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Mechanism for Efficient Photoinduced Charge Separation

at Disordered Organic Heterointerfaces

Harm van Eersel, René A. J. Janssen, and Martijn Kemerink*

Despite the poor screening of the Coulomb potential in organic semiconduc-
tors, excitons can dissociate efficiently into free charges at a donor—acceptor
heterojunction, leading to application in organic solar cells. A kinetic Monte
Carlo model that explains this high efficiency as a two-step process is
presented. Driven by the band offset between donor and acceptor, one of
the carriers first hops across the interface, forming a charge transfer (CT)
complex. Since the electron and hole forming the CT complex have typically
not relaxed within the disorder-broadened density of states (DOS), their
remaining binding energy can be overcome by further relaxation in the DOS.
The model only contains parameters that are determined from independent
measurements and predicts dissociation yields in excess of 90% for a proto-
typical heterojunction. Field, temperature, and band offset dependencies are
investigated and found to be in agreement with earlier experiments. Whereas
the investigated heterojunctions have substantial energy losses associated

electron-hole pairs that are a few sites
apart should most likely not dissociate into
free carriers unless a strong electric field is
applied. In reality, however, organic solar
cells have reached efficiencies up to 10%,
recently.>3] Moreover, their performance
is mainly limited by voltage losses and
imperfect spectral overlap rather than by
forming charges from absorbed photons.
Experimentally, internal quantum effi-
ciencies (IQE) in excess of 75% are found
for many heterojunctions."1! Since the
IQE is defined as the extracted charge
per absorbed photon under short circuit
conditions, it accounts not only for dis-
sociation or geminate recombination
losses at the heterointerface, but also for
losses related to exciton diffusion to the
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with the dissociation process, these results suggest that it is possible to

reach high dissociation yields at low energy loss.

1. Introduction

A simple back of the envelope calculation suggests that organic
solar cells should not work efficiently, even in case a donor-
acceptor (bulk) heterojunction!!! is used to facilitate charge
generation. In organic solar cells absorption of a photon cre-
ates an exciton in either of the two semiconductor materials
that diffuses to the donor-acceptor interface to form a charge
transfer (CT) state across the interface that subsequently dis-
sociates into a free hole and electron that are transported and
collected at the electrodes. Conceptually the most critical and
possibly limiting step seems the dissociation of the CT state.
The prediction of a low free electron-hole generation yield fol-
lows from the low dielectric constant of organic semiconduc-
tors, typically 3 < &, < 4. The Coulomb binding energy therefore
exceeds the thermal energy (kgT = 25 meV at room tempera-
ture) for electron-hole separations up to the thermal capture
radius of around 14-20 nm. Since the inter-site distance in
disordered organic semiconductors is a few nm at most, even
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interfacel! and to bimolecular recombina-
tion and diffusion.l'l The cited high IQE
values are therefore a lower limit for the
actual charge generation yield. In organic
bulk heterojunctions (0BH]J) the exciton dissociation efficiency
is commonly assumed to be close to unity, provided that the
phase separation is sufficiently intimate such that the exciton
diffusion length is larger than the domain size. Regarding
losses associated with bimolecular recombination and diffu-
sion, drift-diffusion modeling has yielded contradictory esti-
mates, ranging from a few percent only!’*"! to tens of percent
for systems with low charge carrier mobility and/or unfavorable
morphology.'21% The discrepancy between anticipated low and
measured high yields for creating free photogenerated electrons
and holes is well known, and has inspired a significant amount
of research.'7-2!l The most commonly employed framework to
explain the high electron-hole dissociation yield is based on the
Onsager?? and Braun?® models in which it is assumed that
a field- and temperature-dependent dissociation process com-
petes with non-radiative recombination of the electron-hole pair
in the CT state. Although successful in describing experimental
data, electron-hole pair lifetimes in the microsecond range are
typically needed to make a quantitative fit to current-voltage
characteristics.[1#1521:24-26 Measured lifetimes are typically in
the nanosecond rangel?’-3 although a value of 40 ns has been
reported for an all-polymer system.*? Proposed alternative dis-
sociation mechanisms evoke hot carriers,'8] quantum confine-
ment, 2% delocalization,?*?! and disorder.**l At electric fields
that correspond to typical short circuit conditions, these models
either predict low dissociation yields!'®3 or need to make
stringent assumptions regarding carrier effective masses,!!’)
effective lifetime of the CT polaron pair,?!l or delocalization
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length.2021] The problem of electron-hole pair dissociation via
thermally activated tunneling (hopping) under influence of an
electric field and temperature in an energetically disordered
landscape is ideally suited for a treatment with kinetic Monte
Carlo (MC) techniques.?13*2 These works differ significantly
in the assumed morphologies and in the energetic landscape in
which disorder may be absent,?5*! correlated,*?! or completely
random. Nevertheless, generally the calculated recombination
rates are low and strongly field- and temperature-dependent
at typical short circuit fields unless rather extreme values for
parameters like the junction field®® or recombination ratel38+1]
are used. Here, we use a two-step approach to the problem of
electron-hole dissociation at disordered heterointerfaces. First,
we determine the electron and hole hopping parameters by fit-
ting to temperature-dependent current-voltage characteristics of
unipolar devices. These parameters are subsequently used as
input for a kinetic MC model describing exciton dissociation.
All input parameters of this model are therefore a priori known
from independent experiments. We find dissociation yields in
excess of 90% at room temperature and zero field. Driven by
the band-offset at the heterointerface, the photo-created exciton
first transforms into a CT complex which subsequently dis-
sociates into free charges. The mechanism underlying the
latter process is a gradual relaxation into the disordered DOS,
which enables the hopping carriers to overcome their mutual
Coulomb attraction. For the investigated junctions the entire
process is associated with substantial energy losses. The mod-
eling suggests, however, that it is possible to design a junction
with realistic parameters that dissociates excitons with high
(275%) yield and modest (~0.1 eV) associated energy loss.

