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A generalized solar cell model for excitonic and classical bipolar solar cells describes the combined transport

and interaction of electrons, holes, and excitons in accordance with the principle of detailed balance. Conven-

tional inorganic solar cells, single-phase organic solar cells and bulk heterojunction solar cells, i.e., nanoscale

mixtures of two organic materials, are special cases of this model. For high mobilities, the compatibility with

the principle of detailed balance ensures that our model reproduces the Shockley-Queisser limit irrespective of

how the energy transport is achieved. For less ideal devices distinct differences become visible between

devices that are described by linear differential equations and those with nonlinear effects, such as a voltage-

dependent collection in bipolar p-i-n-type devices. These differences in current-voltage characteristics are also

decisive for the validity of the reciprocity theorem between photovoltaic quantum efficiency and electrolumi-

nescent emission. Finally, we discuss the effect of band offset at the heterointerface in a bulk heterojunction

cell and the effect of the average distances between these heterointerfaces on the performance of a solar cell in

order to show how our detailed balance model includes also these empirically important quantities.
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I. INTRODUCTION

More than 50 years after the introduction of the first

device,1 solar cells and solar modules contribute an increas-

ing and more and more sizeable share to the world’s demand

for clean and renewable electrical energy. More than 90% of

the actual solar module production uses crystalline silicon-

based pn-junction solar cells, i.e., the same type as the pio-

neer device from 1954. Within these years, our understand-

ing of the device, its working principles, and its processing

has obviously achieved a high degree of maturity.2,3 During

the last 15 years, a variety of new types of solar cells4,5 based

on quite different materials and concepts such as the

dye-sensitized6 or the bulk heterojunction �BHJ� �Ref. 7� so-

lar cell have been introduced. As these devices use, e.g.,

electrolytes, semiconductor nanoparticles,8–15 organic

dyes,16–20 and/or organic semiconductors as functional ele-

ments, the basic physics underlying light absorption, charge

separation, and energy generation differs considerably from

what is well established for classical pn-junction solar cells

made from inorganic semiconductors. Recently, it has been

proposed21,22 to distinguish between two different concepts

of solar cells, namely, the classical inorganic solar cells and

the excitonic solar cells usually made from organic absorber

materials. However, the overall functionality in all solar

cells, namely, the generation of electrical power from solar

light, is identical, and there should be a common theory that

is valid for all devices on a certain level of abstraction from

physical details.

Obviously, the detailed balance theory of the maximum

photovoltaic energy conversion efficiency by Shockley and

Queisser �SQ� �Ref. 23� is an approach that accounts for all

types of �single junction� solar cells as a limiting situation.

The generality of the SQ approach results from the fact that

only the detailed balance pair light absorption and light emis-

sion are considered. This implies that all details of excitation,

charge separation, and transport inside the device are ne-

glected by the postulate that all absorption of light leads to
the generation of charge carriers that under short circuit con-
ditions are all collected by the electrical terminals of the
device. The principle of detailed balance then ensures that
such a perfect solar cell is also a perfect light emitting diode
�LED� and the balance between light absorption and emis-
sion defines the radiative efficiency limit.23 Thus, the SQ
theory essentially looks at the solar cell from the outside.
This neglect of internal details makes up the elegance of the
SQ approach but, at a first glance, disconnects this theory
from any model designed to describe the internal operation
of the solar cell.

The present paper uses the basic concept behind the SQ

theory—the principle of detailed balance—to develop a gen-

eralized model of solar cells, considering both excitons and

free charge carriers as well as pn-junction-type and

p-i-n-junction-type device geometries. The basic ingredients

are �i� light absorption and creation of an exciton as well as

radiative recombination and photon emission, �ii� exciton

dissociation at an interface or in the bulk and the correspond-

ing inverse process, the recombination of an electron/hole

pair in an exciton, and �iii� drift-diffusion transport of elec-

trons and holes as well as diffusive transport of excitons.

The compliance of our model with the principle of de-

tailed balance ensures that for high mobilities and solely ra-

diative recombination, we obtain the same photovoltaic per-

formance of our device as the one following from the SQ

limit no matter whether transport is predominantly excitonic

or bipolar and no matter whether our device is pn-type or

p-i-n-type. Proceeding to devices with nonideal transport, we

identify differences between the cases of predominantly ex-

citonic and predominantly bipolar transport in p-i-n-type de-

vices. Since the built-in field in p-i-n-type devices depends

on the applied voltage, collection and injection of charged

particles such as electrons and holes will also be a function

of voltage if mobilities are low. This voltage dependence is

not only visible in simulated current-voltage curves but also
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in electroluminescence �EL� spectra. We show that the valid-

ity of the reciprocity24 between EL and solar cell quantum

efficiency directly correlates with the voltage dependence of

carrier collection and injection. For the cases of either high

mobilities or excitonic transport, no voltage dependence is

visible and the reciprocity relation is valid. In addition to the

cases of excitonic and bipolar solar cells, we also discuss

how to incorporate the concept of bulk heterojunction solar

cells into our model. Finally, we explain how the effects of

band offsets at the heterointerface and the morphology of the

blend in the bulk heterojunction cell are implicitly contained

in the principle of detailed balance.

The paper is organized as follows. We start with a discus-

sion of our model and show how the choice of the boundary

conditions allows us to simulate both pn-type and p-i-n-type

solar cells. The theoretical part is finished by explaining how

to implement bulk heterojunction solar cells in the scheme of

our model and how the reciprocity between EL and solar cell

quantum efficiency is defined. The discussion of the results

starts with current-voltage simulations of different solar cells

and shows that for the same cells how quantum efficiency

and electroluminescence are affected by nonideal transport.

Eventually, the dependence of photovoltaic parameters on

band offset and blend morphology of a BHJ solar cell are

shown.

II. MODEL

A. Excitonic and bipolar solar cells

To be compatible with the detailed balance theory of

Shockley and Queisser, the absorption of photons emitted by

the device itself has to be taken into account.25 This effect of

optical coupling in the absorber is usually referred to as pho-

ton recycling and leads to a homogenization of the carrier

distribution. Incorporation of the above-mentioned processes

in a numerical model results in four coupled differential

equations to be solved, namely, the Poisson equation ��
=−� /�, relating the electrical potential � to the space charge

� and the dielectric constant �, and three continuity equa-

tions, one for the exciton concentration � given by

D�

d2�

dx2
=

�

�D

+
�

�r

− R�np − g�, �1�

one for the free-electron concentration n,

Dn

d2n

dx2
+ F�n

dn

dx
= −

�

�D

+ R�np , �2�

and one for the free-hole concentration p,

Dp

d2p

dx2
− F�p

dp

dx
= −

�

�D

+ R�np . �3�

Here, g� is the optical generation rate for excitons, R� is the

recombination rate of free carriers leading to the creation of

excitons, �D is the bulk dissociation lifetime of the excitons,

�r is the radiative lifetime of the excitons, F is the electric

field, ��/n/p are the mobilities, and D�/n/p=��/n/pkT /q are the

diffusion constants according to Einstein’s equation, where

kT is the thermal energy and q is the elementary charge.
Here, we make the simplification that photons only create
excitons directly, while free charge carriers are created al-
ways via the intermediate step of exciton generation fol-

lowed by exciton dissociation. Although a direct creation of

free carriers is not possible, the situation is covered by infi-

nitely short dissociation lifetimes �D. Note that an electrical

field is present only in case of a p-i-n-junction as sketched in

Fig. 1�a�, whereas we have no electric field in the bulk of the

absorber of a pn-junction device �Fig. 1�b��. In case of the

pn-type device, we only solve the differential Eqs. �1�–�3� in

the neutral p layer, while the pn-junction itself and the n

layer define the boundary condition, which will be explained

in Sec. II B. Similarly for the p-i-n-junction device, we only

solve the differential equations in the intrinsic region, while

the p-type and the n-type layers at both sides determine the

boundary conditions.

