMO character (where “HOMO” refers
to the highest occupied molecular orbital and “LUMO” refers to the lowest unoccupied molecular orbital)
can be formed. Importantly, the potential to form these higher-lying excited states is likely to have signif-
icant implications for the lifetime of OLEDs, especially those operating in the blue, as the excess energy
will push the core components closer to the damage thresholds, increasing the probability of degradation.

DOI: 10.1103/PhysRevApplied.20.044046

I. INTRODUCTION

Upon interaction with light, a molecule can be trans-
ferred into an electronically excited state, the precursor
to many core chemical events such as charge transfer
[1], energy transfer [2], and dissociation [3,4]. Crucially,
the nature of the excited state and the ensuing dynamics
are strongly dependent on the characteristics of the radi-
ation source used [5] and therefore an extensive research
effort has focused on determining the role of intensity
[6,7], wavelength [8,9], and duration [10] on the initial
conditions associated with the photoexcited states gener-
ated. In contrast, excited states in many emerging organic
electronics technologies, such as organic light-emitting
diodes (OLEDs), are generated by the electrical excita-
tion, i.e., through the recombination of charges (electrons
and holes) as they traverse the material under the influence

*thomas.pope2@newcastle.ac.uk
ftom.penfold@newcastle.ac.uk

Published by the American Physical Society under the terms of
the Creative Commons Attribution 4.0 International license. Fur-
ther distribution of this work must maintain attribution to the
author(s) and the published article’s title, journal citation, and
DOL

2331-7019/23/20(4)/044046(8)

044046-1

of an external bias [11]. In such cases, it is important to
recognize that the excited states formed by charge recom-
bination are profoundly different from those formed by
photoexcitation. These differences are most apparent in
the importance of spin statistics for charge recombination
over transition dipole moments in photoexcitation, which
leads to the majority of the initially generated excitons
forming in the triplet states, a process usually forbidden
or only weakly allowed in the case of photoexcitation
[12—15]. However, despite its importance, comparatively
little is known about the initial conditions of the excited
states generated upon electrical excitation.

Presently, the mechanism of charge recombination dur-
ing electrical excitation is understood through simplistic
empirical considerations. It is usually assumed that the
charges traverse the material through the lowest unoc-
cupied molecular orbital (LUMO) and highest occupied
molecular orbital (HOMO) levels for the electrons and
hole, respectively, leading to the formation of either the
lowest singlet (S;) or triplet (77) states. Beyond this,
Li et al. have recently proposed a hot-exciton mecha-
nism [16]. This relies upon the assumption that exci-
ton formation initially occurs through the formation of
a charge-transfer (CT) state [15,17,18]. In such cases,
by designing molecules in which the CT states are
not the lowest excited states and suppressing internal
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conversion to lower-lying excited states, the authors
have proposed that the charge recombination could effi-
ciently generate excited states at higher energy [19]. In
the context of OLED performance, especially for ther-
mally activated delayed fluorescence (TADF) emitters
[20,21], the formation of higher-lying excited states may
open new efficient pathways for converting triplet to
singlet excitons [22]. This mechanism has been used
to interpret some high-performing OLED devices [23].
However, these higher energetic states may also open
the pathway to degradation [24,25], especially for blue
OLEDs, which currently suffer short operational life-
times, as the emission energy of blue light (3.1 eV)
is close to the dissociation energy of a typical C—N
bond, which is approximately 3.2 eV, illustrating that
even a small amount of excess energy could significantly
increase the rate of degradation and reduce the device
lifetime.

Lee et al. have previously identified high-energy excited
states as a key source of degradation of blue OLEDs
[26] but in this case, the excess energy has been gener-
ated by triplet-triplet annihilation (TTA), forming ener-
getically hot states with double the energy of the lowest
triplet state (approximately 6 eV). To overcome this, the
authors included extra molecules into the device to rapidly
accept the excess energy before damage is induced on
the dopant or host. Overall, the short operation lifetime
of blue OLEDs is usually attributed to exciton-exciton
or exciton-polaron annihilation processes [27-29], which
generate very high energetic states. Importantly, both of
these processes rely on exciton diffusion and can, therefore,
be somewhat controlled by minimizing the excited-state
lifetime or guest density, reducing the density of triplet
states.

In this paper, we present an alternative pathway to
higher-lying exciton formation. Using kinetic Monte Carlo
(KMC) simulations to study the dynamics of exciton for-
mation by charge recombination in an organic thin film,
our simulations reveal the potential for hot-exciton states
to form during, not after, exciton generation. The probabil-
ity of forming these high-lying excited states depends on
the energy gap between the states and the intrinsic ener-
getic disorder in the system but remains significant even
for higher-lying excited states with >0.5 eV excess energy
compared to the lowest excited state.

