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The progress in the development and understanding of interfacial materials for organic photovoltaics
(OPV) is reviewed. The proper choice of interface materials is a must for highly efficient and stable

OPV devices and has become a significant part of the OPV research today. Interface materials are either

non-conducting, semiconducting or conducting layers which not only provide selective contacts for
carriers of one sort, but can also determine the polarity of OPV devices, affect the open-circuit voltage,
and act as optical spacers or protective layers. In this review both inorganic and organic interface
materials are discussed with respect to their function in the OPV device.

1 Introduction to OPV

Power conversion efficiencies (PCE) of organic photovoltaic
(OPV)'3 cells have been increasing continuously over the last few
years and reached 6-8%%*° for the normal (substrate/hole selec-
tive contact/active layer/electron selective contact) and 3-4%"#
for the inverted (substrate/electron selective contact/active layer/
hole selective contact) structure. Combined with increased life-
time,'® low weight, low cost production and flexibility this tech-
nology is getting more and more attractive as an independent
energy source.'’ The improvements in device performances are
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strongly related to improved processing conditions, but also on
the use of novel acceptor,'? donor'**5 and interface'®® materials.
The PCE of a solar cell is defined as: PCE = Jsc x Voc x FF/P;,
(where Jsc is the short-circuit current density, Voc is the open-
circuit voltage, FF is the electrical fill-factor and Py, is the inci-
dent optical power density). The continuous improvement of
these parameters (Jsc, Voc and FF) results in the reported effi-
ciencies. Beside the development and synthesis of novel and
improved donors and acceptors, the engineering of improved
interface materials is of importance for highly efficient and stable
OPV devices and modules, since unadjusted interfaces limit or
even drastically reduce the PCE.

Table 1 illustrates the importance of the right choice of the
interfacial material. For the same active layer, ie. blend of
poly(3-hexylthiophene) (P3HT) : [6,6]-phenyl C61 butyric acid
methyl ester (PCBM), but varying interfacial layers the PCE, Jsc,
Voc and FF are summarized for the inverted structure.

In the first part of this review the functions of interfacial layers
as well as the general concepts of OPV such as contact formation
and band alignment between two layers are summarized. In the
second part an overview of materials is presented including
metals, dipole layers, n- and p-type organic and inorganic
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Table 1 Summary of relevant improvements in device performance for the inverted device structure. Reference 18 is measured at 130 mW cm~2, all
others at 100 mW cm~2 Adapted with permission from ref. 17. Copyright 2009, Wiley VCH

Device structure Jsc/mA cm? Voc/V FF [%] PCE [%] Reference
ITO/Cs,CO3/P3HT:PCBM/V,05/Al 8.42 0.56 62.1 2.25 18
ITO/ZnO/P3HT:PCBM/Ag 11.22 0.556 47.5 2.58 85
ITO/TiOx/P3HT:PCBM/Pedot:PSS/Au 9.0 0.56 62 3.1 83
ITO/PTE/TiOx/P3HT:PCBM/Pedot:PSS/Ag 10.2 0.56 64 3.6 80
ITO/ZnO NP/P3HT:PCBM/Pedot:PSS/Ag 11.17 0.623 54.3 33 87
FTO/TiO,/P3HT:PCBM/Pedot:PSS/Au 12.40 0.641 51.1 4.07 7
ITO/annealed Cs,COs/P3HT:PCBM/V,0s5/Al 11.13 0.59 63 4.19 76

materials. In some parts, materials and results from organic light
emitting diodes (OLEDs) are added.

2 Function of interfacial layers

A fundamental difference of OPV compared with inorganic
photovoltaic materials is the creation of strongly bound elec-
tron-hole pairs (excitons) upon absorption of light in the organic
semiconducting materials. The energy which is required to split
an exciton is in the range of 100-400 meV compared to a few
meV for crystalline semiconductors. The thermal energy kT at
standard conditions and the electric field is not sufficient to
dissociate these excitons.' In order to split excitons into free
charge carriers, the energy can be provided in the presence of an
electron accepting material with a different electron affinity than
the donor material. A typical organic semiconducting material
system which enables effective exciton splitting is P3HT and
PCBM. Since the diffusion length of excitons is typically in the
range of 1-10 nm,' the limiting process is the diffusion of the
exciton towards a donor—acceptor interface where it is split into
charge carriers. A bilayer device of acceptor and donor is thus
strongly limited to the diffusion length of excitons. Therefore, the
thickness of the photoactive layer is thin for a bilayer device.
Blending of donor and acceptor material followed by deposition
onto a substrate can result in a bulk-heterojunction device
structure. The bulk-heterojunction is not only a random mixture
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of two materials but consists of homogeneously distributed
acceptor and donor phases with appropriate dimensions to
effectively split excitons in the whole bulk. An exciton is split into
free carriers at the donor/acceptor interface and the free carriers
are transported via percolated donor and acceptor pathways to
the corresponding electrode, i.e. electrons by the acceptor to the
electron selective contact and holes by the donor to the hole
selective contact. In this review the hole selective contact is
named anode and the electron selective contact is named
cathode. The thickness limiting factor of this configuration is
then the mobility-lifetime product of the photo-generated
carriers. The fundamental processes from light harvesting to
power generation can be summarized as follows:

(a) Light is absorbed by the donor, e.g. P3HT, and excitons are
created. Absorption by the acceptor is neglected in this descrip-
tion.

(b) Excitons diffuse to the donor—acceptor interface and are
split into free carriers.

(c) The carriers are transported to the respective electrode,
electrons by the acceptor to the cathode and holes by the donor
to the anode.

(d) Interfacial layers enable the unipolar extraction of photo-
generated carriers from the photoactive layer to the electrodes.

