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State-of-the-art organic solar cells exhibit power conversion efficiencies of 18% and above. These
devices benefit from the suppression of free charge recombination with regard to the Langevin limit of
charge encounter in a homogeneous medium. It is recognized that the main cause of suppressed free
charge recombination is the reformation and resplitting of charge-transfer (CT) states at the interface
between donor and acceptor domains. Here, we use kinetic Monte Carlo simulations to understand the
interplay between free charge motion and recombination in an energetically disordered phase-separated
donor-acceptor blend. We identify conditions for encounter-dominated and resplitting-dominated recom-
bination. In the former regime, recombination is proportional to mobility for all parameters tested and only
slightly reduced with respect to the Langevin limit. In contrast, mobility is not the decisive parameter that
determines the nongeminate recombination coefficient, k;, in the latter case, where k, is a sole function
of the morphology, CT and charge-separated (CS) energetics, and CT-state decay properties. Our simula-
tions also show that free charge encounter in the phase-separated disordered blend is determined by the
average mobility of all carriers, while CT reformation and resplitting involves mostly states near the trans-
port energy. Therefore, charge encounter is more affected by increased disorder than the resplitting of the
CT state. As a consequence, for a given mobility, larger energetic disorder, in combination with a higher
hopping rate, is preferred. These findings have implications for the understanding of suppressed recombi-
nation in solar cells with nonfullerene acceptors, which are known to exhibit lower energetic disorder than

that of fullerenes.
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I. INTRODUCTION

The power conversion efficiency of organic solar cells
(OSCs) has considerably improved over the past years,
now surpassing 18% [1-5]. Due to the introduction of
highly absorbing nonfullerene acceptors (NFAs), the short-
circuit current density, Jsc, of such cells now approaches
the values delivered by more traditional semiconductors
of comparable band gap. Still, OSCs lag behind in terms
of the open-circuit voltage, Voc, and the fill factor, FF;
the latter is determined by the competition between free
charge extraction and recombination. It is well docu-
mented that free charge recombination, also denoted as
nongeminate recombination, NGR, in organic solar cells
is of second-order nature [6]:

2
R = kznenh = kanS' (l)
Here, R is the volume recombination rate; k; is the second-

order NGR coefficient; and », and »;, are the density of free
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electrons and holes, respectively. For intrinsic semicon-
ductors, n, = n, = ncs is the density of charge-separated
states. For bimolecular free charge recombination, compe-
tition between charge extraction and recombination can be
described by analytical “figures of merits” (FOMs) [7], one
of which is as follows:

CUZ _ q2k2 Gd4
4oy (kpD)?

Here, ¢ is the elementary charge, G is the volume pho-
togeneration rate, and d is the active-layer thickness. .
and u, are the electron and hole mobility, respectively, and
kpT is the thermal energy. For o < 1 the J-V characteris-
tics can be approximated by the traditional Shockley diode
equation, while the photocurrent becomes transport limited
for @ > 1 [7]. Therefore, strategies to reduce ky /.y are
desirable and form the motivation for this work.

In the simplest case of encounter-dominated recombina-
tion in a homogenous medium, NGR is described by the
Langevin recombination coefficient (& ):

2

ky = ki = q(je + 1n)/€0r, 3)
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rendering k, proportional to the sum of electron and
hole mobilities. Here, &y and g, are the vacuum and
relative dielectric constants, respectively. The &, value
of bulk-heterojunction (BHJ) OSCs is generally much
smaller, corresponding to more than 100 times suppres-
sion of recombination compared with the Langevin limit
in some extreme cases [8—15]. Such BHJ donor-acceptor
blends ideally consist of extended domains of neat donor
and acceptor components. It is proposed that stabiliza-
tion of free charges on these domains reduces the rate
through which oppositely charged free carriers meet at the
donor-acceptor interface [15—17]. As outlined below, ear-
lier kinetic Monte Carlo (KMC) simulations showed that
phase separation is not sufficient to explain the highly sup-
pressed recombination found in some BHJ OSCs [17,18].
In 2015, Burke et al. proposed that NGR was the conse-
quence of efficient resplitting of CT states into free charges
[19]. In this picture, free charge recombination results in
the formation of interfacial CT states, which either decay
back to the ground state or redissociate into free carriers
(Fig. 1). Because the CT dissociation rate itself is a func-
tion of carrier mobility, the direct proportionality between
k, and p , as in the Langevin limit, may not hold true any-
more. Another feature of the OSC’s active layer is intrinsic
energetic disorder. Energetic disorder is known to slow
down carrier motion and to lead to transient (dispersive)
phenomena. Various theoretical experimental works have
studied the effect of disorder on characteristic photovoltaic
parameters or on the dispersive recombination of free
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FIG. 1.

kq > kg

charges [20-28]. In most of these studies, the focus was
on the interrelation between characteristic of the recombi-
nation process parameters and the shape of the DOS (expo-
nential or Gaussian) or the predominant recombination
pathway. Fewer studies dealt with the interplay between
free charge motion and recombination. An elegant analyt-
ical approach to relate these two processes was developed
by Orenstein and Kastner [20,29]. These authors assume
that charges move by thermal excitation to states at a trans-
port energy of £, and that charges situated in the tail of the
inhomogeneously broadened DOS must be excited back
to that transport energy to be able to meet the counter-
charge. Since trapping and detrapping also govern the drift
of carriers in an electric field, recombination and mobility
are expected to follow similar dependencies on time and
temperature and carrier density [30]. However, these and
related theoretical approaches are applicable only to homo-
geneous media. The groups of Grove [17] and later Heiber
[18] applied KMC to relate carrier transport in a phase-
separated morphology to encounter-limited recombination.
For the simplest case of balanced mobilities, the encounter-
limited NG recombination rate is shown to be proportional
to k; and only slightly reduced (by no more than 50%)
compared with the Langevin limit. Interestingly, ener-
getic disorder has only a weak effect on the suppression
of encounter-limited recombination in a phase-separated
morphology, despite its large influence on charge car-
rier mobility. Very recently, Coropceanu et al. studied the
transient NGR in phase-separated donor-acceptor blends

Resplitting-dominated recombination

+ Dependent on k;
+ Independent of hopping rate
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Scheme showing the states involved in free charge recombination. Here, ncs and ncr are the density of free carriers (charge-

separated states) and charge-transfer states, respectively; Benc is the coefficient for bimolecular free charge encounter forming the CT
state; kg is the rate coefficient for CT dissociation into free charges; and & is the rate coefficient for the decay of the CT state to the
ground state. Also depicted are the two extremes. For k; < ky, resplitting of the CT state is very unlikely, and the recombination rate,
R, is determined by the encounter rate, which is independent of the CT decay rate but proportional to the carrier-hopping rate and
with this to the carrier mobility. In contrast, if k; 3> k, CT states resplit at a much higher rate than they decay to the ground state.
Because B, and k; depend linearly on the hopping rate, vy, its effect on the recombination rate cancels out while, on the other hand,

R becomes strictly proportional to k.
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under explicit consideration of CT formation, resplit-
ting, and decay [31]. This study showed a significant
attenuation of R with increasing disorder and CT lifetime,
but no correlation to the carrier mobility was made.

