
Chapter 9
Interfacial Materials for Efficient Solution
Processable Organic Photovoltaic Devices

Chang-Zhi Li, Hin-Lap Yip and Alex K.-Y. Jen

Abstract The introduction of proper interfacial materials to optimize properties
between organic/metal and organic/organic interfaces has become an important
criterion to improve the performance and stability of polymer solar cells. This
chapter presents an overview on the recent development of effective interfacial
materials (including organic, inorganic and hybrid materials) used for both organic/
metal and organic donor/acceptor interface engineering, and the integration of these
materials in different device architectures to enhance efficiency and stability are also
discussed.

9.1 Introduction

Aiming for solar energy harvest, photovoltaic technology exhibited its promise for
meeting the urgent demand for clean and renewable energy, of which both inor-
ganic and organic PVs attracted extensive research efforts. As the one of most
abundant renewable energy source, solar energy is as high as 120,000 TW
accounting for sunlight reaches to the earth surface per year (far beyond the global
energy demand *15 TW/year) [1]. Photovoltaic research is therefore extremely
motived to tackle energy problem by pursuing efficient conversion of solar energy
into electricity. In the past two decades, organic photovoltaics (OPVs) processing
their extra merits (to inorganic one) of mechanical flexibility, light-weight, and
large scale processability, have experienced rapid development [2, 3]. One may be
impressed by the significant progress on improving the performance of OPVs with
power conversion efficiencies (PCE) from 1 % [4] to state-of-the-art 8–9 % [5, 6]
and achieving in-depth understanding of the physics. Material development always
drives the progress of OPV technology. Along with the research on the design and
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processing of active materials [7–12], tremendous efforts have been made on the
creation and introduction of proper interfacial materials to optimize properties of
interfaces in OPV, which have become important criterion to influence the per-
formance and stability of devices. Recent successful examples demonstrated that
engineering of interface is equally important to the efforts on optimizing active
materials and processing to get device tuned to obtain maxim achievable
performance.

From the device architecture point of view, OPVs usually sandwich a layer of
donor and acceptor between a transparent electrode and metal electrode. Basing on
electrode polarity of device, basic device architecture divided into conventional and
inverted structures (Fig. 9.2). Critical interfaces involving organic/electrode and
organic/organic junction were therefore created in device, the quality of which
significantly influence (or determine) overall device performance. Electron (ESL)
and hole (HSL) selective layer were required to optimize organic/electrode interface
and to improve charge extraction efficiency and selectivity of electrode [13–18]. For
instance, PEDOT:PSS is commonly used HSL and LiF/Al and Ca/Al used for top
cathode to ensure effective charge extraction and maximizing achievable Voc.
Another important interface is organic/organic interface created from the hetero-
junction of donor and acceptor in active layer. Different from the inorganic com-
ponents, organic semiconductors are excitonic materials generate tightly bonded
electron–hole pairs (excitons) upon photo excitation, since their inherent low
dielectric constant (usually, εr = 2–4), which require screening force to overcome
the binding energy of excitons (for the Frenkel exciton in the range of 0.3–1 eV) to
dissociate excitons into free charges. Organic donor/acceptor junction allow pro-
viding energy offset at their interface, where became most important interface
involving charge separation and recombination, thus directly influence charge
photogeneration and photovoltage of device.

In this chapter, we provide an overview of the recent progress on organic/
electrode and donor/acceptor interface engineering, as well as the innovation of the
related material. Some design criteria and the functions of interfacial layers for
efficient OPVs are summarized. Regarding to organic/electrode interface, several
classes of interfacial materials integrating high-performance OPVs are highlighted,
which including metal oxides, cross linkable charge-transporting materials, conju-
gated semiconductor electrolytes, self-assembled functional molecules and graph-
ene-based interface materials. It is worthy to note that fundamental understanding
of the surface and interface science, and the device physics associated with the
interfaces of OPVs is equally important and in-depth discussions on these areas can
be found in several review articles [19–24]. Some recent studies involved donor/
acceptor interface engineering through insertion of dipole layers for optimizing
contact and examples for selective load of fullerene-thiophene hybrids into donor/
acceptor interface are also summarized.