II. THEORY AND METHODS

Charge transport in organic semiconductor systems
occurs via thermally assisted hopping events, which we
model using a KMC approach [30]. Here, the molecules
are modeled as a uniform cubic lattice of grid points,
each containing a set of four energy levels (HOMO — 1,
HOMO, LUMO, and LUMO + 1). Holes and electrons are
distributed throughout the system, with holes distributed

on the HOMO levels and electrons on the LUMO levels,
each with an initial charge density py. For a given config-
uration, each charged particle can hop to a site within a set
radius of its origin site (v/3L, where L is the spacing of the
cubic grid points) and, for a hopping event from level m on
site i to level n on site j, there is an associated change in
energy for the system AE". Given this change in energy,
a Miller-Abrahams rate is calculated,

—AE"™ [kgT
kmn —w e—2y|R-j| % e 1 ks 5 AE:;M > 0,
= W

! 1, AEF" <0, M
where Rjj is the spatial vector between sites i and j, y
is the inverse charge localization, and wy is the hopping-
attempt frequency of the charged particle. The KMC
procedure involves calculating this rate for all possible
hopping events, randomly selecting one for the resulting
probability distribution of events, and updating the system
accordingly. This procedure is repeated until the number of
iterations Ny, 1s fulfilled. In addition, each system is gen-
erated and simulated N, times and the output parameters
are taken from a statistical analysis of all simulations on
each system.

To simulate the effect of uncorrelated noise arising from
orientation and conformational differences between the
molecules, the energy E!" for level m of site i in the sys-
tem is given by the unperturbed energy of the given level
and a site- and level-specific energy chosen randomly from
a Gaussian density of states (DOS) of width o, where the
size of o reflects the disorder and therefore the energy
width of the states. The difference in energy due to a hop-
ping event from level m on site i to level n on site j is given

by
AEY" = (EP = B]) + AES™ + AERY,  (2)

where AEfY is the change in energy due to the external
electric field and the Coulomb term, resulting from electro-
static interaction between a charged particle and all other
charged particles in the system, is given by

Coul_l 1 _ 1
M= Z IRy Z IRi| | ©)

r ki ki
k=occupied k=occupied

where ¢, is the relative permittivity of the medium. In all
that follows, the field is set to 5 x 10° V/cm, chosen to
generate a reliable forward mobility in all systems stud-
ied, while still allowing for some diffusion. Note that at
this field, the relative energy difference for an up- or down-
field jump is 0.05 eV, well below the width of the Gaussian
DOS and the energy gap between energy levels, so that the
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FIG. 1.

promotion of any hot excitons is due mostly to the intrin-
sic properties of the system and not to the applied electric
field.

In addition to hopping events from site to site, a charged
particle in the HOMO — 1 (LUMO + 1) level can relax
to the HOMO (LUMO) level on the same site. This rate,
unless otherwise stated, is assumed to be 2 orders of mag-
nitude higher than the hopping-attempt frequency, ki’;’o =
100 x wy and so is overwhelmingly probable whenever the
charge configuration allows it.

Whenever an electron and hole exist on the same site,
an exciton is formed, the nature of which is governed
by the energy levels of the hole and electron. Figure 1
shows the level configuration on each site and the resulting
exciton configurations with their corresponding energies.
The lowest-lying exciton e; is formed from a HOMO-
to-LUMO transition. The gap, Ay, between these orbitals
has been set to 0.4 eV throughout this work. While this
would correspond to an OLED emitting at 2500 nm, this
value has been chosen to encourage exciton formation and
reduce the computational expense of obtaining realistic
statistics from the simulations. However, despite the small
energy gap, this will not change the relative population of
the e), ey, and ez states. For this, it would be the energy
gaps between the HOMO — HOMO — 1 and LUMO —
LUMO + 1 levels that would be most important, as inves-
tigated here. The first hot exciton, e;, is formed from either
aHOMO — 1 — LUMO ora HOMO — LUMO + 1 tran-
sition, leading to a state with an excess energy of A. The

TABLE I. A list of the values of all the free parameters given
in the KMC calculation.

Parameter Description Value  Units

Ao HOMO-LUMO gap 0.4 eV

00 Initial charge density 1073 nm™!

y Inverse charge localization 2.0 nm~!

