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Roles of Interlayers in Efficient Organic

Photovoltaic Devices?

Jong Hyeok Park, Tae-Woo Lee, Byung-Doo Chin, Dong Hwan Wang,

O Ok Park*

This review discusses interfacial layers in organic photovoltaic devices. The first part of the
review focuses on the hole extraction layer, which is located between a positive electrode and
an organic photoactive material. Strategies to improve hole extraction from the photoactive
layer include incorporation of several different types of hole extraction layers, such as
conductive polymeric materials, self-assembled molecules and metal oxides, as well as surface
treatment of the positive electrodes and the con-

ductive polymeric layers. In the second part, we
review recent research on interlayers that are
located between a negative electrode and a photo-
active layer to efficiently extract electrons from
the active layer. These materials include titanium

Interlayer
(Electron extraction)

Interlayer

( (Hole extraction)

oxides, metal fluorides and other organic layers.

Introduction

Developing high performance organic photovoltaic devices
(OPVs) as sources of sustainable energy has been an
important issue in research conducted worldwide in recent
years due to the low manufacturing cost of the devices and
their use in the fabrication of flexible devices. Recent
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outstanding progress in this area has been made mostly by
the production of photoactive materials with good
morphological control.*~”! Since the discovery of efficient
electron transfer between poly(3-hexyl thiophene) (P3HT)
and [6,6]-phenyl Cg;-butyric acid methyl ester (PCBM),
along with the good bulk heterojunction morphology of
these compounds in polymer solar cells, considerable
attention has been directed toward increasing the power
conversion efficiency and long term stability of such
systems.[715]

Electricity generation from OPVs is accomplished via
several steps. Strongly bounded hole and electron pairs,
called photo-generated excitons, which are generated by
the incident light, split from each other at the interface
between the donor and acceptor. The electrons are accepted
by materials with a higher electron affinity, and the holes
are accepted by materials with alower ionization potential.
Then, the generated electrons and holes are transported
through the p-type material and n-type material phases,
respectively, toward both electrodes, resulting in an
external photocurrent flow. Thus, the overall power
conversion efficiency of organic solar cells depends on
the combination of the following steps: 1) exciton
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generation after absorbing incident solar light; 2) dissocia-
tion of the electron-hole pairs at the p-n interface; 3) the
transport of electrons and holes to both electrodes;
4) the collection of charges at the electrodes. As a result,
the photocurrent does not depend solely on the photo-
generation and transport properties of the electrons and
holes, but also depends on the interface between the active
layer and electrodes. The first three steps are strongly
dependent on the nature of the materials used and the
morphology of the active materials in the bulk-hetero
junction (BHJ). The blend morphology can be controlled by
the overall processing conditions, including the dissolving
solvent,[**7#! thermal annealing,®*°?”! solvent annealing
[721] and incorporation of additives.[*4#?272”] Furthermore,
efficient organic photovoltaic devices with a donor-
acceptor concentration graded photoactive layer prepared
through a spin-coating process?®) or a stamping transfer
techniquel®* have been reported. In particular, devices with
concentration graded active layers can be easily fabricated
through a spin-coating process by applying a new solvent
that can swell just the bottom layer.*%

The last feature underlying high efficiency OPVs is
inserting an interlayer between the active layer and the
indium tin oxide (ITO) substrate or the active layer and the
metal electrode.**~3" Considering the recent progress with
organic light-emitting diodes (OLEDs), the interlayers in
terms of device efficiency and lifetime are extremely
important.*®~**! Although interlayers are not active layers
involved inthe light emission process, they canimprove the
electroluminescence efficiency several times by several
orders of magnitude.***] The same approaches can be
applicable to OPVs as well. Until now, state-of-the art OPVs
have demonstrated a power conversion efficiency as high as
7.4%.1%°1If one can increase the extraction efficiency of holes
and electrons generated from the active layer slightly, OPVs
may be intensively developed towards commercialization.
Even though research on interlayers in OPVs has not yet
been fully completed, the number of papers has gradually
increased recently. The surface energy of the hole extraction
layer on the ITO anode will be important because it can
control the chain ordering of the polymeric photoactive
layer, which is crucial for charge transport and extraction
from the photoactive layer in the devices.*®*”! Therefore,
the interfacial layer located between the active layer and
the anode in OPVs is important in terms of hole extraction,
as well as control of the morphology of the photoactive
layer in OPVs. Secondly, interlayers between the active
layer and the cathode can serve a number of functions,
including protecting active layers from damage during
metal evaporation and thereby eliminating exciton
quenching at the interface.“®! Moreover, some interlayers
at the negative electrode can transfer electrons more
efficiently and block the movement of holes from the active
layer to the cathode.!4%%
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Although the local vacuum reference energy level is
assumed constant at eachinterface in the organicelectronic
devices, interface dipoles at organic-metal and organic-
organic interfaces are often formed to shift the vacuum
levels.[®*™%! Interlayers both at the positive and negative
electrodes can also influence the energy level alignment at
the organic-organic and organic-electrode interfaces.[** 3!
For example, the introduction of molecular dipole layers
(e.g., self-assembled monolayers) at organic-electrode

DOI: 10.1002/marc.201000310



Roles of Interlayers in Efficient Organic Photovoltaic Devices

interfaces can tune the effective workfunction of the
transparent conducting oxides and metals.*># Since most
of interlayers can control the effective work function of
both the electrodes, the charge extraction from the organic
photoactive layers to the electrodes can be effectively
controlled.®>**) In this work, we review recent progress
resulting from including interlayers in OPVs.

