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In this review, we focus on the field of organic photovoltaic cells based on small molecular weight materials.
In particular, we discuss the physical processes that lead to photocurrent generation in organic solar cells, as
well as the various architectures employed to optimize device performance. These include the donor–acceptor
heterojunction for efficient exciton dissociation, the exciton blocking layer, the mixed or bulk heterojunction,
and the stacked or tandem cell. We show how the choice of materials with known energy levels and absorption
spectra affect device performance, particularly the open-circuit voltage and short-circuit current density. We
also discuss the typical materials and growth techniques used to fabricate devices, as well as the issue of device
stability, all of which are critical for the commercialization of low-cost and high-performance organic solar
cells. Copyright © 2007 John Wiley & Sons, Ltd.
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INTRODUCTION

The field of organic electronics1–3 is rapidly maturing
into one where new applications and products are
currently in development. The main reason for
the widespread interest in organic semiconducting
materials is their potential for low cost, ease of
processing, and compatibility with flexible substrates.
Among the most promising electronic and photonic
devices that make up the organic electronics’
collection are organic light emitting diodes,4–6

organic transistors,7,8 and organic photovoltaic (PV)
cells.9–11

Within the research area of organic-based PV
cells, there are multiple approaches which are all
being actively pursued. These various approaches
include the dye-sensitized solar cell (DSSC),12,13

organic/inorganic hybrid cells,14,15 and organic PV
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cells based on a heterojunction (HJ) between
polymeric16–18 or small molecular weight organic
materials.19,20 Of these, the solid-state DSSC, polymer,
and small molecular weight based devices have
all achieved efficiencies of between 4 and 5%
for a single cell.13,21–23 Keeping pace with this
rapid increase in device efficiency is the number
of refereed journal publications related to organic
PV materials and devices,24 which has increased
exponentially for approximately the past three decades,
as shown in Figure 1. Here, we focus our attention
on the physics and operation of thin film PV cells
based upon HJs of small molecular weight organic
semiconductors.

The design of organic PV cells needs to be
inherently different from architectures employed for
inorganic cells.25 This is specifically due to the
differences in physical properties between organic
and inorganic semiconductors. For example, photon
absorption in an organic semiconductor results in the
creation of an exciton, or bound electron–hole pair,
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Figure 1. Timeline of the power conversion efficiency
of small molecule-based organic photovoltaic cells (filled
circles) and the number of journal publications related to

organic-based photovoltaics (open squares)

as opposed to the creation of free charge carriers
which would result from photon absorption in an
inorganic solid. Contributing to this property are
the weak, non-covalent, van der Waals interactions
between molecules; this results in a low intermolecular
orbital overlap and low dielectric constant for the
solid. Furthermore, organic semiconductors tend to
have rather low charge carrier mobilities (typically
10−5–0·1 cm2/Vs) as well as small exciton diffusion
lengths (LD ≈ 3–40 nm). However, most organic
materials possess high absorption coefficients of
α > 105 cm−1,20 which means that layer thicknesses
can be kept thin yet still highly absorptive while
simultaneously preserving good charge transport. The
understanding of these parameters forms the rationale
for the various device architectures presented here,
and is the reason for the rapid progress in the field
recently.

This review is organized as follows: following
a brief tutorial of the PV device principle, we
present the necessary theory for the understanding
of organic photocurrent generation as well as open-
circuit voltage in organic PV cells in Section “Theory”.
An overview of common materials as well as growth
techniques used to fabricate devices is provided
in Section “Typical Materials and Growth Tech-
niques”. Section “Device Architectures” is devoted
to explaining the various device architectures that
have been developed to increase the performance
of organic PV cells. The issue of device lifetime
is discussed in Section “Device Stability”. Finally,
we conclude and offer our perspective on the
challenges to achieving higher efficiencies in Section
“Conclusions”.

Voltage, V
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Figure 2. Typical current density vs. voltage (J–V) curves of
a solar cell in the dark and under illumination. The various
device parameters are also shown, including open-circuit
voltage (VOC), short-circuit current density (JSC), and the
points of current and voltage (Jm and Vm, respectively) that
correspond to maximum power output. The rectangular region

in the fourth quadrant indicates maximum power output

THEORY

Photovoltaic fundamentals

Power generation by a PV cell is a process to convert
light energy into electrical energy.26 The light incident
on the cell results in a separation of charge carriers,
which ultimately gives rise to photocurrent that does
work on an external load. This section discusses how PV
cells work, and how to calculate their power efficiency.

Current density–voltage (J–V) characteristics for
a typical PV cell in the dark and under incident
illumination are shown in Figure 2. The figure also
shows the short-circuit current density, JSC, and open-
circuit voltage, VOC, under illumination. The operating
range of the solar cell is therefore 0 < V < VOC, where
the device generates power. The fill factor (FF) is
calculated as

FF = JmVm

JSCVOC
(1)

where the product JmVm corresponds to the maximum
power point. Then, the power conversion efficiency, ηP,
is

ηP = JmVm

P0
= JSCVOCFF

P0
(2)

where P0 is the incident light intensity.
The equivalent circuit of an organic PV cell is

shown in Figure 3, and forms the basis for its
J–V characteristics. The photocurrent source, Jph,
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Figure 3. Equivalent circuit for an organic photovoltaic cell.
The series and parallel resistances are Rs and Rp, respectively,
n is the diode ideality factor, and JS and Jph are the reverse

saturation and photocurrent densities, respectively

opposes the dark current of the diode, Jdark. The J–V
characteristics can then be expressed by the generalized
Shockley equation:27

J = Rp

Rs + Rp

[
JS

{
exp

(
q (V − JRs)

nkBT

)
− 1

}

+ V

Rp
− Jph(V )

]
(3)

where Rs and Rp are the series and parallel resistances,
respectively, n is the diode ideality factor, q is the
electron charge, kB is Boltzmann’s constant, T is
temperature, and JS is the reverse saturation current
density. The dark current density is also given by
Equation (3) when Jph = 0.