2. Model

We focus on the well-characterized system of MDMO-
PPV:PCBM, blended in 1:4 weight ratio. For this system,
temperature-dependent electron- and hole-only space-charge
limited current vs. voltage (SCLC) curves are available.[**** The
I(V,T) curves were simultaneously fitted by a least-squares pro-
cedure using a commercial drift-diffusion solver.l*®! The physics
of hopping in a disorder-broadened Gaussian DOS are included
via a mobility functional. Here, the mobility u depends on
temperature T and the (local) charge density and electric field
F according to parameterized expressions taken from ref. [47].
Mobility and diffusion constant are connected via the general-
ized Einstein equation. The fitting procedure yields the para-
meters for the hopping transport: the attempt frequency v,
the width of the Gaussian DOS ¢ and the nearest neighbor
distance ayy. In brief, the fitting procedure uses deviations
from perfectly quadratic SCLC behavior, in combination with
the temperature dependence of the curves, to make statements
about the details of the charge transport using the theoretical
framework of the co-called extended Gaussian disorder model
(EGDM) developed by Pasveer et al.”* The complete set of I(V,
T) curves for each material is fitted simultaneously to yield v,
oand ayy.

The hopping parameters are input for the kinetic Monte
Carlo program that is used to calculate dissociation and recom-
bination yields. The program works on either a simple cubic
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lattice or an FCC lattice and only considers nearest neighbor
hops. Hopping rates between an initial state i with energy E;
and a final state f with energy Eyare calculated as

Ef—Ej+qFif-F+ AE
by = voexp (—%) =1 eXP(—%>(AE > 0) 1)
vo(AE <0)

where F is the external electric field, rif the vector connecting
initial and final sites, and q the positive elementary charge.
The + (-) sign refers to electron (hole) hopping. The attempt
frequency v, includes the (constant) probability for tunneling
between nearest neighbor sites and should be regarded as a
success rate for downward hops. The term AEc is the change
in Coulomb energy Ec = —q/(4mweoe, 1en) with &g, the dielectric
constant (¢, = 3.6) and r,, the electron-hole distance. In order
to avoid divergences at zero electron-hole separation, E¢ is
truncated at —0.5 eV. Although simplified, we note that for the
parameters used, the expression for the Coulomb energy repro-
duces both the exciton binding energy of ~0.5 eVI*®l as well as
the CT binding energy that was estimated to be in the 0.1-0.2 eV
range for this material combination and slightly higher for
polymer blends.[*-51]

For each material the single-particle site energies E; are
drawn from a Gaussian distribution function

o1 (E; — Eo)’

where E, is the average energy of the materialss HOMO or
LUMO level. For MDMO-PPV we use ELUMO) = —3.0 eV and
EHOMO = _5 2 eV, and for PCBM E'UMO =41 eV and EHOMO =
—6.1 eV.[1416]

When the electron and hole are on the same site, they form
an exciton that can recombine with rate v,,, set to 10° s3]
Similarly, when on neighboring sites they form a CT complex
that can recombine with rate v, taken 10° s71.[27-31]

The waiting time before an event (hop or recombination)
occurs is calculated ast0l

In (r) 3)

where r is a random number drawn from a homogeneous distri-
bution between 0 and 1 and X, is the sum of the rates of all pos-
sible events. The event that occurs after 7 is selected randomly,
using the rates of all possible events as weight factors. Energies,
rates, and waiting time are updated after each hop. The material
parameters used in the MC calculations are given in Table 1.

For the followed procedure, consistency of the MC model with
the Pasveer model*’] on which the parameterized mobility func-
tionals in the drift-diffusion solver are based is crucial and was
explicitly checked. The MC model reproduces the low-density
mobilities of Pasveer et al.’* and Bouhasoune et al.>>! when the
hopping parameters cited in ref. [54,55] are used as input.