Here, we perform KMC simulations of free carrier
recombination in disordered phase-separated blends. By
varying the attempt-to-hop frequency, vy, and the energetic
disorder, o, over a wide range, we evaluate in detail the
interplay between free charge carrier motion and recom-
bination. Doing these simulations in a transient fashion,
we gain access to the extraction-recombination balance
as a function of the mean energy of the free carriers,
down to the equilibrium situation. For low vy, recom-
bination is encounter dominated and proportional to the
Langevin recombination rate, although it is reduced by a
geometric reduction factor, which is nearly independent of
energetic disorder. Increasing vy causes a transition to the
resplitting-dominated regime, where CT exciton dissocia-
tion competes efficiently with its decay to the ground state.
Importantly, in this regime, the NGR coefficient becomes
independent of vy and, for a given energetic disorder, inde-
pendent of u. Here, k, is given only by the details of the
energetics and morphology of the blend. Our simulations
also show that the formation of a CT exciton in a phase-
separated blend involves the thermal excitation of both the
electron and the hole to their respective transport energies.
As a consequence, charge encounter is more affected by
increased disorder than resplitting of the CT state, causing
a recombination reduction factor as small as 103 for high
disorder and high attempt-to-hop frequencies. Such con-
ditions are reported for fullerene-based blends and are a
possible reason for the highly suppressed recombination in
some fullerene-containing bulk-heterojunction solar cells.

A. Theory

In the following, we briefly review free charge recombi-
nation through the formation and decay of CT states. The
states and rates involved in this process are depicted in
Fig. 1. A more detailed treatment, including the reforma-
tion of singlet states or the buildup of triplet population,
is described in detail in Refs. [32,33], but the inclusion of
these states does not change the general conclusions.

In the absence of generation, the kinetics of the excited-
state population is determined by the following two differ-
ential equations [19]:

d}’lcs

dr = _Igencn%s + kgner, (4a)
dn
d(;T = Benchigs — (ka + kp)ncr. (4b)

We now consider the case of a dynamic equilibrium
between the free charges and CT states, where dnct/dt
is smaller than the rates of the processes that increase
or decrease the CT-state population, as expressed by

Beneteg = (ka + ky)ncr. In this limit, R can be related to
the free carrier density, ncgs, via

k
R=krncr = ﬁﬂencnés = )/CT,BenCnéS = kznés.

®)
Here,
ky
=— 6
ver ka+ K (6)

is the recombination reduction factor due to resplitting of
the CT state.

For ky < ks, yer =1 and R = Rene = Bencliég, Mean-
ing that every charge pair forming a CT state will recom-
bine. We denote this as the encounter-dominated recom-
bination regime. It is common to relate Be,. to the charge
carrier mobility via

Benc = Vencki, (7

where Yenc (< 1) is the reduction factor due to the con-
finement of opposite charges in their nanodomains in a
BHIJ system (also called the geometric reduction factor).
As a consequence, k; and R depend linearly on the sum of
the charge carrier mobilities. For disordered systems, the
mobility is given by the product of the carrier-hopping fre-
quency, vy , and a term describing the distribution of the
hopping sites in space and energy. For a regular lattice
and fully equilibrated carriers, this term becomes pro-
portional to exp[—(4/9)(opos/kzT)?], where opog is the
width of the Gaussian disorder [34,35]. Therefore, in the
encounter-dominated case, k, will be linear with respect
to vy and decrease rapidly with increasing opos, while not
depending on the CT decay rate, ;.

In the other limit, k; > k; and (ycr < 1). We denote
this as the resplitting-dominated recombination regime. In
this case, ycr = kr /ks and Eq. (5) becomes

Bene —k VenckL' (8)

ky =k
2 S ky S ky

Here, the most important parameter that determines
the suppression of recombination is Venckr/ky, Which
expresses the interplay between CT formation and resplit-
ting. In the absence of energetic disorder, results of KMC
simulations on a lattice with lattice parameter ¢ can be
approximated by [36]

3 Ecs — E
kq = Bk ——exp <— B CT) , )
4

Cl3 kBT

where B is a prefactor that depends on the lattice and inter-
face morphology. For charge separation in a homogeneous
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medium, B = 0.5, while B =15 — 15 1is found to give the
best fit to the efficiency of charge separation in a phase-
separated morphology, as simulated by KMC (note that in
the seminal paper by Braun, B = 1). Irrespective of these
details, Eq. (9) in combination with Eq. (8) predicts that
k> becomes independent of the carrier mobilities for effi-
cient CT resplitting due to the cancelation of &;, but that
it is largely determined by the energy and site densities of
the contributing states. Clearly, the situation becomes more
difficult in the presence of disorder, where there is a distri-
bution of energies for both CT states and free charges. This
is the main topic of this work.

B. Kinetic Monte Carlo modeling

The KMC algorithm has been introduced in previous
works [37—42]. Details can be found in Appendix A. In
brief, we consider a cubic lattice with lattice parameter
anny = 1.8 nm, on which charges can hop to a fixed num-
ber of neighboring sites. For the current simulations we
use 26 neighbors, which corresponds to a 3 x 3 x 3 cube
around each site. Hopping rates are calculated from the
Miller-Abrahams expression with an attempt-to-hop fre-
quency, vg, that has the physical meaning of the success
rate of downward hops to a nearest-neighbor site. For
upward hopping, the rate is reduced accordingly. Follow-
ing previous reports in the literature [41,43,44], we con-
sider the range vy = 10% — 10! s~!, which is large enough
to clearly identify the different recombination regimes that
are the topic of this work.

