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We introduce a model for charge separation in bulk heterojunction solar cells that combines exciton
transport to the interface between donor and acceptor phases with the dissociation of the bound
electron/hole pair. We implement this model into a standard semiconductor device simulator,
thereby creating a convenient method to simulate the optical and electrical characteristics of a bulk
heterojunction solar cell with a commercially available program. By taking into account different
collection probabilities for the excitons in the polymer and the fullerene, we are able to reproduce
absorptance, internal and external quantum efficiency, as well as current/voltage curves of bulk
heterojunction solar cells. We further investigate the influence of mobilities of the free excitons as
well as the mobilities of the free charge carriers on the performance of bulk heterojunction solar
cells. We find that, in general, the highest efficiencies are achieved with the highest mobilities.
However, an optimum finite mobility of free charge carriers can result from a large recombination
velocity at the contacts. In contrast, Langevin-type of recombination cannot lead to finite optimum

mobilities even though this mechanism has a strong dependence on the free carrier mobilities.
© 2008 American Institute of Physics. [DOI: 10.1063/1.3013904]

I. INTRODUCTION

In recent years, several new technological approaches
have emerged in the field of thin film photovoltaics, some of
them, like the organic bulk heterojunction (bhj) cell,"™ using
new types of device geometries. These new geometries re-
quire approaches for modeling and simulation of the devices
that go beyond those used for standard inorganic device
simulators. Consisting of a blend of two materials with dif-
ferent electron affinities, organic, inorganic,5 as well as
hybrid6’7 bhj type devices require essentially two new aspects
to be added to the standard ingredients of inorganic solar cell
modeling. These are the incorporations of the multistep
charge separation process, starting with the creation of exci-
tons rather than free electron/hole pairs,g’9 as well as the
network of donor/acceptor interfaces needed to split the pho-
togenerated exciton. Incorporating these effects in an electri-
cal model leads either to complex and detailed microscopical
models'’ or continuum approaches1 13 that use effective pa-
rameters in order to be computationally more efficient. Some
effective medium models, such as the one proposed by Ko-
ster et al.,"* allow the description of generation and recom-
bination of free charge carriers via excitons and bound
electron/hole pairs as a modification of the standard genera-
tion and recombination rates, while not changing the form of
the carrier continuity equations compared to the standard in-
organic case.

Not only electrical but also optical modelingls_l7 has
recently come to the focus of research on polymer cells, for
instance leading to a better interpretation of quantum
efficiencies'®" or allowing the determination of design rules
for optical spacers.20 The requirements for optical simula-
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tions differ not much between inorganic and organic thin film
solar cells. The most important aspect is the ability to con-
sider interferences in thin layers, which is usually accom-
plished by a matrix transfer formalism.

This article introduces an effective electrical model for
bhj solar cells that is compatible with the one dimensional
continuity equations for electrons and holes and with the
principle of detailed balance.”' The model takes into account
exciton transport, dissociation, as well as the field and tem-
perature dependent dissociation of a bound electron/hole
pair. The widely used”?" model of Koster et al.,' taking
into account only the bound pair but not the exciton diffu-
sion, is a special case of our model. We combine our model
for the generation of free carriers in bhj-solar cells with the
device simulator ASA,28 which is able to calculate the gen-
eration rate of excitons with a thin film optics approach. The
result is an electro-optical simulation program able to calcu-
late, e.g., current/voltage (J/V) curves, external and internal
quantum efficiencies, reflectance and transmission spectra, as
well as the band diagram, carrier concentrations, and electric
fields in the device. As examples for the applicability of our
model, we investigate the influence of mobilities of the free
excitons as well as of the free charge carriers on the perfor-
mance of bhj solar cells. We also show that our model repro-
duces experimental absorptance, quantum efficiency, and
current/voltage characteristics of a polymer/fullerene device
derived from literature.'®

Il. ELECTRICAL MODEL
A. Charge separation scheme

An electrical model suitable for bhj solar cells needs to
consider a multistep process of current generation. Figure 1
schematically shows the path leading from an absorbed pho-

© 2008 American Institute of Physics


http://dx.doi.org/10.1063/1.3013904
http://dx.doi.org/10.1063/1.3013904

094513-2 Kirchartz et al.
2. excitonic transport
exciton 4. bipolar transport
1. excitation .- bound e/h-pair free electron

photon

5. final charge separation

3. first charge separation

free hole

FIG. 1. (Color online) Sketch of the photoconversion process in bhj solar
cells. The photon creates an exciton, which has to diffuse to the next donor/
acceptor interfaces, where it is split into a bound e/h pair. This e/h pair will
then dissociate and form free charge carriers, which are transported to the
contacts.