Calculations are started by either generating a single exciton
on a single (donor) site, or by generating an electron-hole
pair in the CT state, with the hole (electron) on the donor
(acceptor) side of the interface. The calculation ends when
either the electron-hole pair recombines or when one of the
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Table 1. Electron (PCBM) and hole (MDMO-PPV) transport parameters
extracted from fitting the /-V curves in Figure 1 and used as input in the
MC model.2P)
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a bulk heterojunction are consistent with the well-known two
order of magnitude increase in hole mobility upon of MDMO-
PPV upon addition of PCBM to f, = 1.4 X 1078 m?/Vs.[*1
For PCBM the electron mobility y,; = 2 x 107 m?/Vs is essen-

PCBM MDMO-PPV in oBH) Neat MDMO-PPY tially unaffected by the presence of 20 wt% MDMO-PPV, which
Vo [X10" 571) 0.3 (0.04,2) 0.008 (0.005, 0.02) 0.063 is consistent with the existence of an (almost) pure acceptor
alev] 0.12 (0.11,0.13) 0.10 (0.085,0.12)  0.14 (0.13, 0.15) phase in these blends, having a molecular packing that is not
o [ 254 (2.50, 2.58) 27 (24,32) 16(15,1.7) significantly affected by the blending.*¥l It is therefore reason-

AThe rightmost column lists the parameters for neat MDMO-PPV from ref. [54];
B)The numbers between brackets indicate 95%-certainty intervals.

carriers reaches an edge of the box. Charges are generated in
the middle of the box; box sizes are typically larger than twice
the thermal capture radius. For each calculation point at least
5000 configurations were averaged. In order to avoid commen-
surability problems the lattice constant of the box was taken as
the composition-weighted average of the donor and acceptor
nearest neighbor distances.

Two types of morphology are used: a perfectly sharp donor-
acceptor (DA) bilayer and a completely random DA mixture.
These may be considered the extreme cases of realistic mor-
phologies that are likely to have at least some degree of inter-
mixing or even have several hierarchical length scales associated
with phase separation. In case of the bilayer geometry, the elec-
tric field is applied perpendicular to the interface plane.

3. Results

Figure 1 shows the drift-diffusion fits to the temperature
dependent SCLC data of electron-only PCBM devices (panel
a) and hole-only devices with a 1:4 wt% blend of MDMO-
PPV:PCBM as active layer; the corresponding parameters are
given in Table 1. Within experimental accuracy the fits match the
data. Hence, the relatively large uncertainties in the parameters
are due to the limited temperature and voltage range over which
the devices could be measured and fitted. However, the outcomes
of the MC model presented below do not significantly change
when these parameters are varied within their uncertainty
margins. For comparison Table 1 also shows the parameters
for neat MDMO-PPV as found in ref. [54]. The lower disorder
and larger nearest neighbor distance for the same material in

able to use the hopping parameters of pure PCBM to describe
the transport in the acceptor phase of these heterojunctions. It
should be stressed that when both phases are mixed, as is typi-
cally the case in all-polymer cells, electron- and hole-only curves
should be taken on the mixed active layer.

The hopping parameters o= 0.12 eV and ayy = 2.5 nm deter-
mined for PCBM differ from the values o = 0.07 eV and ayy =
3.4 nm that were extracted in ref. [43] from the same data. The
reason is that the present analysis is based on the extended Gaus-
sian disorder model,*”] whereas the previous one was based on
a correlated-disorder model. In both cases, the nearest neighbor
hopping distance ayy is substantially larger than the physical
distance between individual PCBM molecules of around 1.2 nm.
Most likely, this enhancement is related to delocalization of the
electron wavefunction over a few PCBM molecules.[%] The rela-
tively high attempt frequency v, = 3 x 10'? 571 is likely related to
the rigidity of the Cg, core of the PCBM molecule. The attempt
frequencies found here are consistent with values obtained
before using essentially the same methodology for pure PPV
derivatives (see Table 1 and ref. [54,55]) and for a polyfluorene
copolymer.’”! They are also similar to attempt frequencies used
in ref. [39,40,42] but substantially higher than in ref. [35,37,38]
when the latter are corrected for the tunneling probability.

Using the parameters extracted above to calculate yields for
an idealized, i.e. perfectly sharp, heterojunction we find dissoci-
ation yields in excess of 90%, see Figure 2. Necessarily the field
dependence is not very pronounced. Whether the charges are
generated as exciton (dashed lines) at the DA interface or as CT
pair (solid lines) across the interface has little effect, which is
caused by the large LUMO and HOMO offsets between donor
and acceptor, driving the efficient charge transfer. It is impor-
tant to stress that this does not explain why the CT complex
efficiently dissociates into free charges: even at 2.6 nm separa-
tion, i.e. the nearest neighbor distance, the Coulomb binding
energy is more than six times kpT. The mechanism underlying
the CT dissociation will be discussed below.

For MDMO-PPV:PCBM oBH]J it is well

2 10000 ® 500 known that the donorrich phase con-
o experiment o experiment tains a significant (~50 wt%) fraction of
272K < | . R L.
< 100004 —550x ] 250 2K well-dispersed acceptor material.’® which is a
< 2K Ng 200 ——250K characteristic feature of many polymer:PCBM
z ] ] = : .
3 1000 z oBHJs, even for some semi-crystalline poly-
[} 0 b . .
S 100l 1 & mers that form intercalated crystals with
g 8 £ 1004 PCBM.PY 1t is therefore likely that in these
© 10y 003 1 3 &) systems most of the charge generation actu-
, 200 ally occurs inside a mixed phase rather
T T T T T 0+ 7 T .
10 15 20 25 30 35 00 05 10 20 25 30 than at a sharp interface between two pure