Equations �1�–�3� already contain the detailed balance re-

lations between the different processes, meaning that the

rates are connected to the equilibrium concentrations �0, n0,

and p0 of excitons, electrons, and holes by the fact that the

probability of every process must equal that of its inverse

process in thermodynamic equilibrium. Thus, radiative re-

combination is linked to absorption via the van Roosbroeck–

Shockley equation,26

�0/�r =� ���E�	bb�E�dE , �4�

where ���E� denotes the absorption coefficient resulting

from the generation of excitons, E denotes the photon en-

FIG. 1. Scheme of the �a� p-i-n-junction device and the �b�
pn-junction device. For both types the photogenerated exciton can

be either split in the bulk �bipolar case� or at the junction �excitonic

case� of the device. Quasi-Fermi levels EFn and EFp for electrons

and holes levels are schematically drawn for the case of illuminated

short circuit conditions and finite mobilities.
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ergy, and 	bb�E� denotes the black body radiation. Detailed

balance between dissociation and recombination of excitons

and electron-hole pairs leads to

R�n0p0 = �0/�D. �5�

Similarly, at the front or the back surface we allow for

dissociation of an exciton into an electron in the respective

junction and a hole that remains in the bulk of the absorber,

as well as the complementary process, dissociation into a

hole in the junction and an electron in the bulk. The rates for

this type of charge separation that is thought to be the domi-

nant one in excitonic solar cells are determined by the de-

tailed balance relations,

Hnn j0pb0 = S�n�0 �6�

and

Hpnb0p j0 = S�p�0, �7�

where Hn/p are the cross recombination rates of electrons or

holes in the junction with holes or electrons in the bulk of the

absorber but directly next to the contact. The equilibrium

concentrations of electrons and holes in the bulk junction are

denoted by nb/j0 and pb/j0 and the dissociation velocities for

the excitons by S�n and S�p. In the nonequilibrium situation,

this interface dissociation and recombination process defines

the boundary condition for the diffusion equation �Eq. �1��.
Assuming that at the left contact �Fig. 1� the dissociation of

an exciton leads to an electron in the junction and a hole in

the bulk, the exciton current density j� reads

j� = Hnn jpb − S�n� . �8�

Accordingly, at the right contact only dissociation of an ex-

citon into a hole in the junction and an electron in the bulk is

allowed. Thus, we have

j� = − Hpnbp j + S�p� . �9�

Since at the left contact the dissociation of an exciton leads

to the generation of a hole in the bulk, we have here the

boundary condition for holes,

jp = − Hnn jpb + S�n� . �10�

For electrons, we consider at this contact the possibility of

extraction and injection to obtain

jn = Sn
�
n j − Snnb, �11�

where the rate constants Sn and Sn
� have the dimension of a

�collection or injection� velocity and are interlinked by the

requirements of detailed balance via

Sn
�
n j0 = Snnb0. �12�

At the right contact we have for symmetry reasons

jn = Hpnbp j − S�p� �13�

and

jp = − Sp
�
p j + Sppb, �14�

with

Sp
�
p j0 = Snpb0. �15�

Note that for simplicity we assume throughout this paper that

only the electron contact at the left is active in dissociating

excitons. Accordingly, we set Hp=0 and S�p=0 such that we

get j�= jn=0 at the right contact because of Eqs. �9� and �13�.
Note also that throughout this paper we use the symbol j

for particle �excitons, electrons, and holes� current densities

per unit junction area, whereas we use J for electrical current

densities per unit solar cell area. As long as we are dealing

with a “normal” heterojunction and not a bulk heterojunc-

tion, we have J=qjp�x=d�=−q�jn�x=0�+ j��x=0��, with the

coordinate x as shown in Fig. 1.

B. pn-type and p-i-n-type solar cells

Figures 1�a� and 1�b� schematically show �a� a

p-i-n-junction device and �b� a pn-junction device with a

sketch of both the excitonic as well as the bipolar photocur-

rent collection pathways. For the p-i-n-junction device the

absorber material is embedded between the p-type and the

n-type contacts. Thus, the fundamental capacitor that serves

to electrostatically accommodate the open circuit voltage27 is

defined by the entire device. The built-in potential difference

between the electron and hole contacts in the p-i-n-type de-

vice is given by

Vbi = Vbi,0 − V , �16�

where V is the applied voltage and Vbi,0 is the equilibrium

built-in voltage. Equation �16� implies that application of a

voltage V reduces the potential between the left and right

edges of the absorber and the electrical field F in the ab-

sorber. The reduced field then leads to an injection of elec-

trons via the left contact and of holes via the right contact

without a change in n j or p j from their equilibrium values n j0

and p j0 in Eq. �11� or �14�. A part of the holes injected from

the right contact arrive at the left contact where their in-

creased concentration pb triggers the generation of excitons

�Eq. �8��.
In contrast, for the pn-junction the external voltage builds

up across the space charge region which is here put outside

the absorber �cf. Fig. 1�b��. The concentration n j of electrons

provided by the junction then follows the applied voltage V

exponentially, i.e.,

n j = n j0 exp�qV/kT� . �17�

This increased number n j of electrons provided by the junc-

tion triggers now both the generation of excitons at the in-

terface, via Eq. �8�, as well as the injection of electrons, via

Eq. �11�.

C. Bulk heterojunction solar cells

Efficient organic solar cells do not consist of a single

absorber material like most inorganic solar cells. Instead, the

whole bulk is made up of an intimate mixture of two mate-

rials, creating a heterojunction everywhere in the

absorber.28–35 Figure 2 shows a schematic and ordered ver-

sion of this BHJ-type device.36 There are different possibili-

ties to model BHJ solar cells, either via complex and detailed
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microscopic models37 or continuum approaches38–41 that use