ton to the final carrier separation at the contact. In contrast to
the case of inorganic solar cells, where the generation of free
carriers directly follows photon absorption, in an organic so-
lar cell an exciton is created first. Since both the exciton
diffusion length and the dissociation rate of excitons in free
carriers are too low for efficient charge separation in a bi-
layer geometry,29 the organic devices must be built up of an
intimate blend of two materials. Now, the exciton has to
diffuse only to the next junction between the blended mate-
rials and not directly to one of the device contacts. At the
junction, the exciton is split into an electron () and hole (h),
which are now in different phases depending on the band
offsets at the junction. In the example presented in Fig. 1, the
hole remains in the absorber material, which may be a poly-
mer, while the electron is injected into the material with the
higher electron affinity, which is usually formed by a Cg,
derivative. The electron and hole on either side of the inter-
face are still coloumbically bound to each other. Only after
this bound electron/hole (e/h) pair is split into free carriers,
the bipolar drift-diffusion transport leads to the final charge
separation at the contacts. Figure 2 shows how the mecha-
nism, illustrated in Fig. 1, fits into the charge separation
scheme of the complete device. At each point of the pin-type

LUMO

HOMO

Energy

FIG. 2. (Color online) Sketch of the whole device to be simulated. At each
¢grid point of a standard pin-junction solar cell, diffusion and dissociation of
the exciton as well as dissociation of the bound e/h pair precede the creation
of free e/h pairs.
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device, a heterojunction exists, where the processes in Fig. 1
lead to the creation of free carriers. In order to include the
transport of excitons to the interface, we have to solve the
continuity equation for excitons™ > in the y-direction de-
fined in Fig. 2. By solving the coupled equations for bipolar
charge transport as a function of the coordinate x, as defined
by Fig. 2, we include the transport of free carriers in the
pin-type device to their respective collecting contacts.

B. Differential equations for free carriers

The scheme in Fig. 1 shows that there are two steps of
charge separation and two steps of transport necessary to
achieve a photocurrent. Thus, a suitable model needs to in-
clude properties of excitonic and bipolar transport, as well as
properties of the splitting of the exciton and bound e/h pair
and those relevant for the final charge separation. Let us start
with those parts of the model we can adopt from inorganic
photovoltaics.

For the simplest case of direct band to band recombina-
tion, the drift diffusion equations for the electron concentra-
tion n and the hole concentration p are given by

1dJ, b d*n L . (1a)
-— ==D,— — =g — KD, a
q dx n dx2 My dx 8 rec 4
1dJ d*p
gdr - Drgg t g =8~ k. (o)

where J,, and J,, are the electrical electron and the hole cur-
rent densities, D, ,=u, ,kT/q is the diffusion constant of the
electrons and holes, which depends on the electron and hole
mobilities w, and u, and on the thermal voltage kT/q. For
inorganic solar cells, the coupled solution of Egs. (1a) and
(1b) is sufficient for obtaining the carrier concentrations and
subsequently the currents. In bhj solar cells, however, the
properties of the generation process of free carriers at each
grid point, as depicted in Fig. 2, must be included to interpret
the generation rate g and the recombination constant k.. as
quantities depending on exciton diffusion and dissociation.

C. Balance equation for bound carriers

Figure 3 depicts the transition rates from the four pos-
sible states, photon, exciton y, bound e/h pair &, and free e/h
pair. The system consists of four pairs of rates that connect
the states with each other. These are (i) the generation and
recombination of excitons, (ii) the dissociation of excitons
forming a bound e/h pair and the recombination of bound
pairs forming an exciton, (iii) the recombination of bound
pairs and the creation of bound pairs, and (iv) the dissocia-
tion of bound pairs forming free carriers and the recombina-
tion of free carriers forming bound e/h pairs. Due to the
principle of detailed balance each process must be in equi-
librium with its inverse process if the system is in thermo-
dynamic equilibrium. This law allows us to eliminate one of
the rate constants for each pair if we introduce the equilib-
rium concentrations for excitons x,, bound e/h pairs &,, and
the intrinsic carrier concentration n; for free e/h pairs. For the
generation and recombination of the exciton, the equilibrium
generation ggl = xo/ 7,, where 7, is the lifetime. The coupling
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FIG. 3. (Color online) The model for modification of generation and recom-
bination rates at each grid point in the devices includes three states of the
excitation: the exciton, the bound e/h pair and the free e/h pair. All states are
connected by detailed balance rates. In addition excitons may be optically
generated and excitons and bound e/h pairs may recombine.