A schematic illustration of a solar cell under operation, ie. in
extraction mode, is shown in Fig. 1.

The interface which is formed between the photoactive layer
and the electrodes is essential for highly efficient and stable OPV
devices. The main functions of interface materials are:

(1) to adjust the energetic barrier height between the active
layer and the electrodes

(2) to form a selective contact for carriers of one sort

(3) to determine the polarity of the device

(4) to prohibit a chemical or physical reaction between the
polymer and electrode

(5) to act as optical spacer.

To discuss the different functions of interfacial layers, an
understanding of contact formation between the active layer, the
interfacial layers and the electrode materials is required. There-
fore, section 2.1 gives a short introduction to the contact
formation between different materials. In sections 2.2-2.7 the
function of interfacial layers is discussed in detail.

2.1 Theory of contact formation active layer/interfacial layer

Interface materials are applied between the photoactive layer, i.e.
donor and acceptor materials, and the electrode materials. The
understanding of the function of those interfacial layers, i.e.
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Fig. 1 Schematic illustration of an organic solar cell in extraction
mode. Excitons are created and diffuse to the donor/acceptor interface
where the excitons are split. The charge carriers are transported to the
electrodes and are extracted by the interfacial layers to the respective
electrode.

metals, metal like, organic materials and combinations thereof,
and the resulting band alignment between electrode—interfacial
layer—active layer is essential for the proper choice of such
interfacial materials. The integer charge model was developed for
OPV devices and found to be valuable for most interfaces which
are relevant to OPV.2"? This theory predicts Fermi level pinning
of a conducting interfacial layer to the organic semiconductor
until equilibrium is reached when spontaneous charge transfer
between these two layers is possible. In the case of no charge
transfer between the two layers, no Fermi level pinning takes
place.

Fig. 2 presents experimental results on the energy level align-
ment between the low-band-gap polymer polyfluorene APFO-
Greenl coated on a conducting substrate. The substrate work
function was varied between 3.0 eV and 5.5 eV and the resulting
band alignment was then measured when APFO-Greenl was
coated on the substrate. In this review we compare the absolute
values of the work function. For substrate work functions larger
than 4.6 eV and lower than 3.6 eV, the Fermi level of the
substrate is pinned to APFO-Greenl, i.e. to 3.6 eV and 4.6 eV,
respectively. In the integer charge model these states are called
positive (Ejct+) and negative (Ejcr.) integer charge-transfer
states. Ejcr+ is defined as the energy which is required to extract
one electron from the polymer/molecule to produce a thermally
fully relaxed state. Ejcr. is defined as the energy which is gained
when one electron is added to the molecule/polymer in order to
produce a fully relaxed state. These states differ from the lowest
unoccupied molecular orbital (LUMO) and highest occupied
molecular orbital (HOMO) of the organic semiconductor. In
between these states a linear correlation between the substrate

Dorersus (€Y)

Fig. 2 Dependence of the work function of molecule-coated substrates
(Dorgssub) on the work function of bare substrates (®g,) for APFO-
Greenl.?! The solid line is added as a guide to the eye, illustrating the
slope = 1 dependence as expected for vacuum level alignment. The
dashed lines are added as guides to the eye, illustrating the slope =
0 dependence expected for a Fermi-level pinned interface. Adapted with
permission from ref. 22. Copyright 2009, Wiley VCH.

work function (®g,,) and the measured work function organic/
substrate (Porersun) With a slope of 1 was found. The system
describes a full “Mark of Zorro” dependence. The Fermi level
pinning of the conducting substrate to the charge transfer states
was also observed experimentally for several other organic
semiconductors and fullerenes, including P3HT and Cg(.2%*

The “Mark of Zorro” dependence is schematically depicted in
Fig. 2 and described in the integer charge model as follows.
Depending on the position of the substrate or electrode Fermi
level relative to Ejct+ and Ejcr., three scenarios can be distin-
guished which are schematically depicted in Fig. 3:

(a) When the substrate work function is larger than Ejct+ of
the polymer, electrons will flow from the polymer to the substrate
and the Fermi level of the substrate will be pinned to Ejcr+ of the
polymer.

(b) When the Fermi level of the substrate is in between Ejcrs
and Ejct., no Fermi level pinning occurs.

(c) When the substrate work function is smaller than E;ct. of
the polymer, electrons will flow from the substrate to Ejcr. of the
polymer and the Fermi level of the substrate will be pinned to
Eict. of the polymer.?

Analogously, the integer charge model can be transferred to
stacked multilayer systems. A more detailed description of this
model including physisorption, chemisorption and the induced
density of states model is given in the review of Braun et al.** and
other reports.?32*

2.2 Impact on the open-circuit voltage

Interface materials enable the electrical contact between the
active layer and the electrode materials for charge carrier
extraction. As such, the impact of the interfacial layers on Voc of
a device needs to be investigated more closely. Two models were
discussed extensively in the literature. The Metal-Insulator—
Metal (MIM) model describes that Voc originates from the work
function difference of the electrode materials. This model is
applied for non-ohmic contacts where no Fermi level pinning
between cathode—-donor and anode—acceptor occurs. Mihailetchi
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Fig. 3 Schematic illustration of the evolution of the energy-level alignment when a m-conjugated organic molecule or polymer is physisorbed on
a substrate surface when a) @y, > Ejcr-: Fermi-level pinning to a positive integer charge-transfer state, b) Ejcr. < @y < Ejcr+: vacuum level alignment,
and ¢) @y, < Ejcr.: Fermi-level pinning to a negative integer charge-transfer state. The charge-transfer-induced shift in vacuum level, A, is shown where
applicable. Adapted with permission from ref. 22. Copyright 2009, Wiley VCH.