effective parameters in order to be computationally more ef-

ficient. For the purpose of this study of excitonic and bipolar

transport, we use a simplified version of the model for BHJs

presented in Ref. 42. Here the term “simplified” means that

the influence of the bound electron-hole pair, as discussed,

e.g., in Refs. 43–48, is neglected at the present level of ab-

straction. Typical exciton diffusion lengths are only of the

order of �10 nm and, thus, much smaller than the device

thickness. Therefore, we separate the transport of excitons in

the y direction parallel to the cell surface �i.e., to the next

interface provided by the BHJ� from the x direction of the

electron and hole transport which is then normal to the cell’s

surface �cf. Fig. 2�, similar as proposed by Minnaert et al.49

To include exciton diffusion to the next interface, we

solve the one-dimensional diffusion equation for the exciton

concentration �,

0 = D�

d2

dy2
� −

�

�r

+ g�, �18�

as a function of the coordinate y as indicated in Fig. 2. Here

we assume that no dissociation can take place in the volume

but only at the interfaces. The boundary conditions for the

particle current densities per unit heterointerface area are as-

sumed to be symmetric,

j� = 
 D�

d

dy
� = S�� − S��0

np

ni
2

, �19�

for y= �w /2, where w is the distance between two inter-

faces, S� is the surface recombination velocity for the exci-

tons, and ni is the intrinsic carrier concentration. The solution

for the exciton concentration is

� = �Ar + Ag��cosh�y/L��� + g��r, �20�

where L�=����rkT /q. Equation �20� superimposes two con-

tributions to the exciton population, namely, the optical gen-

eration, proportional to the exciton generation rate g�,

Ag =
− S�g��r

S� cosh�w/2L�� + D�/L� sinh�w/2L��
, �21�

and the injection and extraction of excitons via the coupling

to the free e-h pairs,

Ar =
S��0np/ni

2

S� cosh�w/2L�� + D�/L� sinh�w/2L��
, �22�

which is thus proportional to np /ni
2. In order to calculate the

coupling between free e-h pairs and excitons, we need to get

rid of the y dependence since we want to have a one-

dimensional model in the end.

Therefore, we replace the differential equation �Eq. �18��
together with its boundary condition �Eq. �19�� by a differ-

ential equation,

0 = −
�̄

�r

−
�̄

�D

+
�0

�D

np

ni
2 + g�, �23�

that no longer contains any dependencies on a spatial coor-

dinate or any transport terms. The information about exciton

generation, diffusion, and dissociation, as determined by

solving Eqs. �18� and �19�, is now contained in the value of

the average exciton concentration �̄ and the value of the

dissociation lifetime �D. We average the concentration of ex-

citons by integrating over the coordinate y and receive �̄
= �̄g+ �̄r with the two components,

�̄g = g��r�1 −
2L�S� sinh�w/2L��/w

S� cosh�w/2L�� + D�/L� sinh�w/2L��
	

�24�

and

�̄r = �0

np

ni
2

2L�S� sinh�w/2L��/w

S� cosh�w/2L�� + D�/L� sinh�w/2L��
. �25�

Note that in the term np /ni
2 in Eq. �25�, the voltage V is

hidden. For flat quasi-Fermi levels, the ratio np /ni
2

=exp�qV /kT�, while for finite mobilities and depth depen-

dent quasi-Fermi levels, the ratio np /ni
2 has to be calculated

from solving the continuity equations for electrons and holes.

Again, the first component �̄g accounts for the optically

generated part of excitons and the second component �̄r for

the excitons that arise from injection of e-h pairs. To be

consistent with the steady-state condition of Eq. �23� and

with the already determined average exciton concentration

�̄= �̄g+ �̄r, the lifetime turns out to be

�D = �r� w

2S��r

+
w

2L�

coth�w/2L�� − 1	 . �26�

This result implies that the bulk heterojunction solar cell is

included as a special case in our model as given by Eqs.

�1�–�7�. The only necessary modifications are setting ���x�
=0 in Eq. �1� and the calculation of the dissociation lifetime

�D with the help of Eq. �26�. Since separation of free charge

carriers in BHJ solar cells is usually accomplished by using

contact materials with different work functions, these devices

fall under our category of p-i-n-junction solar cells. Since we

do not consider the p-type and the n-type layers explicitly,

the boundary conditions for free charge carriers and the elec-

tric field in the absorber are the same for the BHJ model and

our standard p-i-n-model.

FIG. 2. Scheme of a BHJ solar cell. Bulk dissociation of exci-

tons is interpreted in terms of BHJ devices as the combined process

of diffusion to and subsequent dissociation at the nearest interface.
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D. Reciprocity between electroluminescence and quantum

efficiency

In the SQ limit of high mobilities and thus flat quasi-

Fermi levels, the application of a voltage V to the junction of

the solar cell leads to an excess emission of photons given by

	em�E� = A�E�	bb�E��exp
qV

kT
� − 1	 , �27�

where A�E� denotes the cell absorptance dependent on pho-

ton energy E. The spectral dependence of the black body

radiation emitted into the half sphere above the solar cell is

given by

	bb�E� =
2�E2

h3c2

1

�exp�E/kT� − 1�
�

2�E2

h3c2
exp
− E

kT
� ,

�28�

where h is Planck’s constant and c is the vacuum speed of

light. Equation �27� directly follows from Kirchhoff’s law

stating that absorptance and emissivity of a body are equal

for each energy and spherical angle.

The SQ theory derives from Eq. �27� the saturation cur-

rent density,

J0,SQ = q�
0




A�E�	bb�E�dE . �29�

By the postulate that all absorbed photons generate one

electron-hole pair and that all electron-hole pairs contribute

to the short circuit current density, we obtain the maximum

short circuit current density,

Jsc,SQ = q�
0




A�E�	sun�E�dE , �30�

where 	sun denotes the spectral photon flux arriving from the

sun at the cell’s surface.

For finite mobilities and nonconstant quasi-Fermi levels,

the link between emission and absorption in a body must be

extended to also cover injection and extraction of carriers or

excitons. If transport in the absorber is described by a linear

differential equation, the Donolato theorem,50–55 connecting

injection of minorities in the dark and extraction of photoge-

nerated carriers under illumination, is valid. Combining the

two detailed balance pairs, absorption-collection �for the

photovoltaic situation� and injection-emission �for the LED

situation�, a reciprocity relation between external photovol-

taic quantum efficiency Qe and electroluminescent emission

	em has been derived, stating that24

	em�E� = Qe�E�	bb�E��exp
qV

kT
� − 1	 . �31�

Equation �31� implies that the information contained in the

EL spectrum equals that in the quantum efficiency. However,

the multiplication with the black body spectrum, which de-

cays exponentially for higher energies, weighs the quantum

efficiency in such a way that the quantum efficiency can be

derived experimentally from the EL emission only in the

energetic region around the band gap.56–58

The equations for the radiative saturation current density,

J0,rad = q�
0




Qe�E�	bb�E�dE , �32�

and the short circuit current density,

Jsc = q�
0




Qe�E�	sun�E�dE , �33�

follow in analogy to Eqs. �29� and �30� by exchanging quan-

tum efficiency and absorptance. The radiative open circuit

voltage,

Voc =
kT

q
ln
 Jsc

J0,rad

+ 1� , �34�

will then also depend on the quantum efficiency and thus on

collection and injection of carriers and excitons. This is be-

cause the different spectral dependence of 	bb�E� and

	sun�E� in Eqs. �32� and �33� will weigh the different spectral

parts of Qe�E� differently. However, the resulting changes

will be small because the ratio Jsc /J0,rad enters only logarith-

mically into Voc.

