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CONSPECTUS

Organic photovoltaics, which convert sunlight into elec-
tricity with thin films of organic semiconductors, have
been the subject of active research over the past 20 years. The
global energy challenge has greatly increased interest in this
technology in recent years. Low-temperature processing of | f hCT)
organic small molecules from the vapor phase or of polymers P
from solution can confer organic semiconductors with a criti-
cal advantage over inorganic photovoltaic materials since the
high-temperature processing requirements of the latter limit the 1
range of substrates on which they can be deposited. Unfortu-
nately, despite significant advances, the power conversion effi-
ciency of organic solar cells remains low, with maximum values
in the range of 6%.

A better understanding of the physical processes that deter-
mine the efficiency of organic photovoltaic cells is crucial to
enhancing their competitiveness with other thin-film technolo-

N m i
gies. Maximum values for the photocurrent can be estimated % 4
from the light-harvesting capability of the individual mole- /

cules or polymers in the device. However, a better understand-
ing of the materials-level processes, particularly those in layer- -1.0 0.5 0.0 05 1.
to-layer interfaces, that determine the open-circuit voltage (Voc) Yoliage (V)

in organic solar cells is critical and remains the subject of active

research. The conventional wisdom is to use organic semiconductors with smaller band gaps to harvest a larger portion of
the solar spectrum. This method is not always an effective prescription for increasing efficiency: it ignores the fact that the
value of Vo is generally decreased in devices employing materials with smaller band gaps, as is the case with inorganic
semiconductors.

In this Account, we discuss the influence of the different interfaces formed in organic multilayer photovoltaic devices on
the value of Voc; we use pentacene—Cqg Solar cells as a model. In particular, we use top and bottom electrodes with dif-
ferent work function values, finding that Voc is nearly invariant. In contrast, studies on devices incorporating hole-trans-
port layers with different ionization potentials confirm that the value of Vi depends largely on the relative energy levels
of the donor and acceptor species that form the essential heterojunction. An analysis of the properties of solar cells using
equivalent-circuit methods reveals that Vo is proportional to the logarithm of the ratio of the photocurrent density J,, divided
by the reverse saturation current density J,. Hence, an understanding of the physical origin of J, directly yields informa-
tion on what limits Voc. We assign the physical origin of J, to the thermal excitation of carriers from the donor to the accep-
tor materials that form the organic heterojunction. Finally, we show that the solution to achieving higher power conversion
efficiency in organic solar cells will be to control simultaneously the energetics and the electronic coupling between the donor
and acceptor materials, in both the ground and excited state.

J (mAflem?)

Current Density (A/lcm®)
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1. Introduction

Organic solar cells have the potential to become ubiquitous
power sources that are inexpensive, lightweight, and
flexible,' 2 provided that their power conversion efficiency
can be further increased. Compared with inorganic solar cells
where the active layers are generally chosen from a small
pool of materials, the list of compounds used to make organic
solar cells is constantly expanding as previous molecules and
polymers are modified to make new compounds with differ-
ent properties. With so much freedom to modify organic mol-
ecules, an understanding of how material properties affect
solar cell performance is needed to help guide the design of
new compounds. While there is no physical model yet to
describe all of the processes in organic solar cells, simple mod-
els relating material properties to performance are desirable
because they can help in the quest for solar cells with higher
efficiencies.

Power conversion efficiency is the most discussed param-
eter used to evaluate solar cell performance. While many peo-
ple suggest that an efficiency of at least 10% is necessary for
organic solar cells to establish a viable market, the highest effi-
ciencies achieved in organic devices to date are around
5—6%.%8 Efficiency is the percentage of input power from
the light source that is converted to output power at the oper-
ating point where the device produces the maximum power
and is written as

77=M><100%=Mx100% (1)

P I
where Pyax is the maximum output power, Py is the input
power, Juax and Vuax are the current density and voltage,
respectively, at the point where Pyax is produced, and I, is the
irradiance of the source.