of excitons and bound pairs leads to the relation Spxp
=Sr&), where Sp, is the dissociation and S the recombination
velocity. Expressing the recombination velocity in terms of
the dissociation velocity allows us to write the net particle
current density between excitons and bound pairs as

j§<—>X=SD<§£XO_Xhi>s (2)
0

where Y, is the concentration of excitons at the heterointer-
face between the donor and acceptor phases. The recombina-
tion of bound pairs must again lead to a zero net generation
rate of bound pairs in thermodynamic equilibrium. Thus, the
net recombination current density is

. €
]f,rec=kf§0(§_0_ 1)’ (3)

where k; is the rate constant for the decay. Equation (3)
means that in thermodynamic equilibrium, the generation
and recombination rates of bound pairs are equal according
to the principle of detailed balance and are given by k;§,. In
nonequilibrium, the recombination rate k£ strongly increases
with the increase in bound pair concentration & while the
generation rate stays the same (k&) and becomes negligible
already for small deviations from equilibrium.

The exchange between bound and free electron hole
pairs leads to the balance between dissociation and recombi-
nation. We express the dissociation constant kg = reCnl-z/fo
as a function of the recombination constant k. and receive
for the net current density

jnp<—>§= krec(np - énzz) . 4)
)

What we finally need, in order to compute the effective gen-
eration and recombination rates of the coupled processes
shown in Fig. 3, is the result of Eq. (4), however independent
of the concentration of excitons y and bound pairs &. In order
to eliminate ¢ in Eq. (4), we enforce current continuity be-
tween the current densities defined in Egs. (2)—(4), leading to
a balance equation

J. Appl. Phys. 104, 094513 (2008)
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FIG. 4. Scheme of the coordinate system used for the analytical solution of
the exciton diffusion equation. The generation rate is assumed to be constant
over the width w between two donor/acceptor interfaces.

. . . £, £
an<—>§_./§<—>)(_]§,rec=krec np—--n; = Sp| 7 Xo— Xni
& &

§ )
—ko| - 1. 5
f§0<§0 (5)

D. Differential equation for excitons

To obtain the effective generation and recombination
rate of free carriers, we need to calculate the solution of Eq.
(4), i.e., the net current j,, ., which requires the knowledge
of each component of Eq. (5). Let us start with the contribu-
tion from the excitons, i.e., Spx;;. In order to include exciton
transport and dissociation we need to add another dimension
to our originally one dimensional problem. Later, we will
show that analytically solving the differential equation for
excitons allows us to calculate effective modifications of the
one-dimensional differential equations for free carriers,
thereby circumventing the need for solving the coupled dif-
ferential equations in two or three dimensions.

To include exciton diffusion to the next interface, we
solve the one dimensional diffusion equation for the exciton
concentration y

d2

OzDXd_sz_%r'{'gopt (6)
in a new coordinate system as depicted in Figs. 2 and 4. The
generation rate go,=gopn+8&op 1S NOW the actual optical gen-
eration rate as calculated by a transfer matrix approach and
the sum of the generation rate g} due to black body radia-
tion of the environment and the generation rate ggi due to
excess illumination. In addition, 7, is the lifetime of excitons
and D, is the exciton diffusion constant. We assume that the
generation rate is independent of the coordinate y, while in-
terferences and damping are taken into account for the coor-
dinate x. The boundary conditions for the particle currents at
the interfaces are assumed to be symmetric

d
Jeey= Dy Xpi= SDX()é = SpXni (7)
dy &

for y=*w/2, where w is the distance between two inter-
faces. The solution for the exciton concentration is

X(y) = (A, + Aplcosh(y/L,) |+ gop T 8)

e . .
W.herej L= V’MXT,kT{ q. Equatloq (8) superimposes t.wo con-
tributions to the exciton population, namely, the optical gen-
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eration proportional to the exciton generation rate g,y

A = _SDgoptTr
¢ Spcosh(w/2L,) + D /L, sinh(w/2L,)

)

and the injection and extraction of excitons via the coupling
to the bound e/h pairs &

A= SpXoé/éo
" Spcosh(w/2L,) + D,/L, sinh(w/2L,)’

(10)

which is thus proportional to &/ &. Note here that due to the
earlier derived relation gg=xo/7,, A,+A,=0 holds in ther-
modynamic equilibrium, i.e., when g, =gop-

Now, the solution for the exciton concentration as a
function of y enables us to calculate the current, describing
the exchange between bound pairs and excitons. For each
domain with length w/2, the current j,.,, is defined by Eq.
(7). The current jg.,,=j,+j, consists of two contributions,
which depend on the concentration x;;=x(y=*=w/2) of ex-
citons at the heterointerface. Again we split the concentration
Xni=Xgt X, in two parts corresponding to the concentration
X, of excitons at the interface due to photogeneration

w
Xg=Ag COSh(E) +goptTr=goptTrIB (11)
X

and to the concentration y, due to injection of bound pairs

_ SR D
Xr_ArCOSh(zLX>_X0§O(l B) (12)

