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Modeling the current-voltage characteristics of bilayer polymer photovoltaic devices

J. A. Barker, C. M. Ramsdale, and N. C. Greenham
Cavendish Laboratory, Madingley Road, Cambridge CB3 0HE, United Kingdom

~Received 22 August 2002; published 18 February 2003!

We have developed a numerical model to predict the current-voltage curves of bilayer conjugated polymer
photovoltaic devices. The model accounts for charge photogeneration, injection, drift, diffusion, and recombi-
nation, and includes the effect of space charge on the electric field within the device. Charge separation at the
polymer-polymer interface leads to the formation of bound polaron pairs which may either recombine mono-
molecularly or be dissociated into free charges, and we develop expressions for the field dependence of the
dissociation rate. We find that the short-circuit quantum efficiency is determined by the competition between
polaron pair dissociation and recombination. The model shows a logarithmic dependence of the open-circuit
voltage on the incident intensity, as seen experimentally. This additional intensity-dependent voltage arises
from the field required to produce a drift current that balances the current due to diffusion of carriers away
from the interface.

DOI: 10.1103/PhysRevB.67.075205 PACS number~s!: 72.20.Ee, 72.20.Jv, 72.80.Le
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I. INTRODUCTION

Polymer photovoltaic devices are a potentially attract
alternative to silicon solar cells, due to their low cost, ease
fabrication, and process temperatures which are suitable
fabrication onto lightweight plastic substrates.1 Power con-
version efficiencies for polymer devices are not yet h
enough for these to be commercially viable, but devic
based on polymer blends and bilayers show significant
provements in conversion efficiency over single-compon
devices, as a result of enhanced charge separation a
polymer-polymer interface.2–4 In order to optimize the powe
conversion efficiency of these devices, it is important to u
derstand the distributions of charge density and electric fi
in the devices under various operating conditions, and
quantify the loss mechanisms which are expected to oc
Due to the very different generation, transport and recom
nation processes which occur in organic semiconduct
simple models developed for inorganic photovoltaic devi
do not necessarily apply. Photoconductivity in intrinsic sem
conductors has been extensively studied5 and various authors
have discussed the origin of the open-circuit voltage
blends of C60 with conjugated polymers,6,7 however, model-
ing specific to polymer photovoltaic devices has conc
trated on single-layer devices, where carrier generation
curs at the electrodes.8 It is therefore necessary to develo
new models for organic devices, where charge carrier ph
generation occurs at the interface between two thin,
doped, low-mobility semiconductors.

In this paper, we develop a numerical model for the g
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eration, transport and recombination of charges in a bila
photovoltaic device. We are able to model current-volta
characteristics for the device under illumination, taking in
account space charge and the effects of dissociation an
combination of polaron pairs at the polymer-polymer inte
face. We investigate the factors that influence the op
circuit voltage in these devices, which has been fou
experimentally to be larger than the difference in the el
trode work functions.9 The results of the model are in goo
agreement with experimental measurements on bilayer p
fluorene devices, and show that the additional contribution
the open-circuit voltageVoc is largely due to the diffusion of
carriers away from the interface.

II. EXPERIMENTAL DATA

Bilayer devices were fabricated by a lamination tec
nique using poly(9,98-dioctylfluorene-co-benzothia
diazole! ~F8BT! and poly(9,98-dioctylfluorene-co-bis-N,
N8-~4-butylphenyl!-bis-N,N8-phenyl-1,4-phenylenediamine!
~PFB! as electron- and hole-transporting layers respectiv
The anode was indium-tin oxide and a range of metals w
different work functions were used as cathodes. The fabr
tion and characterization of these devices has been repo
previously;9 here we reproduce for convenience the resu
which are of particular interest for modeling. A schema
energy-level structure of the device is shown in Fig. 1. F
ure 1~b! shows the device under flat-band conditions, cor
sponding to an applied voltage equal to the difference
electrode work functions. At short circuit@Fig. 1~a!#, the
electrode Fermi levels are aligned, corresponding to an in
-
/