The generalized Shockley equation (Equation (3))
describes the J–V characteristics of a non-ideal diode,
and thus most organic PV cells. In an ideal diode
and solar cell, Rs = 0, Rp = ∞, n = 1, and Jph �=
Jph(V ). Apart from non-zero Rs and finite Rp, some
common deviations from an ideal diode observed
for organic heterojunctions are the following: Rp

dependent on light intensity28–30 as Rp ∝ P−1
0 , Rs

sometimes decreases with increased light intensity
causing a crossing of the light and dark curves
at positive current densities,31 n > 2, a “kink” in
the J–V curve near open-circuit,31–33 and a voltage-
dependent photocurrent.28,29,32 The inverse and linear
dependence of Rp on P0 suggests an increase in
free charge carriers in the bulk produced either as a
result of exciton annihilation transferring energy to
trapped charges,28,34 or from photoconductive gain,
as these processes are dependent on exciton density
which is directly proportional to P0. The reduced
Rs which has been observed under light illumination
likely comes from photoconductive gain in the organic
film which decreases the resistance to carrier flow
through the bulk film. The “kink” which has been
reported near open-circuit remains a topic of continued

research, but could be due to poor carrier extraction
at the contacts33 or to poor charge transfer at the
donor/acceptor interface,31,32 resulting in a voltage-
dependent photocurrent, a topic which will be discussed
in Subsection “Photocurrent.”

These non-idealities have important consequences
for device performance, for example on FF, which will
be affected as27

FF(Rs, Rp) ≈ FF(0, ∞)

(
1 − JSCRs

VOC
− VOC

JSCRp

)
(4)

Equation (4) indicates that FF is reduced below its
maximum in junctions with high Rs and low Rp. Thus,
efforts to reduceRs in organic solar cells should be taken
to ensure a high FF.35 Also, it should be stressed that
the reduction of Rp with P0, a general characteristic of
organic solar cells, ultimately reduces FF and therefore
ηP at high light intensities.

The donor/acceptor heterojunction concept

The field of organic photovoltaics started with single
layers of an organic semiconductor, deposited between
electrodes made up of two different metals, to produce
a rectifying device. These devices produced rather low
efficiencies of ηP ≈ 0·01%.36 These numbers improved
dramatically when Tang introduced a thin film organic
PV cell composed of a donor–acceptor (DA) HJ in
1986, with ηP = 0·95%.37 The DA interface allows
for efficient dissociation of excitons in comparison
to that possible in a single organic layer, as will be
discussed below. In fact, in the years following this
seminal work, the number of publications increased
sharply (see Figure 1), indicating the importance of this
advancement.

A schematic energy diagram of the DA HJ, consisting
of a donor- and an acceptor-type molecular layer,
is shown in Figure 4. In this diagram, the donor
material has both a lower highest occupied molecular
orbital (HOMO), or ionization potential (IP), and lowest
unoccupied molecular orbital (LUMO), or electron
affinity (EA), than that of the acceptor layer. For an
organic semiconductor, the difference between the IP
and EA is known as the transport gap, Etran. The optical
energy gap of each material, Eopt, is taken as the point
of the low-energy absorption edge. The exciton binding
energy, EB = IP − EA − Eopt, typically varies from
0·2 eV to 1 eV for organic semiconductors.38,39

Proper alignment of energy levels between the D
and A layers allows for very efficient dissociation
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Figure 4. Schematic energy level diagram of an organic
heterojunction between a donor (D) and an acceptor (A) layer.
Here IP (or highest occupied molecular orbital (HOMO)) and
EA (or lowest unoccupied molecular orbital (LUMO)) are
the ionization potential and electron affinity, respectively. The
exciton binding energy (EB) of each material is equal to the
difference between the transport gap (Etran) and optical gap
(Eopt). The vacuum energy (Evac) is shown and is the point of
zero energy, with the y-axis defined as the energy axis. The
process of charge transfer of an exciton from D → A is also

illustrated

of excitons at the DA interface40 into a geminate
pair, or Coulombically bound hole polaron in the
donor material and electron polaron in the acceptor
material, schematically illustrated for a donor exciton
in Figure 4. The conditions for exciton dissociation to
be energetically favorable are

EB,D < EAA − EAD (5a)

EB,A < IPA − IPD (5b)

where Equation (5a) considers a charge transfer
reaction of a donor exciton (D → A) and Equation (5b)
is for charge transfer of an acceptor exciton (A →
D). This process is intrinsically more efficient than
dissociation of excitons in the bulk of an organic
material, which can be estimated by using an Onsager
model for charge-pair dissociation,41 and requires
applied fields in excess of 106 V/cm to overcome
the pair binding energy and have an appreciable
dissociation probability.42 Fields with this strength are
not generated at the low forward biases at which PV
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Figure 5. The spectral irradiance (solid line) for air mass
1·5 global solar radiation. When integrated over the full
solar spectrum, the area is equal to 1 sun (100 mW/cm2)
intensity. The dashed line shows the integrated solar power

vs. wavelength

cells operate, therefore explaining the observed low
efficiencies of single layer devices.