The current due to exciton generation is then

jgz_SDng_SDgoptTrB (13)

and the current due to the injection of bound e/h pairs is

£
=, 14
50,8 (14)

where we used the abbreviation

. £
Jr= SD(_XO - Xr> =SpXo
&o

D inh(w/2L
p=Dx sinh(w/2L,) . ' (15)
L, Sp cosh(w/2L,) + D,(L,)sinh(w/2L,)
Finally, the result for the current defined in Eq. (2) is
. 9 £ £
Jeox = SD<_X0 = Xni | =Sp| 7 Xo = &optT:B— L Xoll
& & &
_sgl &
_B) _SDB f XO_goptTr . (16)
0

E. Effective generation and recombination
rates

In order to determine the current density j,,..; and there-
with the effective generation and recombination rates, we
need to calculate the concentration of bound pairs. The bal-
ance equation for bound pairs, Eq. (5), leads to

J. Appl. Phys. 104, 094513 (2008)

é — SDﬂgoptTr + krecnp + kfg()
50 SDBXO + krecni2 + kffo

in steady state. Let us briefly discuss the meaning of Eq. (17)
by considering the extreme cases. If either the coupling to
the free e/h pairs or the coupling to the excitons is dominant
over the other and over the nonradiative decay, the Fermi
level—representing the ratio of concentration to equilibrium
concentration—will be equal for the two strongly coupled
states. Strong coupling means a sufficiently high rate or short
lifetime that the other components of the two sums in nu-
merator and denominator are negligible. That means if (i) the
recombination constant k.. is very high compared to the
other rates, Eq. (17) will simplify to &/ &=np/n?, while (ii) a
high dissociation velocity Sp leads to &/ &=xunXo
=goptT/ Xo- If (iii) the nonradiative decay channel is domi-
nant, £ will approach its equilibrium value (&/&,=1).
Now, we insert Eq. (17) into Eq. (4) and obtain

(17)

. §
Jnpe—e= krec(np - g_onzz

k 2SD:8g0ptTr + krecnp + kfg()
rec| WP —1; 2
SDIBXO + krecni + kffo
. ( kebo(np = n}) + SpB(lnp = n1xo = i gine ) )
e SDﬁXO + krecni2 + kffo

(18)

Note that we used the earlier derived relation g} =xo/ 7, in
order to obtain Eq. (18). In general, the derivation of the
particle currents j, in x-direction, i.e., the effective genera-
tion and recombination rates depend on the particle current

in y-direction via

di - i
ﬁ::g'_R=]_”u, (19)
dx wi2

since the particle current was defined as the current coming
from one domain with width w/2. Thus, splitting the result
of Eq. (19) in terms ~gg\ yields the new effective genera-
tion rate to be inserted in Eqgs. (la) and (Ib) and those
~k..np yields the new effective recombination rate to be
inserted in Egs. (1a) and (1b). The new effective generation

rate is then

g - gexc SDBTI”
ot w/2 SDﬁXO + krecni2 + kf§o

2
krecni

(20)

and the new effective recombination rate is
2
krecni

1 —
SpBXo + kreeht? + ks

)(np—n?). (21)

F. Equilibrium concentration of excitons

There still remain some open questions, especially how
to choose the value of k... and how to determine the equilib-
rium concentrations xo, &, and n; of the different particles.
For efficient charge separation at the interface between donor
and acceptor phases, band offsets are necessary. In our
model, these band offsets are implicitly defined through the
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value of the equilibrium concentration of excitons y,. For a
given density of states, the energy of the thermalized exciton
is the only relevant parameter affecting the equilibrium con-
centration. Thus, a high energy difference AE between the
lowest unoccupied molecular orbital (LUMO) of the donor
and the LUMO of the acceptor leads to efficient charge sepa-
ration, which is reflected in our model by a low y, and sub-
sequently to less back transfer of bound e/h pairs in excitons.
Since the exciton density of states is an unknown parameter,
we cannot give quantitative values for y, e.g., as a function
of exciton energy in the polymer. Instead, for our simula-
tions, we chose the value of y, to be sufficiently low that the
back transfer of bound e/h pairs in excitons does not lead to
an efficiency decrease. This is the case, when SpBx,
<krec”i2+kf§o is satisfied, since for this condition, the math-
ematical expression for recombination rate [Eq. (21)] is in-
dependent of SpBxy, meaning that the recombination of free
carriers does not depend on injection and recombination of
excitons.