FIG. 1. Schematic band dia
grams for an anode/PFB/F8BT
cathode device under~a! short-
circuit, ~b! flat-band, and~c! open-
circuit conditions. Arrows indicate
the flux of carriers under illumina-
tion, due to drift and diffusion.
©2003 The American Physical Society05-1
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nal field that will sweep electrons generated at the interf
towards the cathode, and holes towards the anode. At
open-circuit voltage@Fig. 1~c!#, the total current is zero. Un
der illumination, photogenerated carriers are generated a
interface, leading to a diffusion current away from the int
face which must be balanced by a drift current to achie
zero net current. The drift current requires an internal elec
field, provided by the additional voltage beyond the flat-ba
condition. A simple analytical model for this extra ope
circuit voltage9 considers a voltageV1 dropped linearly
across the electron-transporting layer of the device, thickn
L. The sum of drift and diffusion currents is zero when t
electron densityn varies with distance from the interface,z,
as

n~z!5n~0!expS 2
eV1

kBT

z

L D . ~1!

If we assume that the electron density at the interfa
nint , is related to the incident intensity by a power law,

nint5k1I a, ~2!

then we find that

eV1

kBT
.a ln I 1 ln k12 ln ncath , ~3!

wherencath is the electron density at the cathode.
Performing a similar calculation for the hole-transporti

side of the device, assumingpint5k2I a, gives the total open-
circuit voltage

eVoc

kBT
.2a ln I 1 ln k11 ln k22 ln ncath2 ln pan , ~4!

wherepan is the hole density at the anode.
The variation of the measured open-circuit voltage w

intensity for a device with an aluminum cathode is shown
Fig. 2. Over the same range of intensities, the short-cir
current is found to be linearly dependent on intensity in t
device.9 The simple model gives a reasonable fit to the m
sured variation ofVoc with intensity before saturation occur

FIG. 2. Measured open-circuit voltage for an ITO/PFB@50
nm#/F8BT@100 nm#/Al device as a function of incident intensity a
458 nm.
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assuming thata50.5 and that the carrier densities at th
electrodes are insensitive to intensity. Numerical model
will allow a, ncath , and pan to be determined self-
consistently to check the validity of the simple model, a
will also allow the effects of space charge to be included

Numerical modeling will also enable the full curren
voltage characteristics under illumination to be predict
The experimental characteristics for various cathodes
shown in Fig. 3. For the purpose of modeling we are co
cerned only with the internal field, so it is convenient
define our voltage relative to the flat-band voltage, by s
tracting the difference in electrode work functions from t
true applied voltage. All current-voltage characteristics
this paper are plotted with respect to this ‘‘internal’’ voltag
In Fig. 3 the internal voltage has been calculated using
erature values for the cathode work functions, and assum
an ITO work function of 4.8 eV.9 If the open-circuit voltage
were simply due to the difference in work functions of th
electrodes, then Fig. 3 would show the zero current at z
voltage. In fact there is an extra contribution toVoc of '1 V
in all these devices under illumination at 7 W m22.

III. THEORY

The steady-state charge distributions within each layer
found from the self-consistent numerical solution of t
Poisson equation and the continuity equations. This gives
electron and hole number densities,n andp, as

]n

]t
5

]

]z F2mnkBT
]n

]z
2mnneEG2Rnp , ~5!

]p

]t
5

]

]z F2mpkBT
]p

]z
1mppeEG2Rnp , ~6!

mn(p)5mn0(p0)exp@gAE#, ~7!

]E

]z
5

e~p2n!

«0« r
, ~8!

FIG. 3. Measured current density versus internal voltage
ITO/PFB@50nm#/F8BT@100nm#/cathode devices, under illuminatio
at 459 nm with an intensity of 7 W m22. The cathodes are gold
~circles!, copper~squares!, chromium ~solid line!, and aluminum
~dotted line!.
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where]n/]t and]p/]t are zero at steady state.mn0 andmp0