Interfacial Layers for Efficient Hole
Extraction in OPVs

It has been demonstrated that control of the hole and
electron extraction in OPVs by modifying the interface
between the anode and the active layer plays an important
role in improving the device efficiency.*~>¢! However, to
date, studies on hole extraction layers relative to the
electron extraction layer in OPVs have not been conducted
actively and are limited. Although introduction of some
surface treatments and interfacial dipole layers at the
positive electrode have been conducted to improve the
device efficiencies,*>*”) only a few papers on new
hole extraction layers have been published recently.[*%3¢]
Reviewing the history of the development of OLEDs, the role
of hole injection and the buffer layer are very crucial for
efficient hole injection, recombination and prolonged
device lifetime. Therefore, research along these lines will
become much more important as the development of OPVs
progresses.

Polymeric Hole Extraction Layers to Improve Hole
Extraction

Modification of the interface between the anode and the
activelayer has been performed mostly toreduce the charge
injection/extraction barrier in OLEDs and OPVs. Poly(3,4-
ethylenedioxythiophene):poly(styrenesulfonate) (PEDOT:
PSS) is a well known conducting polymer that has often
been used for the anode buffer and hole extraction layer in
OPVs, as well as the hole injection layer in OLEDs. The usual
work function of conventional PEDOT:PSS (Baytron PH or
Baytron P VP AI4083, H. C. Starck) ranges from 5.0 to 5.2 eV.
Since the work function of the PEDOT:PSS films lies between
the work function of ITO (~4.8eV) and the ionization
potentials (IPs) of the donor polymers (~5.2-5.5 eV), the film
can facilitate hole extraction from the photoactive layer. In
the case in which the IP of the donor polymer is much higher
than the work function of PEDOT:PSS (IP>5.2eV), it is
necessary to tune the surface work function of PEDOT:PSS.
Recent reports demonstrate that the surface work function
can be tuned by controlling the surface layer compositions
in the PEDOT:PSS films. Figure 1 shows that the surface
work function of the PEDOT:PSS film is clearly dependent on
the ratio of PSS to PEDOT at the surface. Lee et al. found that
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Figure 1. The effects of the ratio of PSS to PEDOT at the film
surface on the film work function and the current efficiency of
polymer light-emitting diodes using a green-emitting polyfluor-
ene derivative as the emitting layer. Reprinted with permission
from ref.44l ® 2009 Wiley-VCH.

the work function of PEDOT:PSS can be increased up to
5.44 eV.[*4 The current efficiency in polymer light-emitting
diodes using a green emitting polyfluorene derivative asthe
emittinglayeris alsodependent ontheratio of PSS to PEDOT
atthesurface. Similarly, work function tuning of PEDOT:PSS
is expected to be employed to improve the power
conversion efficiency of OPV devices.

Li et al. incorporated a hole extraction layer, sulfonated
poly(diphenylamine) (SPDPA) instead of PEDOT:PSS, in
polymer photovoltaic cells.**) The SPDPA showed a slightly
higher work function (5.24eV) compared to PEDOT:PSS
(5.07 eV), which made the hole extraction favorable in the
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devices.l*® In addition, a 10 nm thick SPDPA film improved
the crystallinity of poly(3-hexylthiophene) (P3HT) and thus
the hole mobility was enhanced. As a result, the hole
extraction was enhanced, improving the power conversion
efficiency. This example shows how hole extraction layers
can improve the power conversion efficiency by reducing
the hole extraction barriers and improving the hole
mobility of the photoactive layers. A thin fluoropolymer
layer of polytetrafluoroethylene (PTFE) was also employed
as the hole extraction buffer layer in polymer photovoltaic
cells by Kang et al®?! The 1~5nm thick PTFE forms an
artificial dipole layer resulting from the rich, negatively
charged fluorine that facilitates the hole extraction process.
However, the authors did not report the surface energy in
the paper. Since PTFE containing fluorocarbons usually
have very low surface energies (19 mN-m™?), the layer
could affect the morphology of the photoactive layers.

As described above, the hole extraction layer should be
designed to have alow hole extraction barrier and to induce
enhanced crystallinity of the photoactive layer. In this
regard, PEDOT:PSS can be modified to have a higher work
function and lower surface energy in films, as reported
elsewhere [*”] Lee et al. reported that incorporation of a
perfluorinated ionomer (PFI) in the PEDOT/PSS film can
improve the surface work function of spin-cast films, whose
work function was greatly increased from 5.20 eV to 5.5 eV
by varying the PFI concentration in the film.[**! Since the
layer contains fluorinated carbons, the surface energy of the
films will be quite low (=~ 20 mN - m™*), which gives risetoa
large surface energy contrast between the hole extraction
layer and the photoactive layer, based on P3HT (26.9
mN-m%):**) PCBM (38.2 mN - m~%).*¢! This arrangement
can provide favorable morphology for charge transport via
slow drying, solvent annealing or thermal annealing.