OPV device operation and performance evaluation can be briefly described as
following: under illumination, excitons will be generated from light-absorbed
semiconductors, which then diffused to donor–acceptor interface and dissociate
with the assistance of energy offset between donor and acceptors. The separated
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charges will then drift under the inherent electric field created by the work-function
difference between the asymmetric electrodes, and ultimately, will be collected by
the corresponding electrodes. The PCE of OPV is defined by the product of three
parameters including short-circuit current density (Jsc), open-circuit voltage (Voc),
and fill factor (FF). Jsc is directly related to the efficiencies of light absorption,
exciton generation and dissociation, charge transport and charge collection at the
electrodes. Voc is related to the difference between the highest occupied molecular
orbital (HOMO) of the donor and the lowest unoccupied molecular orbital (LUMO)
of the acceptor in the BHJ. More specifically, it is determined by the difference
between the quasi-Fermi levels of holes (EF,h) and electrons (EF,e) under illumi-
nation provided that barrierless contacts to the electrodes are formed (Fig. 9.1) [21,
25]. FF is governed by both the parasitic series resistance (Rs) and shunt resistance
(Rp) of the solar cell [26, 27]. Rs is determined by the bulk conductivity of the
electrodes, active and interfacial layers, and the contact resistance between them. Rp

is determined by the quality of the thin films and their interfaces. Small Rp origi-
nates from the loss of charge carriers through leakage paths including pinholes in
the films and the recombination and trapping of the carriers during their transit
through the cell that can lead to decreased device performance. The nature of
electrical contact between the BHJ layer and the electrodes can significantly affect
all three device-related parameters and modification of those interfaces by inserting
appropriate interfacial layers can significantly alter the contact properties to
improve the PCE of OPVs. The donor/acceptor interface affects exciton collection
and dissociation, which determined charge photogeneration and photovoltage of
device. Engineering of those interfaces through application of appropriate interfa-
cial material can significantly alter the contact and photo physic processes of device
leading to improve the performance and stability of OPVs.

9.1.1 Donor/Acceptor Interface

The heterojunction of donor and acceptor in active blend created large area of D/A
interface, where excitons get collected and dissociated, thus influence overall device
performance. In this section, some of the studies related to donor/acceptor interface
engineering with proper interfacial material are introduced and the advance in
design criteria is also discussed. As demonstrated by Durrant et al. schematic
illustration of charge dissociation at the polymer:PCBM interface is shown in
Fig. 9.2. The donor singlet exciton diffuses to the interface, and subsequently
generate the charge-transfer (CT) state (Fig. 9.3) at donor/acceptor interface.
Exciton itself processes limited lifetime and diffusion length (*10–20 nm). The
one created far away from the interface would relax itself to the ground state
without photocurrent contribution. At the CT state, initial electron-hole separation
has a distance of the thermalization length (a). The probability of full dissociation
into the free charge carriers (the CS state, Fig. 9.3) depends upon the ratio between
distance (a) and the coulomb capture radius.
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Charge photogeneration at donor/acceptor interface is one of the most important
processes in OPV device. As shown in Fig. 9.4 [26, 28], the singlet exciton gen-
erated upon photo excitation of light-absorption semiconductor, which pumped an
electron from grand state S0 into S1. The exciton then diffused to the interface,
where hot charge transfer state, CT* can dissociate into a fully charge-separated
(CS) state (KCS�) and migrate away from the D/A interface. This process compete
with the thermal relaxation of CT* to CT state (KCT

therm). It worthy to note that
conjugated materials usually present strong electron-vibration coupling, thus pro-
mote relaxing excited state down to the lowest energy level of excited state. At CT
state, significant energy loss pathway involved. One is recombination (Ktriplet) of the
3CT (1CT to 3CT, KISC) to the triplet state of semiconductors, T1. Another is decay
of the 1CT back to the ground state through geminate recombination. Dissociation
of the thermally relaxed CT state into the CS state (KCS�) is achieved with the
assistance of interfacial energy offset. The diffusion-limited bimolecular process