are the zero-field carrier mobilities,g describes the field de
pendence of the mobility,E is the electric field strength, an
« r is the relative permitivity of the material, which typicall
takes a value of 4 for polymer systems. These equations h
previously been successfully used to model the propertie
polymer light-emitting diodes~LEDs!.10–13 In the equations
above, the diffusion coefficient is taken to be related to
mobility by the Einstein relationship, although we note th
at high carrier densities the diffusion coefficient may
increased.14 When the applied bias is sufficiently belowVoc ,
the electric field will be in such a direction as to swe
electrons towards the cathode and holes towards the an
Under these conditions we assume rapid extraction of ch
carriers at the electrodes. As we saw in Fig. 1, under so
conditions the field at the electrodes is reversed, such
carriers are injected from the electrodes. Due to the effect
disorder, it is difficult to obtain an accurate analytical expr
sion for charge injection into a polymer. Here, we use
thermionic emission model of Scott and Malliaras,15 assum-
ing a site density of 1027 m23. For most of our modeling we
assume injection barriers of 0.5 eV at both the anode
cathode, and we then go on to study the effect of variation
these barriers. The recombination rateRnp will follow a
Langevin-like rate, but we find that this process is negligi
since each layer contains predominantly only one car
type.

To extend these equations to treat photovoltaic device
is necessary to model the generation and recombinatio
charge at the polymer-polymer interface. Light absorbed
the device will produce excitons, some of which may diffu
to the interface where rapid charge transfer will occur.
principle, it is possible to model the fraction of incident lig
that will lead to charge separation,16,17 however, since the
exciton diffusion lengths in our polymers are not we
known, we will use the exciton dissociation rate per u
area,GX , rather than the incident light intensity as the inp
parameter in our model. For reference, if we assume an
citon diffusion length of 5 nm in F8BT, an incident power
1 W m22 at 459 nm corresponds to an exciton dissociat
rate of order 231017 m22 s21. In the simplest possible
model, exciton dissociation at the interface would produ
free charges which would then either be extracted from
device or recombine in a bimolecular fashion at the interfa
Experimentally, the short-circuit photocurrent is found to d
pend linearly on the incident light intensity, however, und
these conditions recombination clearly limits the quant
efficiency since higher quantum efficiencies can be achie
at more negative biases. This is inconsistent with a bimole
lar recombination mechanism, which would lead to a sub
ear intensity dependence. This issue can be resolved by
izing that the initial exciton dissociation event in fa
produces a pair of charges which are still coulombica
bound~a polaron pair!. These polaron pairs can then eith
recombine monomolecularly~with a rate constantkrec corre-
sponding to a lifetimet rec), or may be dissociated into fre
carriers with a field-dependent rate constantkdiss(E). Also,
polaron pairs may be formed by bimolecular capture of f
07520
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charges at the interface, with a rateFX . The areal density of
polaron pairs at the interfaceX therefore follows the rate
equation

]X

]t
5GX2krecX2kdiss~E!X1FX . ~9!

We assume that dissociation of polaron pairs produ
free carriers in the first layer of polymer chains either side
the interface. We define the separation between poly
chains in the electric field direction to beh, which we take to
have a value of 1 nm. Within a distanceh of the interface, the
continuity equations for electrons and holes in the electr
and hole-transporting polymers respectively are modified
follows:

]n

]t
5

]

]z F2mn

kBT

e

]n

]z
2mnnEG1

kdiss~E!X2FX

h
,

~10!

]p

]t
5

]

]z F2mp

kBT

e

]p

]z
1mppEG1

kdiss~E!X2FX

h
.

~11!

We neglect hopping of electrons and holes over the barrie
the interface, on the basis that this is likely to result in rap
formation of excitons close to the interface, which will su
sequently be dissociated back across the interface. This
proximation is consistent with the low electroluminescen
efficiencies seen in these devices at positive biases. We
include the effect of the polaron pairs on the electric field
the interface, assuming that the charges in a polaron pair
localized within a distanceh of the interface. The polaron
pairs contribute an additional change in electric field acr
the polymer chains adjacent to the interface, given by

DEe52
eX

«0« r
, ~12!

DEh5
eX

«0« r
, ~13!

whereDEe andDEh represent the additional change in fie
across a distanceh in the electron- and hole-accepting pol
mers, respectively. The polaron pairs thus produce a dip
which causes an additional change in potential in the reg
of the interface.