L Lattice spacing 1 nm

F Applied field 5x10° V/em

wy Hopping-attempt frequency 102 s~!

€r Relative permittivity 3.0 €

N System dimensions 200°  Grid points
Niter System iterations 105  Tterations
Ngim System simulation 88 Simulations

A schematic of the energy levels on each site and the corresponding excitons for the (a) ey, (b) e;, and (c) e3 states.

highest-lying hot exciton, e3, is formed from a HOMO —
1 — LUMO+I transition and has an excess energy of 2A.
Throughout this work, the spin state of the excitons is not
ascribed, as the mechanism of interest is independent of
spin. The model of excitonic states developed on each site
represents a molecule with three close-lying excited states,
all of similar character, where only the relative energetics
control the populations. Any differences associated with
cross sections for recombination for states of different char-
acter, such as charge transfer and locally excited states, are
not considered [15].

III. RESULTS

Figure 2(a) shows the total excitons generated during the
KMC simulations as a function of o, the width of the on-
site Gaussian DOS, for different separations between the
excited states, A. Figure 2(b) shows the proportion of these
excitons that populate higher-lying excited states. In Fig. 2,
we only consider the e, hot excitons, as the e; states are not
populated, as discussed in more detail below. As expected,
the fraction of hot excitons reduces as A increases, which
is due to the higher barrier between a HOMO (LUMO)
level on one molecule and the HOMO — 1 (LUMO + 1)
level on its neighbor. Indeed, if one considers the most
favorable scenario for the promotion of an e, state—that
of a forward hop onto an occupied site—then, discount-
ing the effect of the Gaussian DOS and the negligible
change in the field, the probability of forming the e, state
is oc e=2/k8T which quickly tends to zero as A increases.
Despite this, there remains >1% of the excitons formed
populating higher-lying excited states for an energy gap of
0.5 eV and o > 0.15 eV. Here, the Gaussian DOS gener-
ates a significant overlap with neighboring sites, allowing
the charge particles to circumnavigate the energy barrier to
e, formation.

Figure 2(c) translates the population of hot excitons
into a density, as a function of both A and o. While
this illustrates a significant density of higher-lying excited
states within our present simulations to assess their rele-
vance, especially within the context of degradation, they
must be contrasted with competing mechanisms. Here,
we express the kinetics of four degradation mechanisms;
exciton-polaron, exciton-exciton, and cold and hot exciton,
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FIG. 2. (a) The number of excitons formed as a function of the
width of the Gaussian DOS for a range of A. (b) The population
of the higher-lying excitons formed as a function of the width of
the Gaussian DOS for a range of A. (c) The density of e, states
formed as a function of the width of the Gaussian DOS for a
range of A.

where [F] is the change of the fragmented or defect sites
with time. The rate equations for each process, assuming
that they only involve the concentration of triplet excitons
([T]), can be written as follows:

[Fle = Pk [T, )
[Flyp = Pipky [T][p*]. (5)
[Flee = Plokee [Teel (6)
[Flhe = Pflokne [Thel - ()

Equation (4) describes the rate of degradation products
arising from triplet-triplet annihilation (TTA). & is the rate
of TTA, which we set to approximately 10~'# cm?® s7!
as reported in Ref. [31]. ®¢ is the probability of product
from the TTA interaction degrading. This will be energy
dependent but using 1078, we obtain a fragmentation-rate
constant of 10722 cm® s~!, consistent with that previously

reported by Giebink et al. [27]. Equation (5) describes the

rate of degradation products arising from triplet-polaron
quenching (TPQ). ky, is the rate of TPQ, which is approx-
imately 107'* cm® s~! [32]. QD?L is the probability of
product from TPQ degrading, which if set to 10717, yields
a fragmentation-rate constant associated with TPQ of
1072 cm?® s~! consistent with Ref. [27]. In this case, the
lower fragmentation is justified by the lower energy of the
triplet-polaron pair compared to the triplet-triplet pair. For
the cold (i.e., the molecule forms in its lowest excited state)
and the hot-exciton cases, k%, and k{, represent the rate of
the degradation of a molecule from the populated excited
state. This usually occurs in the picosecond regime and
therefore a rate of approximately 10'! s~! is assigned to
both. For excited molecules, the typical photodestruction
quantum yield (PQY) is approximately 10~4—10~° mea-
sured in solution [33—35] and about 10~? in OLED devices
[27,36] but as this will be the lowest excess energy of all
three scenarios, ®%, and ®¢_ are expected to be the smaller
than ®f and ®{.