Self-assembled Molecules for Surface Treatment of
Indium Tin Oxides

The interface between the organic active layers and the
anode is important to achieve efficient hole extraction in
OPVs. There have been several different surface treatment
methods for tuning the effective work function of indium
tin oxide (ITO), including the formation of self-assembled
dipolar molecules,*>*7°7) deposition of metal oxide
layers, 123345859 various gas plasma treatments®® and
UV ozone treatment.[°°] Among them, the formation of self-
assembled monolayers (SAMs) on ITO is a well-known
approach to control the effective work function in organic
light-emitting diodes by shifting the vacuum level.”]
Modification with electronegative molecules can shift the
local vacuum level to increase the effective work function,
whereas modification with electron-donating molecules
lowers the effective work function.*>4”57) Kim et al.
reported that by using SAMs with terminal groups of
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—NH,, —CH; and —CF3, the hole extraction barrier from the
P3HT:PCBM blend to ITO can be controlled.*”! Since
fluorinated molecules can increase the work function of
the ITO, a solar cell device with CF; SAM-treated ITO was
found to exhibit the highest power conversion effi-
ciency.[*” Sharma et al. recently reported the work function
tuning of ITO using pentafluorobenzyl phosphonic acid
(F5BPA) and 3,3,4,4,5,5,6,6,7,7,8,8,8-tridecafluorooctylpho-
sphonic acid (FOPA) surface modifiers.**! The use of FSBPA
increased the work function to a value of 4.90eV, 0.4eV
higher than the unmodified ITO. When FOPA was used, the
work function increased further to 5.3 eV. However, when
the authors deposited pentacene as the donor on top of the
ITO, the device power conversion efficiency was not
dependent on the work function. The ionization potential
(IP) of pentacene is 4.9eV, which is close to the work
function of unmodified ITO (~4.8 eV). Lack of an effect on
device efficiency is attributed to Fermi level pinning at the
ITO/pentacene interface. Therefore, incorporation of a
donor material with an IP greater than the work function
of ITO is necessary to observe the ITO modification effect on
hole extraction from the photoactive layer. Khodabakhsh
et al. reported that improved hole extraction in OPVs using
copper phthalocyanine (CuPc, IP=5.2 eV) as a donor layer
was achieved using self-assembled dipole molecules, such
as 4-chlorobenzoylchloride (CBC), 4-chlorobenzenesulfonyl
chloride (CBS) and 4-chlorophenyldichlorophosphate
(CBP).!°Y! The improvement was attributed to the lowered
hole extraction barrier between ITO and CuPc due to the
increased work function of the anode, as well as the
improved compatibility of the SAM-modified electrodes
with the subsequently deposited organic layers.[6%]
Surface treatment of the substrates using self-assembled
molecules can also control the phase segregated morphol-
ogy of the photoactive polymer blend which is also another
important aspect of the molecular interlayer to improve
device efficiency. The BHJ structure, organized by an
efficient interpenetrating donor-acceptor morphology,
has been introduced to overcome the low charge carrier
mobility of organic materials and the high possibility of
recombination, resulting in an increase of the photocurrent
density of OPV devices. Generally, OPV devices with a
bilayer structure demonstrate a much lower power
conversion efficiency, because most of the charge genera-
tion and separation occurs only at the interface between
two layers with different electron and hole affinities.
However, a bilayer device could be more effective to
transport the separated holes and electrons at the interface
to the electrodes with a much lower possibility of electron-
hole recombination compared to the BHJ. One can expect
that the gradient morphology may show several positive
effects on the cell performance because this concentration
graded phase separation morphology will induce not only
an charge separation similar to BHJ, but it may also provide

DOI: 10.1002/marc.201000310



Roles of Interlayers in Efficient Organic Photovoltaic Devices

an effective charge transport pathway in the active layer
and thus efficient charge collection at the electrodes similar
tothebilayer structure. Generally, polymer blends arelikely
to phase separate when cast from a mixed solution due to
the low entropy of mixing. Yang Yang’s group investigated
the top and bottom surfaces of the polymer active layer and
revealed aninhomogeneous concentration of the donor and
acceptor materials inside the P3HT/PCBM film.[°? Recently,
several groups reported that vertical segregation of the
active layer inthe P3HT:PCBM blend depends on the surface
properties of the substrate.[®* The specific interlayer affects
the vertical phase separation behavior. For example, film
prepared on a quartz substrate showed a concentration
gradient varying from PCBM-rich near the substrate side to
P3HT-rich near the air surface. In contrast, when the quartz
surface was modified by hydrophobic SAM (hexamethyl-
disilazane), the vertical segregation direction was reversed,
with P3HT accumulating in the bottom part and PCBM
segregation occurring at the air surface. Chen et al. also
reported a method for controlling the submicron scale
phase separation of P3HT and PCBM in OPVs. When using
the microcontact printing method to fabricate patterned
3-aminopropyltriethoxysilane on a PEDOT:PSS layer, an
interdigitated structure vertically aligned to the substrate
surface was achieved after spontaneous surface directed
phase separation.®? The hole mobility increased as a
consequence of improved polymer chain ordering, resulting
in a higher device efficiency.

UV Ozone Treatment Effects

UV ozone treatment has been applied to improve the work
function of ITO and PEDOT:PSS.[°%5-%8] Eyen following UV
ozone treatment on ITO, it is arguable whether the anode
surface treatment is effective for hole extraction in the
OPVs. Hong et al. reported that, although various gas
plasma and UV ozone treatments on ITO affected both the
surface energy and work function of the ITO substrates, the
series and shunt resistances of the OPV cells did not change
significantly.[® Therefore, the authors concluded that
surface treatment of ITO did not make a significant impact
on the device performance.[Go] However, these treatments
have been very effective for organic light-emitting diodes
because they can alter the hole injection barrier for efficient
hole injection.[®®®! The current flow of the OPV is opposite
to that of OLEDs at the ITO/organic contact. It is still
important to investigate the hole extraction mechanism at
the interface and how the hole extraction will be different
from the hole injection at the interface.

The workfunction of PEDOT:PSS increased after UV ozone
treatment was applied to PEDOT:PSS films.[°®! However, the
hole injection barrier to N,N'-diphenyl-N,N'-bis-(1-
naphthyl)-1-1'-biphenyl-4,4’-diamine(a-NPD)  increased,
resulting in a lower current density in hole-only devices.®!
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Figure 2. The work function of the PEDOT:PSS layer as a function
of the UV irradiation time. The inset shows a diagram of the
proposed energy level demonstrating the change of the work
function of PEDOT:PSS before and after UV irradiation. Reprinted
with permission from ref.7 © 2009 Elsevier B.V.