Next we require an expression for the rate of polaron p
dissociation into free charges,kdiss(E). A full treatment in-
cluding the effects of disorder is beyond the scope of t
work, since it requires detailed Monte Carlo simulations.18 In
order to obtain a physically reasonable approximation for
field dependence of the dissociation rate, we follow a sim
approach which neglects disorder. We note that the elec
and hole which make up the polaron pair are each only a
to escape their mutual coulomb potential over a half surfa
The zero-field dissociation rate constantkdiss(0) is then

kdiss~0!5E
0

2p

dcE
0

p/2

sin~u!du A expF2
UB

kBTG , ~14!
5-3
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where UB is the polaron pair binding energy andA is a
constant related to the attempt frequency for escape. We
fine the zero-field dissociation timetdiss5kdiss

21 (0). Poole-
Frenkel-like enhancement of the dissociation rate will oc
at negative applied field, where the barrier to carrier esc
is lowered by some energy,UM(u), whose value depends o
the angleu between the direction of escape and the app
field direction. Following the treatment of Jonscher,19 the
separationr M required to reach the top of the barrier is giv
by

r M5A 2e

4p«0« rE cos~u!
. ~15!

It then follows that

UM~u!5Acos~u!A2e3E

p«0« r
. ~16!

Using this result in the integral forkdiss(E) with E,0 gives

kdiss~E!5
kdiss~0!

M Fexp@M #S 12
1

M D1
1

M G , ~17!

M5
e

kBT
A 2eE

p«0« r
. ~18!

At positive applied fields, exciton dissociation will b
suppressed, however, it is more difficult to define the poin
charge separation since there is no maximum in the pote
for separation against the applied field. We, therefore, de
the point of charge separation as where the coulombic b
ing energy of the polaron pair is equal tokBT, which occurs
at the capture radius

r c5
e2

4p«0« rkBT
. ~19!

Compared with the zero-field case, this requires an e
energy

UE5
e3E cosu

4p«0« rkBT
. ~20!

Integrating as before withE.0 gives

kdiss~E!5kdiss~0!
4p«0« rkB

2T2

e3E
S 12exp

2e3E

4p«0« rkB
2T2D .

~21!

Next we consider the formation of polaron pairs by bim
lecular capture of free charges on opposite sides of
polymer-polymer interface. If we assume that the capt
process is dominated by lateral motion of charges close
the interface, then the rate of polaron pair formation is giv
by

FX5
nintpinth~mn01mp0!e

3«0« r
, ~22!
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wherenint is the electron density in the electron-transporti
layer at the interface andpint is the hole density in the hole
transporting layer at the interface. This expression is likely
underestimate the capture rate due to anisotropy in the ca
mobilities, however, we find that our results are relative
insensitive to the exact value of the capture rate.

We do not have direct measurements of the recombina
rates or zero-field dissociation rates of polaron pairs in
system, and we must therefore examine the effects of a ra
of reasonable values for these parameters in our model.
laron pair lifetimes have been measured to be in the rangems
to ms at other organic-organic and organic-inorga
interfaces,20–22 consistent with weak wave-function overla
between electron and hole, leading to nonradiative de
Although this recombination mechanism is slow, it will ne
ertheless become important close toVoc , where the majority
of photogenerated polaron pairs must recombine, leadin
significant polaron pair densities. We will see later that t
ratio of polaron pair dissociation and recombination rates
given internal field determines the efficiency of the devic
which allows us to find reasonable values for the zero-fi
dissociation rate.

The boundary conditions for injection and extraction
charges at the electrodes require special attention for the
of photovoltaic devices. BelowVoc , electrons will flow to-
wards the cathode and holes towards the anode, leading
net extraction of carriers at the electrodes. AboveVoc , there
will be a net injection of carriers at the electrodes. AtVoc ,
the injection and extraction currents will be exactly balanc
This condition occurs with a nonzero field at the electrod
and we therefore need an injection mechanism which give
zero net current at a finite field. To achieve this, we ha
used the model of Scott and Malliaras, which considers th
mionic injection of carriers in the presence of Langevin-li
recombination of injected carriers with their image charge15

However, we cannot use the final form of their result for t
net current in the absence of photoinduced carriers, since
gives zero current at zero field. Instead, we use their in
mediate result which considers injection and surface rec
bination separately

J5
16p« r«0kB

2N0mT2

e2
exp~2fB /kBT!expf 1/22n0eS~E!,

~23!

where the injection barrier isfB ,

S~E!5
4p« r«0~kBT!2m

e3
~1/c22 f !, ~24!

f 5eErc /kBT, ~25!

c~ f !5 f 211 f 21/22 f 21~112 f 1/2!1/2, ~26!

n0 is the local carrier density close to the electrode, andE is
the local electric field. Photogenerated carriers are inclu
self-consistently through their contribution ton0.