Photocurrent

The standard testing conditions for a solar cell are P0 =
100 mW/cm2 under air mass 1·5 global illumination
(1 sun, AM1·5G, shown in Figure 5), and 298 K. In
fact, care should be taken by following standardized
testing criteria to ensure reporting correct efficiency
values.43,44 The photocurrent density of the cell is given
as

Jph (V ) =
∫

qλ

hc
ηEQE (λ, V ) S (λ) dλ (6)

where λ is the wavelength, h is Planck’s constant, c
is the speed of light, S(λ) is the spectral irradiance of
the incident light, and ηEQE is the external quantum
efficiency of the device, or the number of charge
carriers collected at the electrodes with respect to the
number of photons incident on the device. Note that
Jph(0) = JSC.

For a DA interface, ηEQE can be described via a four-
step process, defined as

ηEQE (λ, V ) = ηA (λ) ηEDηCT (V ) ηCC (V ) (7)

Here, ηA, the first process, is the absorption efficiency
of the various layers in the device. The next step is that
of exciton diffusion, where ηED gives the percentage of
photogenerated excitons that diffuse to a DA interface.

Copyright © 2007 John Wiley & Sons, Ltd. Prog. Photovolt: Res. Appl. 2007; 15:659–676
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Excitons that reach a DA HJ undergo a charge transfer
step with an efficiency ηCT to dissociate into holes
in the donor and electrons in the acceptor layers.
Finally, ηCC is the charge collection efficiency, or the
fraction of dissociated excitons that are collected at the
electrodes.

The processes of absorption and exciton diffusion
can be accurately modeled following a technique which
has previously been established by Petterson et al.45

In this transfer-matrix based approach, the dielectric
constants and thicknesses of each layer in the solar
cell are used to determine ηA, and give an optical
field intensity distribution within the active layers as
a function of both wavelength and position. From this,
one can calculate the generation rate of excitons within
the active layers that takes optical interference effects
into account. Then, by solving the diffusion equation
with known LD for the D and A materials, ηED is
determined. As a consequence, the photocurrent of an
organic PV cell is proportional to LD, and it is therefore
beneficial to find or design molecules to optimize this
parameter.46 The exciton diffusion lengths for various
materials can be determined either by measurement
via photoluminescence quenching experiments,47 or
by fitting the experimental ηEQE(λ) to the results of
the model in the case of a material which is non-
emissive.20 It is important to note that optical modeling
of these thin film structures is crucial for the proper
design of layer thicknesses, due to optical interference
in the very thin films (often ∼10–40 nm) used in these
devices.

The charge transfer efficiency becomes appreciable
when the conditions of Equation (5) are satisfied.
To more accurately calculate ηCT, the Marcus theory
for electron transfer,49 schematically illustrated in
Figure 6, and which describes the transfer rate as a
function of the frontier energy level (LUMO/LUMO
or HOMO/HOMO) offset, can be applied. In fact,
this theory has been used for the case of molecular-
based photovoltaic cells,28,31,48,50,51 and in particular to
describe the dependence of ηCT(V )28,31,48 as the ratio
of the forward and reverse transfer rates. The electron
transfer rate, kif , where i and f represent initial and final
energy levels, is given as

kif =
(

4π3

h2λifkBT

)1/2

V 2
if exp

(
− (Eif + λif )2

4λifkBT

)
(8)

Here, Vif is the electronic coupling matrix element,
λif is the molecular reorganization energy, and

Figure 6. Potential energy curves and charge transfer between
a donor/acceptor pair. The ground state (DA), lowest
intramolecular donor excited state (D*A), and the lowest
charge-transfer state (D+A−) are all illustrated. Also shown
are the electron affinity offset between the donor and acceptor
(�G0) and the reorganization energy, λ. Adapted from

Reference [48]

Eif = Ei − Ef is the free energy difference (�G0

in Figure 6) between frontier energy levels i and
f (for exothermic transfer, Eif < 0). This equation
neglects tunneling contributions which may aid in
charge transfer, and result in more reasonable values of
Vif . For a discussion, see Reference [48]. An interesting
consequence of Marcus theory is that kif between
the donor and acceptor initially increases with Eif .
However, as Eif becomes greater than λif , kif ultimately
decreases. This is known as the inverted region, and
has important consequences for the design of organic
PV cells, in that one needs to find materials with
energy levels to optimize the forward transfer rate, but
without entering the inverted region which would in
fact reduce ηCT and therefore JSC. Furthermore, as
Eif is tuned to increase kif , the device VOC changes,
as will be explained in Subsection “Open-circuit
voltage.”

The final contribution to ηEQE is that of ηCC, which
is sensitively dependent on the nanomorphology of
the DA structure. For example, a device composed
of neat thin films of D and A can have ηCC ≈
100%.20 However, for a device with a bulk or
mixed HJ, where trapping and recombination of the
photogenerated charges are more likely, the resulting
ηCC < 1, and decreases further with mixed layer
thickness. This topic will be discussed in more
detail in Subsection “Donor/acceptor interface” along
with device architectures designed to avoid this
complication.

Copyright © 2007 John Wiley & Sons, Ltd. Prog. Photovolt: Res. Appl. 2007; 15:659–676
DOI: 10.1002/pip



664 B. P. RAND ET AL.

Open-circuit voltage

Increasing the device VOC has been the subject of
significant research efforts52–55 owing to the fact that
state of the art small molecule based PV cells have
VOC ≈ 0·5 V, whereas the peak absorption of the
constituent organic materials is at photon energies ≥
2·0 eV. Therefore, this step generates a significant loss
for organic PV cells, considering that in the case
where qVOC approaches the absorbed photon energy,
efficiencies would be up to four times higher.