A statistical Gaussian disorder of width opos = 65,90,
or 120 meV is used. These values are chosen because
they correspond to a stepwise 10 times reduction of the
steady-state mobility at 7 = 300 K, while representing the
range of disorder values reported for carrier transport in
BHJ OSCs. For charge transport and recombination in
fully homogeneous media, an effective hopping medium
is defined with electron- and hole-hopping parameters and
energies that correspond to the donor HOMO and acceptor
LUMO level, respectively. Hereby, each site can function
as a donor and acceptor. An on-site barrier for an electron-
hole encounter is implemented to introduce a driving force
for charge transfer and to avoid direct exciton formation.
For phase-separated systems, the morphology is imple-
mented by assigning individual hopping sites to different
material phases. Here, we use a simplified phase-separated
morphology consisting of 7 x 7 columnar inclusions in
a 10 x 10 columnar unit cell, where the column axis is
in the direction of charge extraction. Electron transfer
to the acceptor phase is driven by a LUMO-level offset,
AEMMO = ELIOVO — EL Mo, = 600 meV (and for holes
by a respective HOMO offset of 400 meV), to ensure
the absolute separation of hole-electron pairs on site, as
well as referring to common LUMO energies of —3.5
and —4.1 eV and HOMO energies of —5.5 and —5.9 eV

for donor and acceptor, respectively. In recent work, this
morphology was demonstrated to be sufficient to describe
device current-voltage characteristics [44]. We consider
random energetic disorder and the same width of the DOS
at the interface and in the bulk. We acknowledge that this
approximation oversimplifies the energetics in a real BHJ
blend with crystallized donor and acceptor domains and
an intermixed interface. The simulation of such a complex
morphology is beyond the scope of our paper, which is to
establish fundamental correlations between energetic dis-
order, carrier mobility, and NGR. With the same argument,
we refrain from introducing charge or CT delocalization.
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FIG. 2. KMC results of the dynamics of the total density of
electron-hole pairs (solid lines), free electron-hole pairs (dotted
lines), and CT states (dashed lines) for variable attempt-to-
hop frequencies (vy) (a) and the corresponding second-order
NGR coefficient (k;) (b). Dotted arrows indicate the maximum
CT population. Simulations are performed with the following
parameters: opos,. = opos,, = 90 meV; ket (kr)=1x 108 s71;
T=300 K; intersite distance (ann) = 1.8 nm; vo, = vo = 1 X
108, 10%,10'°, 10", and 10'2 s~! (purple to red).
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II. RESULTS

Figure 2(a) shows an example of the temporal decay
of ncrt, nes, and the total number of electron-hole pairs,
n = nct + ncs. The parameters are chosen to reproduce
carrier densities and lifetimes, as typically reported for
OSCs under steady-state illumination conditions [27,45—
47]. Because we start with free charges distributed homo-
geneously on all donor and acceptor sites, the first step
is the formation of an appreciable CT population due to
free charge encounter, which for the phase-separated mor-
phology requires the charges to meet at the donor-acceptor
(D-A) heterojunction. Concurrently, the free carrier den-
sity decreases while the total number of charges remains
rather constant during this process. This initial regime
is followed by the decay of the carrier population via
the decay of populated CT states to the ground state.

1070
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k, (m3s7)

k, (m3s~)

4 10—11
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10—21_ 1021 1%

wau“l 10' m?Im“ 10° Ito" 10° Im’ 10° : : - 10_13
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tx v,

FIG. 3. Bimolecular recombination coefficient (solid lines)
and charge carrier mobility (dashed lines) for variable attempt-
to-hop frequencies at kr =1 x 10% s7! (a) and 1 x 107 s™! (b),
plotted as a function of 7v,. In both graphs, the two y axes
are aligned according to the encounter-dominated case with
Yenec = 0.4. Insets show the corresponding k, /v transients. KMC
parameters are the same as those in Fig. 2.

Importantly, in this regime, (dnct/dt) < (dncs/dt), mean-
ing that dynamic equilibrium determines the CT-state pop-
ulation and the above considerations can be applied. As
expected and shown before, increasing the hopping rate,
Vo , speeds up recombination as charge encounter becomes
more frequent, as seen by the continuous increase of the
free charge NGR coefficient, k,, with vy in Fig. 2(b). How-
ever, this increase becomes less pronounced at high vy,
indicating a transition to resplitting-dominated recombina-
tion.

A direct comparison of the carrier and CT kinetics for
different vy values is, however, difficult because the larger
Vg 18, the faster the equilibration of photogenerated charge
carriers is in their respective DOS. A way out is to plot
data as function of the reduced time fvy, as documented
for the time dependence of the corresponding mobility
in Fig. 7 in Appendix B. Notably, when we addition-
ally divide the mobility by vy, the traces for different v
values fall onto one line, despite different recombination
properties for low and high hopping rates. This indicates
that recombination does not concern predominately the
faster carriers but rather affects the entire carrier popula-
tion. Figure 3 compares 1i(fvg) to ky(tvo) for ky = 108 s~!
(a) and ky = 107 s™! (b). We are aware of the fact that
a CT decay rate of 10" s=! is at the very upper end of
the reported values. As pointed out earlier, we deliberately
chose a simple lattice model without charge or CT delo-
calization. This causes a fairly high CT binding energy
of Fpind = Ecs — Ect =228 meV at T =300 K for the
chosen parameters and, concurrently, a small dissociation
rate. However, all results and conclusions from this paper
can be easily applied to the experimental situation by
proper scaling of all rates. In Fig. 3, transient mobility data
are aligned to the transient &, according to the encounter-
limited case, where ky = Venckr = Venc2qit/€0Er, thereby
taking into account a slight suppression of encounter in the
phase-separated morphology with yepe = 0.4.

For low vy, k3 is indeed dominated by charge encounter
and is independent of kr. One the other hand, the system
enters the resplitting-dominated regime for a high enough
V9, where now k, becomes proportional to ks but inde-
pendent of vy (and ). In the most extreme case treated
in Fig. 3, recombination is suppressed by 100 times. The
transition from encounter- to resplitting-dominated recom-
bination is more clearly seen in the insets, where we plot
ky/vy as a function of fvy, and where all curves with
encounter-dominated recombination fall onto one line.