et al. reported that for non-ohmic contacts Voc is determined by
the work function difference of the electrodes. The cathode
materials were varied while the anode material in all experiments
was ITO/poly(3,4-ethylenedioxythiophene) poly(styrene-sulfo-
nate) (Pedot:PSS). Voc is reduced from 0.59 V for Ag to 0.398 V
for Pd as cathode material, compared to a difference in the work
function of the investigated cathodes of 0.29 V. In this regime
Voc correlates linearly with the work function differences of the
investigated cathodes with a scaling factor close to 1. The scaling
factor is defined as the quotient of the difference of Voc and the
difference of the work functions for the investigated cathode
materials. Pd forms a non-ohmic contact to [6,6]-phenyl C61-
butyric acid methyl ester (PCBM).?¢

For ohmic contacts the situation is different. In section 2.1 it
was discussed that Fermi level pinning occurs when the substrate
work function exceeds Ejct+ and is below Ejcr., respectively.
These results have been experimentally confirmed for P3HT and
C60, the fruit fly semiconductors for OPV. The relevant inter-
faces are anode—-donor and cathode—acceptor because electrons
are transported by the acceptor and holes by the donor material
in OPV cells. Therefore, Ejcr+, Ejcr. and the respective band
alignment at the interfaces formed between semiconducting
polymer/interfacial layer/electrode are relevant for the open-
circuit voltage of the OPV device. Thus, the highest possible
open-circuit voltage is the difference of Ejcr+ of the donor and
Eict. of the acceptor, independent of the work function of the
interfacial material, provided that Fermi level pinning occurs.
Interfacial materials with a Fermi level located between Ejcrs

and Ejcr. reduce the Voc. For instance, the origin of Voc was
investigated in detail for poly(2-methoxy-5-(3',7'-dimethylocty-
loxy)-1,4-phenylenevinylene) (MDMO-PPV) blended with
highly soluble fullerene derivatives as active layer. The investi-
gated structure was ITO/Pedot:PSS/MDMO-PPV:Fullerene/
metal electrode with the fullerene and the electrode as varying
parameters. The work function of the metal electrode, i.e.
cathode, was varied from 5.1 eV for Au to 2.87 eV for Ca/Ag.
This resulted in an increase of Voc from 0.650 V to 0.814 V. The
corresponding scaling factor was estimated as 0.1 or lower
(Fig. 4). This contact behavior is explained by the Fermi level
pinning mechanisms which occur for ohmic contacts. In contrast,
for non-ohmic contacts it was found that the Voc is influenced by
the work function of the interface materials, see palladium
above.?®

In another experiment the LUMO of the acceptor was varied
and the influence of Voc was investigated. It was found that
a decrease of the LUMO of the acceptor by 160 mV (reduction
potential changed from —0.53 V for N-3-[2-ethylhexyloxy]benzyl
ketolactam to —0.69 V for PCBM vs. normal hydrogen electrode)
increases Voc from 0.56 V to 0.76 V. The corresponding scaling
factor is close to 1 and proves that Voc is controlled by the
LUMO of the acceptor as depicted in Fig. 4.7

Fig. 5 illustrates experimental results on the dependence of the
Voc to the HOMO position of the donor polymer, i.e. the onset
of oxidation, for 26 donors. The linear fit of the measured points
has a slope equal to 1 which proves that Voc correlates linearly
with the HOMO of the donor.?®
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Fig. 4 a) Voc versus acceptor strength and b) Voc versus electrode work
function. The slopes S1 and S2 of the linear fits of the experimental data
are given inside the figures. Adapted with permission from ref. 27.
Copyright 2001, Wiley VCH.

In conclusion Voc correlates with the HOMO of the donor and
the LUMO of the acceptor in the case of ohmic contacts—the
Fermi levels of the interfacial and electrode materials are pinned
to Ejcr+ of the donor at the anode and Ejcr. of the acceptor at
the cathode. For non-ohmic contacts Voc is influenced by the
interface materials—the upper limit of Voc is the difference of
Eicr+ of the donor and Ejct. of the acceptor.? Voc values
exceeding these limits have not been observed to the best of our
knowledge.

2.3 Determination of the polarity of the device

Two different geometries of OPV cells, the normal and the
inverted structure, are reported in the literature (Fig. 0),
depending on whether the bottom electrode forms the anode or
the cathode. The bottom electrode is the transparent electrode,
e.g. ITO, on which the OPV cell is constructed. In the normal
structure holes are extracted at the bottom electrode, in the
inverted structure holes are extracted at the top electrode. The
active layer of an OPV cell in many cases is formed by a bulk-
heterojunction where the donor and an acceptor material are
blended. In an ideal case the donor and acceptor materials are
distributed equally throughout the active layer. Therefore,
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Fig.5 Voc of different bulk-heterojunction solar cells plotted versus the
oxidation potential/ HOMO position of the donor polymer used in each

individual device. The straight line represents a linear fit with a slope of 1.
Adapted with permission from ref. 28. Copyright 2006, Wiley VCH.

a bulk-heterojunction does not have a preferential direction to
extract electrons or holes to one side of the solar cell. The
interface materials/electrodes which are sandwiching the active
layer constitute the cathode and the anode of the OPV cell, i.e.
the interfacial layer/cathode with the larger work function forms
the anode. Depending on the thickness and type of the used
interface materials, the polarity of the device may become inde-
pendent of the used electrode materials. For instance, Pedot:PSS
and TiOx (titanium oxide) are utilized in the normal as well as in
the inverted structure. TiOx determines the cathode and
Pedot:PSS the anode of an OPV cell, independent of the used
electrode materials (see Fig. 6).