G. Comparison with the model of Koster et al.
(Ref. 14)

Our model describes both, finite collection of excitons as
well as the dissociation of the bound e/h-pair. If we only
consider the latter part, the influence of the bound pair on the
generation and recombination, we describe the same physical
mechanisms as the model of Koster et al.,14 which we will
refer to as the KSMB model (see Ref. 14). To make our
model equivalent to the KSMB model for the case of effi-
cient exciton collection, we need to choose the values of k..
and &, appropriately.

We define the recombination constant>

g min(g,, 1)
Kiee = TL(W/Z) (22)
0er

according to a slightly modified Langevin recombination
rate. We have to include the domain width w/2 to ensure that
(Icrecniz):cm‘2 s~!. Note here that also the decay rate constant
kf has a modified unit, namely, (kf) =cm! 7! again to ensure
that (/’cf)(o)zcm‘2 s~!. Like the recombination rate constant
also the decay rate constant relates to the rate constant
ksksmp in the KSMB model via ky=kggsmpw/2.

The detailed balance requires that in thermodynamic
equilibrium, the net current j,,; vanishes, leading to the
requirement kdiss=krecni2/ &, for the dissociation rate of bound
pairs. We already used this equality for the derivation of the
effective generation and recombination rates, allowing us to
express these rates independently of the value of k. If we
use the expression for kg, that was suggested by the KSMB
model,"* the relation kdisszkrecn%/ &, allows us to fix the equi-
librium concentration for bound e/h pairs as the only left
unknown. This operation leads to

_ 4r7% exp(Eg(a)/kT)n?
°7 35,2V=2b)= 20

(23)

where J,(2\=2b)/\=2b=1+b+b2/3+b3/18+--- is the first
order Bessel function,
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¢’F

= 24
8meoe, (kT)? @4

where F is the electric field, e=g¢, is the dielectric constant,
a is the separation distance between the bound electron and
hole, and Eg(a)=g*/4msa is the binding energy of the bound
e/h pair. As shown in Refs. 14 and 22, the definitions in Egs.
(23) and (24) imply a strong field and therefore bias depen-
dence of bound e/h-pair dissociation, which has a consider-
able influence on the fill factor of the device. Using the defi-
nitions in Egs. (22)-(24) and assuming S D,on<krecni2+kf§0,
the dissociation probability

2

= (25)
SDIBXO + krecni + kfg()

appearing in Egs. (20) and (21) is the same as in the KSMB
model. The generation rate from Eq. (20) is now

krecn

Pdiss =

8 = 8opPdiss2 TrBSp/W = xsmp2 7,BSp/w =t gksma/f e
(26)

and thus being a series connection of the generation rate
Zksmp as defined by Ref. 14 and of a collection efficiency f.
defined as the probability that a photogenerated exciton con-
tributes to the current. Note that we omitted the integration
over a distribution of separation distances, as carried out in
Ref. 14, since it is incompatible with the principle of detailed
balance. Thus, the generation rate gygyp represents the gen-
eration rate from Ref. 14 without this integration.

Especially for the simulation of J/V curves, the recom-
bination rate is of high importance. For all following simu-
lations, we modify the recombination rate as defined in Eq.
(21) in the same way as the generation rate. Using the dis-
sociation probability for bound e/h pairs, the recombination
rate becomes

ﬁ = krecnp(l - pdiss) (27)

with py defined by Eq. (25). Since we assume the back
reaction of bound e/h pairs into excitons to be weak, the
recombination constant is identical to the one derived by
Ref. 14.

lll. SIMULATION OF MOBILITY EFFECTS

A. Influence of the carrier mobilities and the surface
recombination velocity

The KSMB model has several implications for the J/V
curve and performance of the device. Among the most
prominent are the temperature and field dependence of the
photocurrent and the dependence of generation and recombi-
nation rate on the mobility of the free charge carriers. While
the field and temperature dependence of the photocurrent
have already been extensively discussed,”>?* the influence of
the mobility on the solar cell efficiency is still under debate.
Marsh et al.,' for instance, point out that high mobilities are
of particular importance for organic solar cells, while Man-
doc et al.** use the KSMB model to show that solar cell
efficiency has a maximum for finite mobilities and decreases
for higher mobilities. These findings lead to the question if
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and under which circumstances a high mobility deteriorates
device performance — in our model and in general.