Two other key points of interest are at the boundaries in
the current-density—voltage (J—V) characteristic where a
device begins producing power. Short-circuit current den-
sity (Jsc) is the current density when the voltage across a
device is zero, and open-circuit voltage (Vo) is the voltage
when the current density in the device is zero. Because
power is the product of current and voltage and either cur-
rent or voltage is zero at both of these points, there is no
power production at either of these points. However, Jsc and
Voc are useful in that they represent the maximum current
density and voltage that can be produced by the illumina-
tion of the device.
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Efficiency can be rewritten using these two parameters as

Jyax! V) sV,
_ Puax!Viax % 100% = FFl sdVoc

x100%  (2)
IL IL

with the fill-factor FF defined by

FE = |JMAX|VMAX (3)
|JSC|VOC

Figure 1 depicts a typical J—V curve for a device based on

a pentacene/Cg heterojunctiong‘” in the dark and under illu-

mination with Juax, Vmax, Jsc, and Voc all noted. Bathocuproine

(BCP) is used as an interlayer layer between the Cgo and the

Al cathode. The physical processes limiting values for Jsc and

Voc in organic solar cells must be understood to design new

materials for efficient devices because of their relationship to
efficiency.

2. Origin of the Short-Circuit Current

The short-circuit current is directly related to the number of
photons that are absorbed from the light source to form exci-
tons, the conversion of excitons into electrons and holes, and
the efficiency of charge transport to and charge collection at
the electrodes. In organic solar cells, absorbed photons lead
to bound electron—hole pairs, or excitons. To contribute to the
photogenerated current, an exciton must first be dissociated
into an electron and a hole. Efficient dissociation can occur at
the essential heterojunction formed at the interface between
a donor and acceptor material if the exciton binding energy
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FIGURE 1. (a) Chemical structures of pentacene, Cgs, and BCP and
(b) typical J—V curves for a pentacene/Cgo device in the dark
(dashed line) and in the light (solid line) with key performance
parameters noted.
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FIGURE 2. Schematics of the basic structures for solar cells based
on a planar heterojunction and on a bulk heterojunction.

is less than the energy lost in transferring the electron to the
acceptor and the hole to the donor. This interface becomes a
charge-injecting contact for electrons and holes on either side
of the interface, and carriers travel to their respective elec-
trodes under the gradient of the total electrochemical poten-
tial that acts as the driving force and generates the current in
the device.

Two main architectures exist for combining the donor and
acceptor materials in organic solar cells, as shown in Figure 2:
the planar heterojunction'? and the bulk heterojunction.'* Pla-
nar heterojunctions consist of organic layers sequentially
deposited on top of one another and are generally vacuum
deposited. With a bulk heterojunction, the donor and accep-
tor materials are blended together to make an active layer
where donor and acceptor interfaces are dispersed through-
out the bulk. Bulk heterojunctions benefit from a larger
donor—acceptor interface area, potentially resulting in fewer
excitons lost to recombination before dissociation. However,
the morphology must provide continuous pathways through
the donor and acceptor materials for holes and electrons to
travel to the electrodes, and getting such a morphology that
is thermodynamically stable can be difficult.

In either case, the photocurrent depends on the absorp-
tion spectra of the active materials in the device and the spec-
trum of the light source. While the spectrum of incident
sunlight depends on factors such as the location on the earth
and cloud coverage, the AM1.5 G solar spectrum shown in
Figure 3a is often used as a standard reference spectrum for
comparing the efficiency of different solar cells. The dashed
line in Figure 3a indicates the amount of current that could be
generated if all of the photons up to each wavelength were
absorbed and converted into current. The amount of current
generated can clearly be increased by broadening the absorp-
tion spectra of the active materials in a solar cell with a max-
imum of ~50 mA/cm? available between 300 and 1350 nm.

External quantum efficiency (EQE) defines the percentage
of incident photons at a give wavelength that are converted
into current. Figure 3b shows the EQE for a device based on
a pentacene/Cgo heterojunction.'* The Jsc that is expected to
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FIGURE 3. (a) Spectral photon flux density of the AM1.5 G solar
spectrum (solid line) with the cumulative photon current density
from zero up to each wavelength for all of the photons in the
spectrum (dashed line) and for the EQE shown in panel b (short-
dashed line). (b) Experimental EQE for a pentacene/Cso device
(symbols) and fits to the model using an exciton diffusion length of
19 nm for Cg and varying between 20 and 80 nm for pentacene.
The arrow indicates the direction of increasing exciton diffusion
length for pentacene.

be generated in a device by a given light source can be cal-
culated by multiplying the EQE with the incident spectrum and
integrating. The short-dashed line in Figure 3a shows the
cumulative photocurrent density for the pentacene/Ce device
and the AM1.5 G spectrum. A Jsc of 8.2 mA/cm? is calculated
for this device, and this value does not increase past ~750
nm because of the lack of absorption in the cell after that
wavelength.