Voltage [V]

Voltage [V] phases.['216 Figure 2b compares the yields for
a bilayer system to those found for a random
1:1 (site density) blend. In order to rule out

mobility effects the attempt frequencies

Figure 1. Temperature-dependent SCLC I~V curves of pure PCBM (a) and MDMO-PPV in an
oBHJ mixed with 80 wt% PCBMS (b). Symbols are experimental data taken from ref. [43-45]
and lines are drift-diffusion fits using the parameters listed in Table 1.
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into their respective DOS (black, red sym-

bols) they overcome the Coulomb attraction
08 (green triangles). The process is sketched in
= o5 = more detail on the left-hand side of Figure 4.
i; ’ “;; p geometry The hole starts at zero energy (Figure 3a)
£ o4 £ o4} 4 — ?I-Ifyl:;n o cubic) | because it has been created there. After
3 ) N 3 S e 1:1 blend (FCC) charge transfer, the electrons on average sit
S ozf T aton B 02f 7 1 at-1.1eV, ie. the LUMO offset, b that
(exciton) - Onsager-Braun model a .1 eV, 1e. e oIIset, because tha
oo - - Kk=bebi2e71e9 s is the most likely energy to hop to. This step

0.0 T T T T 0.0 T T T T . .
0 110’ 2x07 3107 410 5x10° 0 10 20" a0 4x10’  sa0’  reduces the Coulomb binding energy from

Field (V/m)

Figure 2. a) Dissociation yields vs. applied field calculated for a simple cubic bilayer system
at room temperature. Solid (dashed) lines refer to excitation in the center of the donor exciton
level (CT state). The nearest neighbor distance is varied and shown in the figure (in nm).
b) As panel (a) for different geometries. Solid lines: bilayer, simple cubic lattice; dashed lines:
random 1:1 blend, simple cubic lattice; dotted lines: random 1:1 blend, FCC lattice. Excita-
tion is in the center of donor exciton level, the nearest neighbor distance is 2.6 nm. The red
dash-dotted lines are calculated from the Braun/Onsager formula using Equation 4 (top to
bottom) ver=5x 108, 2 x 107, 1 x 10° s™'. Modified calculation parameters to keep mobilities
unchanged — random FCC blend: vo=2 x 10'" s™" (MDMO-PPV), vo = 7.5 X 10'2 57! (PCBM);
random simple cubic blend: vy =5 x 10'2 s™" (MDMO-PPV), vo=2x 10'* s

were rescaled such that the mobilities in the case of the random
blends were equal to those in the pure phases of the bilayer. As
anticipated, the escape yields in the random blends are lower
than for the bilayer, which is due to a larger probability for the
charges to get trapped or blocked by energetically inaccessible
sites. Since the coordination number of the FCC lattice (12) is
larger than that of the simple cubic lattice (6) this effect is most
pronounced in the latter case. For bilayers the difference in yield
between FCC and cubic is marginal (not shown). Nevertheless,
the dissociation yield is substantially above 50% in all cases and
less field dependent than reported in ref. [17] where an almost
threefold increase at high fields was suggested.

The mechanism for the efficient dissociation of the CT com-
plex into free charges can be understood from the relaxation
dynamics of the electron and hole. Figure 3a shows the average
energy vs. time of charge pairs that eventually escape. Energies
are averaged over the charge carriers that are still present at a
given time on the horizontal axis. Clearly, while the carriers relax

(b)

Field (V/m)

0.5 eV to ~0.15 eV. Since both carriers are
(on average) in the center of their respective
DOS, they both ‘see’ a significant number of
neighboring sites that represent a lower total
energy: relaxation in the DOS overcomes
the gain in Coulomb energy. For each suc-
cessive hop the charges relax further in the
DOS, but also move further apart, reducing
the Coulomb binding. The right-hand side of
Figure 4 shows a Jablonsky diagram of this
process. It is important to note that since
each (hopping) site has a single hole and
single electron energy, relaxation in the DOS is only possible
by moving to neighboring sites. There is no possibility for on-
site relaxation. This mechanism differs fundamentally from
the hot exciton mechanism that was proposed before.'¥ In
our work, hopping charges are assumed to immediately ther-
malize to the single particle energy of the local site. There is
no local phonon bath of excess heat that can be used for the
next hop. However, within the DOS formed by the ensemble
of sites in the device/simulation the charges do thermalize,
and do so by a process that slows down when charges are
deeper in the DOS.I%) For the simulation shown in Figure 3a
both charges have not yet completely thermalized within the
DOS; the black and red arrows indicate equilibrium energies
E =402 [kpT for the hole (0.39 eV) and electron (-0.56 eV).
In Figure 3, these are calculated with respect to the electron and
hole starting energies in the center of the donor HOMO and
donor LUMO levels, respectively. Hence, the electron reaches
equilibrium at —(LUMO offset + 0.56) = —1.66 eV.

Also plotted in Figure 3a is the total energy
of the system with respect to the S; exciton

-1 (PCBM).

L e e e S I I 0.6 10" - - - r r 2.0 N .