By solving Equation (3) at J = 0 for V = VOC, we
can highlight the factors that contribute to VOC:

VOC = nkBT

q
ln

[
Jph(VOC)

JS
+ 1 − VOC

JSRp

]
(9)

Assuming ηEQE is not a function of the incident light
intensity and the product JSRp 	 VOC, then VOC ∝
ln(P0). These conditions are normally satisfied at P0
less than a few suns intensity.

There is significant experimental evidence to suggest
that VOC originates from the difference between the
HOMO of the donor material and LUMO of the
acceptor,28,56–61 as opposed to the work function
differences between the metal electrodes. Ultimately,
the maximum value of VOC, V max

OC , corresponds to28

qV max
OC = IPD − EAA − q2

4πε0εrrDA
(10)

where ε0 is the vacuum permittivity, εr is the relative
dielectric constant of the bulk organic layer, and rDA is
the initial separation distance of the electron–hole pair
in the donor and acceptor layers immediately following
charge transfer, and which needs to be fully separated
to contribute to photocurrent.62 The third term on the
right-hand side of Equation (10) is the binding energy
of the dissociated, geminate electron–hole pair created
as a result of electron transfer.

TYPICAL MATERIALS AND GROWTH
TECHNIQUES

The performance of a molecular PV cell is dependent
on three main factors: material selection, material
growth technique, and device architecture. As a result
of these choices, there is a nearly infinite number of
possibilities in overall device selection. In this and
the next section, we will attempt to review the most

common materials and growth techniques, as well as the
various architectures that may be employed to optimize
device performance.

Materials

The different classes of materials that form a complete
device structure are the substrate, transparent con-
ducting electrode, organic layers, and also a reflective
metallic electrode. Exceptions to this will be discussed
in Subsection “Other architectures.” The substrate is
composed of either glass or, in some cases, a transparent
flexible polymer foil.16,63–66 Then for the transparent
electrode (typically the anode), the most common is
that of indium-tin-oxide (ITO), but some alternatives
are being developed in order to avoid using this costly
material, for example other transparent conducting
oxides,67,68 conducting polymers such as poly
(3,4-ethylenedioxythiophene) : poly(styrenesulfonate)
(PEDOT:PSS),63,64,69 as well as composites of a
conducting polymer with carbon nanotubes.70–74 The
use of self-assembled monolayers on the ITO surface
has also been investigated and has resulted in increased
JSC and decreased Rs.75,76 It remains to be seen if
this same technique can be applied successfully to
other anode surfaces. The other electrode (typically
the cathode) is often a thick, reflective metal such as
Al or Ag.

Figure 7 shows the structures of some molecules
which are common to organic PV cell design. The

Figure 7. Typical small molecules used in the design
of organic solar cells. Shown here are pentacene, metal
phthalocyanine (MePc), 3,4,9,10-perylenetetracarboxylic
bis-benzimidazole (PTCBI), bathocuproine (BCP), and
fullerene C60. The graph shows spectra of the imaginary part
of the index of refraction, or extinction coefficient k, for a neat

thin film of each material

Copyright © 2007 John Wiley & Sons, Ltd. Prog. Photovolt: Res. Appl. 2007; 15:659–676
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Table I. Summary of optical and electrical properties of
some small molecules used in organic solar cells, including
ionization potential (IP), electron affinity (EA), optical energy
gap (Eopt), mobility (µ), and exciton diffusion length (LD).

References are given next to each value

Materiala IP EA Eopt µ (cm2/Vs) LD (nm)
(eV)b (eV)c (eV)

C60 6·2[77] 3·6[77] 1·8 5·1 × 10−2[78] 40 ± 5[20]

CuPc 5·2[79] 3·2[79] 1·7 7·4 × 10−4[78] 10 ± 3[20]

NPD 5·5[79] 1·7[79] 3·1 3·0 × 10−4[80] 12 ± 2[81]

Pentacene 5·1[79] 3·0[79] 1·9 1·5 × 10−1[82] 65 ± 16[83]

PTCBI 6·2[79] 3·6[79] 1·7 2·4 × 10−6[78] 3 ± 0·3[20]

a CuPc = copper phthalocyanine, NPD = N,N ′-di-1-naphthyl-
N,N ′-diphenyl-1,1′-biphenyl-4,4′diamine, and PTCBI = 3,4,9,10-
perylenetetracarboxylic bisbenzimidazole.
b Measured with ultraviolet photoemission spectroscopy with an
error of ±0·1 eV.
c Measured with inverse photoemission spectroscopy with an error
of ±0·5 eV.

polyacenes,83–85 such as pentacene and tetracene, as
well as the metal phthalocyanines (MePc), such as CuPc
or ZnPc, are among the most studied donor materials.
For acceptors, perylene compounds like 3,4,9,10-
perylenetetracarboxylic bis-benzimidazole (PTCBI),
as well as C60, are commonly used. The electrical
and optical properties of some common D and A
materials are summarized in Table I. The LD of the
polyacenes and MePcs appear to be approximately
50 and 10 nm, respectively,20,83 whereas PTCBI and
C60 are 3 and 40 nm, respectively.20 One reason
for the large LD of C60 is due to the nearly unity
intersystem crossing yield from singlet to triplet
excitons86 as well as its triplet lifetime of 10–100 �s.87

Bathocuproine (BCP) is also shown in Figure 7, and
is used as an exciton blocking layer (EBL) in the
double heterostructure device architecture, as described
in Subsection “Double heterostructure.” It should be
noted that material purity plays a crucial role in
determining the efficiency of organic PV cells,88,89 and
therefore materials should be purified via the vacuum
thermal gradient sublimation technique prior to device
fabrication.90

Figure 7 plots the extinction coefficient, k, for
neat thin films of these common materials, and each
material absorbs at λ ≤ 800 nm. To convert k to α,
one can make use of the relation α = 4πk/λ. From
Equation (6) and Figure 5, it is seen that harvesting
as large a portion of the solar spectrum is important
to increase JSC, particularly for the red and near-
infrared spectral regions. For example absorbing light
at λ ≤ 1 �m collects up to ∼70% of the incident

power. Subsection “Other architectures” discusses
methods for using organic materials to absorb and
generate photocurrent in the infrared part of the solar
spectrum.