Because Jsc can be calculated from the EQE, models that
predict EQE are useful when designing new materials for solar
cells. For planar-heterojunction cells, EQE can be modeled by
calculating the optical field and exciton distribution in the
device using the optical constants, layer thicknesses, and exci-
ton diffusion lengths of the different layers.'*~'® The distri-
bution of excitons is calculated from a one-dimensional
diffusion model with the optical field distribution determin-
ing the exciton generation rate and the boundary conditions
that there are no excitons at the donor—acceptor interface
because of efficient separation. Furthermore, a surface recom-
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bination velocity can be defined at the boundaries to describe
the rate of recombination caused by the interfaces such as
those formed with electrodes, but is often assumed in first
approximation to be negligible. One additional parameter
needed for the diffusion model is the exciton diffusion length,
which is the average length an exciton travels before recom-
bination. Finally, the rate of excitons arriving at the interface
can be computed from the distribution and related to the cur-
rent and EQE in the device.'*

This model can then be used to estimate the exciton dif-
fusion lengths in the materials by fitting the model to exper-
imental EQE with the exciton diffusion lengths as fitting
parameters. The solid lines in Figure 3b are EQE spectra cal-
culated using the model with an exciton diffusion length in Csg
of 19 nm and in pentacene of 20—80 nm.'* An exciton dif-
fusion length of ~70 nm in pentacene yields EQE spectra that
are very close to the experimental data. From the optical data
and by assuming values for the exciton diffusion lengths, the
EQE and Jsc in planar-heterojunction devices can be predicted
for new materials.

While this model cannot strictly be applied to bulk-hetero-
junction devices because of their more complex morphology,
the mechanisms leading to current generation in multilayer
organic solar cells are fairly well understood. The absorption
spectra and exciton diffusion lengths of the organic layers play
a key role in determining the Jsc. Since efficiency is propor-
tional to Jsc, developing materials with low band gaps and
broad absorption spectra might seem like the best route for
increasing efficiency. However, efficiency is also proportional
to Voc, and decreasing the band gap often comes at the
expense of decreasing Voc. For this reason, the origin of Vi
in organic solar cells must also be studied and better
understood.

3. Origin of the Open-Circuit Voltage

The processes governing Voc in organic solar cells are less
obvious from a conceptual standpoint than those related to Jsc
and are still the subject of much debate. By definition, Voc is
the voltage across a cell under illumination when there is no
current flowing through the device. While there is still a pho-
tocurrent being generated by the light, the photocurrent is
being offset by other currents in the device, netting zero cur-
rent flow out of the contacts.

Originally, Voc was thought to be determined by the differ-
ence in the work function of the two electrodes used to make
a device."” More recent studies have shown a correlation
between Voc and the difference between the highest occu-
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FIGURE 4. (a) Equivalent circuit model for solar cells and (b) fits for
a pentacene/Cgo device in the dark and light using the equivalent
circuit model.

pied molecular orbital (HOMO), or ionization potential, of the
donor and the lowest unoccupied molecular orbital
(LUMO), or electron affinity, of the acceptor used in both
planar-heterojunction'®~2° and bulk-heterojunction®' 2> solar
cells. These observations suggest that decreasing the band
gap of the organic layers to increase the absorption will also
decrease Voc because of a reduced HOMO—LUMO energy dif-
ference. More insight into V¢ can be gained by studying how
material properties affect the J—V characteristics of a device,
which ultimately determine the operation of any device.

3.1. Equivalent Circuit Model. The equivalent circuit
model that was originally developed to simulate and under-
stand the J—V characteristics of inorganic solar cells can also
be applied to organic solar cells.*®2” The model uses several
basic circuit elements that each account for different processes
in a solar cell, and J—V curves can be calculated from the cir-
cuit using basic circuit theory. Figure 4a shows a schematic of
the equivalent circuit, which consists of a parallel-connected
current source, diode, and parallel resistance connected in
series with an additional series resistance.