Figure 4 provides a more detailed look at the carrier
dynamics for the case of opos = 90 meV, kr = 108 s7!
(see Fig. 8 in Appendix C for the same data but plot-
ted as a function of time). As expected from the ear-
lier observation that /v (fvy) is independent of vy, we
observe very similar values and transients of the mean
energy of the charges (a) and of the energy of moving
charges (b) for different hopping rates when plotted as a
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FIG. 4. Simulated transients of (a) mean energy of all charges, (b) mean energy of moving charges, (c) bipolar mobilities for holes
(solid lines) and electrons (dashed lines), (d) energy of recombining CT states, (e) k; and (f) recombination reduction factor for variable
attempt-to-hop frequencies plotted as a function of fvy. KMC parameters are the same as those in Fig. 2. Blue vertical guideline marks
the time when the mean energy crosses the transport energy Ey = E F aéos /2kpT (gray horizontal dashed guideline). Red horizontal
guideline shows the equilibrium energy, Eo, = E F O'SOS /kpT, where — indicates electrons and + indicates holes.

function of tvy. As extensively discussed in the literature,
the mean energy of the carriers continuously decreases and
eventually approaches the energy of the equilibrated car-
riers, £y, which for electrons (holes) is aéos /kpT below
(above) the center of the respective DOS. Because we
start with free carriers distributed over the whole cell vol-
ume, the mean energy of the electrons (holes) is initially
above (below) the center of the acceptor LUMO (donor
HOMO). The blue vertical line marks the time when
the mean energy crosses the effective transport energy
(Ey = ELumo — O’]%OS /2kgT for electrons and Epomo +
050s/2kgT for holes). Once the carriers sink deeper into
the DOS, their motion requires thermal excitation back to
E\., as demonstrated by saturation of the energy of mov-
ing carriers in Fig. 4(b). Consequently, the carrier mobility
reduces continuously even beyond this time [Fig. 4(c)]. In
contrast, the mean energy of the recombining CT states
shows a sudden transition to a nearly constant value once
the carrier package crosses Ey; [see Fig. 4(d)]. Interestingly,
this plateau is around an energy of

2
0pos, e
E =Egy — Evina = | ELumo — —2>
Gtr bind ( LUMO B kBT>

OI%OS h
—|E 2 ) — Epings
HOMO + ks T bind

which is the effective transport gap, Eg, minus the CT
binding energy. This suggests that once the carriers have
moved deep into their respective DOS, CT states form
predominately by the encounter of electrons and holes
that are both traveling at their respective Ey, while there
is little contribution from equilibrated charges at Fo,. A
similar situation is encountered at lower and higher dis-
order values (Figs. 9 and 10 in Appendix C), where a
transition to a nearly constant CT energy is seen when
the carrier package crosses Ey, although the transition is
broader for high disorder. In all cases, data cluster around
E = Egy — Eving at long enough times after photogenera-
tion (see Fig. 11 in Appendix D for the direct comparison
of the three cases). It is suggested that CT formation in
organic blends requires thermal excitation of at least one of
the carriers up to the transport level [38,48]. Our data show
that, in phase-separated blends, thermal excitation of both
encountering carriers is involved in CT formation [30].
The situation is different in a fully intermixed system with
otherwise identical parameters (Fig. 12 in Appendix D).
Here, we observe a pronounced time dependence of the
CT emission energy for all hopping rates, moving well
below Eg — Eping throughout the entire recombination
process. This indicates that recombination between free
and trapped carriers becomes the dominant channel for
CT formation at longer times. Another important feature is
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the slight downshift of the CT energy with increasing vy.
This shift occurs independent of whether recombination is
encounter-dominated (every formed CT state recombines)
or suppressed through CT resplitting. We propose that this
process is mainly due to CT energy relaxation, although
we cannot rule out contributions from the preferential
resplitting of higher-energy CT states for large vy. In both
cases, the extent of the redshift is expected to increase
with vy/ks. This is well documented by the comparison
of the CT transients for ki, = 10% s™' and ky = 107 s~
in Fig. 12, where we observe the very same final energies
for the same vy /ky .

Figure 4(e) displays the time dependence of k;, while
Fig. 4(f) shows the recombination reduction factor y =
YeeoYcT- As discussed earlier, the initial free carrier loss is
due to CT formation. Beyond this, the course of k, follows
roughly the time dependence of , suggesting k;, o w (see

also Fig. 3). As a result, y is nearly independent of time.
While this is expected in the encounter-dominated case,
where ¥ = Yenc, Our results suggest that ycr also exhibits
only a weak (if any) time dependence in the resplitting-
dominated regime, even when w is time dependent. The
effect is most pronounced for high disorder, where a con-
tinuous decrease of &, over time [Fig. 10(e)] contrasts a
nearly time-independent reduction factor [Fig. 10(f)].

I11. DISCUSSION

Before proposing a model to conclusively describe the
simulation results, let us summarize the main findings.
First, data show that a dynamic equilibrium exists between
the mobile charges at Ey, and those situated deeper in the
DOS for all conditions considered here, and this equi-
librium is not severely disturbed by the formation and
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FIG. 5. (a) Scheme of CT formation, resplitting, and decay in a phase-separated disordered BHJ system. Charge encounter is deter-

mined by a time-dependent encounter rate, Benc(f) = Venckr[ £ (£)], involving the entire density of occupied states. In contrast, for long
enough delay after photoexcitation, dissociation rate k, is mainly determined by states around E;. (b)—(d) KMC results of the reduction
factor y of (nearly) equilibrated carriers for different hopping rates and disorders in phase-separated blends (taken at the times indi-
cated in Fig. 13) for kr = 10% s™! (orange circles) and k; = 107 s~! (red circles). Solid lines show the best fit to data with Eq. (10). All
simulations are performed at 7= 300 K, except for green (7= 250 K) and blue (7= 200 K) dots in (¢). (e) k4 as a function of energetic
disorder, as deduced from the fit of the reduction factor in (b)~(d) for vy = 10" s™! and k; = 103 s~! (see Table I for parameters).
Also shown is the analytical prediction of k; in the absence of disorder, according to Eq. (9), where u is either the transient mobility
when the carrier package crosses Ey; or after the carriers have equilibrated at £, (dotted lines).
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TABLE 1. yene and ¢ from the fit of the reduction factor in
Figs. 5(b)-5(d) with Eq. (10) for different energetic disorder and
CT decay time.