At negative fields, we treat the injection using a simil
approach to the polaron pair dissociation rate discus
5-4
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MODELING THE CURRENT-VOLTAGE . . . PHYSICAL REVIEW B 67, 075205 ~2003!
above. The injection barrier is increased by an amo
euEur c/4, representing the additional energy required
move against the field to a distance at which the coulom
binding energy between the charge and its image is redu
to kBT. The recombination velocity remains equal to
zero-field value, giving

J5
16p« r«0kB

2N0mT2

e2
exp@2~fB2eErc/4!/kBT#

2n0eS~0!. ~27!

The final parameters required in our model are the mob
ties of carriers in the various materials. Here, we use
electron mobility in F8BT ofmn053310210 m2 V21 s21,
g51.5531023 m1/2V21/2, and an hole mobility in PFB of
mp051310210 m2 V21 s21, g53.0031024 m1/2V21/2.
These values are approximately two orders of magnit
lower than the values measured by time-of-flig
techniques,23,24however, we have found that our values gi
a much better agreement to the current densities measur
single-layer LEDs.25 The exact values of mobilities are no
critical to the physics of our model; they simply determi
the intensity at which space-charge effects beco
important.

IV. RESULTS AND DISCUSSION

Figure 4~solid line! shows the calculated current-voltag
characteristic for a device using the parameters descr
above, with a polaron pair generation rate of 4
31017 m22 s21. In this simple example, we taket rec
51 ms andtdiss510 ms. The model reproduces many im
portant features in the experimental curves, and there is
open-circuit voltage of 0.483 V. The operation of the dev
can be understood in more detail by studying the elec
field, electron density, and hole density as a function of
sition within the device at various voltages, as shown in F
5 and 6. We choose20.5 V, corresponding to short-circu
conditions for a device with an aluminum cathode, 0

FIG. 4. Modeled current density versus internal voltage for
anode/PFB@50 nm#/F8BT@100 nm#/cathode device with a polaro
pair generation rate of 4.331017 m22 s21 and tdiss510 ms. Mo-
bilities and injection conditions are described in the text. The
laron pair lifetimet rec is 1 ms~solid line!, and 1ms ~dashed line!.
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which would give flat bands in the absence of illuminatio
and 0.483 V, the open-circuit voltage. At20.5 V, the varia-
tion of field through the device is small, indicating th
space-charge effects are unimportant. There is suffic
negative field to give rapid separation of polaron pairs at
interface, so recombination is negligible and the quant
efficiency is close to 1.~For the purposes of modeling w
define the quantum efficiency as the number of carriers flo
ing in the external circuit per exciton dissociation event. T
measured quantum efficiencies will be lower since not
excitons reach the interface.! The current close to the inter
face is predominantly a drift current, with diffusion becom
ing important only near the electrodes where carrier dens
are reduced. Close to the interface, the carrier densities
slowly varying; the difference in carrier density on eith
side of the interface is due to the difference in carrier m

n

-

FIG. 5. Electric field versus position witht rec51 ms, at V
50.483 V~solid line!, 0 V ~dotted line!, and20.5 V ~dashed line!.
The polaron pair generation rate is 4.331017 m22 s21.