The apparent increase in the work function of UV ozone-
treated PEDOT:PSS is attributed to a metastable surface
dipole resulting from the UV ozone treatment.[®®! In
contrast, Benor et al. reported that the UV ozone treatment
decreases the work function of PEDOT:PSS and that the
charge balance in OLED devices was enhanced, which
resulted in a greatly improved device -efficiency.l®®!
Recently, Lee et al. reported that UV irradiation on
PEDOT:PSS increased the work function of the film, as
shown in Figure 2, which was measured by the Kelvin probe
method.*”! They revealed that the work function can be
improved by 0.25 eV after UV irradiation for 1 h.”) When
they used the UV irradiated PEDOT:PSS films as a hole
extraction layer, the OPVs showed a greatly improved
power conversion efficiency which increased from 3.05 to
3.50%, as shown in Figure 3. This improvement was
attributed to the lower series resistance of the devices.
The increase of the short circuit current, shown in Figure 3,
indicates that the hole extraction from the photoactive
layer is enhanced due to the increased work function of the
PEDOT:PSS films.

Metal Oxides as an Interfacial Layer for Better Hole
Extraction

Metal oxides, such as V,0s, MoOs and NiO, as opposed to
PEDOT:PSS, have been exploited as interfacial hole extrac-
tion layers between the positive electrode and the
photoactive layer in OPVs.®>°869-7% ghrotriya et al
reported the use of the transition metal oxides V,0s and
MoO; as efficient interfacial buffer layers in polymer
photovoltaic cells. Devices with an oxide interfacial layer
showed performances similar to or better than devices with
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Figure 3. Current-voltage characteristics of PVs with different UV
irradiation times on PEDOT:PSS films: pristine PEDOT:PSS (H);
with 20 min UV irradiation ([J); with 40 min irradiation (A); with
60 min UV irradiation (A). Reprinted with permission from ref.[7
© 2009 Elsevier B.V.

a PEDOT:PSS layer.®) A P3HT:PCBM photovoltaic device
with a 5 nm thick MoOs film as the interfacial buffer layer
showed the highest power conversion efficiency of 3.3%,
which was slightly greater than that of the OPV device with
a PEDO:PSS layer (3.18%).1°”) More recently, Kim et al.
reported that both vacuum deposited small molecule and
solution processed polymer photovoltaic cells with a 10 nm
thick MoOs interfacial layer showed more pronounced
improvements of the power conversion efficiency com-
pared to devices with a PEDOT:PSS buffer layer.**! The
significant improvement of power conversion efficiency
was ascribed to an increase of the fill factor and a reduction
in the series resistance.**! Although the power conversion
efficiency of the P3HT:PCBM device with the MoOs
interfacial layer (3.3%) was improved relative to that of
the device with the PEODT:PSS layer (2.8%), it is still not the
highest value ever observed. Irwin et al. reported a high
power conversion efficiency (5.16%) in OPV devices based
on a P3HT:PCBM photoactive layer by employing p-type
semiconducting nickel oxide (NiO) as an interfacial layer.[ss]
The NiO layer improves the V,. and the fill factor greatly by
suppressing OPV interfacial losses and their adverse effects
on V,. and the fill factor. This interfacial layer approach can
beused toimprove hole extraction at the interface between
ITO and the polymer active layer.*®! Yoon et al. reported an
improved efficiency of up to 4.8% with a high fill factor of
63% for P3HT:PCBM bulk heterojunction photovoltaic
devices using ITO positive electrode surface modified via
plasma oxidized silver (AgO,).*® The short circuit current
density of P3HT:PCBM devices using the AgO, layer was
enhanced without significant losses in the V,. (0.6 V) or the
fill factor (63%), leading to an efficiency improvement from
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4.4% in the control devices to 4.8% for the surface-modified
ITO anode*® The enhanced short circuit density is
attributed to an interface energy step between the ITO
and the PEDOT:PSS. The introduction of an interface energy
step could alter the hole extraction efficiency, resulting in
an improved overall efficiency in OPV devices. The oxide
layers mentioned above can play important roles in
preventing unwanted chemical reactions between the
ITO and the active layer. Thelack of reactions is be beneficial
to improve the device stability.*®! The acidic nature of
PEDOT:PSS is known to etch ITO, after which In and Sn
atoms can migrate into the photoactive layer during
operation, which may shorten the device lifetime.*>7% In
this regard, the oxide interfacial layer should be studied in
depth in the near future to determine the effect of the layer
on the device degradation.

Interfacial Layers for Efficient Electron
Extraction in OPVs

As with interlayers for efficient hole extraction from the
active layer, several interlayer materials for efficient
electron extraction have been reported.[m However, most
conducting polymers do not have a comparable work
function with a metal cathode and, therefore, organic
materials cannot be adapted as interlayers in OPVs.
Recently, several research groups have focused on inter-
facial materials based oninorganicmaterials prepared from
solution processes or a thermal evaporation method. As a
result, the cell performances and stability have been greatly
improved due to the unique interlayers in OPVs.

Titanium Oxide Interfacial Layer Between the Active
Layer and the Metal Electrode

Titanium oxide (TiO,) is a popular material for use as an
electron acceptor or transport material, as confirmed by its
use in dye-sensitized solar cells”*”?! and conjugated
polymer/TiO, hybrid solar cells.”>7*! Generally, TiO,
should be treated at a high temperature of over 400 °C to
obtain crystallinity and to allow its use in either the
anatase or the rutile phase. Sintered TiO, nanoparticles
were reported to have an electron mobility of
107°~1077 em?. Vs 17877 However, it is impossible for
polymeric or organic active materials to survive at high
temperature.