_ 8 —1 _ 7 «—1
Energetic ke =1x10%s kr =1x10"s
disorder (meV) c Yenc c Venc
65-65 5% 1073 0.32 3%x1073 0.3
90-90 1.5x 1073 0.3 1.2 x 1073 0.3
120-120 5% 1074 0.25 3x 1074 0.25

decay of the CT states. This is in accordance with the
concept of the demarcation energy, Ep , as introduced by
Refs. [20,29], where free charges are in quasi-equilibrium
with the main carrier distribution situated at £p. As such,
the rate at which charges encounter to form the CT state
is determined by the mobility averaged over all carriers in
the DOS. In accordance with this conclusion is the very
weak effect of disorder and CT decay rate on the reduction
factor in the encounter-dominated regime, as discussed in
Appendix E and Fig. 13. Groves et al. reported a weak
decrease of yen. by only 60% when increasing o from 0
to 75 meV [17]. The observed range of values for ye,. of
0.3-0.5 is fully consistent with the results of KMC with
a disorder of 75 meV for a comparable domain size to
that used here [18]. Second, data show that, once the car-
rier package has relaxed below Ei, the mean energy of
the recombining CT states is nearly time independent and
close to the effective transport gap minus the CT bind-
ing energy. This is suggestive of a situation where CT
formation is mainly by charges near E;. In our strict phase-
separated blend, CT states are exclusively formed at the
sharp D-A interface. Motion of the encountering charges
in their respective phases towards this interface involves
frequent trapping and re-excitation of these charges to E,
where it is more likely that charges meet at the interface
when they are in a mobile state. In addition, an already
existing electron (hole) at the D-A4 interface will tilt the
DOS of the approaching countercharge, due to the mutual
electrostatic interaction. As a consequence, hops to sites
higher in the DOS will become more likely [34], an effect
known as carrier heating by a strong electric field. In turn,
the initial step of CT dissociation will mainly involve
transport sites around the transport energy, leading to a
very slow variation of k; (and with that of ycr) with time,
if any. This situation is depicted in Fig. 5(a).

Figure 13 in Appendix E plots the time dependence of
y for all cases studied here. Without phase separation, y
is equal to yenc = 1 in the encounter-dominated regime,
but it becomes strongly time dependent once recombina-
tion becomes suppressed due to CT resplitting. This is
explained by the continuous decrease of the CT energy,
as documented in Fig. 12, suggesting that k; is also time
dependent. In contrast, for all phase-separated systems,
there exists a plateau that extends over approximately 3
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T 107174 o
n
£
16l
\; 10—18 _ 10 d:é)
= E
10717 &
1 0—19 3/
20 0% a7 108 10
10775 st (MIVs)
b 1
® A 65meV
= 90 meV
e 120 meV
S 10~ T N \
~ ] N
001 3 1072 . " . :. . o)
" A
102 . I
10_8 10‘7 10—6
0.0014 Lo+, (MIVS)

10" 10°"° 10° 10® 107 10° 10°
Mobility (m?/V/ s)

FIG. 6. Simulated &, as a function of u. for opos of 65
(triangles), 90 (squares), and 120 meV (circles) for (nearly) equi-
librated charges taken at the times indicated in Fig. 13 (a) and
the corresponding deduced reduction factor (b). Solid symbols
indicate kr = 10% s=!, while open circles show the results for
ky =107 s™! for the example of high energetic disorder. Dashed
line is the prediction of the Langevin model; solid line guides
the eye. Insets show experimental k, and y data as a function of
e + pp of bulk-heterojunction solar cells taken from Ref. [33]
(gray dots).

orders in time (gray dashed line), even for the highly sup-
pressed cases. For large disorder, this plateau is overlaid by
a global decrease of y with time, which is, however, far
weaker than the decrease in u over the considered time
range.

Figures 5(b)-5(d) plot the reduction factor from these
plateau regions versus the hopping rate. Regimes of
encounter-dominated and resplitting-dominated recombi-
nation are clearly discernible. In the latter regime, increas-
ing the disorder for a given hopping rate increases y
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(rendering recombination less suppressed) because CT dis-
sociation slows down and becomes less competitive with
CT dissociation decay. For the same reasons, a slower
CT decay (smaller kr) will decrease y. To get a more
quantitative picture, the simulation data are modeled by
assuming that & is time independent and (for a given opos)
strictly proportional to vy, k; = cvy. Here, ¢ is a disso-
ciation prefactor, which is determined by details of the
blend morphology and energetics but is independent of the
kinetic parameters vy and k7. Accordingly,

ko kf kf
_— = = = _— = e — 10
i Y YencYCT = Venc kf s Venc kf ¥ v (10)

with yene and ¢ being the only fitting parameters. The best
fits are shown as solid lines in Figs. 5(b)-5(d), with the
fitting parameters listed in Table 1. Despite the simplicity
of the model, the course of y (vy) is well captured, with
a very small dependence of the dissociation prefactor, c,
on the CT decay rate. When opgg increases from 65 to
120 meV, ¢ (and with that k;) decreases by circa 1 order of
magnitude, while i drops by a factor of 100, meaning that

the dissociation rate is less affected by disorder than the
global mobility. This is in agreement with our model that
charge encounter causes an athermal CT population, which
is more prone to redissociation than a fully thermalized
population.

Figure 5(e) plots k4, as deduced from the fits in Fig. 5,
for vy = 10'! s~!. Because of the presence of energetic
disorder, an analytical model to describe the dependence
of k; on opps 1is unfortunately not available. Instead,
we add to Fig. 5(e) the analytical predictions for k; in
the absence of disorder [Eq. (9)], where for u we either
insert the mobility at the time when the carrier package
crosses Ey (representative of the energy of carriers disso-
ciating from the CT state) or after the carrier population
is equilibrated at E,, (describing the encounter of equi-
librated carriers). Furthermore, B = 10, ¢ = 1.8 nm, and
Evina = 228 meV. We find that k;(i1s) displays a much
stronger dependence on opos , lying 2 orders of magnitude
below k; from the recombination analysis at the largest
disorder. In contrast, k;(uy.) captures quite well the opos
dependence of k;, although it underestimates its value for
high disorder. This can be understood by the lowering of

—_
=

65-65 meV 65—-65 meV

Mobility (m?/Vs)

90-90 meV

_
(3)

Mobility (m?/\V/s)

10710

10712

120-120 meV

1071072107 10® 10° 10™* 1072 10°
Time (s)

FIG. 7.