The current source represents the photocurrent J,, gener-
ated in the device when under illumination. This term will
depend on the spectrum and intensity of the incident light;
thus, Jpn is zero for a device in the dark. The diode accounts
for the rectifying behavior of the donor—acceptor heterojunc-
tion and is characterized by the reverse saturation current den-
sity Jo and the ideality factor n. Because diodes follow an
exponential curve, the reverse saturation current density is the
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current density of an ideal diode when biased with a nega-
tive voltage. The ideality factor is related to the slope of the
exponential curve, with an ideal diode having an n of unity.
Ideality factors greater than unity yield exponential curves that
increase more slowly and may be caused by factors such as
recombination currents.

The parallel resistance RpA allows for leakage currents that
are not attributed to the diode from sources such as recom-
bination and pinholes. Ideally, ReA should be high to mini-
mize losses from current circumventing the load. Finally, the
series resistance RsA accounts for the finite resistance of the
organic layers and electrodes along with the contact resis-
tance between each of the interfaces. The series resistance
prevents the exponential diode from increasing to infinitely
large currents and should be small to minimize electrical
power losses caused by the resistance limiting the current in
the device.

From the equivalent circuit model, the equation for the J—V
characteristics of a solar cell can be derived as

1= e e e )1 e ral]

where K is the Boltzmann constant, T is the temperature, e is
the elementary charge, and A is the area of the device. This
equation can be fitted to experimental data using Rs, Rp, Jo,
and n as the fitting parameters. Comparison of these param-
eters for devices with different materials and geometries can
then yield information on how the changes affect different
aspects of the device.

Figure 4b shows fits to the model in the light and dark for
a cell with the geometry indium—tin oxide (ITO)/pentacene
(50 nm)/Cgo (45 nm)/BCP (8 nm)/Al. Looking at the region
where the device is producing power from 0 to 0.4 V, the
equivalent circuit model closely follows the behavior of the
device. Furthermore, the semilogarithmic plots indicate that
the model can also fit more than just the power-producing
region of the J—V curves with good agreement all the way out
to £1 V. Details of the fitting procedure can be found else-
where.'*

Because of the ability of the model to reproduce the behav-
ior of an actual device, the equivalent circuit can be used to
better understand what determines Voc. Open-circuit voltage
can be calculated from eq 4 by setting the current to zero and
solving for the voltage, yielding

_ kT Jon(,  Voc
Voc=n o In{] + Jo(] JthpA)} (5
J
= nﬂ— ln{1 + E}
e Jy

with the approximations coming from the assumptions that
RrA is large and RsA is small. For most good devices, Jsc val-
ues tend to be within one order of magnitude. Therefore, the
parameters with the most impact on the Vo are expected to
be Jo and n.

To investigate what properties of a device affect the J, and
n and determine Vo, three modifications to interfaces in ITO/
pentacene/Cgo/BCP/AI devices have been carried out in this
study. First, the work function of the ITO anode was varied by
using different surface modifications. If the work function of
the electrodes has the greatest impact on Voc, then changes
in both the V¢ and circuit parameters can be anticipated. Sim-
ilarly, the work function of the cathode was varied by using
the low work function metal Ca (2.9 eV) in place of Al (4.2 eV).
Figure 5 depicts the energy level diagram for a pentacene/
Ceo solar cell and the changes in work function that have been
explored by modifying the anode and cathode. Finally, the
donor layer was replaced with compounds having different
HOMO values, and their effect was analyzed with the equiv-
alent circuit model. All of the device data and efficiencies pre-
sented here were measured under illumination of a filtered
broadband light source and are not exact values for the
AM1.5 G spectrum, but the general trends that are the focus
of this Account should hold for AM1.5 G.

3.2. Anode Modification. One way to modify the work
function of the anode is through surface modification of the
ITO. We have recently reported on the changes in the work
function of ITO accomplished by either the incorporation of
organic surface modifiers or air plasma treatment.?®—3° The
organic modifiers composed of a phosphonic acid moiety,
which attaches to the ITO surface, covalently bonded to var-
ious dipolar functional groups. Kelvin probe measurements
show that the ITO work function can be varied between 4.5
eV for untreated ITO and 5.4 eV for ITO treated with air
plasma. Use of pentafluorobenzyl phosphonic acid (F5BPA) on
the surface of the ITO resulted in a work function value of 4.9
ev.