Fig. 7 presents the J-V characteristics of devices in the normal
structure (ITO/Pedot:PSS/P3HT:PCBM/LiF/Al) and inverted
structure (ITO/TiOx/P3HT:PCBM/Pedot:PSS/Au). In both
devices Pedot:PSS is used as the anode material, the cathode,
however, is either given by the LiF/Al contact or by the ITO/
TiOx layer. Both architectures give quite comparable perfor-
mance, the differences in device performance are usually
explained with a vertical phase separation®®3! of the acceptor and
donor, which may be more favorable for one structure versus the
other, but not sufficient to determine the polarity of the OPV
device.*?

2.4 Electrode materials—conductive layers

Some interfacial layers act as both interfacial layer and electrode
material. A low sheet resistance of electrode materials (<10 Q/sq)

anode

Ag Ag

cathode

P3HT:PCBM - P3HT:PCBM
PEDOTPSS A TiO,

ITO A | TO

cathode

Fig. 6 Device structure in the normal (left) and inverted structure
(right).

This journal is © The Royal Society of Chemistry 2010

J. Mater. Chem., 2010, 20, 2499-2512 | 2503



10°
—u— inverted - dark
*E' 10' H —0— normal - dark p
[&] 3
<
E 4
= :
®
c
@ -
° 3
5
t -
= 3
o 3
L L
0.5 1.0 15
Voltage [V]
N —m— Inverted - light S
. J,=9.0mAacm?
- 2r v, =056V 1
E 0 I FF = 0.62
2 [ PCE=3.1%
E, N —O— normal - light 1
> . J, = 10.8 mA/em’®
iz 4 V=056V T
7] [ FF = 0.59 {7
= 9 PCE =3.6% Z |
g -8B 0,0/0 -
g 10 0000””
10} 0000 1
L 500w 0e? o
4280200 :
0.0 0.5
Voltage [V]

Fig. 7 J-V curves in a semilogarithmic representation for the normal
(open circles) and inverted (solid squares) OPV in the dark (upper plot)
and under illumination (bottom plot). Adapted with permission from ref.
32. Copyright 2006 American Institute of Physics.

is essential to transport the photo-generated carriers with little
losses. Many metals are typically utilized for the non-transparent
back contact. The materials for the transparent front electrodes
are much more limited. Indium tin oxide (ITO) is the most
prominent transparent electrode for OPV devices. ITO provides
sufficiently high transmittance (~90%) and low sheet resistance
(~10 Q/sq). ZnO doped with group III elements, i.e. B,** Ga**3¢
and A" are alternative transparent electrode materials. Other
approaches to replace ITO are carbon nanotubes,* graphene,*
highly conductive polymers,*' metal grids,** metal nano-

Conventional Device

meshes,*® optically thin metal layers alone* or thin metals in
combination with other metal oxides.*

2.5 Optical spacer

Most OPV devices consist of a transparent front electrode and
a non-transparent reflecting back electrode. Light enters the
OPYV cell through the transparent electrode and is reflected at the
non-transparent electrode. Therefore, the light passes the active
layer twice and a standing wave is formed, with the electrical field
strength |E| = 0 at the reflecting electrode and its maximum
somewhere in the bulk, depending on the refractive index and the
thicknesses of the layers. The absorption of light depends on the
electrical field strength of the light which depends on the phase.
For OPV cells with a photoactive layer thickness in the range of
100 nm, interference effects may become important. The
absorbing active layer thickness needs to be correlated to the
mobility-lifetime product of photo-generated carriers within the
active layer, so that most photo-generated charge carriers can
reach the electrodes. The optical spacer effect is a concept to
optimize the absorption within the active layer. A transparent
layer is inserted between the reflecting electrode and the active
layer. Depending on the thickness and refractive index of the
transparent optical spacer layer, the absorption maximum can be
shifted. A layer thickness of a few tens of nm might be enough to
improve the absorption within the active layer significantly. Once
optimized, such an optical spacer layer can help to improve the
short-circuit current of an OPV device, specifically for thin film
devices which otherwise would not absorb all light in a single
pass.*® An example of an OPV cell structure with and without
optical spacer is glass/ITO/PEDOT/P3HT:PCBM/TiOx/Al and
is given in Fig. 8. Here, TiOx acts as optical spacer.*”*

2.6 Protective layer between polymer and electrode

An interfacial layer protects the organic layer from physical or
chemical interaction with the electrode materials. For example,
metals are often used as electrode material providing the
conductivity needed to extract photo-generated carriers. The
diffusion of metal atoms into polymeric layers during the thermal
evaporation process causes shunting or electrical shorting of the
organic devices and limits their lifetime.**5* The protection of the
active layer from oxygen and water of the atmosphere by an
interfacial layer of TiOx is also reported as an interesting
approach to improve lifetime.>?

Device with Optical Spacer

Glass | ITO PEDOT_A;W.I.:M Al

/N

|E[? (Arb. Unit)

.

Glass | ITO [PEDOT|Active Layer i Al

A

Fig. 8 Schematic representation of the spatial distribution of the squared optical electric field strength |E|* inside the devices with a structure of ITO/
PEDOT/active layer/Al (left) and ITO/PEDOT/active layer/optical spacer/Al (right). Adapted with permission from ref. 47. Copyright 2006, Wiley

VCH.

2504 | J. Mater. Chem., 2010, 20, 2499-2512

This journal is © The Royal Society of Chemistry 2010



2.7 Selective contact for carriers of one sort and exciton
blocking layer

Since excitons and carriers are created in the entire active layer,
interfacial layers form selective contacts and prevent excitons
and carriers from recombining at the electrodes.®>® Thus,
interfacial layers form a barrier for carriers of one sort, and pass
by the carriers of the opposite sort. For instance, the cathode
enables or facilitates extraction and injection of electrons, but
blocks holes. Interfacial layers which act as an exciton blocking
layer have a bandgap higher than the one of the acceptor and
donor of the active layer. The transfer of excitons through the
interfacial layer is not possible without a supply of additional
energy. Therefore, an interfacial layer can act as an exciton
blocking layer.