10*
txv,

10° 102 104 108 108
tx vy

10°

Transient mobility as a function of time (a)—(c) and reduced time (fvy) (d)<f) for a phase-separated blend for variable

energetic disorder and hopping frequencies under a voltage of 1 V. Universal mobility plot (g)—i) with both mobility (1/vy) and time
(tvg) modified by attempt-to-hop frequency vy. Simulations are performed for opos. = opos, = 65 (a),(d),(g), 90 (b),(e),(h), and
120 meV (c),(f),(i); T=300 K; axy= 1.8 nm; kct (k) =1 x 108 s71; v, = vy, = 1 x 108, 10%, 10'°, 10", and 102 s~ (purple to

red), respectively.

034027-9



ZUO, SHOAEE, KEMERINK, and NEHER

PHYS. REV. APPLIED 16, 034027 (2021)

the effective dissociation barrier due to energetic disor-
der, which is well-documented in the literature and is not
captured by Eq. (9) [49,50]. Nevertheless, the benefit of
increased energetic disorder in providing a larger number
of low-energy states for free carriers is overcompensated
by a reduced mobility, resulting overall in a decrease of k.

To complement our study, we perform additional sim-
ulations at different temperatures with opos = 90 meV,
ky = 108 s7!, and vy set to either 10® (encounter domi-
nated) or 10'? s~! (resplitting dominated), see Appendix F.
The resulting transients of k;, k», and y are shown in
Fig. 14. Decreasing the temperature from 300 to 200 K
slows down thermalization, as seen by more pronounced
dispersive effects. Importantly, in the encounter-limited
regime, k, decreases in the same way with temper-
ature and time as w, meaning that ¥y (= Yenc in the
encounter-dominated case) is barely affected by tempera-
ture [Figs. 8(a) and 8(c)]. This confirms our interpretation
that the rate at which CT states form is governed by the
motion of carriers towards the heterojunction and that the
final step of CT formation state is not the rate-limiting
step. Figures 14(b) and 14(d) display the situation for the
resplitting-dominated case. Here, the effect of temperature
on k, is much weaker than that on u, causing an about 10

times increase of y from 300 to 200 K. This is the conse-
quence of the need for thermal excitation to dissociate the
CT state into free charges [Eq. (9)], meaning that CT dis-
sociation competes less efficiently with CT decay at lower
temperatures.

Our model has important consequences for the con-
ditions to be met when aiming for strongly suppressed
free carrier recombination despite a high carrier mobility.
Figure 15 in Appendix G collects k3, u, and y for (nearly)
equilibrated carriers. For a given disorder, increasing vg
(and with that p) causes a transition from the encounter-
to the resplitting-dominated regime. Above this transi-
tion, i.e., in the resplitting-dominated regime, a further
increase of vy (i) leaves k, nearly unaffected [see also
Fig. 6(a)]. High hopping rates are, therefore, indispens-
able when aiming for a favorable extraction-recombination
balance, which is in full agreement with the prediction of
the simple rate model in Sec. IIl. Reducing the energetic
disorder, e.g., by removing impurities or improving the
domain crystallinity, moves this transition to lower vg. In
the resplitting-dominated regime, a smaller o increases k,
but to a smaller extent than w. This is the consequence of
competition between the two processes that determine 4,
namely, the increase of Bene, which favors CT formation,
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FIG. 8. Simulated transients for energetic disorder opose. = opos,, = 90 meV of (a) mean energy of charges, (b) energy of mov-

ing charges, (c) bipolar mobilities for holes (solid lines) and electrons (dashed lines), (d) energy of recombining CT states (e) of
k, and (f) of the reduction factor for variable attempt-to-hop frequencies plotted as a function of time (see Fig. 3 for the cor-
responding plot as a function of fvy). KMC parameters are the same as those in Fig. 3(a). Star symbol marks the time when
the mean energy crosses the effective transport energy, Ey = E F 05,5/2ksT (gray horizontal dashed guideline), for different vy,
and orange horizontal guideline shows the equilibrium energy, Eo, = E F Uéos /ksT, where — corresponds to electrons and + to
holes. EGy — Evinda = [ELuMo — (01%05, ./2ksT)] — [Enomo + (01%05’ 4/2kgT)] — Epina. Arrow indicates maximum CT population.
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and more efficient CT resplitting due to a larger k,. There-
fore, for a given value of vy, the extraction-recombination
balance benefits from lower disorder. A more complete
picture (Fig. 6) arises when plotting &, and y as a func-
tion of mobility, a combined function of the hopping rate
and the energetic disorder,

2
4 (opos
oo OX Vg EXP |:—§( T ) i| )

For low mobility, k, is almost entirely determined by
mobility, and does not depend explicitely on the energetic
disorder. In contrast, mobility is not a decisive parameter
for k, in the resplitting-dominated recombination regime.
Instead, k, becomes a sole function of the morphology,
CT and CS energetics, and CT-state decay properties. Our
simulations, therefore, predict a large variation of k, for a
given mobility in the resplitting-dominated regime. This is
found experimentally, see the insets of Fig. 6. As expected,
the scatter of the experimental values is larger than of
the KMC data in Fig. 6, which is due to the fact that
other parameters than considered in our simulations (inter-
face morphology, CT delocalization), contribute to k; and
with that to k. As a consequence, it should be possible
to decrease the FOM, «, in Eq. (2) towards the Shockley

regime (o < 1) by independently reducing &, and increas-
ing p through proper design of the molecular and blend
structures.