Heeger's group recently used a solution-based sol-gel
process to fabricate a TiO, layer with a thickness of around
30nm on top of the active layer (Figure 4).#! The sol-gel
procedure used to produce TiO, involves the following
steps. Titanium (IV) isopropoxide (TTIP) was prepared as a
precursor and mixed with 2-methoxyethanol and ethano-
lamine in a three-necked flask equipped with a condenser, a
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Figure 4. Schematic illustration of the device structure with a
brief flow chart of the steps involved in the preparation of the
TiO, layer. The energy levels of the single components of the
photovoltaic cell are also shown. P3HT refers to poly(3-hexylthio-
phene) and PCBM represents [6,6]-phenyl C61-butyric acid methyl
ester. Reprinted with permission from ref.l’®! © 2006 Wiley-VCH.

thermometer and an argon gas inlet/outlet. Then, the
mixed solution was heated to 80 °C for 2h in a silicon oil
bath under magnetic stirring, followed by heating to 120 °C
for 1 h. The two step heating procedure (80 and 120 °C) was
then repeated. The typical TiO, precursor solution was
prepared in isopropyl alcohol..”®) Because the TiO, layer was
treated at a temperature below 100 °C, the film showed an
amorphous structure, which was confirmed by X-ray
diffraction data. They also investigated the band gap
(~3.7eV) of the synthesized TiO, material using UV
absorption data and cyclic voltammograms with which
the energies of the bottom of the conduction band and the
top of the balance band of the TiO, were defined (Figure 4).

The authors compared the incident photon-to-current
collection efficiency (IPCE) spectra of devices fabricated
with and without a TiO, interlayer (Figure 5). The IPCE is
defined as the number of photogenerated charge carriers
contributing to the photocurrent per number of incident
photons. The conventional device showed the typical
spectral response of P3HT:PCBM composites with a
maximum IPCE of ~60% at 500 nm.1”®) For the device with
the TiO, interlayer, the IPCE was substantially enhanced by
~40% over the entire excitation spectral range. The authors
explained that these unique effects originated from the
increased absorption in the bulk heterojunction layer
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Figure 5. Incident monochromatic photon-to-current collection
efficiency spectra for devices with and without the TiO, optical
spacer layer. Reprinted with permission from ref.”® © 2006
copyright Wiley-VCH.

owing to the TiO, optical spacer effect; the increased
photogeneration of charge carriers results from the spatial
redistribution of the light intensity.

More recently, Heeger’s group reported that the internal
quantum efficiency is close to 100%, which implies that all
absorbed photons result in a separated pair of electron and
hole charge carriers. In addition, all photo-generated
carriers are collected at each anode and cathode by use of
poly[N-9”-hepta-decanyl-2,7-carbazole-alt-5,5-(4',7'-di-2-
thienyl-2’,1/,3’-benzothiadiazole) (PCDTBT)/[6,6]-phenyl
Cro-butyric acid methyl ester (PC;,BM) (Figure 6).7°! The
device with the TiO, layer also demonstrated a higher IPCE
throughout the visible range, when compared to the device
without the TiO, layer, because of the higher short circuit
current of the device with the optical spacer between the
incident light and the reflected light from the interface
between aluminum and TiO,.

Yoshikawa’s group also reported similar effects of the
TiO, interlayer.®” Their TiO, layer was prepared by simply
spin coating an ethanol solution of TTIP. The TTIP was
hydrolyzed and converted into TiO, during the spin coating
process by contact with water present in the air. They
reported the thickness effects of TiO, on three important
factors and the PCE. The efficiency of cells without the TiO,
layer was in the range of 1.4% to 2.0% while the efficiency of
the cell with a 5~11nm thick TiO, layer showed a
maximum efficiency value of approximately 4%. Thicker
TiO, layers led to lower efficiencies, due to the increased
series resistance. V. and FF dramatically increased from 0.4
t0 0.6 V and from 0.5 to 0.7 V, respectively, whereas I;. only
slightly increased when thicker TiO, layers were used.

Li’s group also applied another type of Ti-based precursor,
a solution processable titanium chelate, titanium (diiso-
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Figure 6. The effects of using a TiO, layer as an optical spacer on
the device performance where the total absorption in the active
layer was measured in reflection geometry with the TiO, layer
and without the TiO, layer. The inset shows a schematic of the
device structure. Reprinted with permission from ref.l’?! © 2009
Nature Publishing Group.

propoxide) bis (2,4-pentanedionate) (TIPD), as the cathode
buffer layer in solar cells based on a blend of poly[2-
methoxy-5-(2'-ethylhexyloxy)-1,4-phenylenevinylene]
(MEH-PPV) and PCBM.®*) The TIPD layer was spin coated
from an isopropanol solution on the active layer and then
dried at 70 °C for 30 min. Figure 7 shows the ac impedance
plots for the devices at 0V in the frequency range of 10
~1MHz. The impedance plots show standard semi-circles,
which represent the general behavior of the polymer light-
emitting diodes. Li’s group proposed an equivalent circuit of
resistance and capacitance in parallel, as shown in the inset
of Figure 7. The resistance, R, can be obtained from the
diameter of the semicircle on the “Re” axis. The R of the
device without TIPD was about 19k(), while that the
resistance of the device with TIPD decreased dramatically to
10.8 k(). From the impedance results, the authors insisted
that the TIPD buffer layer reduced the interface resistance
betweenthe activelayerand Al electrode, leading to alower
deviceresistance. The PCE of the solar cell with a TIPD buffer
layer was 2.52%, which is an increase of 51.8%, when
compared to the device without the TIPD buffer layer (PCE of
1.66%) under the same experimental conditions.