Within these constraints, assuming a polaron and triplet
density of 10'8 cm~3, we find [F],, = 10" cm™ s~! and
[F], = 10'2 em™ s~!. Consequently, assuming the hot-
exciton yield of 1% discussed above, [F1,, will remain

¢

larger even if ®f becomes as small as 10712, If the
hot-exciton yield is 1%, the cold-exciton population will
be 2 orders of magnitude larger and therefore this path-
way could be considered more significant if ®¢,/100 >

®d . Wavelength-dependent PQY measurements are rare
but previous work [35] has demonstrated changes of 2—3
orders of magnitude over a 0.5-eV energy range.

Given this analysis, Fig. 3 shows the relative contribu-
tions of each process to device degradation as a function
of the PQY of the hot excitons (assuming that the PQY
for cold excitons is 3 orders of magnitude smaller). In
all cases, the hot-exciton degradation process is compet-
itive with TTA and TPQ. Consequently, we expect the
hot-exciton pathway to be competitive with these other
mechanisms, since only a very small fraction of the formed
excitons need to cause bond dissociation and the proposed
mechanism does not require diffusion, unlike the biexci-
tonic processes. Kondakov et al. [37] have identified the
excited states of the common host material 4,4’-bis(9-
carbazolyl)-2,2’-biphenyl (CBP) as unstable and as the
origin of degradation in their devices, ruling out biexci-
tonic processes based upon the observation of a linear
dependence of the CBP photoreaction rate on the inten-
sity of irradiation in films and in solutions. This conclusion
has been challenged by Giebink et al. [27], who have
asserted that their density in devices was very low due
to rapid energy transfer from the CBP host to the guest.
However, in our proposed mechanism, the degradation
could occur on the guest in either the singlet or triplet state
and therefore there would be sufficient density to make it
viable.
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FIG. 3. A phase diagram showing the contribution of triplet-

polaron quenching, cold excitons, hot excitons, and triplet-triplet
annihilation to device degradation as a function of the PQY of
the hot excitons. Here, the PQY of the cold excitons is assumed
to be 3 orders of magnitude lower than that of the hot excitons.

Given the importance of the proposed mechanism, we
now seek to gain further insight into the nature of the hot
excitons formed. Figure 4 shows the distribution of excited
states obtained during the simulations as a function of the
relaxation rate between orbitals.

As shown in Fig. 1, the exciton (e;, e;, or e3) formed
depends on the relaxation rate between the orbitals. Non-
radiative relaxation between close-lying energy states usu-
ally occurs on the femtosecond time scale [38], which is
approximately 100 times faster than the hopping-attempt
frequency used in the present work. However, in Fig. 4
we modify the ratio between the hopping-attempt fre-
quency and the relaxation rate to assess its influence.
With a high relaxation rate, i.e., in the infinite-relaxation
limit, we expect that whenever a charged particle is in the
HOMO — 1 (LUMO + 1) level, it will relax to the HOMO
(LUMO) level 3 orders of magnitude faster than the hop-
ping rates between molecules. In the other limit, where we
assume that the relaxation rate tends to zero, i.e., in the
zero-relaxation limit (ZRL), we expect a charged particle
in the HOMO — 1 (LUMO + 1) level to have access to two
pathways (see Fig. 5): it can hop onto an adjacent site or a
second charged particle can hop onto the same site. There-
fore, we expect the proportion of e, excitons to increase
in the ZRL. We also expect to form ej states, i.e., where
both charges populate excited orbitals and therefore form
the highest energy exciton.

Figure 4 shows the number of e, e;, and e3 states
formed as a function of the relaxation rate between
orbitals. The population of e; increases toward the ZRL
and to model the two limiting cases, we fit a sigmoid
function,

Coo — Co

0y _
S (K7) = Co+ 1+ (ky /K29)

(8)

where Cj is the exciton count in the zero-relaxation limit,
Cy 1s the exciton count in the infinite-relaxation limit,
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FIG. 4. A simulation of electrical selection: the total number
of e; (lower panels), e, (middle panels), and e; (upper panels)
excited states formed as a function of the relaxation rate between
orbitals for a range of Gaussian DOS widths: (a) o/A = 0.1;
®)o/A =0.3;(c) o/A =0.5. The e; and e3 populations show
no dependence on the relaxation rate and so the average count is
printed in each case. The e, populations are fitted with a sigmoid
function. In each case, the zero-relaxation and infinite-relaxation
limits of the function are printed and the crossing points are
0.25 £ 0.03, 0.13 £ 0.02, and 0.07 &£ 0.02 from left to right.

and ky is the crossing point (where the count is halfway
between the two limits). All three are treated as fitting
parameters and are reported in Fig. 4.