% oo energy into which the charges were created
1073 T ° Clrec. (blue triangles). After charge transfer, the total

11 °, . .
R 27 g Jiss  energy relative to the S; exciton energy equals
3- 3107 LD o, 5 approximately (ELUMO pepy — Eo ppytUMO) +
& ERLE S - g (B — E°T), Le. the loss in LUMO energy

2 £ > LS i : . . .
& pa—— 2] el %W 198 plus the binding energy difference between
081 2 decton = 0l o, exciton (E*p) and CT (ETp) state. It shows

1-1.6 o= . .
oLy toal I o S ' s that there is a substantial energy loss asso-
1E-14 1E-12 1E-10 1E-8 1E-6 1E-11 1E-10 1E-9 1E-8 1E-7 1E-6 1E-5 Ciated Wlth each Of the two Steps 11’1 the dis_
time (s) time (s)

Figure 3. a) Average energy vs. time of charge pairs in a 1:1 random FCC blend that eventually
escape. Energies are averaged over the charge carriers that are still present at a given time.
Electron (hole) energies are calculated with respect to the center of the donor LUMO (HOMO)
level, the total energy is calculated with respect to the energy in which the carriers have been
excited, i.e., the center of the donor exciton level (S;). The black and red arrows indicate the
hole and electron equilibrium energy, respectively. b) Intensity of escape and CT recombina-
tion (left y-axis) and CT recombination energy (right y-axis). The dashed lines are guides for

the eye. F=0.
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sociation process described above. First, the
negative offset at the shortest time is due to
the fact that the offset between the LUMOs
of donor and acceptor of 1.1 eV is roughly a
factor three larger than the binding energy
difference between the exciton and the CT
complex. Second, the further decrease in total
energy with time indicates that the relaxation
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Figure 4. Left) Schematic representation of the two-step exciton disso-
ciation process. Blue horizontal lines indicate the center of the donor
and acceptor HOMO and LUMO levels, the vertical blue gradient bars
indicate the broadened density of states. For illustrative purposes only the
electron is assumed to move. Right) Corresponding Jablonsky diagram.
After excitation in the donor S; level (red arrow indicates the exciton
binding energy) the electron is transferred to, on average, the center of
the acceptor LUMO, forming a CT complex. In subsequent downward
hops, the electron relaxes towards its equilibrium energy while over-
coming the remaining Coulomb energy (thick black line). Due to this
relaxation the final energy of the free electron-hole pair FC., is substan-
tially below the “unrelaxed” free charge energy FC, defined as the donor-
HOMO minus the acceptor LUMO energy.

in the DOS overcompensates the increasing Coulomb energy.
It should be kept in mind that in operational solar cells the
charges relax to their respective quasi-Fermi levels which lie
above the single particle equilibrium energies indicated by the
arrows.[®!l Hence, the total equilibrium energy loss calculated
as the energy in which the charges are generated (the donor
S; level) minus the total energy of the free, relaxed charges
((E"UMOy pepys + Eel) — (EMOMO) ppy + E.¥)that follows from
this calculation (~1.55 eV) is an absolute upper limit: quasi-
Fermi levels may lay substantially above the single particle equi-
librium energies. Moreover, photogenerated charges may not
completely thermalize within their (us) lifetime. As described
above the —1.55 eV drop in energy in this calculation comes
from three contributions i) the loss in energy when going from
S; to the CT state (—0.75 eV), ii) the Coulomb binding energy
gained in the dissociation (0.15 eV), and

Mok
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Table 2. HOMO and LUMO energy levels and state energies for charge
dissociation in MDMO-PPV:PCBM and a more energy efficient blend.

HOMO LUMO Gap Binding State (S,/CT/
[eV] [eV] [eV] energy [eV] FC.) energy [eV]
MDMO-PPV -5.2 -3.0 2.2 0.5 1.7
PCBM 6.1 —4.1 2.0 0.5 1.5
CT state -5.2 —4.1 1.1 0.15 0.95
Relaxed charges -4.81 —4.66 0.15 0 0.15
Donor 2 -5.2 -3.75 1.45 0.5 0.95
Acceptor 2 6.1 —4.1 2.0 0.5 1.5
CT state 2 -5.2 —4.1 1.1 0.20 0.9
Relaxed charges -5.06 —4.24 0.82 0 0.82

the fastest carrier—the electron—needs to diffuse to the boundary
of the calculation box. Interestingly, the energy at which the CT
states recombine decreases by ~0.2 eV over the time interval
probed. This indicates that a significant fraction of the CT
emission is due to electron-hole pairs that have first (partially)
dissociated and are subsequently re-captured at a lower lying
CT state.