For this discussion on the charge carrier mobility, let us
simplify our model in a way that the dependencies of gen-
eration and recombination rate on mobility become apparent.
Let us therefore set the exciton collection efficiency f.=1
and let us neglect all field dependencies. Then the generation
rate is

_ g0 ke
8= P (28)
WI2 \ keenti + ko
and the recombination rate is
(l’lp - nzz) ( kreckfgo )
W/2 krecniz + kff() '

R= (29)
It can be seen that both increase monotonically with k.. and,
thus, due to the Langevin equation [see Eq. (23)] with the
mobility of the slowest carrier. Although the recombination
rate increases with mobility, the ratio

exc 2

— _ Sopt M (30)
(np —n?) ko

o

is independent of k... and of carrier mobility and thus, one
would not expect a decrease in open circuit voltage with
increasing carrier mobility as reported in Ref. 34.

At this point it becomes important to consider the
boundary conditions between absorber and contacts. An in-
finite surface recombination velocity as assumed in Ref. 34
for the respective minorities will lead to strongly increased
recombination at the surfaces if the mobilities are high. Thus,
low mobilities act like a passivation for infinitely defective
surfaces. However, infinite surface recombination is not a
fundamental aspect of organic solar cells that is necessary for
device functionality but instead an additional sink for minor-
ity carriers, which may become important for future device
generations.

Figure 5(a) shows the short circuit current density J,, as
a function of mobility for different surface recombination
velocities S-=0, 10% 10, 10° cm/s, and S-=c, which cor-
responds to the case discussed in Ref. 34. The short circuit
current increases monotonically with mobility. The satura-
tion level depends on surface recombination velocity since it
affects the amount of recombination at short circuit.

Figure 5(b) shows the open circuit voltage, which de-
creases monotonically with mobility if the surface is not per-
fectly passivated (S-=0). Figure 5(c) shows the efficiency as
a function of mobility for different surface recombination
velocities. The simulations with S-=0 and 10> cm/s show a
monotonous increase in efficiency with mobility. Very high
surface recombination velocities of S-=10% cm/s lead to a
dip in efficiency by around 1% absolute for very high mo-
bilities. The parameters used for the simulation in Fig. 5 are
a constant generation rate gg ‘=6 X 10*! ¢cm™, an intrinsic
carrier concentration 7;=3.5X 10% cm™, the equilibrium de-
cay rate kp&y/ (w/2)=6X 10% cm™ s7! for the bound pairs, a
built in voltage V,;o=1.1 V, a ratio of electron and hole
mobility u,/u,=10, and an absorber thickness w=100 nm.
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FIG. 5. (Color online) (a) Short circuit current, (b) open circuit voltage, and
(c) solar cell efficiency as a function of electron mobility w, for different
values of the recombination velocity Sc at the absorber/contact interface.
For well passivated surfaces, the efficiency increases monotonically with
mobility. Only for high recombination at the interface, the efficiency ben-
efits from low mobilities, since they effectively passivate the defective sur-

face regions. The parameters used are a constant generation rate gg;=6

X 102! ¢cm™, an intrinsic carrier concentration 7;=3.5 X 103 c¢m™, the equi-
librium decay rate ky&,/(w/2)=6x 10 cm™ s™' for the bound pairs, a built
in voltage V};p=1.1 V, aratio of electron and hole mobility u,/u,=10, and
an absorber thickness w=100 nm.

The thickness of the device has an important influence
on the outcome of the simulation presented in Fig. 5. A
thicker device will impose stricter requirements for the mo-
bility that has to be reached to ensure perfect collection of
carriers. Thus, the mobility where the short circuit current
starts to drop below its maximum will increase with increas-
ing thickness. In addition, the relative influence of bulk to
surface recombination changes with thickness. For thicker
devices, the volume recombination contributes a larger share
to the total recombination current as for thinner devices.

In general, we conclude that a high mobility cannot be
detrimental for the device performance as long as it only
influences the charge separation path crucial for the photo-
voltaic effect.™ Due to the principle of detailed balance, en-
hanced recombination of free carriers to bound carriers will
always imply more efficient dissociation, i.e., a better cou-
pling between the free and the bound pairs. The higher the
coupling, the smaller the losses during charge separation will
be, while the fact that this coupling also increases recombi-
nation can never lead to a performance loss.
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FIG. 6. (Color online) Collection efficiency f, of excitons displayed as a
function of the exciton diffusion length L, normalized to the distance w
between two donor/acceptor interfaces using the exciton dissociation veloc-
ity Sp and the exciton lifetime 7, as parameters. For efficient collection two
requirements must be fulfilled. The transport to the interface must be effi-
cient (LX/ w>1) and the interface dissociation must be faster than the re-
combination of the excitons (7,5,>w). The average distance to the next
interface is chosen to be w=10 nm.

However, increased mobilities can enhance recombina-
tion via additional (parasitic) pathways like high recombina-
tion at the absorber/contact interface. Thus, passivation of
such defective regions is in theory also possible by making
the transport toward these defective regions less likely, i.e.,
by decreasing the mobility. However, such an effect is nei-
ther caused by the Langevin type recombination rate nor is it
a specific feature of organic and/or bhj solar cells.