3 A material overview of interfacial layers

Some materials discussed in this review can be used as both
electrode material and interfacial layer. Other materials, e.g.
when the conductivity is not sufficient, are sole interface mate-
rials. In the following the most prominent interface materials will
be reviewed, categorized as conducting layers, semiconducting
layers and interface dipole layers. Also we will distinguish
between cathode (n-type) and anode (p-type) materials.

In organic electronics it was demonstrated that chemical
doping with organic and inorganic materials can modify material
properties such as conductivity and the Fermi level.**** For
efficient n-type doping the HOMO level of the dopant or Fermi
level must be lower than the LUMO level of the material that has
to be doped. For p-type doping the LUMO level of the dopant
has to be higher than the HOMO level of the material to be
doped.

3.1 Maetals

Metals can be thermally evaporated in optical thick and thin
layers to form a non-transparent or transparent electrode or/and
interfacial layer. Especially for Ag which is widely used, several
deposition methods have been successfully demonstrated. For
instance, spray-coating of Ag nanoparticles,** Ag pastes and
transparent Ag nanowire meshes®® have been reported to be
feasible for solution processing, which makes these materials
attractive for roll-to-roll printing processes.

Al, Mg/Ag, Ca/Al, Ca/Ag, Ba/Al,Au, Ti were successfully used
in OPV devices.®® A combination of a low work function metal
(Ca, Ba) with Ag or Al is a common way to decrease the work
function of the electrode and to prevent Ag and Al atoms from
diffusing into the polymeric layer. The work function of these
metals ranges from 5.1 eV for Au®’ to 2.7 for Ba.%” Fig. 9 illus-
trates experimental results for several electrode materials as
cathodes in the normal device structure (ITO/PEDOT:PSS/
P3HT:PCBM/cathode). Voc, FF and the normalized efficiency is
depicted. The pristine metals Al and Ag have the lowest
performance while in combination with Mg : Ag, LiF, Ba or Ca
the device performance is clearly improved because these mate-
rials decrease the work function of the cathode, act as protection
layer and improve the selectivity.

Apart from a modification of the work function of the elec-
trode and physical barrier layer, low work function metals have
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Fig. 9 Voc, FF, and normalized efficiency vs. negative electrode type.
Average values are displayed both for individual and groups of
substrates. Error bars denote plus and minus one standard deviation.
“Best” efficiency values are for devices made by Reese ez al. Adapted with
permission from ref. 66. Copyright 2008 American Institute of Physics.

also been used to n-dope organic layers. This is possible when the
work function of the metal is smaller than the LUMO of the
organic layer, e.g. Mg can dope Cg.%® Fig. 10 gives a compre-
hensive overview of the work functions of metals and semi-
metals.%%7

3.2 Semiconducting layers

Many semiconducting interfacial materials were shown to be
feasible for OPV applications. We distinguish between inorganic
materials (metal oxides) and organic materials, reviewing the
most prominent ones. Transparency, ie. little absorption losses,
is a must for efficient OPV devices and allows the deposition of
thick layers without absorption losses. As such, interfacial
materials are often required to be transparent in the visible light
spectrum. Moreover, doped semiconducting materials with
a high conductivity can be used as transparent electrode material
and thick interfacial layers.

3.2.1 Inorganic materials—metal oxides. Metal oxides can be
p-type and n-type materials, depending on the position of the
valence band and conduction band. For a p-type contact mate-
rial, the valence band of the metal oxide is required to match the
HOMO of the polymer. For an n-type material, electron transfer
from the LUMO of the acceptor to the conduction band of the

This journal is © The Royal Society of Chemistry 2010
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metal oxide is required. A wide band gap of the interface material
then results in a barrier for carriers of the other sort and enables
highly selective contacts. Fig. 11 summarizes widely used p-type
and n-type metal oxides for the P3HT-PCBM donor—acceptor
system. As reference, the energetic level of the most common
interface material Pedot:PSS is added.

3.2.1.1 p-Type inorganic materials. p-Type like transition
metal oxides have been successfully introduced in OPV. WO;,7*72
NiO,** V,0577¢ and MoO3"*7" are such p-type like metal oxides
with respect to P3HT. Shrotriya er al” demonstrated that
thermally evaporated transition metal oxides have the potential
to replace Pedot:PSS. They studied different layer thicknesses of
V,05 and MoOj; and compared results of OPV devices without
and with Pedot:PSS as p-type interfacial layer (Table 2).

A clear improvement in Jsc, Voc, FF and PCE is observed for
all investigated metal oxide layer thicknesses compared to OPV
devices without p-type interfacial layer (ITO only). Thin layers of
metal oxide (Inm) do not cover the entire electrode; too thick

O T T T T T T T T
p-type like active  n-type
-14 metal oxides layer ~ metal oxides]
2 |
3
2 3 i
=
(=]
‘ﬁ -4 _ I ]
5
T 5] mmmm i
A
$ 6] i
-7 1 A

PEDOT V,0, WO, MoO, P3HT PCBM TiO, ZnO,

Fig. 11 Energy level diagram of p-type and n-type metal oxides incor-
porated in OPVs. As references Pedot:PSS, P3HT and PCBM are added.
Values are taken from the references given in sections 3.2.1.1 and 3.2.1.2.

metal oxide layers reduce the Jsc and FF due to the serial resis-
tance of the interfacial oxide. Excellent results are achieved for
the optimized layer thickness of V,05 (3nm) and MoOs (5 nm).”®
This has been reported for the normal as well as for the inverted
structure by various groups.”7”7® Moreover, it was shown that
stacking of Pedot:PSS with a metal oxide may further improve
the device performance.”