The fill factor FF=max�−JV� / �JscVoc� of the current-

voltage curves under illumination, in the simplest case, is a

function of the normalized open circuit voltage uoc

=Voc / �nidkT /q�, where nid is the diode ideality factor.59

However, this is true only as long as the collection of carriers

is a voltage-independent process. In Sec. III B we will dis-

cuss cases where voltage-dependent collection causes the FF

to decrease although the open circuit voltage remains virtu-

ally unaffected. Voltage-dependent carrier collection violates

also the assumptions required for the derivation of the reci-

procity relation �Eq. �31��. With our model, we can compare

EL emission and the external quantum efficiency, which al-

lows us to test whether or not a given configuration is com-

patible with the electro-optical reciprocity. We explicitly in-

vestigate the validity of reciprocity in Sec. III C and check

whether a connection between this validity and the fill factor

losses due to voltage-dependent collection �see Sec. III B�
exists.

III. RESULTS

A. Excitonic and bipolar photocurrent

For all following simulations, we use a set of constant

parameters, which are a thickness d=300 nm, the absorption

coefficient of ZnPc as a typical organic absorber material

�taken from Fig. 4 in Ref. 60�, an optical generation profile,

and a photon recycling scheme calculated according to Ref.

61 that both result from a Lambertian cell surface, an intrin-

sic carrier concentration ni=103 cm−3, and an equilibrium

built-in voltage of Vbi,0=1.3 V. Assuming a radiative life-

time of �r=200 �s, the equilibrium concentration of exci-

tons follows from Eq. �4� as �0=4.4�10−3 cm−3. All simu-

lations are carried out in the radiative limit, i.e., there is no

nonradiative recombination allowed. The other parameters,

especially the mobilities and the dissociation lifetime, are

varied in the following simulations.
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First, we show that a continuous transition from predomi-

nantly bipolar transport to predominantly excitonic transport

is possible when varying the coupling between excitons and

free charge carriers defined by the dissociation lifetime �D.

Since we are only interested in the dominant charge separa-

tion mechanism, we focus first on the short circuit situation.

Because we assume only the left contact �x=0� to be active

in exciton dissociation, the total current equals the hole cur-

rent jp�d�= j��0�+ jn�0� at the right contact �x=d� as defined

by Eq. �14�. In order to be able to distinguish between elec-

tron current and excitonic current, we need to define the

currents at the absorber side of the electron contact, i.e., at

x=0+. We distinguish between electrons injected into the

contact from the reservoir of electrons in the absorber and

electrons injected into contact, following a dissociation of an

exciton. The former is denoted as electron current jn�0+�
=Sn

�n j −Snnb �see Eq. �11�� and the latter as exciton current

j��0+�=Hnn jpb−S�n� �see Eq. �8��.
Figure 3 shows how a variation in the dissociation life-

time in the range 10−4��D�10−10 s for the case of a

p-i-n-type cell �Fig. 3�a�� and a pn-type cell �Fig. 3�b�� af-

fects the excitonic contribution J�=−qj��0+� and the bipolar

contributions Jn=−qjn�0+� and Jp=qjp�d� to the photocur-

rent. Note that by the fact that we have chosen the n-type

contact �left in Fig. 1� to be the only contact active in disso-

ciating excitons we have J=Jp=J�+Jn. Figure 3�a� shows

that for a short dissociation lifetime �D�10−8 s, the solar

cell behaves like a classical p-i-n-type device, where the
exciton is split into free carriers already in the volume of the
absorber. These free carriers then travel via drift-diffusion
transport to their respective contacts, where they contribute
to jn�0+� and jp�d�. In order to achieve this bipolar transport,
exciton dissociation and transport of free carriers must be
faster than exciton diffusion and interface dissociation and
faster than exciton recombination. Since, we chose our equi-
librium concentrations such that ni��0 holds, for high mo-
bilities ��=�n=�p=103 cm2 V−1 s−1 and high interface dis-
sociation and collection velocities Sn ,S�n�105 cm s−1 of
free carriers and excitons, free carriers will always be able to
carry larger currents. In contrast, for dissociation lifetimes
�D�10−5 s interfacial exciton dissociation is responsible for
the total current at the electron contact, i.e., energy transport
via excitons is now more efficient than the slow bulk disso-
ciation with subsequent fast bipolar transport. This limit cor-
responds to the situation of an “excitonic” solar cell as de-

fined by Refs. 21 and 22.

The situation for the pn-type solar cell in Fig. 3�b� is

qualitatively very similar. There is also a transition from the

bipolar to the excitonic operation mode visible with an inter-

section between both contributions at dissociation lifetimes

around �D�2�10−7 s just like for the pin case. However,

there are two distinct differences. The first is the larger ex-

tension of the transition region and the second is that the

mobilities had to be changed compared to the p-i-n-type

case. For equal and high mobilities of both excitons and free

carriers, as was the case for Fig. 3�a�, the whole current

would have been transported by excitons no matter how fast

they dissociate. This becomes obvious when considering that

although ni��0 holds, the concentration of minority carriers

ni
2
/NA=1.2�10−5 cm−3��0, where NA is the acceptor con-

centration. Note that we chose the doping for the pn-type cell

such that the voltage, where minorities �electrons� become

equal to the doping concentration, corresponds to the built-in

voltage Vbi,0=1.3 V for the p-i-n-case, which was chosen to

be just above the radiative open circuit voltage. Since there

are more excitons than minority carriers available to trans-

port the energy, we needed to make the mobilities and/or the

interface dissociation velocities unequal to get a transition

from excitonic to bipolar transport. Thus, we chose ��

=10−1 cm2 V−1 s−1, �n=�p=104 cm2 V−1 s−1, Sn

=1010 cm s−1, and S�n=50 cm s−1 in Fig. 3�b�. Note that in

case of the p-i-n-type solar cell �Fig. 3�a��, the choice of the

dissociation and collection velocities does not affect the pho-

tocurrent and its distribution into J� and Jn as long as

Sn ,S�n�105 cm s−1. A series of simulations of other inter-

esting situations for the current collection in excitonic and

bipolar solar cells can be found elsewhere.62

Besides the coupling constant �D between excitons and

free carriers, also the equilibrium concentrations of excitons

and free carriers affect the dominant charge separation path-

way �cf. Eq. �5��. Note that the ratio between those equilib-

rium concentrations is determined by the binding energy

�EB=EC−Eexc of the exciton. In order to keep the energy

Eexc of the excitons and, therefore, the overall absorptance as

well as the maximum short circuit current constant, we shift

the energy EC by a relative amount �EC as illustrated in Fig.

4�a�. A lowering of EC at constant Eexc means that the bind-
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FIG. 3. Short circuit current density as a function of the bulk

dissociation lifetime �D for the case of a �a� p-i-n-type and �b�
pn-type devices. Efficient coupling of excitons to charge carriers—

i.e., low �D—leads to bipolar transport, while an inefficient cou-

pling forces the current to be transported by excitons to the contact.

Since the electron contact is the only interface active for dissocia-

tion of excitons, the sum of electron current Jn �flow of electrons

injected from the absorber into the front contact� and the exciton

current J� �flow of electrons injected from the absorber by interface

dissociation of an exciton� always equals the hole current Jp �flow

of holes injected from the absorber into the back contact�. The

parameters used are �a� ��=�n=�p=103 cm2 V−1 s−1 and Sn

=S�n=106 cm s−1 and �b� ��=10−1 cm2 V−1 s−1, �n=�p

=104 cm2 V−1 s−1, Sn=1010 cm s−1, and S�n=50 cm s−1.
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ing energy �EB of the exciton becomes smaller and vice

versa.