In our model, exciton dissociation into CT states is described
as the transfer of one charge to a neighboring site. Hence, this
process occurs at a rate that is to good approximation equal
to the average number of available downward hops times the
attempt frequency. For a bilayer on a simple cubic lattice, where
only one low-lying state (across the interface) is available for the
electron, this gives an exciton dissociation rate of 3 x 102 571,
For a random 1:1 blend on an FCC lattice the electron has, on
average, 6 sites available, hence a dissociation rate of 2 x 101* s!
is obtained. The latter number is in reasonable agreement with
experimentally observed quenching rates.[®2

We shall now return to the first step in the dissociation
process, the charge transfer. From the discussion of Figure 3a
it may be anticipated that roughly half the electron-hole pairs
that are generated in the S; level dissociate into free charges
when the difference between the exciton and CT binding ener-
gies of ~0.35 eV equals the LUMO offset, i.e. when the S; and
CT energies are equal, see also Figure 4. The solid black line in

2704  wileyonlinelibrary.com

iii) the loss in energy by carrier relaxation (a) ,, ' ' ' ®) 1o ' '
(-0.95 eV) (Table 2). Below we will show that i Cmmmeze- reduced disorder
in principle both losses can be reduced sig- 08 »‘{C?mbi” fon //' escape 08} exciton b”aye;xiﬁf;:a(tg:)m:~
nificantly, such that efficient dissociation can - , _ -~ _ recombination\ ~ ~~~ CTstate
also be achieved with only ~0.13 eV of energy = 061 s / Eﬁ;r;wearl i‘fé’.[i?.[, 1= 061 . e 1
loss in the dissociation process. 2 Ll /,’ eciton (51) | 2 0al \ S |

The rate at which charges escape or = \ T CTstate > " A

- \ 7

recombine is plotted in Figure 3b. A number 02 -~ . i oaf~e. 2T escape |
of characteristic time scales can be identified. ~ N\ CT recombination .
The inflection point in the CT recombination 00" 02 YR o8 0o Y ERE— o

intensity at 1 ns reflects the CT recombina-
tion rate set as input parameter; the decay
at shorter times results from CT pairs being
split up by one of the constituent charges
hopping away. The inflection point in the
escape rate around 0.2 us reflects the time

LUMO offset (eV)

LUMO offset (eV)

Figure 5. a) Yields at zero electric field vs. LUMO offset for a bilayer geometry on a simple cubic
lattice. Black, red, and blue lines refer to escape, CT recombination, and exciton recombina-
tion yields, respectively. Solid (dashed) lines refer to excitation in the CT (donor exciton) level.
b) As (a), for a situation with half the disorder. Parameters for the reduced-disorder calculation
are Vo =7 x 108 s™" (MDMO-PPV), vo =4 x 10° s (PCBM), keeping mobilities unchanged.
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dissociation yield [1]

-4.2

electron Es,(a = [eV]

hole Esta " [eV]

Figure 6. Dissociation yield vs. initial electron and hole energy. Excitation
is in the CT state for a bilayer on a simple cubic lattice. The center of the
donor HOMO and acceptor LUMO levels is at =5.2 and —4.1 eV, the con-
sidered energy window is £30 for both electrons and holes.

Figure 5a shows that this is indeed the case. This finding sup-
ports the empirical rule of thumb that a ~0.3 eV LUMO offset
is needed to drive charge transfer.[3] Expectedly, at low LUMO
offsets direct excitation in the CT state leads to more efficient
dissociation; at high offsets the yield is essentially equal for both
excitation channels. The latter is in full agreement with experi-
mental observations by Lee et al., who found, for the MDMO-
PPV:PCBM material system, that the IQEs for photoexcitation
in the CT and exciton levels are equal.”!

From the preceding discussion one may anticipate that the
dissociation yield for excitation in the CT state strongly depends
on the starting energy of the electron and hole. However,
Figure 6 shows that only when both the electron and the hole
are created substantially (>0) below the middle of their respec-
tive density of states a significant yield reduction results. The
reason is that in all other cases at least one of the charges has
sufficient possibilities to relax in the DOS, i.e. has neighboring
sites of lower total energy, to still break up the CT exciton. This
implies that for the present system the equivalence in terms
of free charge generation of excitation in the S1 and CT levels
holds for all excitation energies above roughly 0.9 eV (= CT
gap - o, - 0). Due to the low joint DOS at these energies and
the low optical cross section of the CT state in general, experi-
mental observation of a reduced dissociation yield at such low
excitation energies will be hard.

Interestingly, reducing the disorder, while maintaining the
mobility via the attempt frequency, leads to a dramatic loss in
dissociation efficiency, c.f. Figures 5a and b. This corroborates
the importance of disorder in the dissociation process; reducing
disorder reduces the number of final sites with a lower total
energy, frustrating dissociation into free charges. It also shows
that using a set of hopping parameters that produces a realistic
mobility in an MC model is a necessary but insufficient condi-
tion to obtain a realistic description of the dissociation process.
The specific values of all parameters are crucially important.