Growth techniques

To produce thin films of small molecular weight
materials for organic PV cells, there are a number of
options available: organic molecular beam deposition
(OMBD),90 vacuum thermal evaporation (VTE),90

and organic vapor phase deposition (OVPD).91 In
the OMBD technique, material is deposited from
a Knudsen cell or crucible in a chamber with a
background pressure of 10−10 − 10−8 Torr (1 Torr =
133 Pa = 1·33 mbar). The VTE procedure involves
placing purified organic material in a baffled Ta or W
boat which is located between electrodes in a vacuum
chamber with a base pressure of 10−7–10−6 Torr.
When current is passed through the boat or crucible,
the temperature is increased beyond the sublimation
point of the material, and the material is evaporated,
depositing everywhere on the chamber walls, as well as
on the target substrate. A quartz crystal microbalance
is used to monitor the growth rate (typically 0·5–3 Å/s)
and thickness of the film. The process of OVPD is
fundamentally different from the other two growth
techniques, in that an inert carrier gas, usually N2,
carries organic molecules through a furnace to deposit
on a cooled substrate.91 In this respect, OVPD allows
one to adjust multiple parameters such as carrier gas
flow rate, substrate temperature, chamber temperature,
and chamber pressure. Also, the heated chamber
walls prevent material deposition, allowing for a more
efficient use of source materials compared with VTE.
It should be noted that these processes are solvent-free,
and thus provide flexibility in device layer structure and
material choice.

DEVICE ARCHITECTURES

The design of organic PV cells is driven by
the unique properties of organic molecular solids.
Specifically, for the majority of organic semiconducting
materials, LD � 1/α. This implies that without paying
particularly close attention to the architecture of the DA
interface (see Subsection “Donor/acceptor interface”),
it is difficult to achieve both a high ηA and ηED. To
further complicate the issue, charge carrier mobilities
in organic materials are characteristically low, therefore
maintaining minimal layer thickness is critical for

Copyright © 2007 John Wiley & Sons, Ltd. Prog. Photovolt: Res. Appl. 2007; 15:659–676
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Figure 8. Schematic energy level diagram and proposed
photovoltaic process for double heterostructure devices
using an indium-tin-oxide (ITO) anode/donor (D)/acceptor
(A)/exciton blocking layer (EBL)/Ag cathode structure. The
D and A thicknesses are typically 20–50 nm, and the EBL

approximately 10 nm

devices yielding low Rs. This section will highlight the
roles that these parameters play in device design, and
resulting architectures to optimize device performance
will be presented.

Double heterostructure

To circumvent some issues pertaining to exciton
confinement and absorption efficiency in organic solar
cells, the double heterostructure architecture was
introduced.92 This device is shown schematically in
Figure 8, and consists of an EBL inserted between
the acceptor-type molecular layer and the cathode.
This layer serves a number of functions, the most
important of which is to prevent damage to the
photoactive layer during cathode deposition, thus
eliminating exciton quenching at the acceptor/cathode
interface. This damage can result in the formation of
defect states within the organic layers which quench
excitons as well as trap charge carriers, and can lead
to a high contact resistance between the metal and
organic layers, further degrading device performance.
Therefore, materials such as C60 require EBLs to
function93 due to a largeLD which benefits from exciton
confinement, whereas the original Tang structure
with PTCBI as an acceptor did not have the same
requirement.37

Furthermore, at the metal surface and therefore at
the metal/organic interface, the incident field intensity
goes to zero. Therefore, the EBL should position the
region of highest incident optical light intensity at the
DA HJ, or at a distance of approximately λ/4n, where
n is the index of refraction of the organic material, from
the metal cathode. This will result in a higher exciton
density at the photocurrent generating DA interface.

Some important criteria for potential EBL materials
are: the material should be transparent across the solar

spectrum to act as a non-absorbing spacer between
the photoactive region and the metal interface (see,
for example, BCP absorption in Figure 7), and it
must transport charge to ensure a low cell series
resistance and high responsivity. Also, the ability to
make relatively thick EBLs are practically important for
fabricating large-area devices free of electrical shorts.

The most common EBL material used to date is that
of BCP, but its large energy gap and high resistance
make it unsuitable for use as a thick layer. Doping, or
using low resistance compounds, has proven to be a
route to using thicker EBL layers.93–95 Also, recently
other materials have been proposed as EBL materials
which are both organic and inorganic.96–98

The multiple functions of the EBL layer are
still a matter of continuing research.99,100 Recently,
by comparing the device performance and interface
energy levels of two different EBL materials,93 it was
confirmed that charge transport in BCP is due to damage
induced during deposition of the cathode (shown in the
EBL layer of Figure 8), while using an EBL with a low
IP allows for hole transport to the C60/EBL HJ and to
direct recombination with electrons photogenerated in
the acceptor layer, and this recombination mechanism
was also determined for that of the BCP EBL. It
is likely, however, that EBLs composed of electron
conductive materials (see, for example, Reference [94])
are able to extract electrons from the acceptor layer.
Further research has shown that CuPc/C60 devices with
planar DA HJs need an EBL, whereas mixed HJs (see
Subsection “Donor/acceptor interface”) do not require
one.100 This in fact confirms the exciton blocking
function, because the EBL does not need to confine
excitons to the acceptor phase of the bulk HJ, which
intrinsically possesses a high ηED owing to the large
DA interfacial area.