Figure 4�b� shows a simulation where the conduction-

band edge and consequently the equilibrium concentration of

electrons in the volume of the device varies. Note that the

conduction band at the contact is not changed in order to

avoid intermixing of additional effects due to enhanced or

deteriorated extraction of excitons and carriers at the contact.

If the conduction band is lifted up, the equilibrium concen-

tration of electrons is diminished, and thus, the photocurrent

becomes predominantly excitonic. In contrast, when the

conduction-band energy is lowered, there are more electrons

in the absorber available to carry the current, and thus, the

balance shifts in the direction of the bipolar current.

B. Current-voltage curves

Starting with the limit of high mobilities, we discuss in

the following how restrictions for excitonic and/or carrier

transport affect the shape of the J /V curve and the solar cell

parameters short circuit current density Jsc and FF. For our

calculations, we focus on the case of p-i-n-type solar cells

since this type of device shows specific nonlinear features

associated with the fact that recombination of electrons with

holes contains the product of hole and electron concentra-

tions. We discuss p-i-n solar cells in both the excitonic as

well as in the bipolar limit as defined by Fig. 3�a�.
The following computations use four different combina-

tions of parameters, as summarized in Table I. Configura-

tions A and B are normal pin devices where both excitonic

and bipolar transport is possible. Configuration A is a device

with slow coupling between excitons and free carriers ��D

=10−4 s� where we want to focus on the effect of small

exciton mobilities. Configuration B is a mainly bipolar de-

vice with an efficient coupling between excitons and free

carriers where we want to investigate the effect of low bipo-

lar mobilities. Configurations C and D are BHJ solar cells

with zero exciton mobility in x direction as discussed in Sec.

II C. Configuration C is the BHJ equivalent of configuration

A in the sense that high mobilities for electrons and holes are

assumed in order to concentrate on the influence of varia-

tions in the exciton mobility �� on the overall device perfor-

mance. In the frame of the present effective BHJ model, we

only take into account perpendicular exciton transport to the

next internal heterointerface, which we summarize with a

modified effective exciton dissociation lifetime �D. For in-

stance, �D=3�10−4 s corresponds to ��=10−8 cm2�V s�−1,

S�=1010 cm /s, and w=10 nm because of Eq. �26�. Comple-

mentarily, configuration D covers the case of efficient exci-

ton dissociation and creation of free carriers in a BHJ. Here,

we are interested in the investigation of effects resulting

from decreasing electron and hole mobilities.

Figure 5 shows simulated current/voltage curves for con-

figuration A, i.e., a solar cell with a fixed electron and hole

FIG. 4. �Color online� �a� Band diagram showing that a relative

shift �EC of the conduction band is equivalent to a change in exci-

ton binding energy. �b� Variations in the short circuit current density

resulting from the relative shift �EC of the conduction band for the

free electrons in the volume for the case of a p-i-n-type device.

Shifting the conduction band leads to a change in electron equilib-

rium concentration n0 and thus—for constant R�=4.4

�10−2 cm3 s−1 and �0—to a change in the dominating transport

mechanism. Note that the choice of R� leads to �D=10−7 s for

�EC=0, such that direct comparison is possible with Fig. 3�a�.
Shifting the conduction band up lowers n0 and makes transport via

excitons become more favorable. In order not to affect the extrac-

tion of excitons and carriers at the contacts and the built-in voltage,

the equilibrium concentrations in the contacts are not changed and

mark the zero position in the �EC axis.

TABLE I. Mobilities �n,p of free carriers and �� of excitons as well as the bulk dissociation lifetime �D for the three discussed

configurations of nonideal solar cells. In case of configurations C and D, the dissociation lifetime �D is calculated via the equation for bulk

heterojunction solar cells �Eq. �26��. The parameters used to obtain these values are for configuration C: a lifetime �r=200 �s, an interface

dissociation velocity S�=1010 cm /s, and an interface distance w=10 nm. Furthermore, we assumed that the exciton diffusion length follows

from L�=���rkT /q. For configuration D, we used L�=10 and w=100 nm. All other parameters were the same as for configuration C.

Configuration A Configuration B Configuration C Configuration D

Carrier mobility �n,p �cm2�V s�−1� 103 0.1–103 103 0.1–103

Exciton mobility �� �cm2�V s�−1� 10−8–103 10−5 0 �in x direction�
10−8–10−1 �in y direction�

0 �in x direction�
2�10−5

Dissociation lifetime �D �s� 10−4 10−10 3�10−11–3�10−4 2�10−7
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mobility �n/p=103 cm2�V s�−1 and a fixed dissociation life-

time �D=10−4 s. This long dissociation lifetime corresponds

to a situation that is excitonic for high exciton mobilities ��

as shown in Fig. 3�a�. The solid line corresponds to an exci-

ton mobility ��=10−5 cm2�V s�−1, while the dashed and the

dotted line correspond to an exciton mobility ��

=10−1 cm2�V s�−1 �dashed� and ��=10−7 cm2�V s�−1 �dot-

ted�. The dashed curve corresponding to the high exciton

mobility ��=10−1 cm2�V s�−1 equals the SQ limit as defined

by Eqs. �29� and �30�. Such that, every absorbed photon

contributes one elementary charge to the short circuit current

and the radiative losses are given by the equation for J0,SQ

�Eq. �29��. For lower mobilities, the decreased collection of

excitons leads to the situation where the quantum efficiency

becomes smaller than the absorptance and both J0,rad and Jsc

decrease. The open circuit voltage �see Eq. �34�� as well as

the fill factor remains almost unaffected by the change in

exciton mobility.

A more detailed analysis of the short circuit current den-

sity Jsc �solid line� and the contributions to the current den-

sity Jn and J� from electrons �dashed line� and excitons �dot-

ted line� is depicted in the inset as a function of exciton

mobility. Starting from the high mobility limit ��

�10−1 cm2�V s�−1, a decreasing exciton mobility leads to a

decrease in J�, which is partly compensated by an increase in

Jn, leading to a saturation of Jsc for low exciton mobilities

��. Since the dissociation lifetime �D=10−4 s=100 �s is

similar to the radiative lifetime �r=200 �s, not all excitons

dissociate faster than they recombine, which explains why

the decreasing exciton current is not completely compen-

sated by the electron current.

Figure 6 shows a simulation of configuration B, i.e., a

p-i-n-type device with a fixed exciton mobility ��

=10−5 cm2�V s�−1 and a fixed dissociation lifetime �D

=10−10 s. At high mobilities of free carriers ��n,p

�103 cm2�V s�−1�, this short dissociation lifetime corre-

sponds to a bipolar photocurrent under short circuit condi-

tions as shown in Fig. 3�a�. Here, we vary the carrier mobil-

ity �n,p=100 ,101 ,103 cm2�V s�−1. The decreasing carrier

mobility �n,p leads to a decay in fill factor and in short cir-

cuit current density Jsc. However, contrary to configuration A

�Fig. 5�, the fill factor loss is by far more dominant than that

in Jsc. This is because for low charge carrier mobilities in

p-i-n-type solar cells, the effect of the built-in field becomes

decisive. Since the charge carriers, unlike the excitons, react

on the decrease in the built-in field resulting by application

of forward bias voltage V, the photocurrent decreases with

increasing V. The voltage dependence of carrier collection

reduces the fill factor. Therefore, the fill factor is strongly

influenced by the carrier mobilities �n,p although the open

circuit voltage is not dependent on �n,p in Fig. 6.