The temperature dependence of the IQE was studied by
Lee et al.’! They demonstrated that (a) the IQE is only weakly

Adv. Funct. Mater. 2012, 22, 2700-2708
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Figure 7. Yields at zero electric field vs. temperature for a bilayer geom-
etry on a simple cubic lattice. Black, red, and blue lines refer to escape,
CT recombination, and exciton recombination yields, respectively. Solid
(dashed) lines refer to excitation in the center of the donor exciton (CT)
level. Parameters are constant for all calculations. Below ~200 K the yields
should be considered as lower limits.

dependent on temperature, a threefold reduction when going
from 300 K to 150 K was found, and (b) that the temperature
dependence of the IQE for excitation in the S; and CT states
was equal. Both observations are quantitatively reproduced by
the simulations shown in Figure 7. As before (Figures 2, 5)
the reason for the equal dissociation yields of S; (solid lines)
and CT (dashed lines) excitation is the large LUMO offset in
the MDMO-PPV:PCBM system of 1.1 eV. The limited tempera-
ture dependence is due to the fact that the splitting of the CT
complex is driven by internal energy, i.e. the relaxation in the
DOS, instead of by external (thermal) energy. In order to allow
for direct comparison with Figure 3 and Supporting Informa-
tion Figure S4a of ref. [9], in the calculation of Figure 7 all
parameters, including the attempt frequency, are kept constant.
The mobility therefore decreases with decreasing temperature.
A consequence of the decreasing mobility is that at low tem-
peratures a significant fraction of the electron-hole pairs does
not recombine or dissociate within accessible calculation times
due to trapping in deep states; at 200 K (150 K) this trapping is
about 5% (20%). Hence, in this temperature window the plotted
yields do not add up to unity and should be regarded as lower
limits. The time evolution of the yields (not shown) suggests
that most trapped charges will eventually escape.

So far, we have presented a quantitative explanation for the
efficient generation of free charges from tightly bound exci-
tons in oBHJs and bilayers. From Figure 3a it follows that
this process is efficient, but at least in the case of MDMO-
PPV:PCBM comes at the cost of a substantial energy loss. In
the last part of this section we will investigate how this loss can
be minimized. Figure 5 shows that the loss associated with the
first step, the charge transfer, can be reduced to ~0.05 eV (i.e.
the LUMO offset of ~0.4 eV minus the difference in binding
energy between the S; and CT states of ~0.35 eV) without sig-
nificant loss in dissociation yield. This is in full agreement with
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' ' o ' ' The slight increase in total energy after ~1 ns in Figure 8
0.0 is due to the calculation of the total (and other) energies: they
are average energies of the at a particular time still surviving
electron-hole pairs. Typically, pairs that quickly relax also quickly
T _(_ dissociate or recombine. At later times these fast-relaxing pairs
= ' do no longer contribute to the average energy, which therefore
= . increasingly reflects the not-so-fast relaxing, but still surviving
2 P%00..0%%0%00,, pairs.
ﬁ -0.41|start in S, s, T The calculation in Figure 8 should be regarded as an illus-
= hole ee0€— tration that rational design of heterojunctions can prove worth-
e electron while. It should be repeated that in operational solar cells
-0.64| 4 Coulomb . charges relax to their respective quasi Fermi levels and not
v _total to their equilibrium energies.®!] Hence, the junction design
1E13 1E11 0 1B9 1Bz should be such that under maximum power conditions, relaxa-

time (s)

Figure 8. Average energy vs. time of charge pairs that eventually escape
from a bilayer on a simple cubic lattice. Energies are averaged over the
charge carriers that are still present at a given time. Electron (hole)
energies are calculated with respect to the center of the donor LUMO
(HOMO) level, the total energy is calculated with respect to the energy in
which the carriers have been excited, i.e., the center of the donor exciton
level (S;). The black and red arrows indicate the hole and electron equi-
librium energy, respectively. Material parameters have been optimized

for minimal energy loss and are vo =1 X 10" s™'; Gyomo = OLumo =
0.06 eV; ayy = 2 nm; donor ELUMO; = —3.75 eV and EMOMO, = —52 eV;

acceptor EtUMO = —4.1 eV and EHOMO, = —6.1 eV; F=0.

experimental data in ref. [64] where it was shown that photo-
induced electron transfer from the lowest singlet excited state
(S1) to the CT state occurs when Eg-Ecr > 0.1 eV. However,
the strong loss associated with the ‘overrelaxation’ in the DOS
remains unaffected. The reason is simply that the sum of the
electron and hole equilibrium energies (0% +03)/ksT of
~1 eV largely exceeds the CT Coulomb binding energy of
~0.15 eV. Low energy loss therefore requires low disorder.®! The
ideal heterojunction therefore has a LUMO offset that equals the
S;—CT binding energy difference and allows the charges to relax
just as much as needed to overcome the CT binding energy. In
such an ideal heterojunction the sum of the LUMO offset and the
energy relaxation equals the S; binding energy. In Figure 8 we
show the relaxation behavior of such an idealized heterojunc-
tion in bilayer geometry. The parameters used are shown in the
caption and give rise to an electron and hole mobility of ~7 x
10”7 m?/Vs. For comparison, the electron mobility in PCBM
is ~2 x 107 m?/Vs.¥l Hence, these parameters are optimistic
but not completely unrealistic. Importantly, the resulting junc-
tion dissociates excitons into free charges with a yield of 74% at
zero field and 300 K and with an associated total energy loss of
~0.13 eV (Table 2). Note that due to the low disorder and con-
comitant high mobilities, both electrons and holes have reached
their equilibrium energy (£0.14 eV from their respective starting
energies) after ~0.1 s, as indicated by the arrows. Compared to
the example of MDMO-PPV:PCBM the new parameters would
lead to a -0.13 eV loss, again from three contributions i) the
loss in energy when going from S; to the CT state (-0.05 eV),
ii) the Coulomb binding energy gained in the dissociation
(0.20 eV), and iii) the loss in energy by carrier relaxation
(-0.28 eV) (Table 2).