Devices were fabricated by vacuum thermal evaporation on
top of the modified ITO with the geometry ITO/surface mod-
ifier/pentacene (50 nm)/Ceo (45 nm)/BCP (8 nm)/Al (200 nm).
Details about the surface modification and device fabrication
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FIGURE 5. Energy level diagram for a pentacene/Cgo device.
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FIGURE 6. (a) Experimental data for pentacene/Cqo devices on ITO
with different surface modifications: unmodified (0J), F5BPA (O), and
air plasma (a). Solid lines are fits to the circuit model in the dark. (b)
The same data on a semilogarithmic plot over a wider range of
voltages along with the structure of F5BPA.

can be found in ref 30. Figure 6a shows the J—V characteris-
tics for the devices in the dark and under illumination. Table
1 summarizes the performance parameters for each geome-
try averaged over three devices. Even with a large change in
work function of the ITO, no significant difference in Voc, Jsc,
or FF is observed.

To verify that changing the work function of the ITO has no
effect on the parameters of the equivalent circuit model,
experimental data in the dark were fitted to the model. Fig-
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ure 6b shows the experimental data with the fits using the
parameters listed in Table 1. With very little difference
between each of the parameters, changing the work function
of the ITO with surface modification does not appear to have
any significant impact on the device that can be associated
with a particular parameter or process. Furthermore, model-
ing of diodes based on single layers of pentacene sandwiched
between modified ITO and Al electrodes suggests that the bar-
rier for injection into the pentacene does not significantly
change with the ITO work function, which may be the result
of Fermi level pinning.?°

These results show that the work function of the anode
does not necessarily have a strong influence on Voc for
organic solar cells. However, the use of different anodes could
still significantly alter device performance for other reasons,
such as if the morphology of the active layer is modified or if
the anode is too resistive.

3.3. Use of Different Cathodes. Next, metals with differ-
ent work functions were used as the cathode to continue to
investigate how the work function difference between the two
electrodes affects Voc in organic solar cells. Pentacene/Cgg
devices were made using the same procedures as in ref 30
without any surface modification to the ITO, but either Al or
Ca was deposited as the cathode. With a work function of 2.9
eV, Ca has a work function that is 1.3 eV lower than that of
Al and should lead to a large increase in Voc if organic solar
cells follow the operation of metal—insulator—metal devices.

Figure 7 shows the experimental J—V curves for the devices
in the dark and under illumination, and the performance
parameters averaged over three samples for each cathode are
summarized in Table 2. The devices with Ca as the cathode
yield Voc values only 5 mV larger than the Al cathode devices
despite the difference of 1.3 eV in work function. Only Jsc dif-
fers significantly for the Ca devices and is ~33% smaller than
that of the Al devices. The decrease in Jsc can be attributed to
the lower reflectance of Ca compared with that of Al, which
gives less light a second pass through the device and a sec-
ond chance at absorption.31 The lower values in Voc and Jsc
compared with the surface-modified devices are within the
range expected for batch-to-batch variations.

TABLE 1. Performance Parameters for Pentacene/Cso Solar Cells on ITO with Different Surface Modifications and Fitting Parameters for the

Equivalent Circuit Model

surface modifier Voc (mV) |Jc| (mA/cm?) FF n (%) Jo (uA/cm?) n RsA (Q cm?) ReA (kQ cm?)
unmodified 405 +2 13+1 0.55+0.01 3.8+0.1 0.225 1.53 0.648 298
F5BPA 39942 13+0.2 0.55 +0.01 3.7+0.1 0.295 1.56 0.708 375
air plasma 402 +1 12+04 0.56 +0.01 3.6+0.1 0.196 1.52 0.600 247
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FIGURE 7. Experimental data for pentacene/Cgo devices with
different cathodes: Al (d0) and Ca (O). The solid line is a model fit for
the Al device and the dashed line for the Ca device. The inset
shows the same data on a semilogarithmic scale.