Donor/acceptor interface

In order to increase the efficiency of organic solar cells,
the DA interface where photocurrent is generated is the
focal point. Specifically, to increase JSC, one method
is to increase ηED by reducing the average distance
between donor and acceptor molecules. To accomplish
this goal without reducing the overall thickness of
the device active layers, blends of donor and acceptor
molecules have been used to form an interpenetrating
DA network, or the so-called mixed, or bulk HJ,101,102

illustrated in Figure 9(b). Compared with the planar
HJ introduced by Tang, formed between homogeneous
donor and acceptor layers and shown in Figure 9(a),
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Figure 9. Representation of donor/acceptor interface archi-
tecture possibilities: (a) a planar heterojunction, formed
between thin films of donor and acceptor materials; (b) an
optimal bulk heterojunction, where there is complete phase
separation of donor to one side and acceptor to the other side of
the device structure; and (c) a non-ideal bulk heterojunction,
where isolated regions of donor and/or acceptor phases
prevent the collection of photogenerated charges. Dashed
(solid) lines correspond to hole (electron) transport, and the
arrow (“×”) represents continuing (terminated) charge carrier

flow

a bulk HJ expands the photocurrent generation region
of the device, allowing excitons a higher probability to
reach a nearby DA interface where they can dissociate.
In an optimal arrangement,103 the width of the phases
in the interdigitated structure should be on the order of
2LD, ensuring that excitons generated in the center of
the material have a good chance of dissociating while
at the same time providing low resistance pathways for
charge transport.

In practice, however, achieving such a structure is
difficult. Co-deposited mixtures of donor and acceptor
small molecules have been used to achieve a bulk
HJ structure78,104–109 reaching ηP ≈ 3·5% under 1 sun
(AM1·5G) illumination.106 However, the performance
of bulk HJ PV cells relies critically on the microstruc-
ture of the mixture. For example co-evaporation does
not lead to an idealized structure,78,104,106–108 but one
where isolated phases of material (as in Figure 9(c))
exist that prevent efficient charge collection. In the
worst case scenario (not pictured), co-evaporation
leads to uniform molecular scale mixing of the
two molecules with minimal evidence of phase
separation.78

When trying to understand the performance of solar
cells based upon mixed DA films, it is therefore
important to know their optical, morphological,
and electrical properties.78,107 Through space charge
limited current mobility measurements, it was found
that mixed layers were characterized by lower charge
carrier mobilities than neat films. This is shown in
Figure 10, where we see that the hole mobility in
a 1:1 CuPc:C60 film is decreased by approximately
a factor of 100 compared with the neat CuPc
value, and much lower when compared with the
electron mobility. This, along with the fact that

Figure 10. The zero field mobility, µ0, for electrons (filled
symbols) and holes (open symbols) in various pure and
mixed films containing CuPc (diamonds), C60 (squares), and
PTCBI (triangles), versus percent of C60 or PTCBI in the
mixture. The mixed films are all CuPc:C60, except for the two
circled symbols, which correspond to 5:4 CuPc:PTCBI. The
lines serve as guides to the eye. Reprinted with permission
from Reference [78]. Copyright 2005, American Institute of

Physics
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device performance is optimized for a 1:1 CuPc:C60
mixture suggests that the cells are ultimately limited
by hole transport through the mixture. Furthermore,
the drop in hole mobility is at least 10 times larger
when mixing CuPc and PTCBI as compared with the
CuPc:C60 mixture (see Figure 10). This is in agreement
with previous device results, where homogeneously
mixed CuPc:PTCBI devices show poor transport of
photogenerated carriers,105,110 as indicated by the low
cell power conversion efficiencies. Annealing mixed
films was found to induce phase separation of the
constituents, thus improving charge transport105 and
device performance. This mobility decrease in mixed
DA thin films is consistent with the fact that the
mean distance between neighboring molecules of
the same species is larger than in a homogeneous
layer, and thus hopping mobility decreases. Also,
these space charge limited mobility trends were
recently confirmed with field effect transistor mobility
measurements,111 which gives further evidence that
these mixtures are homogeneous and transport is
isotropic.

The challenge in applying these mixed molecular
heterojunctions is therefore in balancing the absorption
needed for photocurrent generation with the reduced
charge transport properties of the mixed layer. This
is because maintaining good charge transport and a
low Rs is an important factor in creating efficient
organic PV cells35 with high FF, and reducing the
chance of recombination of the photogenerated charges
within the mixture. This can be accomplished by
using a hybrid planar-mixed–molecular heterojunction
(PM–HJ), consisting of a mixed DA layer sandwiched
between homogeneous donor and acceptor layers.23,110

An optimized hybrid PM–HJ structure has a thinner
mixed layer than a bulk HJ cell, and the thicknesses of
the homogeneous layers are approximately equal to LD
in each respective layer. In this way, the device has the
high ηED of a mixed HJ, and the low resistance to charge
transport of a planar HJ. Under 1–4 suns simulated
AM1·5G solar illumination, such structures comprising
CuPc and C60 achieved a power conversion efficiency of
ηP = 5·0%.23