B. Influence of exciton diffusion on the photocurrent

Figure 6 shows the result of calculating f.=27,.Sp,8/w as
a function of exciton diffusion length L, normalized to the
average distance w between two interfaces. Apart from the
exciton diffusion length and thus the exciton mobility, the
collection efficiency also depends on the exciton lifetime 7,
and the exciton dissociation velocity Sp. Therefore, we use
both quantities as parameters and show the results for 7,
=1 s (lines) and for 7,=10 ns (symbols). In order to have
an efficient collection of excitons, i.e., f.= 1, the transport of
excitons to the next heterointerface between donor and ac-
ceptor phases as well as the dissociation velocity at this in-
terface must be high. Thus, for sufficiently high S, and ratios
L,/w>1, the collection efficiency f. in Fig. 6 approaches
unity, which corresponds to the physical case, where each
photogenerated exciton creates one bound e/h pair. For low
values of the dissociation velocity Sp the collection effi-
ciency f. saturates at a lower level for a high ratio L /w
> 1. For lower ratios L/w<l, the excitons do not reach the
next interface but recombine instead. The collection effi-
ciency is then reduced below one even for high dissociation
velocities.

From the two data sets for 7.=1 us (lines) and for 7,
=10 ns (symbols), we learn that the critical ratios L,/w,
where the short circuit current starts to drop below its maxi-
mum, are independent of the choice of 7, or Sj,. However,
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the surface recombination velocity required for a certain
short circuit current at high L,/w depends critically on the
assumed lifetime 7,. We chose the surface recombination ve-
locities in a way that we have three pairs of constant 7,.5p,.
The good agreement of the pairs indicates that the collection
efficiency depends mostly on this product as long as L,/w is
kept the same. Analytically, this becomes obvious, when cal-
culating the collection efficiency for L,/w— <, leading to
fo=(1+w/2Sp7,)7".

IV. APPLICATION TO EXPERIMENTAL DATA

In order to compare the model to experimental results
from literature, we implemented it in a commercial device
simulator. The device simulator chosen here is called ASA
(Ref. 28) and is mostly used for thin film silicon solar cells.
Due to the field dependence of the rates for the bound pairs,
it is necessary to compute the optical data once and the elec-
trical simulations several times until convergence is reached.
However, ASA is flexible enough to implement such an itera-
tive modification of input parameters without the need to
change the code of ASA itself. More details about the imple-
mentation are outlined in the Appendix.

Recent investigationslg’19 on the internal quantum effi-
ciency Q; in bhj solar cells revealed different spectral regions
with distinct differences in the internal quantum efficiency.
The internal quantum efficiency has been defined by

Q.(E)

A(E)’ 1)

Oi(E) =
where Q, is the measured external quantum efficiency and
A(E) is the absorptance calculated with a matrix transfer for-
malism. For higher energies, the internal quantum efficiency
was reported to be considerably higher than the external one.
The two suggested explanations19 were that the change in Q;
is induced by the photons being absorbed in the fullerene
phase that has either (i) a smaller domain size compared to
the polymer phase®® or (ii) a higher exciton diffusion
length, which can reach values of 40 nm in the fullerene™
compared to 10 nm in the polymer.

In the framework of our model, both explanations have
nearly the same effect. Under the assumption that the transfer
of excitons at the interface into bound e/h pairs at the inter-
face is efficient (S,>10? cm/s), smaller domain sizes and
higher exciton diffusion lengths both increase the ratio L, /w
and subsequently the collection efficiency f... For exciton dif-
fusion lengths as high as 40 nm, it is reasonable to assume
that L/ w>1 holds in the fullerene and, thus, that the col-
lection efficiency in the fullerene f, p=1. This finding helps
to adjust the value of the generation rate gyxgyg accounting
for bound e/h-pair dissociation, which is the same for exci-
tons created in the fullerene and in the polymer. The internal
quantum efficiency for lower energies, corresponding to ab-
sorption in the polymer, then allows us to fix the collection
efficiency in the polymer f, p<<1. The other parameters of
the model, especially those entering in the dissociation prob-
ability P for bound e/h pairs have to be fixed by compari-
son between simulated and experimental current/voltage
(J/V) curve.
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FIG. 7. (Color online) Internal and external quantum efficiencies as well as
absorptance of the cell presented in Ref. 18 (open symbols) compared to our
simulations (lines). The parameters used for the simulations were a band gap
E,=1.4 €V, a built in voltage V), ,=E,/q=1.4 V, an effective density of
states N¢y=2.5X10" cm™ in valence and conduction band, a dielectric
constant £,=3.4 of the blend, an electron mobility u,=1.2X 107 cm?/V s,
a hole mobility u,=1.7X 10™* cm?/V s, a decay constant for bound e/h
pairs k/(w/2)=2.8 X 10° s7!, and an average separation distance of bound
e/h pairs a=1.8 nm.