Park’s group recently discovered that a TiO, interlayer
plays anotherimportantrole in devices with an Al electrode
deposited at a low vacuum pressure.®?! As shown in
Figure 8, as the vacuum pressure was increased, the
performance of the device decreased. Among the three
factors involved in the calculation of PCE, J. critically
decreased the efficiency of the devices. The J;. of the device
with the TiO, layer decreased from 9.60 mA -cm™? to 7.27
mA - cm 2. However, the efficiency of the device with the
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Figure 7. AC impedance plots of the devices with and without a
TIPD cathode buffer layer in the dark at oV. The inset shows an
equivalent RC circuit of the PSCs in the dark. Reprinted with
permission from ref.®"l © 2007 American Institute of Physics.

TiO4 layer is less dependent on the vacuum pressure during
Al deposition. From the above results, they concluded that
that interfacial effect, which is degraded by the rough
surface of the Al electrode deposited at a low vacuum
pressure, may be overcome by inserting a TiO, layer
between the active layer and the Al electrode.

While the reported cell PCEs are close to fulfilling some of
therequirements for commercial application, thelong term
stability of OPVs is still an obstacle to overcome before their
commercialization.®® In order to achieve a better device
lifetime of photovoltaic devices, attempts to create
encapsulation using organic/inorganic hybrid multilayer
barriers with a total thickness of several micrometers have
been reported with promising results. However, in most
cases such a process requires glass substrates or expensive
multilayer barrier films.®# Despite the remarkable
improvements in the long term stability obtained with
encapsulation technology, most of these devices exhibit
poor flexibility and a significantly increased fabrication
cost.

Numerous research groups have recently reported OPVs
with a TiO, interlayer between the active layer and the Al
electrode. The K. Lee and Alan J. Heeger groups reported air
stable polymer solar cells fabricated by an all solution
processing technique using a TiO, interlayer as a shielding
and scavenging layer, which prevents the intrusion of
oxygen and humidity into the electronically active poly-
mers.[* The inserted TiO, layer improves the lifetime of the
polymer-based solar cells. As can be seen in Figure 9, when
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I Figure 8. Normalized values of V,, Jsc and FF, and efficiency of the reference devices (H)
with permission from ref.®2 © 2007 American Institute of Physics.

these conventional devices were stored in ambient air, a
dramatic decrease of J;. was observed as the storage time
increased. However, the decay of the device efficiency of the
devices with a TiO, interlayer was very small, indicating
thatthe devices still function properly without catastrophic
failure.

Yoshikawa’s group also reported the positive effects of a
TiO, interlayer on the cell stability of polymer solar cells.
The J;. of the device containing a TiO layer decreased to

 ~eee, . ]
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Figure 9. Comparison of the power conversion efficiencies as a
function of storage time for polymer solar cells with and without
a TiOy layer. Note that the characteristics of the devices were
monitored with increasing storage time. Reprinted with per-
mission from ref.[49! © 2007 Wiley-VCH.
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that devices with a TiO, interlayer are not
stable when operated under high tem-
perature conditions. For thisreason, other
recently introduced devices with a TiO,
interlayerhavenotbeenannealed athigh
temperatures after coating the Ti pre-
cursor on the active layer during cell preparation.’®**2 The
explanation for this behavior was provided by Park’s group
who utilized AFM in their analysis.*° Obvious morpholo-
gical changes of the TTIP-based TiO, interlayer were
observed after annealing at high temperature, which
possibly deteriorated the interface between Al and the
active layer. Hence, they prepared a new precursor solution
for the TiO, interlayer and reported excellent long term,
high temperature stability, compared to devices with a
TTIP-based TiOy interlayer (see Figure 11). They referred to
this material as polymeric type TiO,.l°"’

Recently, the positive effects of a TiO, interlayer on cell
efficiency were confirmed by several groups. However, the
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Figure 10. Normalized short circuit current density of devices with
(closed square) and without (open square) a TiO, layer vs. illu-
mination time at AM 1.5, 100 mW -cm™ 2 Reprinted with per-
mission from ref.[®°] © 2007 American Institute of Physics.
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Figure 11. Normalized efficiencies of the devices without TiO,
interlayer, with a polymeric TiO, interlayer and with TTIP based
TiO, interlayer as a function of the storage time in air at 80 °C.
Reprinted with permission from ref.[5°! © 2009 American Chemi-
cal Society.

cell efficiency was strongly dependent on the thickness of
the TiO, interlayer. From the results obtained by Yoshika-
wa’s group, the conductivity of a 50 nm thick TiO, film was
1/5th the value of a 10 nm thick TiO, film. From the results
reported by two different groups, the optimum thickness of
the TiO, layer was between 3 and 5 nm.[5%#]

Recently, several groups have been trying to prepare an
active layer of OPVs through a stamping technique using a
UV-curable resin-coated polycarbonate (UV-PC) film, as
well as a polydimethylsiloxane (PDMS) mold.[®*! The active
layer prepared from the stamping transfer method has a
smoother surface morphology, which was confirmed by
AFM analysis. Therefore, as shown in Figure 12, stamping
the transferred flat surface of BHJ would facilitate the
formation of a more uniform thickness of the TiO,
interlayer, which can maximize the device performance.
This uniform surface morphology of the active layer
prepared from the transfer by stamping technique can
result in more positive effects when the technique is
combined with the TiO, interlayer system.