Noticeably, for a given mobility, our simulations show
that the larger opos is, the smaller &, is, and stronger
CT resplitting will reduce recombination. This is again
a direct consequence of the dependence of k, on k; and
Bene, Where increasing disorder slows down B, more
strongly than k;. In turn, if we consider k, for a given
mobility, a large disorder combined with a high hopping
rate is desirable. Soluble fullerenes, are known to exhibit
considerable energetic disorder while also having large
hopping rates [37,41,42,51,52]. For example, analysis of
the transient carrier collection in the blend of [6,6]-phenyl-
C71-butyric acid methyl ester (PC7;BM) with the donor
polymer poly[2,3-bis(3-octyloxyphenyl)quinoxaline-5,8-
diyl-alt-thiophene-2,5-diyl] (TQ1) through KMC yielded
opos.e = 125 meV and v, = 1.8 x 10> s=!. Substituted
fullerenes, such as PCBM, have fairly small aggre-
gate sizes even in phase-separated blends [53], while
they exhibit significant orientational and conformational
disorder within these crystallites [54]. Combined with
dynamic disorder due to electron-vibration coupling, val-
ues of o as large as 100 meV are predicted for crys-
talline PCBM clusters [55]. On the other hand, the
close distance and near-spherical shape of fullerene’s
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FIG. 9. Simulated transients for energetic disorder opos,. = opos, = 65 meV of (a) mean energy of charges, (b) energy of moving

charges, (c) bipolar mobilities for holes (solid lines) and electrons (dashed lines), (d) energy of recombining CT states (e) of k, and (f)
of the reduction factor for variable attempt-to-hop frequencies plotted as a function of tvy. KMC parameters as well as the meaning of
all symbols and lines are the same as those in Fig. 3 except for the energetic disorder.
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conjugated orbitals result in large electron coupling, which
explains the overall high electron mobility [54,56]. Mod-
ern NFAs, as used in state-of-the-art OSCs, exhibit highly
crystalline layers with energetic disorders of typically
5070 meV [46,57-59]. Unfortunately, only a few stud-
ies concern the interplay between free carrier recombi-
nation and motion in NFA-based blends, [46,60—62] and
even fewer include the measurement of energetic dis-
order [46,47,57,59]. These studies yield a fairly wide
spread of mobilities and recombination coefficients, even
for the same material combination, which may, in part,
be related to details of the molecular structure (e.g., the
polymer molecular weight [62,63]) or the layer morphol-
ogy (e.g., interface properties [31,64]). Therefore, experi-
mental studies on well-defined morphologies are urgently
needed to disentangle the different processes that govern
the mobility-recombination interplay in high-performance
NFA-based systems.

IV. CONCLUSION

We employ kinetic Monte Carlo simulations to under-
stand transient free carrier motion and recombination in
energetically disordered phase-separated donor-acceptor
blends. We find that the bimolecular recombination coef-
ficient can be described by competition between the free
charge encounter, CT-state resplitting, and CT decay, as
summarized by k> (#) = [(kr)/(kr + cvo)]Vencks (f). Here,
¢ describes the proportionality between the CT dissocia-
tion rate and the attempt-to-hop frequency, vy, and depends
only on the energetics and structure of the phase-separated
system but not on the details of the free carrier distribu-
tion in the DOS. This is a direct consequence of that fact
that the free charge encounter in the considered phase-
separated disordered D-A4 blend forms an athermal excited
CT-state distribution, the energy of which is indepen-
dent of the mean energy of the free carriers once the
carrier population has moved below the effective trans-
port energy. Despite this, the formation of the CT state
is strictly proportional to the mobility averaged over all
carriers, as expressed by the Langevin encounter coeffi-
cient, k;. For high enough vy, the recombination coefficient
becomes nearly independent of the attempt-to-hop fre-
quency and, for a given energetic disorder, of the value
of mobility. As such, mobility is no longer a decisive
parameter for the value of &, in the resplitting-dominated
regime. This opens a wide range of options for optimizing
the extraction-recombination balance. We also show that
energetic disorder affects charge encounters more than CT
dissociation. As a consequence, decreasing the disorder
increases 1 more than k,. On the other hand, for a given
mobility, a larger disorder and, hence, a larger hopping rate
is preferred when aiming for highly suppressed recombi-
nation. Our simulations suggest energetic disorder as an
important parameter to be considered when aiming for a

detailed understanding of nongeminate recombination in
solar cells based on disordered semiconductors.
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APPENDIX A: DETAILS OF THE KMC
SIMULATION

Charge transport is described as a hopping process based
on Miller-Abrahams rates, in which hopping with rate v;
from an initial state i with energy E; to a final state j with
energy E; , separated by a distance 7y, is given by

"o(rii) AE AE >0
V(7)) €X -1, >0,
Vij = 0Ny P kBT

Vio(ry), AE <0,

where v, is the rate of downward hopping and AE =
E; —E; £ qry AF + AEc, with F as the external electric
field, 7; as the vector connecting initial and final sites, and
q as the positive elementary charge. The + (—) sign refers
to electron (hole) hopping. The term AE is the change in
Coulomb energy, as calculated by explicit evaluation of the
interaction of the moving charge with (a) all other charges
in the simulated device and (b) their image charges, as well
as of the interaction of the image charges of the moving
particle with (c) the particle itself and (d) all other parti-
cles. To avoid divergences at zero separation, the Coulomb

TABLE II. Key parameters used in KMC simulations.
Parameter Value
Box size (sites) 30 x 30 x 56

Intersite distance, ann (nm) 1.8
Energetic disorder, opos. = opos,; (meV) 65,90, 120
Attempt-to-hop frequency, vo, . = vo;, (571 1 x 108 to 102
Rate of CT-state recombination, kct (s™') 1x10%0r1 x 107

Rate of exciton recombination, key (s7') 1x10°
Inverse localization length, o (m™") 1.67 x 10°
Temperature, 7 (K) 300
LUMO of donor, EXUMO (V) 3.5
HOMO of donor, EJOMO (V) 5.5
LUMO of acceptor, E;“C[igggr (eV) 4.1
HOMO of acceptor, Eg{cgel\ggr (eV) 5.9

034027-12



GENERAL RULES FOR THE ...

PHYS. REV. APPLIED 16, 034027 (2021)

interaction between a pair of (unlike) charges with charges
Ec = —q/Ameoe,ren, With goe, as the dielectric constant
(¢, = 3.6) and r,; as the electron-hole distance, is trun-
cated at minus the approximate exciton binding energy, for
which we choose £7* = 0.5 eV. kT is the thermal energy;
the prefactor vy, is corrected for differences in the tunneling
distance r;; as

vy = vg exp[—2a(ry — ann)]

with « as the inverse localization radius.
The single-particle site energies, E;, are drawn from a
Gaussian distribution function:
&) 1 (E; — Eo)°
' V2mwo? P 202

with Ej as the mean energy and o as the broadening of the
total DOS, Ny. The HOMO and LUMO energies of a single
site are assumed to be uncorrelated. For each initial site i,
the number of possible final sites j is set to 26, reflecting a
3 x 3 x 3 shell around the initial site.