In an effort to recover a more nearly ideal structure
in the thermally co-evaporated thin film, annealing a
CuPc:PTCBI blend to temperatures of ∼500 K was
shown to induce phase separation of the two materials
and increase ηCC.105 Similarly, it has also been shown
that annealing a pentacene/C60

84 or tetracene/C60
113

planar HJ resulted in better performing devices. While
the mechanism for this enhancement is not fully

Figure 11. (a) Scanning electron microscope image of a
CuPc film grown using OVPD, showing short, needle-like
crystals of CuPc extending out of the CuPc film. Scale
bar = 500 nm. (b) Representation of the gap-filling capability
of the OVPD process to assemble a bulk heterojunction, due
to a short mean-free path and increased surface diffusion.
Reprinted with permission from Macmillan Publishers, Ltd.

Reference [112], Copyright 2005

understood, it could be a result of increased order
within the active layers. Alternatively, it is also possible
to grow the D and A layers via the OVPD growth
technique, to directly form a bulk HJ structure where
D and A layers are phase separated.112 This is shown
in Figure 11, where it is possible to control the
growth mode of a CuPc film on ITO such that
crystalline needles of CuPc extend out of the CuPc
film. Following the growth of CuPc, it was shown
that the OVPD process was also successful in filling
the spaces within this rough CuPc film owing to the
short mean free path length inherent to the OVPD
process (see Subsection “Growth techniques”), whereas
growth via a UHV process would result in voids in the
film.112 Constructing such a structure resulted in an
increase in device efficiency of a CuPc/PTCBI solar cell
from 1·1% to 2·7%.

Tandem cell

Another way to ensure a high ηA while keeping the
thickness of the D and A layers to approximately
LD is by using a tandem cell architecture, originally
developed by Hiramoto et al.114 for organic PV cells,
and consisting of a series connection of a number of
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individual DA junctions with a charge recombination
zone (CRZ) separating each subcell in the stack.
By maintaining a similar total device thickness, a
stacked cell compensates for the reduction in ηA per
device. The stacked cell also results in an increase
in VOC due to the addition of the photovoltage of
each individual subcell. Because of these potential
benefits, there has been intensive work into trying
to optimize the architecture of such a structure
applied to cells with small molecules,94,115–120

polymers,121–125 combinations of both,126,127 as well
as to DSSCs.128

Figure 12(a) shows a schematic diagram of a tandem
organic PV cell. The front (PV1) and back cell (PV2)
are separated by the CRZ. The operation proceeds as
follows: light absorption generates excitons in PV1 and
PV2. After exciton dissociation in the subcells, the hole
in PV1 and electron in PV2 are collected at the adjacent
electrodes. To prevent build-up of charge within the
cells, the electron in PV1 and hole in PV2 diffuse to
the CRZ where they recombine. The main challenge to
realizing tandem cells is in balancing the photocurrent
from each cell as the current in the series-connected
device is limited by the smallest subcell current. This
can be accomplished by varying the thicknesses or
the material selection of the various device layers,
but becomes complicated due to optical interference
effects. This is demonstrated in Figure 12(b), where
incident light with λ = 450 nm (solid line) and λ =
650 nm (dashed line) have intensity maxima at different
positions within the organic layer structure. Therefore,
to optimize device performance, one needs to place
materials with absorption in different regions of the
solar spectrum at different points within the tandem
structure.

Yakimov and Forrest115 reported a tandem PV
cell consisting of multiple CuPc/PTCBI DA HJs,
with each DA pair separated by a thin Ag cluster
CRZ. This, along with Au clusters, are amongst the
most commonly used CRZ materials. The observed
power efficiency of their tandem cell device was 2·5%
whereas for a single CuPc/PTCBI cell, ηP = 1·1%. It
was found that the optical field enhancement due to
surface plasmon generation on the metal clusters in
the CRZ is responsible for the higher-than-expected
efficiencies observed in their tandem organic PV
cells.116 Alternatively, an effective means to space
the subcells apart is by employing the p-i-n device
architecture,94 shown schematically in Figure 13(a).
Here, p- and n-type wide-gap transport layers which
optimally do not absorb the incident light are used to

Figure 12. (a) Schematic of a tandem organic photovoltaic
cell. The donor (D) layer and acceptor (A) layer of
each device (PV1 and PV2) are labeled, as is the charge
recombination zone (CRZ) between PV1 and PV2. The
schematic shows a representation of current generation,
where dissociation of excitons at the DA interfaces leads
to a hole in PV1 and electron in PV2 which contribute
to photocurrent. The excess electron in PV1 and hole in
PV2 recombine at the CRZ to prevent cell charging. (b)
Optical field intensities at λ = 450 nm (solid line) and
λ = 650 nm (dashed line) calculated as functions of the
distance from the Ag cathode. Reprinted with permission
from Reference [117]. Copyright 2004, American Institute of

Physics

spatially separate the mixed, or i, layers that generate
photocurrent. The resulting J–V characteristics for
the single and tandem p-i-n device are shown in
Figure 13(b),119 with ηP = 2·1% for the single cell
and 3·8% for the tandem device. Here, the current for
the tandem cell is lower than that of the single cell,
likely due to a combination of a current mismatch
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Figure 13. (a) Concept of a stacked p-i-n organic solar cell
with active layers sandwiched between p- and n-type wide-
gap transport layers. (b) J–V characteristics of single and
tandem p-i-n solar cells under 130 mW/cm2 simulated AM1·5
solar illumination. The single cell is identical to the bottom
cell in the tandem configuration and prepared simultaneously.
The performance parameters are given. Reprinted with
permission from Reference [119] Copyright 2005, American