Use of Metal Fluoride Layers for the Negative
Electrode Contact in OPVs

As in OLEDs, LiF/Al is a commonly used negative electrode
in OPVs. As an interfacial layer material between the active
polymer (PCBM) and the metal cathode (Al), the thickness of
LiF is limited to less than 1nm, since thicker layers were
determined to be unfavorable for efficient electron collec-
tion. The formation of dipoles at the LiF interfacial layer was
reported, so that control of the work function of the
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PEDOT:PSS coated ITO

PEDOT:PSS coated ITO

Figure 12. (a) AFM 3D images of the spin-coated BHJ, (b) AFM 3D
images of the spin-coated BHJ with TiO, interlayer, (c) AFM 3D
images of the imprinted transferred BHJ using UV-curable resin-
coated polycarbonate film, (d) AFM 3D images of the imprinted
transferred BHJ with TiO, interlayer using UV curable resin-
coated polycarbonate film, (e) whole device sequential inner
structure of spin-coated BHJ with TiO, interlayer on the PED-
OT:PSS-coated ITO, and (f) whole device sequential inner struc-
ture of imprinted transferred BHJ with TiO, interlayer on the
PEDOT:PSS-coated ITO. Reprinted with permission from ref.!®! ©
2010 Elsevier B.V.

negative electrode contact is evident both in OLEDs and
OPVs. While the improved performance of OLEDs with LiF
has been explained by the formation of AlFs, doping of LiF
into the organic layer (dissociation of LiF) and the effect of
LUMO level alignment by the tunneling and reduction of
the gap state, the major and the role of the LiF has been
suggested to be to prevent the reaction between Al and
PCBM.[®®! Although cathode diffusion into the polymer may
not occur or atleast is not severe during thermal deposition
of aluminum on PCBM, small but non-negligible aluminum
diffusion into the active layer during annealing was
observed by SIMS .7’ However, in a different metal/organic
interface system, strong inter-diffusion of Au/diindeno-
phrylene/silicon oxide heterojunction was observed at high
temperature and a low deposition rate. The Au contact
prepared at —120°C and 23 A - min~* exhibited quite well
defined interfaces.88] Therefore, metal diffusion into the
organic layer is strongly dependent on the process
conditions (temperature and rate of deposition), and this
dependence explains the power conversion efficiency
behavior of OPVs produced with various annealing
temperatures and aluminum deposition rates. Table 1
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I Table 1. Device performance of OPV at different Al deposition rates and annealing conditions.

No annealing 120°C

150°C 180°C 200°C

2.80% 9.81 mA-cm 2
0.45 (FF) 0.62V (Vo)

Devices with 1.60% 6.75 mA-cm 2
lower rate of 0.38 (FF) 0.62 V (V)

Al deposition

Devices with 1.74% 6.60 mA -cm 2
higher rate of 0.40 (FF) 0.66V (V)

Al deposition

2.58% 9.91 mA-cm 2
0.42 (FF) 0.61V (Vo)

summarizes the power conversion efficiencies, short circuit
currents, and fill factors of OPVs with ITO/PEDOT:PSS
(35 nm)/P3HT:PCBM (1:0.6, 80nm)/LiF/Al. Devices with
lower Al deposition rates were prepared with an Al contact
of0.5A -s linthefirst 300 A of deposition, while the higher
Al deposition rate was set at 5.0 A - s~* for the entire 1 500A
deposition process. The data for devices with lower Al
deposition rates showed decreased fill factors and V.
values at higher thermal annealing temperatures.

Alinear relationship between the V,. and work function
of metals (Ca, Ag, Al and Au) has been reported.® One
earlier study[%] revealed that variation in the V. was less
than 200 mV when using Ca, Ag, Al and Au as the cathode
contact. At the appropriate thickness, there seems to be
little LUMO level offset between the LiF/Al electrode and
PCBM. These phenomena can be explained by the Fermi
level pinning of LiF, which is close to that of the LUMO of
PCBM. The best performance among several high work
function metal electrodes in OPVs was obtained with of LiF/
Al [o1]

Other metal fluorides, including NaF, KF and CsF, have
been investigated as interfacial layer materials between
PCBM and Al contact, exhibiting improved performance in
terms of the power conversion efficiency. Compared to LiF,
NaF exhibited an improved efficiency, fill factor and V.
with an ultrathin layer thickness (<0.2 nm).®?! The power
conversion efficiency of OPVs with the structure MDMO-
PPV/PCBM/CsF/Al were higher, when compared to those
with a LiF/Al negative electrode.®* These results could be
explained by the lower series resistance of CsF, which is
almost constant in the range of the CsF thicknesses
studied.®®! Poly(ethylene oxide) (PEO) and conjugated
polyelectrolytes were also effective as the interlayer
between the active layer and the cathode.®#°* All these
dipole layers influence the energy level alignment at
organic-metal interfaces and thereby reduce the effective
work function of the negative electrodes.®?! The accumula-
tion of charge carriers at the interface gives rise to a
diffusion current, which must be compensated for with a
drift current at the open circuit, thereby contributing to the
scaling of V. with the work function of cathodes in the case
of non-ohmic contact.[*®°7]
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2.09% 9.96 mA -cm 2
0.38 (FF) 0.53 V (Vo)

2.39% 9.98 mA-cm 2
0.39 (FF) 0.59 V (Vo)

2.73% 9.96 mA -cm 2
0.46 (FF) 0.60 V (V)

2.64% 9.90 mA -cm 2
0.43 (FF) 0.60 V (Vo)

Organic/Metallic Bilayers for the Negative Electrode
Contact in OPVs

A thin organic interfacial layer of BCP (2,9-dimethyl-4,7-
diphenyl-1,10-phenanthroline) has been employed in OPVs
with an ITO/PEDOT:PSS/CuPc/C60 structure with alumi-
num or Ag electrodes.”*°°! An improved power conver-
sion efficiency when using BCP at the interface between C60
andthe metallicelectrode is reflected in the enhanced open-
circuit voltage from 0.70 to 0.92 V. The optimum thickness
for the passivation on C60 with BCP was found to be around
10 nm, while thicker films are disadvantageous for effective
charge collection at the negative electrode contact.