This clearly demonstrates that the probability of e;
increases in the ZRL—i.e., when the charge resides in
the excited state for longer it is more likely to form a
hot exciton—and the switching point of the sigmoid func-
tion occurs when the relaxation rate between the orbitals
is equal to the hopping rates between molecules. In con-
trast, the probability of e; is independent of the relaxation
rate and is always zero. This because if the probability
for a charge particle to populate an excited energy level
is P, then the probability of excitons in the e, state is
proportional to P. In contrast, as the e; states require
both particles to populate an excited energy level, the
probability becomes proportional to P?. For most of the
systems studied, we have found that the population of
e states is approximately 2%, which would suggest that
an e; would occur at most once every 2500 excitons
(0.04%). This highlights that not all higher-lying excitons
are equally likely to form, which we term electrical selec-
tion, and therefore the character of the excited states must
be considered within the hot-exciton picture.
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A schematic of a proposed mechanism for hot-exciton formation. In this case, it is applied to electron trapping occurring

first but it is equally valid for hole trapping. (a) The electron is transferred into the LUMO + 1 orbital. (b) Relaxation occurs so that the
electron relaxes into the LUMO orbital. (c) The hole is transferred and trapped in the HOMO — 1 orbital, which (d) forms a hot-exciton

state, e;.

IV. DISCUSSION AND CONCLUSIONS

In this paper, we have used KMC simulations to investi-
gate the mechanism of hot-exciton formation during elec-
trical excitation relevant to the operation of OLEDs. This
mechanism, illustrated schematically in Fig. 5, exploits
the fact that the motion of charges through an organic
semiconductor is not restricted to the HOMO and LUMO
orbitals but, depending on the intrinsic energetic disor-
der, can populate higher-energy orbitals, such as HOMO —
1 and LUMO + 1. Our simulations have demonstrated
that even for comparatively large energy gaps (>0.5 eV)
there is a non-negligible probability of forming these hot-
exciton states during charge recombination. As expected,
this probability increases as the energy gap between the
states decreases, although we anticipate that the higher
probability low-energy excited states will be less sig-
nificant than their less probable higher-energy counter-
parts because: (i) the excess energy associated with these
higher-lying states will increase the propensity for degra-
dation, especially for blue OLEDs, which operate close
to molecular-dissociation thresholds, and (ii) for hot exci-
tons only slightly higher in energy than the lowest excited
states, one would expect very short lifetime, as they will
more likely undergo internal conversion to the lowest
exciton state.

The mechanism proposed and the associated KMC sim-
ulations also reveal insight into the types of excitons
formed, as not all states are not equally likely to be formed,
a process that we term electrical selection. Indeed, even
for small energy gaps, the formation of the e; state is van-
ishingly rare. This state is of character (HOMO — 1 —
LUMO + 1) and so to form, the second charge-trapping
event has to occur faster than the excited state can relax
[see Fig. 5(b)]. Throughout our simulations, even for long
relaxation times, this state is not observed.

In summary, our KMC simulations have revealed
a mechanism for hot-exciton formation upon charge

recombination, which could increase the efficiency of
OLED:s in a similar way to other recently proposed mech-
anisms [16]. However, the higher-energy states will also
increase the susceptibility, especially of blue OLEDs, for
the materials to undergo degradation. Throughout this
work, we have neglected differentiating between states of
different spin multiplicity, as the proposed mechanism can
act independently of the spin state. However, we expect
that it will play a more significant role for triplet states, as
the population of higher-lying states scales with the energy
gap between the states and molecules usually exhibits a
higher density of low-lying triplet states.

Ultimately, this work hopefully opens new directions
of research that must be considered when seeking to
develop high-performance stable electroluminescent mate-
rials, especially for the pure-blue and deep-blue OLEDs.
We anticipate that the hot-exciton mechanism will compete
alongside other established mechanisms, such as biexci-
tonic and exciton-polaron quenching, that are commonly
invoked to describe degradation in OLEDs. However, in
contrast to these aforementioned mechanisms, the hot-
exciton mechanism is unavoidable, as it happens upon the
formation of excitons, which is a required step in OLEDs,
i.e., light emission cannot happen without it. Ultimately,
our proposal will hopefully motivate detailed experimental
investigations and for this, wavelength-dependent PQY's
[34], preferably in the solid state, should provide valuable
insight.
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