Institute of Physics

as well as the fact that both i layers are composed
of the same DA combination. However, the observed
doubling in VOC meant an overall increase in ηP.
A tandem cell composed of two hybrid PM–HJ
cells was also demonstrated, where ηP = 5·7%117

was achieved, approximately 10% higher than that
of a single cell.23 Again, the reason for a less-than-
doubling in ηP is similar to that of the p-i-n device just
discussed. In fact, it is an almost universal observation
that optimized organic tandem cells have lower JSC
values than optimized single cells. If the efficiency

is improved, which is difficult to achieve for the
reasons discussed above, it is due to the increased
VOC. Improved performance is therefore expected from
a fully “asymmetric” tandem device, with subcells
operating in different regions of the solar spectrum.

Other architectures

We also consider the use of other, novel architectures
employed in small-molecular weight based solar cells
developed in an effort to try to increase device
efficiency. For example, in order to incorporate low
mobility materials into an efficient device structure,
an architecture analogous to that used for quantum
dot light-emitting devices129 was developed. In this
architecture,130 an ultrathin SnPc molecular layer was
deposited in between CuPc and C60 films. The SnPc
layer has a very high absorption coefficient which
extends to λ ≈ 1000 nm. Therefore, this represents an
important step toward achieving organic solar cells
which absorb in the near infrared portion of the
solar spectrum. The optimized device with a 5 nm
thick SnPc layer had a power conversion efficiency of
1·0% and a FF = 0·5. Therefore, it was important to
control the SnPc layer thickness such that its low hole
mobility did not negatively impact device performance.
Another method for extending the absorption range of
organic solar cells is through the use of a luminescent
collector.131 This collector does not directly generate
charge, but rather absorbs light which would otherwise
not be absorbed in the cell, and emits light within the
absorption spectrum of the solar cell active layers. By
implementing such a collector, a 15% increase in JSC
was achieved.131

A couple of new architectures centered around
influencing the optical intensity at the DA interface have
also been demonstrated. The semitransparent organic
PV cell124,132 is one of these, and shows promise
for use as a power-generating device on transparent
substrates for architectural or portable applications.
In this device structure, transparent contacts are used
as both the anode and cathode. This has important
consequences for the optical design of such cells, as
the optical interference effects are drastically different.
The weak cavity implies that multiple devices operating
in different wavelength regions can be stacked without
the strict requirements of optical design that are
unavoidable in the design of opaque tandem cells
with a reflecting cathode (see Subsection “Tandem
cell”). However, it remains an open question whether
the semitransparent structure can realize this potential
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benefit and operate as efficiently as cells with metal
cathodes. In another approach, an external dielectric
coating133 applied to a semitransparent, top-light
harvesting cathode134 was shown to increase the light
intensity at the DA interface as well as remove the need
for an ITO anode.

DEVICE STABILITY

Device stability remains a very important issue
concerning the commercialization of organic solar
cells, and it is estimated that lifetimes of at least 5 years
are necessary for practical devices.135 Despite this
fact, to date there have been relatively few studies of
the lifetime of organic solar cells based upon small
molecular weight materials,98,136,137 where lifetimes
of greater than 1500 h (ηP = 50% of original value)
have been demonstrated for unencapsulated devices.
More recently, the shelf lifetime of a pentacene/C60 cell
encapsulated with an Al2O3 film deposited by atomic
layer deposition was shown to degrade by 6% over a
period of 6100 h (≈8·5 months), compared to a lifetime
of <10 h for an unencapsulated cell.138 Therefore, to
increase the stability of such devices requires careful
selection of D, A, EBL, electrode, and encapsulation
materials.

Nevertheless, the lifetime of large-area polymer-
based bulk HJ devices has recently been projected
to be >10 000 h, albeit for a rather low-performance
device.139 Dye-sensitized solar cells have also shown
to be very stable during operation, with lifetimes
in the 5–10 year range.140–142 Furthermore, organic
light emitting diodes made with small molecular
weight semiconductors have demonstrated lifetimes of
>10 000 h.143 These results are therefore promising for
small molecule-based PV cells to exhibit similar and
ultimately sufficient lifetimes as well.

CONCLUSIONS

This review has sought to introduce the device
physics underlying organic solar cells based upon
donor/acceptor interfaces. Following this introduction,
we leveraged that understanding toward the various
device architectures, materials, and growth techniques
that are employed to exploit the unique material
characteristics of small molecular weight organic
semiconductors, in particular strong absorption and
low charge carrier mobilities. To improve device

performance, the identification of high performance
donor/acceptor pairs is important to simultaneously
optimize open-circuit voltage and short-circuit current.
Furthermore, the development of high-efficiency
tandem solar cells was discussed, and the continued
improvement of this device structure will rely upon
finding new and improved materials along with careful
optical design to ensure that the active layers are placed
at the point of maximum incident light intensity.

Ultimately, to realize the commercial application
of organic solar cells, the challenge is in developing
large-area modules with long operational lifetimes,
high production yields, low production costs, and high
efficiency. Once these parameters are known, possible
applications, whether it be for stationary, building-
integrated projects, or for portable power generation
on lightweight plastic substrates, can be targeted. The
recent increases in efficiency along with the growing
research community in organic solar cells indicate
that commercially viable efficiencies of greater than
10% seem within reach. Achieving these goals will
undoubtedly require a multidisciplinary approach from
chemistry, physics, materials science, and engineering
communities.
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