Instead of discussing the current-voltage curves of con-

figurations C and D in the same detail as A and B, we will

now focus on the main results. Thus, Fig. 7 summarizes the

effects of either low exciton or low electron and hole mobili-

ties on the short circuit current density Jsc and fill factor FF

of configurations A–D. Figures 7�a� and 7�b� show that the

decrease in both Jsc and FF resulting from decreasing the

charge carrier mobilities �n,p is virtually identical for BHJ

and non-BHJ devices. This lack of difference between two

basically different types of devices results from the fact that

the bottleneck in both situations is the mobility of the charge

carriers which act in both devices in the same way. The fill

factor loss shows up at mobilities �n,p�102 cm2�V s�−1,

while a loss in Jsc starts only for much lower mobilities

�n,p�100 cm2�V s�−1. This is because the voltage depen-

dence of the carrier collection probability from the 300-nm-

thick absorber shows up at high forward bias voltage V first

�leading to FF losses� before at even lower �n,p also carrier

collection at V=0 is diminished �leading to losses in Jsc�.

FIG. 5. Simulation of current-voltage curves for a solar cell with

a fixed electron and hole mobility �n,p=103 cm2�V s�−1 and a fixed

dissociation lifetime �D=10−4 s �configuration A in Table I�. The

parameter is the exciton mobility ��=10−1 ,10−5 ,10−7 cm2�V s�−1

which leads to a decrease in short circuit current while keeping the

fill factor the same. In the inset, the short circuit current density Jsc

�solid line� and the contributions to the current density Jn and J�

from electrons �dashed line� and excitons �dotted line� are depicted

as functions of exciton mobility. Starting from the high mobility

limit ���10−1 cm2�V s�−1 a decreasing exciton mobility leads to a

decrease in J�, which is partly compensated by an increase in Jn,

leading to a saturation of Jsc for low exciton mobilities ��.

FIG. 6. Simulation of current-voltage curves for a solar cell with

a fixed exciton mobility ��=10−5 cm2�V s�−1 and a fixed dissocia-

tion lifetime �D=10−10 s �configuration B from Table I�. The pa-

rameter is the carrier mobility �n,p=100 ,101 ,103 cm2�V s�−1

which leads to a decrease in fill factor while keeping the short

circuit current roughly the same. The solid line corresponds to the

parameter configuration B from Table I. In the inset, the fill factor is

depicted as a function of the carrier mobility �n,p.
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Figures 7�c� and 7�d� show the effect of decreasing exci-

ton mobility �� while keeping electron and hole mobilities at

a high value of �n,p=103 cm2�V s�−1. Due to the different

definitions of exciton mobility in BHJ and non-BHJ solar

cells, there is a considerable difference in the dependence of

Jsc on exciton mobility. For the non-BHJ solar cell, we obtain

the result, which was already depicted in the inset of Fig. 5,

namely, a decrease in photocurrent exciton mobilities ��

�10−3 cm2�V s�−1. This decline saturates at a level of about

83% of the maximum Jsc. This plateau results from the fact

that the loss in excitonic current is partly compensated by an

increase in electron and hole currents. For BHJ solar cells,

this bypass is not possible because exciton dissociation takes

place exclusively at the heterointerface. Nevertheless, the de-

crease in Jsc for the BHJ case starts only at ��

�10−6 cm2�V s�−1, i.e., 3 orders of magnitude below the

critical value for the non-BHJ case. This larger allowance for

low exciton mobilities is the basic advantage of the BHJ

resulting from the much smaller path length of excitons to

the separating heterointerface compared to the non-BHJ case.

The fill factor as shown in Fig. 7�d� is independent from the

exciton mobility in both cases. This finding is expected be-

cause changes in the electrical field cannot alter the collec-

tion of excitons. As a result the decline of photocurrent is

voltage independent.

C. Electroluminescence and quantum efficiency

For the four different parameter configurations of Table I,

we investigate the validity of the reciprocity theorem defined

by Eq. �31�. Figure 8 illustrates the physical content of Eq.

�31�. The electroluminescence �EL� emission simulated with

the model described above allows us to derive the quantum

efficiency via Eq. �31�. For the case of high mobilities the

quantum efficiency derived from EL �solid line� agrees with

the directly simulated quantum efficiency �open circles�.
Thus, for perfect transport both excitonic and bipolar solar

cells follow the reciprocity theorem24 no matter whether the

device is build as p-i-n-type or pn-type device.

Proceeding now to less ideal devices, we investigate un-

der which circumstances the reciprocity relation begins to

lose its validity. Figure 8 also shows the EL spectrum �dotted

line�, the quantum efficiency calculated from the EL

spectrum via the reciprocity theorem �dotted�, and the

quantum efficiency �open triangles� of the solar cell with

parameter configuration A ��n,p=103 cm2�V s�−1, ��

=10−5 cm2�V s�−1, and �D=10−4 s�. Since this configuration

leads to a relatively constant photocurrent and ideal recom-

bination current, as shown by the mobility independent fill

factor in Figs. 5 and 7�d�, also the reciprocity is valid.

Figure 9 summarizes the validity of the reciprocity theo-

rem by comparing the directly simulated quantum efficiency

Qe,dir �diamonds� and the quantum efficiency Qe,EL calcu-

lated from the simulation of the EL �solid lines� for the case

of configurations A–D. For configurations A and C as shown

in Figs. 9�a� and 9�c�, the electron and hole mobilities are

high and thus the reciprocity is valid although the quantum

efficiency is below unity in the saturation regime. Voltage-

independent collection and injection of carriers at high bipo-

lar mobilities thus implies both high and constant fill factors

�see Fig. 7�d�� and the validity of the reciprocity relation

�Qe,dir=Qe,EL�.
Figures 9�b� and 9�d� show that for configurations B and

D, the reciprocity is no longer valid �Qe,dir�Qe,EL�. We

learned from Figs. 6 and 7�b� that a mobility of �n,p

=10 cm2�V s�−1 already leads to a small fill factor loss of

around �FF=3% compared to the high mobility case. In

consequence, we also find a small deviation of quantum ef-

ficiency Qe,dir �diamonds� and quantum efficiency Qe,EL from

FIG. 7. �Color online� Summary of the effects of reduced bipo-

lar and excitonic mobilities on short circuit current density Jsc and

fill factor FF. In �a� and �b� we used the parameters for configura-

tions B �dashed line� and D �dotted line� except for the electron and

hole mobility �n,p which is varied. We find a considerable decrease

in fill factor for mobilities �n,p�102 cm2�V s�−1, while a loss in Jsc

starts only for even lower mobilities �n,p�100 cm2�V s�−1. Both,

the BHJ and the non-BHJ solar cells show the same dependence of

Jsc and FF on mobility. In �c� and �d�, we used the parameters for

configurations A �dashed line� and C �dotted line�, except for the

varied exciton mobility. For the non-BHJ cell �configuration A�, Jsc

is reduced for exciton mobilities ���10−3 cm2�V s�−1. For the

BHJ cell �dotted line� the decrease in Jsc starts only at ��

�10−6 cm2�V s�−1, where the exciton mobility is too low to reach

the heterointerface. The fill factor is in both cases unaltered because

the electron and hole mobilities are high enough to warrant voltage-

independent collection.