3.2.1.2 n-Type materials. TiOx3°%808  and
ZnOx""#87 are well investigated n-type interfacial layers for
OPYV devices. These materials are transparent in the visible light
spectrum but absorb ultraviolet (UV) light. The layer thickness
of the interfacial layer is tunable without absorption losses in the
visible (VIS) light and thus can additionally act as optical
spacer.*”*

Fig. 12 illustrates the J-V characteristics of inverted OPV cells
with electrodeposited amorphous (TiOx) or anatase (TiO,) tita-
nium oxide as n-type interfacial layers with and without UV light
irradiation. Without UV light irradiation (<440 nm) the PCE of
the OPV cell is drastically reduced compared to an OPV cell with

inorganic

Table 2 Device operation parameters for devices with different types of
anodes fabricated in this study. Adapted with permission from ref. 73.
Copyright 2006 American Institute of Physics

Anode Isc/mA cm™2 Voc/V  FF (%) PCE (%)
ITO only 7.82 0.49 51.1 1.96
ITO/PEDOT:PSS (25 nm) 8.95 0.59 59.6 3.18
ITO/V,05 (1 nm) 8.86 0.59 47.5 2.48
ITO/V,05 (3 nm) 8.83 0.59 59.1 3.10
ITO/V,0s (5 nm) 8.54 0.59 57.2 2.88
ITO/V,05 (10 nm) 8.16 0.59 57.9 2.79
ITO/MoO; (1 nm) 8.75 0.53 4.3 1.98
ITO/MoOs (3 nm) 8.86 059 583 3.06
ITO/MoOs (5 nm) 8.94 0.60 61.9 3.33
ITO/MoO; (10 nm) 8.73 0.60 59.8 3.13
ITO/Mo00O; (20 nm) 8.19 0.58 59.9 2.86
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Fig. 12 Photo I-V curves of the FTO/amorphous TiOx/P3HT:PCBM/
PEDOT:PSS/Au and FTO/anatase TiO»/P3HT:PCBM/PEDOT:PSS/Au
type solar cells under light irradiation of AM 1.5 100 mW cm~2 with and
without UV light filter (440 nm). Adapted with permission from ref. 88.
Copyright 2008 Elsevier.

UV light irradiation. The PCE with and without UV light irra-
diation depends on the type of TiOx, amorphous or anatase
TiOx. With UV light irradiation the PCE improves to 2.13% for
the amorphous TiOx and to 2.48% for the anatase TiO, which
might be caused by a difference in carrier density.*®

The design of 3-dimensional structures of metal oxides is
another approach to improve the PCE and many groups
compare 2-dimensional ZnO layers with 3-dimensional nano-
structures.®*"® The increased interface acceptor/interfacial layer
improves the electron transport and is expected to allow for
thicker active layers.**

Mor et al. presented a vertically oriented TiO, nanotube film
with P3HT:PCBM infiltrated into the nanotubes as illustrated in
Fig. 13. PCEs as high as 4.1% were reported in the inverted
structure.”

PEDOT:PSS

1o,
/ nanotubes

__—"P3HT chains

.+ PCBM

TiO, barrier

FTO coated glass I layer

N Fa

U U ﬁ umination

Fig. 13 Illustration showing the device configuration, materials used,
and the direction of illumination. Adapted with permission from ref. 95.
Copyright 2007 American Institute of Physics.

Another approach for improved PCE is doping of the metal
oxide. It was demonstrated that Li,O doping of TiO, improves
the conductivity up to 2 orders of magnitude.’® OPV devices with
Cs doped TiO, nanocrystals result in a PCE of up to 4.2%, which
is one of the highest reported efficiencies for inverted OPV cells
based on P3HT:PCBM as active layer to date.”

3.2.2 Organic layers. Organic semiconducting layers can be
distinguished into polymers and small molecules. Small mole-
cules typically are thermally evaporated, while polymers are
solution processed. Solution processing of organic interfacial
layers is attractive for cheap and fast roll-to-roll processing.
Vacuum steps can be avoided but the downside is that orthog-
onal solvent systems®® or cross-linkable polymers have to be used
to allow stacking of the individual solution processed layers. p-
Type interface materials are hole transport materials which can
additionally be p-doped, n-type materials are electron transport
materials®® which can additionally be n-doped. Small molecules
have the advantage that the matrix material and the dopant can
be co-evaporated. A good review on doping of organic materials
for OLEDs and small molecule OPV was done by Walzer ef al.**
and shall not be discussed in detail in this review.

3.2.2.1 p-Type organic materials. Pedot (poly(3,4-ethyl-
enedioxythiophene)) is widely used as a solution processed p-type
interfacial layer and transparent electrode material in organic
electronics. Usually Pedot is doped with PSS (poly(styrene
sulfonate)) for improved conductivity and solubility in protic
solvents.'*1° The purpose of the incorporation of Pedot:PSS as
p-type interfacial layer is explained in terms of:

- improved selectivity of the anode

- improved smoothness and coverage of e.g. ITO peaks

- modified work function of the transparent electrode

Comparable device performances were obtained with alter-
native organic p-type interfacial layers such as sulfonated
poly(diphenylamine),'*>% polyaniline (PANT)!71% and poly-
aniline-poly(styrene sulfonate) (PANI-PSS).2%?