Here again, the equivalent circuit model can be used to
more closely evaluate whether the change in cathode had any
significant impact on the device that is not obvious by just
observing the J—V graphs. Included in Figure 7 are lines cal-
culated from fits to the experimental data in the dark using
the parameters in Table 2. Though there is a small difference
in Jo most likely related to batch-to-batch variations, the dif-
ference is not large enough to significantly affect Voc because
what matters in eq 5 is InUsc/Jo), SO much bigger changes in
Jo must be made to impact Voc

3.4. Effect of Donor on Open-Circuit Voltage. Finally,
the pentacene layer was replaced with the donors copper
phthalocyanine (CuPc) and titanyl phthalocyanine (TiOPc).
These donors were chosen because of their difference in
HOMO levels, with pentacene having the lowest and TiOPc the
highest.32~3* Figure 8a shows the chemical structures of the
phthalocyanines along with the general device architecture
used for all of the devices. Details on the device fabrication
and testing can be found in ref 35.

Figure 8b shows the J—V curves for the solar cells with the
three different donors in the dark and under illumination.
Table 3 lists the performance parameters for each device.
Open-circuit voltage in these devices increases with the HOMO
of the donor. Fits were made by applying the circuit model
and are shown in Figure 8b for the parameters in Table 3. The
fitting data confirms that J, decreases as V¢ increases, with a
decrease of almost an order of magnitude in J, from penta-
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FIGURE 8. (a) Chemical structures of CuPc and TiOPc, and the test
structure used for the donor/Cg, cells. (b) Dark J—V characteristics
for donor/Cg cells where the donor is either pentacene (O), CuPc
(d), or TiOPc (a). The straight lines are fits using the parameters in
Table 3. Inset shows J—V curves under illumination for the same
devices.

cene to CuPc to TiOPc. While the value of J, for this penta-
cene device is higher than those for previously presented
devices, the increase is accompanied by the expected
decrease in Voc and may be caused by purity differences in
this batch. Clearly, the origin of Jo must be better understood
because of its impact on Voc.

Analysis of Jy in the dark for the pentacene device revealed
that Jo as a function of temperature, shown in Figure 9, can be
fitted with the thermally activated injection expression

o —AEy,
J0=Joo eXp(W)ZJOO eXp( nkT

(6)

with an activation energy ¢ = 0.55 eV and a prefactor Joo =
3090 A/cm? over the measured temperature range from 275
to 336 K. The activation energy ¢g can be rewritten as AEy/
n’, where AEy, is the difference between the HOMO of the
donor and the LUMO of the acceptor before junction forma-
tion and n’ is a factor that accounts for effects such as the for-
mation of charge-transfer states®® and vacuum level
misalignments at the heterojunction caused by energy level

TABLE 2. Performance Parameters for Pentacene/Cg, Solar Cells with Different Cathodes and Fitting Parameters for the Equivalent Circuit

Model
cathode Voc (mV) [Jsc| (mA/cm?) FF 7 (%) Jo (uA/cm?) n RA (Q m?) ReA (kQ m?)
Ca 37142 8.1+0.1 0.56 +£0.01 22+0.1 0.615 1.62 1.09 48.4
Al 367 +£2 121+04 0.54 +0.01 3.1+0.1 0.414 1.46 1.53 60.1
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FIGURE 9. J, at different temperatures for a pentacene/Cso device
(O) and fit using eq 6 with Joo = 3090 A/cm? and ¢g = 0.55 eV
(solid line).

bending and interface dipoles that reduce the activation
energy from AEy,.

A final equation for V¢ can be obtained using eqs 5 and
6 as

Joo 00

n J
} = AEy — nkT ln{—} (7)

eVoc =Ny — nkT In{
Isc

Isc

Values of Jo and Vo calculated for each of the devices with
different ¢g are listed in Table 4 and show good agreement
with the experimental values. We note that ¢g is lower than
AEy. This was expected because of various physical processes
that can occur at the interface when the donor and acceptor
materials are brought into contact. Measured values of the gap
at CuPc/Ce interfaces of ~0.7 eV agree with the value of 0.6
eV calculated here.2%37-38