FIG. 8. Quantum efficiency �symbols�, EL spectrum, and quan-

tum efficiency calculated from the EL according to Eq. �31� for an

ideal cell with high carrier mobilities �solid lines� and for a cell with

the parameters according to configuration A defined in Table I �dot-

ted line�. For both devices the reciprocity theorem is valid.
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EL �solid line�, as shown in Fig. 9�b�. Figure 9�d� shows the

case of a BHJ solar cell with a mobility of �n,p

=1 cm2�V s�−1 �configuration D�. From Fig. 7�b�, we learn

that the fill factor decays by roughly �FF=19% compared to

the high mobility case. Thus, the deviation between Qe,dir

�diamonds� and Qe,EL �solid line� in Fig. 9�d� is much stron-

ger than in Fig. 9�b�.
Note here that the voltage dependence of collection and

thus injection makes the EL spectrum a function of applied

voltage. The voltage used for all EL spectra in Figs. 8 and 9

is V=1 V. Using higher �lower� voltages would increase

�decrease� the difference between direct quantum efficiency

simulated at V=0 V and quantum efficiency calculated from

EL.

D. Bulk heterojunction cells: Role of band offsets and

morphology

Up to this point, we have considered radiative recombina-

tion as the only loss mechanism. This implies that departures

from the SQ limit are due to low mobility effects showing up

in the fill factor and the short circuit current density, whereas

the open circuit voltage is determined by radiative recombi-

nation only. However, Voc of all real solar cells is controlled

by nonradiative recombination. In BHJ solar cells nonradia-

tive recombination at the heterointerfaces is an important

loss process determining the open circuit voltage. As a direct

consequence, the band offset �EC between conduction band

of donor and acceptor molecules and the morphology,63 i.e.,

the average distance w between two heterointerfaces, be-

come decisive parameters for the efficiency of the BHJ solar

cell. Interestingly, both parameters bear a trade-off between

optimizing dissociation of excitons favored by low values of

w and large band offsets �EC and the minimization of re-

combination losses, requiring large distances w and band off-

sets as small as possible. The following will provide a quan-

titative treatment of these effects.

It is useful to describe the exciton transport to the inter-

face in terms of a collection efficiency,42

fc =
�̄g

�g��D�
=

2L�S�

w

sinh�w/2L��

S� sinh�w/2L�� + Dx/L� cosh�w/2L��
.

�35�

The collection efficiency is equivalent to the effective gen-

eration rate �̄g /�D �cf. Eqs. �24� and �26�� of free carriers in

our BHJ model in short circuit and under illumination, nor-

malized to the generation rate g� for excitons. For very high

exciton diffusion lengths L��w, the collection efficiency

saturates at its maximum. This maximum is usually fc=1 if

exciton dissociation at the interface is efficient. For ratios

w /2L��1, the collection efficiency decreases below its satu-

ration level.

Let us first focus on the band offset �EC at the interface

and assume that the transport of excitons to the interface and

the collection of electrons and holes are efficient. Efficient

transport of excitons to the interface means for our model

that the exciton diffusion length is much higher than the

distance to the next interface, i.e., L��w. Efficient collection

of electrons and holes means that the mobilities of the free

charge carriers are so high that the quasi-Fermi level splitting

is constant throughout the device. If these two requirements

are reasonable assumptions, both transport of carriers and

transport of excitons do not limit the photocurrent and the

only limiting process is the dissociation of excitons at the

interface. Then, the short circuit current density Jsc normal-

ized to its maximum Jsc,SQ will be equal to the collection

efficiency fc in the limit of high exciton diffusion lengths

L��w. From Eq. �35� follows

Jsc

Jsc,SQ

= lim
w/L�→0

fc =
1

1 + w/�2S��r�
. �36�

At the interface, detailed balance leads to an equation

similar to Eqs. �6� and �7�, defining the exciton dissociation

at the contacts. In thermal equilibrium, the recombination of

electrons in the acceptor phase and holes in the donor phase

equals the dissociation of excitons, leading to

H�n0Ap0D = S��0, �37�

where H� defines the recombination rate and S� defines the

dissociation rate. The equilibrium concentrations n0A and p0D

of electrons in the acceptor and holes in the donor will de-

pend on the band gap of the respective material. Figure 10

shows a scheme of the heterojunction between donor and

acceptor together with the equilibrium concentrations de-

pending on the conduction-band and valence-band energy

ECA and EVA in the acceptor and ECD and EVD in the donor.

Let us now vary the conduction-band energy ECA in the ac-

ceptor, we will have a change in the left-hand side of Eq.

�37� since n0A�exp��EC /kT�, where �EC=ECD−ECA is the

difference in conduction-band energy between donor and ac-

ceptor. If everything else is kept constant, then a high band

offset �EC implies a low band gap of the acceptor and, thus,

FIG. 9. Simulation of the quantum efficiency Qe,dir �diamonds�
compared with the simulation of the electroluminescence spectrum

from which the quantum efficiency Qe,EL �solid line� is calculated

using Eq. �31� for the case of configurations �a� A, �b� B, �c� C, and

�d� D. For cases �a� and �c�, the electron and hole mobilities are

high ��n,p=103 cm2�V s�−1� and thus collection and injection of

carriers is voltage independent and the reciprocity is valid. For case

�b�, the low bipolar mobility leads to a small deviation between

Qe,dir and Qe,EL. For case �d�, the even lower mobility leads to a

clearly visible deviation between Qe,dir and Qe,EL.
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a high equilibrium concentration n0A. The validity of Eq.

�37� requires that the dissociation rate S� also changes with

the band offset since �0 stays constant. The latter is a useful

assumption since changing �0 would also mean that the band

gap of the donor and therewith the absorption in the solar

cell would change. Thus

S� = S00 exp��EC/kT� �38�

holds, where S00 is a proportionality factor in units of a ve-

locity. Equation �38� means that the dissociation is more ef-

ficient if the band offset is high. For the normalized short

circuit current density, this exponential dependence of the

dissociation velocity on the band offset implies that

Jsc

Jsc,SQ

=
1

1 +
w

2S00�r

exp�− �EC/kT�

�39�

holds.

Now, we need to consider the dependence of the recom-

bination current on the band offset, i.e., we have to take into

account nonradiative interface-recombination. For a device

with an extremely high amount of internal surfaces as is

necessary in organic BHJ solar cells, it is reasonable to as-

sume the recombination at these interfaces dominates the re-

combination current.64 Under this assumption, the saturation

current density j0 �notably, a particle current density by unit

area of the heterojunction interface� will be proportional to

the equilibrium carrier concentrations. Since the hole con-

centration in the donor remains unchanged, we write

j0 = j00 exp��EC/kT� , �40�

with j00 being a proportionality factor with the unit of a

particle current density. Since a higher conduction-band off-

set �EC implies a smaller band gap Eg �as defined in Fig.