FIG. 6. Hole density (z,50 nm) and electron density (z
.50 nm) versus position witht rec51 ms, atV50.483 V ~solid
line!, 0 V ~dotted line!, and20.5 V ~dashed line!. The polaron pair
generation rate is 4.331017 m22 s21.
5-5
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bilities in F8BT and PFB. At 0 V, the average field in th
device is zero. Due to the low fields, the mobilities are lo
and space-charge effects become more noticeable, cau
the electric field to go slightly positive at the interface. D
spite this reverse field, there is still sufficient polaron p
dissociation to give a quantum efficiency in excess of 0.
In contrast to the20.5 V case, the current is predominant
due to diffusion, driven by the carrier concentration gradi
away from the interface. In other words, the device still o
erates as a photovoltaic device despite the absence of
internal field. To achieve a total current of zero requires
additional positive voltage to produce a drift current to ca
cel out the diffusion. Under these open-circuit conditions
polaron pair density of 4.331014 m22 builds up at the inter-
face, leading to a polaron pair recombination rate equa
the generation rate of 4.331017 m22 s21. There is rapid dis-
sociation of polaron pairs into free charges, balanced by
identical rate of bimolecular recombination (5
31018 m22 s21). To achieve this high bimolecular recomb
nation rate requires large carrier densities at the interface
hence throughout the device. The high carrier densities
to a significant change of electric field within the device. T
carrier densities decay rapidly away from the interface
order to maintain a balance between drift and diffusion c
rent throughout the device.

The example above chose a polaron pair recombina
time that was long compared with typical dissociation tim
leading to high quantum efficiencies at voltages as little
0.3 V below the open-circuit voltage. However, the expe
mental data show that the quantum efficiency rises w
negative voltage up to at least 1 V below the open-circ
voltage. This indicates that polaron pair recombination m
compete with dissociation over this range of fields. To rep
duce this behavior, we have tried reducingt rec from 1 ms to
1 ms, whilst maintaining the same value oftdiss510 ms.
The current-voltage curve~Fig. 4, dashed line! shows a lin-
ear increase in photocurrent with increasing negative v
age, with the quantum efficiency increasing from 0.05 at 0
to 0.46 at21 V.

The modeled intensity dependence ofVoc is shown in Fig.
7. The experimentally observed logarithmic dependence
Voc on intensity is reproduced over a wide range of inten

FIG. 7. Open-circuit voltage versus polaron pair generation
with t rec51 ms.
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ties. The model shows an increase inVoc with intensity of 55
mV per decade, slightly lower than the value of 60 mV p
decade predicted by the simple analytical model of Eq.~4!
taking a50.5 and assuming a constant carrier density at
electrodes. To investigate the origin of this discrepancy, i
useful to examine the intensity dependence of the car
densities in the device at open circuit, as shown in Fig.
The polaron pair density at the interface is proportional
the intensity, as expected for monomolecular recombinat
The densities of free electrons and holes at the interface
not equal, and increase sublinearly with intensity, althou
not exactly asI 0.5. This complex behavior is a consequen
of the asymmetry in layer thicknesses and mobilities. Ho
ever, the product of electron and hole densities at the in
face is only weakly dependent on intensity, consistent wit
bimolecular recombination process. The electron and h
densities at the interface are determined as follows. At o
circuit, the polaron pair dissociation rate must be equal to
generation rate; this sets the polaron pair density. Since t
is no net flow of free charges away from the interface,
rates of polaron pair dissociation to free charges and for
tion from free charges must be equal. The dissociation rat
determined by the polaron pair density and the local elec
field, but the rate constant is only weakly dependent on fi
at positive fields, and the field at open circuit varies on
slowly with the intensity. The dissociation and formatio
rates are, therefore, approximately proportional to intens
The formation rate is also given by Eq.~22!, and is propor-
tional to the product of the free electron and hole densitie
the interface. The product of free electron and hole densi
is, therefore, approximately proportional to intensity, whi
would in a symmetrical device give free-carrier densit
proportional toI 0.5. So, although the final loss mechanism
monomolecular decay of polaron pairs, the process wh
controls the free charge densities, and hence the open-ci
voltage, is a bimolecular process leading toa'0.5.

Figure 8 also shows that the carrier densities at the e
trodes increase slightly with the incident intensity, althou
by less than 50% over the 7 orders of magnitude of inten
studied. This will also contribute to the lowering of the in

te FIG. 8. Electron~crosses! and hole ~circles! densities at the
interface~solid lines! and the electrodes~dotted lines!, as a function
of polaron pair generation rate, at open circuit. The product of e
tron and hole densities at the interface is also shown~squares!.
5-6
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tensity dependence of theVoc in the numerical model com
pared with the simple analytical model, although this con
bution is less important than the field dependence of
polaron pair dissociation rate discussed above.