Fig. 14 summarizes device parameters (Jsc, Voc, FF and
PCE) of OPV devices in the normal structure without p-type
like interfacial layer and with Pedot:PSS in different thicknesses.
All device parameters show a clear improvement when
Pedot:PSS is used. Because of good transparency and conduc-
tivity the device performance is insensitive to the layer thickness
of Pedot:PSS.1°

Improvements in conductivity of Pedot:PSS reduce losses in
the serial resistance which in turn results in increased PCE. This
makes the material even more suitable as a transparent electrode
material and, results in better performance. For example,
mannitol p-dopes Pedot:PSS and improves the conductivity and
the performance of OPV devices. An increase in device perfor-
mance from 4.5% to 5.2% was reported.! Additives for
Pedot:PSS which improve the conductivity include high-dielec-
tric solvents such as dimethyl sulfoxide and N,N-dime-
thylformamide, or polar compounds such as glycerol, ethylene
glycol, polyalcohols and sorbitol.'**'** The origin of the
improvement in PCE and conductivity is mainly explained with
morphological changes. Highly conductive Pedot:PSS which
additionally is supported with a metal grid was demonstrated as
a transparent electrode in OPV devices.!?*12¢

This journal is © The Royal Society of Chemistry 2010
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Fig. 14 Jsc (filled squares), Voc (open circles), FF (filled upward trian-
gles), and PCE (open downward triangles) as a function of PEDOT:PSS
layer thickness. Adapted with permission from ref. 110. Copyright 2008
Elsevier.

A major disadvantage of Pedot:PSS is its intrinsic acidity
which can cause degradation within the OPV stack. Jong et al
studied the interface of Pedot:PSS and ITO by Rutherford
backscattering and found that Pedot:PSS etches ITO. Annealing
and storage of the sample in air does increase the concentration
of indium within Pedot:PSS.'?” A detailed description of other
degradation mechanisms is given elsewhere, 28130

3.2.2.2 n-Type organic materials. Little was reported on
OPVs with n-type doped organic layers. On the other hand,
organic n-type materials are very popular within the OLED
community and also within the small molecule OPV community.
In this review we will highlight only a few materials and other-
wise refer to the excellent review by Walzer et al.'® which also
includes the n-type doping of organic layers by alkali metals.

Bathophenanthroline (BPhen)!?! and bathocuproine (BCP)
are good electron transport layers and good hole blocking
materials.>%-58132.133 BCP additionally acts as an exciton blocking
layer.>®*® Approaches to n-dope organic materials make use of
cationic dyes such as Rhodamine B, Pyronin B, Acridine Orange
Base and Leuko Kristall Violett.'** 137 The feasibility of such
materials has already been demonstrated for OPV cells.'**13 The
doping of organic materials by metals, e.g. the doping of BPhen
by ytterbium (Yb), was successfully demonstrated in OPV
devices.'*?

Chan et al reported on n-doping of Cg with deca-
methylcobaltocene (CoCp,) in OPV devices'*! and Fig. 15 shows
the impact of a doped Cg interface layer. FF and Isc could be
clearly improved due to the doping of the near contact region.

3.3 Dipole layers

The modification of the work function of the electrode by dipole
layers is an elegant alternative way to generate the required
interface and to form an Ohmic contact. The surface treatment of
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Fig. 15 Current density vs. voltage (J-V) characteristics of the diodes
under 1 sun illumination. Inset illustrates device structures in this study.
“Undoped” data correspond to structure (a) (ITO/phthalocyanine(-
CuPc)/Cgo/Ag). “Doped” data are representative of (b) and (c). Herein
Ceo 1s doped by CoCp,. Adapted with permission from ref. 141. Copy-
right 2009 American Institute of Physics.

electrode materials by dipole layers can result in a modified
electrode work function through surface dipole formation.
Fig. 16 illustrates the simplest case of acid and base treatment of
the electrode material. The arrangement of molecules and
charges results in a shift of the respective work function. Acidic
treatment leads to protonation of the ITO surface and an inter-
facial dipole pointing away from the electrode is formed with the
anions, leading to an increase of the work function of the elec-
trode. Basic treatment forms an interfacial dipole which points
towards the electrode and the work function is reduced. Large
counterions result in a larger surface dipole and thus shift the
work function more effectively.'*?

Photoelectron spectroscopy was used to quantify the influence
of various acid and base treatments of the ITO surface (Fig. 17).
The work function of untreated ITO was measured at 4.4 eV and
remained unchanged when the electrodes were dipped in water
(neutral pH). Acidic treatment with nitric acid, hexa-
fluorophosphoric acid and phosphoric acid increased the work
function up to 5.1 eV, basic treatment with sodium hydroxide
and tetrabutylammonium hydroxide decreased the work func-
tion by 0.2 and 0.5 eV, respectively.

3.3.1 Self-assembled monolayers (SAMs). The modification
of the electrode work function in OPV devices to adjust the
barrier height between two layers by SAMs, ie. active layer/
interfacial layer/electrode, was successfully reported in several
publications.'>'*7 The strength and direction of the dipole
determine the resulting work function of the SAM modified
substrate and the interface. An adjusted barrier results in
improved device performance, a non-adjusted barrier in
decreased device performance. Several groups investigated the
impact of a variety of SAMs to the work function of the

2508 | J. Mater. Chem., 2010, 20, 2499-2512
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electrodes, the interface electrode/interfacial layer and interfacial
layer/active layer as well as the resulting device performance.