Figure 7 shows an example for the application of our
model to quantum efficiency data published in Ref. 18. The
open symbols represent the original data we wanted to repro-
duce with our simulations (lines). The layer stack needed for
the optical simulations consists of 1 mm quartz superstrate, a
total of 133 nm ITO, 68 nm of PEDOT:PSS, 186 nm of the
absorber blend consisting of PF10TBT/PCBM (poly[9,9-
didecanefluorene-alt-(bis-thienylene) benzothiadiazole]/
([6,6]-phenyl C60 butyric acid methyl ester), 1 nm LiF, and a
100 nm thick Al back reflector. The nk-data files used in our
simulations were obtained from the authors of Ref. 18 lead-
ing to the absorptance represented by the solid line in Fig. 7.
First we adjusted the parameters for the exciton dissociation
in the fullerene (A <420 nm) to L,/w>1 and in the poly-
mer (A>420 nm) to L,/w=0.78. All other parameters had
to be adjusted by both considering the quantum efficiency as
well as the whole J/V curve as shown in Fig. 8 (circles are
the data from Ref. 18 and the solid line represents the simu-
lation). Among the parameters relevant for electron hole
transport as well as dissociation and recombination of bound
pairs, some were kept constant or within close boundaries,
while others were used to obtain a good fit of the J/V curve.
The effective density of states N¢y=2.5X 10" cm™ in va-
lence and conduction band, as well as the dielectric constant
e,=3.4, were assumed to be the same as in Ref. 14. The band
gap E,=1.4 eV, meaning the energy difference between the
LUMO in the electron acceptor (PCBM) and the highest oc-
cupied molecular orbital in the electron donor (PF10TBT)
was only varied slightly around the approximate value E|,
=1.3 eV, given by Moet et al.*® for the material system un-
der investigation, in order to adjust the open circuit voltage
precisely. For simplicity, the built in voltage was assumed to
equal the band gap V,,;o=E,/q=1.4 V. The parameters that
were obtained after fitting are an electron mobility w,=1.2

J. Appl. Phys. 104, 094513 (2008)

simulation

experiment

current density J [mAcm?]

0.2 0.4 0.6 0.8

voltage V [V]

FIG. 8. Experimental current/voltage curve from Ref. 18 (open circles)
compared to our simulation (solid line) using the same parameters as for the
quantum efficiency in Fig. 7.

X 1073 c¢m?/V s, a hole mobility M= 1.7X10™* cm?/V s, a
decay constant for bound e/h pairs k;/(w/2)=2.8X10° s,
and an average separation distance of bound e/h pairs a
=1.8 nm.

V. CONCLUSIONS

We have introduced a model that describes both exciton
transport to the interface between donor and acceptor phases
in a bhj cell as well as dissociation of the bound e/h pair at
the interface. The model is applicable to standard solar cell
simulators originally designed for inorganic solar cells. Here-
with, we obtain a versatile method to simulate the optical and
electrical characteristics of a bhj solar cell with one commer-
cially available program that allows to iteratively modify its
input file. We show how to apply our model to both quantum
efficiency and current/voltage measurements. Our investiga-
tion of mobility effects of the free excitons and free charge
carriers on the device performance shows that the highest
solar cell efficiencies are achieved with the highest mobili-
ties. A finite optimum mobility of free charge carriers as that
observed in Ref. 34 results from surface recombination
whereas Langevin type of recombination cannot lead to such
an optimum below infinity.
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APPENDIX: DETAILS OF THE SIMULATION
PROCEDURE

The simulation combines the software ASA, which is re-
sponsible for solving the continuity and Poisson equations
and for calculating the generation rate with a matrix transfer
formalism, with the software OCTAVE,40 which allows to cal-
culate the modifications of generation and recombination
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rates as well as to make loops varying one parameter. The
usual procedure for simulating quantum efficiency or J/V
curves starts with the definition of all parameters including
thicknesses and complex refractive indices of the layer stack.
ASA is then called from an OCTAVE script (code available
from the authors upon request) to calculate only the optical
generation g, rate independent from all electrical param-
eters. Subsequently, OCTAVE calculates the modified genera-
tion and recombination rates assuming a constant field for
the first guess. Then OCTAVE calls ASA iteratively to calculate
the electric fields, every time recalculating the modifications
for generation and recombination rate until convergence is
reached. This has to be repeated for every voltage step.
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