Recently, there have been many reports of new electron
transport materials employed in phosphorescent OLEDs,
which result in a reduction of the driving voltage.**®! A
spirobenzofluorene-based phosphine oxide interlayer and
2,7-bis(diphenylphosphoryl)  spiro[fluorene-7,11'-benzo-
fluorene] (SPPO21) were found to be effective as interfacial
buffers for negative electrodes in OPVs.°*! The protection
of the active layer from Al deposition and interfacial band
bending is the possible mechanism of the high electron
mobility of the organic interfacial layer, which will be
beneficial for the improvement of OPV cell performance by
providing more flexibility in the control of thickness. For the
bulk-heterojunction type polymeric OPVs, the effects of the
organic interfacial layers on the open circuit voltage and
power conversion efficiency have not been extensively
investigated.

Efficient Hole or Electron Extraction via
Nano-patterned Structure in OPVs

The formation of an interpenetrated structure between the
active layer and the electrode can enhance the PCE of OPVs.
Park’s group recently reported P3SHT/PCBM BHIJ organic
solar cells fabricated on highly ordered 2D-dot nano-
patterned anodes prepared by a simple nano-imprinting
process.'®? The highly ordered 2D-dot nano-patterned
anode can enhance the device performance because of the
increased interfacial contact area between both of the
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PEDOT: PSS And Ad

Figure 13. FIB (Focused lon Beam) tilted images (a) whole device sequential inner
structure of PUA (height sonm) patterned with 1ZO, spin coated with PEDOT:PSS
and an active layer (P3HT:PCBM) (b) whole device sequential inner structure of PUA
(height 200 nm) patterned with 1ZO, spin coated with PEDOT:PSS and an active layer
(P3HT:PCBM). Reprinted with permission from ref."°? © 2010 Elsevier B.V.

electrodes and the BHJ active layer (Figure 13). This means
that the nano-patterned structures play an important role
of efficiently harvesting electrons and holes from the active
layer to each electrode. Even though enhanced optical
absorption is realized due to light trapping or scattering of
reflected light by the nano-pattern, the enhanced photo-
currents were not fully explained by these two factors. The
researchers proposed that the enhancement was also due to
the increased contact area, which can assist electron and/or
hole extractions. Very similar observations and explana-
tions were reported by Jung’'s group. They also reported
enhanced solar cell efficiency with the formation of
nanopores on the active layer prepared from commercially
available anodic aluminum oxide (AAO) membrane
filters.[**] This control of the contact between the active
layer and the metal cathode can increase the effective light
scattering, resulting in a great utilization of incident light in
the device. The control can also decrease the number of dead
ends in the PCBM phases and yield an improved crystalline
ordered structure of the P3HT domain, which results in a
higher J;. value with increased electron transportation. Na
etal. alsoreported similar observations after controlling the
interface between the active layer and the metal cathode.
Their method was developed from the simple soft
lithography method.!*%%

Additionally, it was demonstrated that
by adding the thermal initiator 2,2’-
azobisisobutyronitrile (AIBN) as a nano-
hole generating agent into the BHJ active
layer to broaden the contact area with a
simple and nonlithographic approach,
organic/metal interfaces are created.!***
The AIBN releases nitrogen gas after
absorbing thermal energy fromthe active
layer surface, greatly increasing the
interfacial area, as shown in the cross-
sectional TEM images in Figure 14. The
device performance was enhanced by
facilitated charge collection via reduced I
contact resistance and a shortened path-
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way to the electrode as a consequence of
the enlarged interface area.

Conclusion and Remarks

In this review, we provided an overview
of several positive effects of interfacial
layers, such as hole extraction and
electron extraction layers located at the
interface between the photo-responsive
active layers and electrodes, resulting in
not only improvement of the solar-to-
electricity conversion efficiency, but also
the long term device stability. In the OPV research field,
research concerned with device design through effective
interfacial layers has not yet been well developed. Most
research papers, in fact more than 70% of those published
within the past five years, as determined from the ISTweb of
knowledge database, have addressed active layer materials
or active layer morphologies. As seen in the results of
several research papers introduced in the above sections,
the efficiencies of OPVs can be varied due to interfacial
layers between the active layer and electrode, even though
the devices were prepared with the same active materials
and morphologies. Moreover, we summarized the crucial
positive effects of interlayers from past results in the OLED
research field. We believe that the present review can
stimulate further research in this emerging topic for
enhancing cell performance and stability. In the last
section, we also introduced the importance of controlling
the interface between the active layers and electrodes. We
believe that the optimization of the active layer-electrode
nanostructure by surface morphology control may be one
method to enhance the light harvest efficiency in OPVs.
Many researchers have tried to fabricate a nanopatterned
bilayer heterojunction cell or a nanopatterned interface
between the BHJ and an electrode, and several positive

P3HT/AIBN

Figure 14. TEM images of P3HT/AIBN = 1:0.1 film after heating at 105 °C for 5 min. (a) In
plane. (b) Cross-section. Reprinted with permission from ref.'®s © 2010 American
Institute of Physics.
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effects have been observed. It is hoped that the research
field will grow and generate additional beneficial results, as
in the field of OLEDs. These approaches may help to achieve
a cell efficiency of more than 10% in the near future.
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