The modification of the work function of ITO by 4-chlor-
obenzoylchloride (CBC), 4-chlorobenzenesulfonyl chloride
(CBS) and 4-chlorophenyldichlorophosphate (CBP)'** as well as
with SAMs with a terminal group of -NH,, -CH3; and —CF;'*
results in improved device performance. The metal/SAM/ZnO
interface was modified with lauric acid, mercaptoundecanoic
acid and perfluorotetradecanoic acid.'** Similarly, the interface
between TiOx and P3HT:PCBM was modified with lauric acid,
benzoic acid, terthiophene and Cg, substituted benzoic acid.!*

Yip et al™ modified the interface ZnO/metal electrode by
a series of para-substituted benzoic acid (BA-X) SAMs with
negative (-OCHj3, -CH3, —H) and positive (-SH, —CF3, -CN)
dipoles. The gas-phase dipole moment (D) of BA-X is -OCH3
(-39D)<-CH3(-29D)<-H(-2.0D)<-SH (1.5 D) < -CF;
(2.1 D) < -CN (3.7 D). Table 3 summarizes results for the device
structure ITO/Pedot:PSS/P3HT:PCBM/ZnO/BA-X/Al.

SAMs with a positive dipole moment increase the barrier
height between ZnO and Al resulting in a decrease in device
performance. SAMs with a negative dipole show a positive effect
to the device performance and the PCE increases from 3.16% for
—/ZnO/Al to 4.21% for —/ZnO/BA-OCH3/Al. The device
performance correlates with the strength of the dipole and the
one with the highest dipole has the best performance. The
authors present successfully that the right choice of SAMs
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Fig. 17 He I UPS spectrum of ITO taken with 25.000 V bias applied to
the sample. The inelastic cutoff part of the electron energy distribution
curve is shown. Different surface treatments as well as the corresponding
work functions are indicated in the graph. Adapted with permission from
ref. 142. Copyright 1999, American Institute of Physics.

Table 3 Summary of device performance of polymer solar cells with
different benzoic-acid-based molecules modified ZnO/Al cathodes.
Adapted with permission from ref. 147. Copyright 2008, Wiley VCH

Voc/ Jsc/ PCE Rp Rs
Cathode configuration V mA cm? FF [%] [Qcm?] [Qcm?]

ZnO/BA-OCHj5/Al 0.65 11.61 0.55 4.21 648.8 1.5
ZnO/BA-CH4/Al 0.64 11.63 0.49 3.63 438.0 2.1
ZnO/BA-H/Al 0.64 11.46 0.48 3.48 5833 2.2
ZnO/Al 0.6 11.29 0.47 3.16 3925 3.1
ZnO/BA-SH/Al 0.45 10.44 042 195 1847 133
ZnO/BA-CF;/Al 0.3 8.97 031 0.84 64.1 242
ZnO/BA-CN/Al 0.27 8.15 028 0.62 472 144

improves the device performance and makes varying metal
electrode materials suitable for OPV.'"’

3.3.2 Salts. The most prominent approaches for improving
the device performance of OPV cells make use of the salts LiF
and Cs,COj;. Especially for LiF two possible origins of the
improvement in PCE are under discussion: doping of the
acceptor material by Li and modification of the work function of
the electrode through dipole formation.'##-153

For the normal structure a prominent cathode is a combina-
tion of LiF and Al, both of which are thermally evaporated on
top of the active layer. The incorporation of a 0.6 nm thick LiF
layer between the active layer and the Al electrode does improve

This journal is © The Royal Society of Chemistry 2010
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the FF from 53% to 63% and Voc from 0.76V to 0.83V for
a MDMO-PPV/PCBM solar cell. Even LiF/Au can act as
cathode despite the high work function of Au of 5.1 eV.»*® LiF
was first applied in OLEDs in the structure tris(8-hydroxy-
quinoline)aluminium (Alqz)/LiF/Al It was suggested that the
decomposition of LiF leads to chemical doping of Alqs by Li."**
Li* ions diffuse into and dope the organic layer. On the one hand
this effect is favorable since it allows doping of the active layer by
placing the dopant on top of the active layer. On the other hand
the diffusing dopant limits the lifetime.s> Cs, also a dopant for
organic materials, has a lower diffusivity than Li and promises
a higher lifetime."*® Similar results are reported for doping of
bathophenanthroline (BPhen) and BCP.'*%157

Cs,CO3 is an example of a solution deposited salt. The work
functions of ITO coated with different salts are depicted in
Fig. 18 and decreases from ITO to ITO/CS,COs. Voc and Isc
increases with the reduction of the work function of the cathode.
Voc increases from 0.2 V to 0.56 V and Isc from 7.01 mA cm 2 to
9.7 mA cm~? when applying a Cs,COs layer on ITO. Fig. 18(b)
schematically presents the O—Cs dipole formed which results in
a reduction of the work function of the coated ITO.'®

This trend holds when reducing the work function of ITO/
CS,CO; further from 3.45 eV to 3.06 eV by an annealing step at
150 °C. The reduced work function results in an improvement in
PCE from 2.31% to 4.19%. Voc is improved from 0.55 V to
0.59 V, Jsc from 7.61 mA cm2 to 11.13 mA cm? and the FF
from 55 to 64%.'%°

4 Summary

In conclusion we discussed the impact of interfacial layers on the
performance of organic solar cells and reviewed a wide range of
materials applied for OPV. We distinguished between metallic,
organic, inorganic, semiconducting, n-type and p-type interfacial

layers and reviewed the most prominent ones. For the develop-
ment of future OPV structures with increased PCE and lifetime,
the right choice of interface materials will be essential. Many
groups demonstrated that improved interfaces are essential for
optimized PCE. An excellent interface material is not only
characterized by the resulting PCE of the device, but also by the
degradation of the interfacial layer itself and the degradation in
combination with the other materials of the OPV cell. The
optimization of both PCE and lifetime will further improve the
potential and attractiveness of OPV. The optimum choice of
interface materials is a key factor for highly efficient and stable
OPV devices.
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