Simulations are either performed in a homogeneous sys-
tem, where each site can function as either donor or accep-
tor, or for a phase-separated morphology, as described in
the text. Free holes and electrons are considered as ini-
tial carriers, homogeneously distributed on the donor and

acceptor sites. The positive and negative charge carriers
can randomly form excitons or CT states before eventu-
ally leaving the system by recombination. Exciton diffu-
sion by the Forster resonant energy transfer mechanism is
explicitly accounted for. The transition rate is evaluated as

6
F _ Ry
Vij = Vex|\ —
Tij

where Ry is the Forster radius and ke is the radiative exci-
ton decay rate. CT recombination with rate k¢t is allowed
whenever a hole and an electron sit on neighboring sites.
Since we are interested in intrinsic material properties,
we use periodic boundary conditions in all directions (no
contacts).

For ﬁrecombination studies, the electric field is set to
zero (F = 0), which is equivalent to open-circuit condi-
tions. The transient value of the bimolecular recombination
factor, k», is extracted from the simulations by

_ dncs (1)

R
dt

= ko (Dngg (D)

where ncs = nora — (ner + nex). Here, nes = n, = ny, 1is
the density of charge-separated states; ¢, 1S total density
of electron-hole pairs; and ncr and ne are the densities of
CT states and excitons, respectively.
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FIG. 10. Simulated transients for energetic disorder opos. = opos;; = 120 meV of (a) mean energy of charges, (b) energy of
moving charges, (c) bipolar mobilities for holes (solid lines) and electrons (dashed lines), (d) energy of recombining CT states (e) of
k> and (f) of the reduction factor for variable attempt-to-hop frequencies plotted as a function of tvy. KMC parameters as well as the
meaning of all symbols and lines are the same as those in Fig. 3 except for the energetic disorder.
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Dynamics of the energy of recombining CT states as a function of reduced time for variable energetic disorder and hopping

frequencies. Egy — Evina = [ELumo — (0505, o/2ksT)] — [Exomo + (0505, 1/2ksT)] — Epina. Except for energetic disorder, KMC

parameters are the same as those in Fig. 2.

For the mobility calculations, a finite but low electric
field of 1 x 107 V/m is used, and all other parameters
are the same as those in corresponding recombination
calculations (Table II).

APPENDIX B: TIME-DEPENDENT MOBILITY

Figure 7 shows transient mobilities, calculated with the
same parameters as those used in the recombination simu-
lations, but with an electric field of 1 x 107 V. Importantly,
when the mobility and time are corrected for the hopping
frequency, all transients merge for a given disorder.

APPENDIX C: TIME-DEPENDENT CARRIER
EQUILIBRATION, MOTION, AND
RECOMBINATION

Figure 8 shows the dependence of the characteristic car-
rier and CT properties with time after photoexcitation for

1.8 -

an energetic disorder of 90 meV and for different hop-
ping rates, vy. As expected from mobility data in Fig. 7,
increasing vy causes a total shift of the mean carrier energy
[Fig. 7(a)] and of the energy of moving charges [Fig. 7(b)]
as a function of / g¢, without altering the shape of the tran-
sients. The same is (almost) true for the energy of the
recombining CT state in Fig. 7(d). Stars in Figs. 8(a), 8(c),
and 8(d) mark the time where the mean carrier energy
crosses the transport energy, which is the time where the
CT energy transitions to a constant value. In contrast to
mobility data, the hopping rate has a pronounced effect on
the recombination properties [Figs. 8(e) and 8(f)]. This is
because of the transition between the encounter- and the
resplitting-dominated regimes.

The transients of the same properties are plotted as a
function of reduced time for disorders of 65 meV (Fig. 9)
and 120 meV (Fig. 10). The huge effect of disorder
on the time-dependence relaxation properties is clearly
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FIG. 12. Dynamics of the energy of recombining CT states as a function of reduced time for variable energetic disorder and hopping
frequencies for a homogenous blend (a) and a phase-separated blend with & = 1 x 108 s™! (b)and &y = 1 x 107 s7! (c).
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seen. Most importantly, while u and k, exhibit a strong
dependence on time for the high-disorder case, the reduc-
tion factor remains rather constant, irrespective of whether
recombination is dominated by encounter or resplitting.

APPENDIX D: TIME DEPENDENCE OF THE
RECOMBINING CT ENERGY

Figures 11 and 12 display the results of exemplary KMC
simulations of the energy of the recombining CT state for

different conditions. Except for the case of a homogenous
blend, the CT energy displays a transition from a steeply
decaying time dependence to a constant value, which
assembles around the effective transport energy minus the
CT binding energy.

APPENDIX E: REDUCTION FACTOR

Figure 13 summarizes the transients of the reduction
factor, y = ky/k;, for all parameter sets treated in this
work. The initial time range is dominated by the for-
mation of the CT state by free carrier encounter. After
this initial period, y is nearly independent of time for
all phase-separated blends, see the dashed lines. Notably,
for small vy (encounter-limited regime), disorder has lit-
tle effect on y, which varies only slightly between 0.3
and 0.5. For the homogenous blend, y increases to one in
the encounter-limited regime, meaning that k&, = k;. The
resplitting-dominated regime of the homogeneous blend is
determined by a significant time dependence of y, where
y first decreases (CT formation) and then increases again.
We assign the latter process to the progressive relaxation of
the CT-state energy, rendering CT splitting more and more
difficult.

APPENDIX F: REDUCTION FACTOR

Figure 14 shows simulated transients of &y, k7, and y =
ky/ky for three different temperatures. For slow hopping,
vp = 10® s~!, decreasing the temperature reduces k; and k;
by the same amount for all times, rendering y independent
of temperature and time. This shows that the encounter rate
is a simple function of the carrier mobility. The situation is
different for slow hopping, vy = 10'? s~!, where a decreas-
ing temperature reduces k; significantly more than k. As
a consequence, recombination is more reduced at higher
temperatures.

APPENDIX G: u, k2, AND y AS A FUNCTION OF
HOPPING RATE

Shown in Fig. 15 is the dependence of u, &y, and y on
hopping rate for three different disorders for nearly equi-
librated charges. For a given hopping rate, increasing the
disorder has little effect on y in the encounter-dominated
regime but increases y in the resplitting-dominated regime.
This is because a higher disorder slows down CT resplit-
ting and, therefore, renders CT recombination more likely.
Despite this, a larger o will (in total) reduce 4, because of
slower charge encounter.
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