It is interesting to examine the effect of space charge
Voc . In the numerical model, the ratios of carrier densities
the interface and the electrode are found to obey Eq.~1!
accurately, even when space charge causes a signifi
change in field within the device. This is as expected
thermodynamic grounds, where only the total potential d
ference influences the population ratio, independent of
intervening potential landscape. Space charge, there
only plays a minor role at open circuit, through its influen
on the local electric field at the interface and on the split
the total potential between the two layers.

Comparing now with the experimental data, both the a
lytical model and the numerical model underestimate the
served intensity dependence of the open-circuit voltage
0.8 V per decade. They also do not reproduce the satura
behavior which is observed. The stronger intensity dep
dence in the experiment implies thata.0.5, indicating a
more linear dependence of the free charge density on in
sity. This might be due to the involvement of a fixed dens
of ‘‘trap’’ sites in the process of polaron formation from fre
charges. This will be the subject of future investigation. T
saturation ofVoc at high intensities implies a saturation
the polaron pair density at the interface. This might arise
to high densities of free charges or polaron pairs at the in
face leading to nonradiative quenching of photogenerated
citons before charge separation can occur. With an exc
diffusion range of 5 nm, for example, one would expect ve
strong quenching at charge densities of 831024 m23. An-
other possibility is that a high density of polaron pairs at
interface might cause a sufficient field at the interface@Eqs.
~12! and~13!# to make it energetically unfavorable to diss
ciate further excitons. This mechanism would be particula
effective in the PFB/F8BT system, where the band offse
believed to be only just sufficient for charge transfer to o
cur. At a given polaron pair generation rate, the voltage d
due to polaron pairs at the interface depends strongly on
polaron pair lifetime. Fort rec51 ms, the voltage drop is
less than 2 mV at a polaron pair generation rate of
31020 m22 s21, but with t rec51 ms, the voltage can reac
significant values in excess of 100 mV at polaron pair g
eration rates above 231019 m22 s21. Where band offset a
the interface is more than large enough to drive charge s
ration, some of the incident energy will be wasted as hea
this case, a localized field at the interface can reduce
energy wasted by raising the energy of the charge-separ
state. The carriers are then collected at a higher poten
such that the potential dropped at the interface contribu
directly to the open-circuit voltage. As explained above,
open-circuit voltage will saturate when there is no longe
driving force for charge separation. This mechanism mi
explain the reported dependence in some systems of the
sured open-circuit voltage on the band offset between
electron- and hole-accepting material.6

Next, we examine the device characteristics away fr
open-circuit conditions. We have already seen that at ne
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tive voltages, the current close to the interface becom
dominated by drift rather than diffusion, and that the qua
tum efficiency depends on the competition between pola
pair recombination and dissociation. Figure 9 shows how
quantum efficiency varies with intensity at an internal vo
age of20.5 V ~corresponding to short-circuit conditions in
device with an Al cathode! with t rec51 ms and tdiss
510 ms. The quantum efficiency remains constant as s
experimentally, until very high intensities where it begins
reduce. This behavior can be understood by examining
charge and field distributions in the device at polaron p
generation rates of 4.331015 m22 s21 and 4.3
31019 m22 s21 ~Figs. 10 and 11!. At low intensity the elec-
tric field is constant and drift dominates at the interface.
high intensities, however, space charge in the device sig
cantly reduces the electric field at the interface~i.e., the field
becomes less negative!, leading to reduced polaron pair dis
sociation and lower efficiencies. Since the electric field at
interface is reduced, drift of carriers away from the interfa
is suppressed and diffusion begins to play a larger role in
current. This behavior is analogous to the space-cha
limited current flow commonly observed in polymer LED
where injection is suppressed by reducing the field at
electrode, but in the photovoltaic case it is the field at
central interface which is reduced in order to suppress cha

FIG. 9. Quantum efficiency versus polaron pair generation r
at 20.5 V with t rec51 ms.

FIG. 10. Electric field versus position at20.5 V with t rec

51 ms at polaron pair generation rates of 4.331015 m22 s21

~dashed line! and 4.331019 m22 s21 ~solid line!.
5-7
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generation there. It should be noted that in photovoltaic
vices these effects do not become important until very h
intensities.