10�, the recombination increases. To obtain the electrical

short circuit current density J0 per unit solar cell area for the

geometry sketched in Fig. 2, we use

J0 = qj0

d

w
= qj00 exp��EC/kT�

d

w
= J00 exp��EC/kT� .

�41�

Note that we have assumed all charge carrier mobilities to be

infinite and therefore the saturation current density J0 is pro-

portional to the device thickness d and inversely proportional
to the separation distance w between the heterointerfaces.

Figure 11 shows the open circuit voltage Voc, the normal-
ized short circuit current density Jsc /Jsc,SQ, and the relative
dependence of the product VocJsc /Jsc,SQ as functions of the
conduction-band offset �EC. The product VocJsc /Jsc,SQ serves
as a measure for the efficiency � since �=FFJscVoc.; but it
allows us to make the result independent of the value of the
photocurrent Jsc,SQ in the limit of high mobilities and perfect
collection, i.e., fc=1.

We have only two possible parameters, which change the
dependence of Voc, Jsc /Jsc,SQ and VocJsc /Jsc,SQ on the band
offset: The first parameter, which is varied in Fig. 11�a�, is
the product w / �2S00�r�, and the second, being varied in Fig.
11�b�, is the prefactor J00 of the saturation current density.
Both Figs. 11�a� and 11�b� show that we obtain a maximum
of the product VocJsc /Jsc,SQ with respect to the band offset
�EC. This maximum is in the range 0.3��EC�0.5 eV
mostly depending on w / �2S00�r�.

The second parameter we study is the distance w between
two heterointerfaces. For the short circuit current density, we

now have to abandon the assumption of efficient transport to

the interface since the collection of excitons heavily depends

on the distance to the next interface. For the normalized Jsc,

then holds

Jsc

Jsc,SQ

= fc =
2L�S�

w

sinh�w/2L��

S� sinh�w/2L�� +
Dx

L�

cosh�w/2L��

.

�42�

FIG. 10. �Color online� Schematic drawing of the heterointer-

face between donor and acceptor in a BHJ solar cell. By varying the

conduction-band energy ECA of the acceptor, the equilibrium con-

centration n0A of electrons in the acceptor, the band gap Eg as well

as the band offset �EC in the conduction band between donor and

acceptor are changed.

FIG. 11. �Color online� Simulation of short circuit current den-

sity Jsc �normalized to the maximum Jsc,SQ�, open circuit voltage

Voc, and the product VocJsc /Jsc,SQ as functions of the band offset

�Ec in a BHJ-solar cell using the analytical Eqs. �39�–�41�. The

excitonic transport to the next heterointerface is assumed to be ef-

ficient L� /w�1 and thus the only relevant parameters are �a� the

ratio w / �2S00�r�=104 ,106 and �b� J00=10−22 ,10−20 mA cm−2. A

high band offset generally favors Jsc since the exciton dissociation

is made much more favorable than its inverse process �recombina-

tion of two free carriers forming an exciton�. A low band offset

favors Voc since the energy loss at the heterointerface is minimized

and band gaps �and minority carrier concentration� are kept as high

�and low� as possible to ensure a low recombination current.
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Figure 12 shows the open circuit voltage Voc, the normal-

ized short circuit current density Jsc /Jsc,SQ, and the relative

dependence of the product VocJsc /Jsc,SQ as functions of the

distance between two interfaces w. The values of device

thickness and band offset used to calculate J0 are d

=100 nm and �EC=0.4 eV.

Now, we have more free parameters than before since we

use a more complicated ansatz for the normalized short cir-

cuit current density. As parameters for Fig. 12, we chose the

exciton diffusion length L� and the prefactor J00 of the satu-

ration current density. The other parameters that were kept

constant are the recombination lifetime �r=100 �s and the

prefactor S00=1 cm /s of the surface recombination velocity.

Figure 12�a� shows the variation in the exciton diffusion

length L� leading to a varying optimum distance w for a

maximum product VocJsc /Jsc,SQ. As shown in Fig. 12�b�, for

a constant exciton diffusion length L�=10 nm and varying

J00, the optimum distance stays roughly the same. The opti-

mum is rather broad and peaks at distances of around 5 nm,

i.e., slightly smaller than the exciton diffusion length.

IV. CONCLUSIONS

The present paper has introduced a detailed balance

model for solar cells that includes transport and interaction

of excitons, electrons, and holes. Due to the possibility to

continuously shift the dominant transport mechanism from

free carriers to excitons, the distinction between excitonic

and classical solar cells, although useful for the analysis of

practical devices, turns into limiting cases of the present gen-

eral theory. Since the term excitonic solar cells encompasses

mostly organic polymer/fullerene solar cells, we discuss a

model to include specific features of bulk heterojunction so-

lar cells in our general model. In order to take exciton diffu-

sion to the internal donor/acceptor interface into account, we

solve the diffusion equation for excitons analytically. These

analytical solutions then serve as effective parameters for the

numerical solution of the coupled transport equations in one

dimension.

In the limit of high mobilities of excitons, electrons, and

holes, the model reproduces the SQ efficiency limit, while

for lower mobilities differences between excitonic and bipo-

lar as well as p-i-n-type and pn-type solar cells become ap-

parent. In bipolar p-i-n-type solar cells, low mobilities will

lead to incomplete collection of carriers. Since carrier collec-

tion depends on the internal electric field, which changes

with applied voltage, for low mobilities p-i-n-type solar cells

show a voltage-dependent collection and injection of carri-

ers. For cells with mainly excitonic transport, no voltage

dependencies are apparent since exciton diffusion does not

depend on the built-in field. The difference in voltage depen-

dence is reflected in the validity of the fundamental reciproc-

ity of photovoltaic quantum efficiency and electrolumines-

cent emission of solar cells. For voltage-dependent collection

and injection, the reciprocity is no longer valid, which is

proven by the simulation of electroluminescence and quan-

tum efficiency spectra.

While in the radiative limit, the open circuit voltage is

always the same for a given absorption coefficient and thick-

ness and is independent of transport; some important solar

cell parameters only affect the simulation if nonradiative re-

combination limits the efficiency. As an example for the in-

fluence of nonradiative recombination on our detailed bal-

ance model, we discuss the effects of band offsets and the

average distance between the heterointerfaces in bulk hetero-

junction solar cells. In both cases, there are competing ef-

fects on open circuit voltage Voc and short circuit current

density Jsc such that we always find an optimum for the

product VocJsc /Jsc,SQ and consequently for the power conver-

sion efficiency of the devices.
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FIG. 12. �Color online� Simulation of short circuit current den-

sity Jsc �normalized to the maximum Jsc,SQ�, open circuit voltage

Voc, and the product VocJsc /Jsc,SQ as functions of the distance be-

tween two heterointerfaces in a BHJ solar cell using the analytical

Eqs. �41� and �42�. We vary �a� the exciton diffusion length L�

=10−7 ,10−5 cm and �b� qj00=10−23 ,10−21 mA cm−2. A high dis-

tance between interfaces generally favors Voc since interface recom-

bination is minimized, while a low distance favors Jsc due to more

efficient diffusion of excitons to the next interface.
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