© 2012 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

tion to the quasi Fermi levels provides sufficient driving force
for the dissociation of the (unrelaxed) CT state.

4, Discussion

In this section we shall briefly discuss some aspects of the
present findings in relation to previous work. Above, we have
found a minor field dependence of the exciton to free charges
dissociation yield, essentially because the yield at zero field is
typically (far) above 50%. However, this does not imply that
also CT recombination, or other loss channels, are also field
independent. In contrast, in the simulations of Figure 2 the
CT emission yield equals 100% minus the dissociation yield
and does show pronounced field dependence. Hence, the field
dependence of CT recombination, or other loss mechanisms, is
not a proper measure for the (field dependence of the) exciton
dissociation yield since already at zero field a significant frac-
tion of excitons dissociates into free charges.l?’]

The calculations presented above can be directly compared
with the predictions from the Onsager/Braun formalism/?223]
which predicts the dissociation probability P(F) to follow

kp (F)
kp (F) + ke

with kp the CT recombination rate that is equal to kr = ver =

P(F) = (4)

1% 10° s and kj, the field-dependent dissociation rate given by
3 E 2+/—2b
kp (F) = kg exp (- ¢ (“”N)> Ji ) (5)
4 aNN kE T v —2b

with ky the Langevin recombination rate kg = q (et + ho) /€08 ,
Ec(ayyn) the Coulomb energy at the initial electron-hole separa-
tion distance, J; the Bessel function of the first kind and order
1, and b = q*F /8meoe, k3 T2. Since there is no distribution of
initial separations here, P(F) does not need to be averaged over
such a distribution, as is commonly done when comparing with
experiments.['7-?’l Since all parameters in Equations 4 and 5 are
known, P(F) can straightforwardly be calculated. The result is
shown by the lowest of the blue dash-dotted lines in Figure 2b.
Clearly, the Onsager/Braun model yields a poor description of
the actual MC result, irrespective of the particular geometry or
lattice used in the MC calculation. In order to get P(0) close to
the MC values for the given parameters, recombination rates in
the range ky= 10°-107 s7! are needed (kz=1 % 10° s™! was used
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in the MC calculations). As mentioned in the introduction, sim-
ilar, unrealistically high values for kp were found by using Equa-
tion 4 and 5 to fit experimental current-voltage characteristics.

In view of the results of previous kinetic MC calculations, the
high dissociation yields found in the present work may appear
surprising. A major factor is the value of the nearest neighbor
distance ayy = 2.6 nm in the present work, whereas values
around 1 nm were typically used in previous works.[3+37:39-42
Using 1 nm in combination with the other parameters in the
present work increases the CT binding energy from ~0.15 eV to
~0.4 eV, and concomitantly the zero-field yield decreases from
~90% to ~50% (Figure 2a). However, this value is still substan-
tially higher than most previously reported values, indicating
that ayy is not the sole factor responsible for the high yields
found here. This shows, again, that all parameter values matter
and should ideally be experimentally determined from inde-
pendent measurements.

Finally, we should stress that although the present model
successfully reproduces a number of experimental findings
related to photoinduced charge separation, extensions can be
made, and are likely to be relevant for some, or even all mate-
rial systems. Apart from the effects already discussed, one
should think of including more realistic morphologies.>%38-421
Alternatively, enhanced PCBM crystallization away from the
heterointerface may provide an additional driving force for
charge separation.!%!

5. Conclusions

We have presented a dynamical Monte Carlo study to exciton
dissociation in organic bulk heterojunction solar cells. Unlike
previous MC works, the parameters describing the charge car-
rier hopping were extracted from independent measurements.
For this, space-charge limited current-voltage characteristics
were fitted using a drift-diffusion model with parameterized
expressions for the field- and density-dependent electron and
hole mobility. The extracted parameters were used as input in
the MC model which therefore only contained independently
determined parameters.

The experimentally observed high efficiency for exciton
dissociation is explained as a two-step process. Driven by the
band offset, one of the carriers first hops across the interface,
forming a charge transfer (CT) complex. Since the electron
and hole forming the CT complex have typically not relaxed
within the disorder-broadened density of states (DOS), their
remaining binding energy can be overcome by further relaxa-
tion in the DOS. As this process is driven by the internal
energy of the non-relaxed system the dissociation yield there-
fore only shows a moderate thermal activation and a weak
dependence on electric field. Even under these conditions, in
which, irrespective of electric field, the vast majority of exci-
tons dissociates into free charges, we find that the (small)
fraction of polaron pairs that do recombine is strongly field
dependent. Hence, the field dependence of the polaron pair
recombination yield is not a relevant measure for the exciton
dissociation yield.

The investigated heterojunctions show that substantial
energy losses are associated with the exciton dissociation

Adv. Funct. Mater. 2012, 22, 2700-2708
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process. However, our results suggest that it is possible to reach
high dissociation yields at low energy loss with proper mate-
rials design.
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