Finally, we examine the effect of the injection process
the electrodes on the current-voltage characteristics. Fig
12 shows the current-voltage characteristics for devices w
cathode barriers,fB , of 0.4, 0.5, and 0.6 eV, and anod
barriers of 0.5 eV. As expected, the major difference in
characteristics is in the magnitude of the current aboveVoc ,
which is associated with carrier injection. There is also
effect on the size ofVoc , which takes values of 0.224 V
0.322 V, and 0.419 V with barriers of 0.4 eV, 0.5 eV, and 0
eV, respectively. According to Eq.~4!, the major effect of the
injection barrier is through the carrier density at the conta

FIG. 11. Hole (z,50 nm) and electron (z.50 nm) densities
versus position at20.5 V with t rec51 ms at polaron pair genera
tion rates of 4.331015 m22 s21 ~dashed line! and 4.3
31019 m22 s21 ~solid line!.

FIG. 12. Modeled current-voltage curves witht rec51 ms and a
polaron pair generation rate of 4.331017 m22 s22. The anode bar-
rier is 0.5 eV and the cathode barrier is 0.4 eV~solid line!, 0.5 eV
~dotted line!, or 0.6 eV~dashed line!.
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which takes values of 4.1331020 m23, 9.2931018 m23, and
2.0231017 m23 with increasingfB . If the carrier density at
the contact maintained itself close to thermal equilibriu
n05N0exp(2fB /kBT), then according to Eq.~4! reducing
the injection barrier would cause an identical reduction
Voc . In our model, the carrier densities are not far from t
equilibrium values, soVoc does indeed reduce with cathod
barrier height. This predicts that the measured open-cir
voltage ~the sum of the internalVoc and the difference in
electrode work functions! would be insensitive to the cath
ode work function. This is in contradiction to our experime
tal results, which show that the measured open-circuit v
age increases with the electrode work function differen
leading to a constant internalVoc . We note, however, tha
the model of Scott and Malliaras15 completely neglects the
effects of disorder, which may have a major effect on t
detailed injection rates and carrier densities.26 More work is,
therefore, necessary in order to predict the absolute valu
the open-circuit voltage in any given device structure, ho
ever, this does not affect the intensity dependence whic
related to processes at the polymer-polymer interface ra
than at the electrodes.

V. CONCLUSIONS

We have developed a numerical model for the curre
voltage characteristics of bilayer polymer photovoltaic d
vices. The model includes drift and diffusion currents, inje
tion and extraction at the electrodes, and the effects of sp
charge on the electric field within the device. In order
explain the linear dependence of photocurrent on intens
even when recombination at the interface limits the dev
efficiency, we consider that generation of free charges ta
place via dissociation of an intermediate population of bou
polaron pairs at the interface. We develop expressions for
formation and dissociation of polaron pairs as a function
applied field. Our model reproduces many of the import
features of the measured current-voltage characteristic
polyfluorene-based bilayer photovoltaic devices, includ
the logarithmic dependence of open-circuit voltage on int
sity. The model will allow optimization of device perfor
mance by investigating the effects of material parameters
device characteristics, and we can already identify a num
of design rules to achieve efficient photovoltaic operatio
Short-circuit quantum efficiency is determined by the co
petition between polaron pair dissociation and recombina
at the field determined by the difference in electrode wo
functions. Increasing the dissociation rate~for example by
reducing the polaron pair binding energy! will increase the
efficiency. Decreasing the recombination rate will have
similar effect, although this may lead to a saturation of t
polaron pair density at high intensities. The measured op
circuit voltage will depend not only on the difference in ele
trode work functions, but also on the intensity and the cha
densities at the electrodes. Reducing the charge densiti
the electrodes will increase the open-circuit voltage; this m
be achieved by suppressing charge carrier injection, for
ample by increasing the injection barrier or reducing the d
sity of chargeable sites in the polymer. Finally, the fill fact
5-8
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is determined by the shape of the current-voltage curve
tween short-circuit and open-circuit conditions. It is op
mized when polaron pair dissociation competes effectiv
with recombination even with a small field in the positiv
direction. Under these conditions the quantum efficien
rises rapidly to unity at voltages only slightly below th
-
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om
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,
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d

pp

.H

ef
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open-circuit voltage, leading to a rectangular current-volta
curve with a large fill factor.
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