The first term in eq 7 shows the importance of AEy in
influencing Voc, and the second term suggests that Voc will
decrease as Joo increases. To understand the correlation
between molecular structure and the open-circuit voltage in
organic solar cells, we turn now to a brief discussion of the
physical origin of the reverse saturation current. We had pre-
viously assigned its origin to the thermal excitation of carri-
ers at the donor/acceptor heterojunction through a reaction of
the type D + A— D* + A~ in which an electron gets trans-
ferred from the HOMO of a donor molecule to the LUMO of
an acceptor molecule.?® The rate for such a reaction can be
described at the molecular level by a semiclassical Marcus the-
ory expression,
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1 ex (_(AGO+/1) ) ©)

_ 27,2
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where 1 is the reorganization energy induced by the electron
transfer, AGy is the variation of the Gibbs free energy during
the reaction, and Vj is the electronic coupling matrix ele-
ment.>° The steady-state reverse saturation current density
can also be written as

Jo = €ekiNer 9)

where e is the elementary charge and N¢ is the surface den-
sity of interacting donor and acceptor pairs that can be ther-
mally excited with a rate k; given by eq 8. By combining eqs
6, 8, and 9, the prefactor Joo can also be expressed as

1
47 AKT

JoozeNGZFﬂW,ﬂz (10)
and the thermal activation barrier ¢z in eq 6 can be corre-
lated with (AGo + 1)?/(44) in the argument of the exponen-
tial term in the Marcus expression in eq 8. This analysis shows
that the reverse saturation current density is strongly influ-
enced by the molecular energy levels of the donor and accep-
tor molecules that form the organic heterojunction. However,
eq 10 illustrates that the electronic coupling and reorganiza-
tion energy are equally important in influencing the reverse
saturation current. Hence, as donor and acceptor materials are
designed for future high-efficiency organic solar cells, great
consideration must be given to their molecular shape, geom-
etry, charge densities, relaxation due to vibrational modes,
and packing. The energetics and electronic coupling between
donor/acceptor molecules and polymers will simultaneously
impact the short-circuit current and the open-circuit voltage. To
maximize exciton dissociation, large energy level offsets and
a strong electronic coupling are desirable for charge transfer
reactions of the type D* + A— D" + A" orD + A*— D" +
A~ that involve molecules or polymers in the excited state. To
achieve large open-circuit voltages, large values for AEy and
a weak electronic coupling between the donor and acceptor
materials are required for charge transfer reactions of the type
D+A—D"+A"

TABLE 3. Performance Parameters for Donor/Cso Solar Cells with Different Donors and Fitting Parameters for the Equivalent Circuit Model

donor Voc (mV) [Jsd| (mA/cm?) FF 7 (%) Jo (uA/cm?) n RA (Q am?) ReA (KQ cm?)
pentacene 0.35 11.0 0.53 2.1 137 1.68 0.480 110
CuPc 0.47 6.45 0.62 1.9 0.33 2.00 1.98 439
TiOPc 0.60 399 0.51 1.2 0.023 2.02 0.413 1970

Vol. 42, No. 11 = November 2009 = 1758-1767 = ACCOUNTS OF CHEMICAL RESEARCH = 1765



Influence of Interfaces on V¢ in Organic Solar Cells Potscavage et al.

TABLE 4. Values Calculated for Each Donor/Cg, Cell Using Eq 7
with Joo = 3090 A/cm?, n from Table 3, and T = 300 K for the
calculation of Jom, in the dark and 323 K for Vocrn under
illumination

donor &g (&V) Jomn (uA/cm?) Voen (V)
pentacene 0.55 155 034
CuPc 0.60 0.26 0.47
TiOPc 0.67 0.02 0.59

4. Conclusions

Efficiency of organic solar cells is dependent on both the short-
circuit current and the open-circuit voltage of a device. While
designing molecules with small band-gaps may be beneficial
to absorbing more of the solar spectrum and increasing the
short-circuit current, reduced band-gaps may also reduce the
open-circuit voltage. We have shown through the use of an
equivalent circuit model that the open-circuit voltage is related
to the reverse saturation current. In the future, more must be
done to understand how material properties affect the reverse
saturation current and to create combinations of donor and
acceptor molecules that can reduce the reverse saturation
current.
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