Fig. 9.1 Device architecture of conventional OPV (upper left) and inverted OPV (upper right).
Schematic view of the energy level alignment in a conventional OPV (bottom left) and an inverted
OPV (bottom right) with interfacial layers providing Ohmic contacts and charge selectivity at both
electrodes
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Fig. 9.2 Schematic of charge dissociation at the polymer:PCBM interface. Reproduced with
permission from [28] Copyright 2010 American Chemical Society

Fig. 9.3 Energy level diagram showing the charge photogeneration at donor/acceptor interface.
Reproduced with permission from [28] Copyright 2010 American Chemical Society
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may result from bimolecular recombination (KBR). The competition between charge
separation and recombination is strongly influence the efficiency of charge photo-
generation in organic solar cells [29]. Energy level offset and interfacial coupling at
donor/acceptor interface are the important factors to influence charge photo gen-
eration. These electronic structures at interface depend on how the materials make
contact, which in turn is governed by many factors such as interfacial dipole.

Recently, several studies demonstrated that proper treatment of polymer/fuller-
ene interface in OPVs can influence their performance. Hashimoto et al. demon-
strated a model of p–n junction PV build through connection of P3HT and PCBM
layers by film-transfer method. Each semiconducting layer can be modified with a
surface-segregated fluorinated PC8 (for PCBM) or P3DDFT (for P3HT) monolayer,
which is reported to tune the strength and surface dipole direction. In their bilayer
devices, introduction of interfacial dipole layer alter the device Voc with a wide
range between 0.3 and 0.86 V. Authors attribute the effect to aligned dipole shift
energy difference between the LUMO of the acceptor and the HOMO of the donor
(ΔEHL in Fig. 9.5). In case that FC8 on top of PCBM, interfacial dipole point from
P3HT to PCBM, which downshift of ΔEHL, to give a low Voc, 0.5 V. When
planting P3DDFT on the top of P3HT, the interfacial dipole is reversed by pointing
from PCBM to P3HT, thus enlarge ΔEHL and Voc, 0.85 V [30].

Another approach to tune energy offset of the donor/acceptor junction is achieved
with introduction of ferroelectric P(VDF-TrFE) layers. Recently, Huang et al.
demonstrated that P3HT/PCBM bilayer devices with ultrathin P(VDF-TrFE) dipole
layer at donor/acceptor interface to enlarge device Voc. As shown in Table 9.1. The
Voc was increased from 0.55 to 0.67 V after poling the P(VDF-TrFE) layer with
reverse bias on the device. Jsc and Voc showed increase. It is explained that dipole
layer tune the relative energy level alignment at donor/acceptor junction. Both Jsc
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and FF also increased due to the reduced recombination loss of charge-transfer
excitons (CTEs) [31]. The dipoles of ferroelectric P(VDF-TrFE) can preserve their
alignment after removing the polling field. The PCE is almost doubled with the
polled dipole layer (P(VDF-TrFE). In the authors previous study, an ultrathin (1 nm)
layer of P(VDF-TrFE) has been inserted between different BHJs and Al cathode to
show significantly improved device characteristics [27].

It is interesting to see how the properties of organic/organic interfaces influence
performance under conditions that more resemble those of an actual device. The
ferroelectric PVDF-TrFE has been doped into bulk, which leads to better device
performance from P3HT:PCBM BHJs [32]. The internal electric field enhancement
estimate to be *150 and *300 V-m−1 for the devices with 5 and 10 % PVDF-
TrFE concentration, which facilities singlet-exciton (SE) and charge-transfer-exci-
ton (CTE) harvesting in BHJ, thus lead to IQE of BHJ devices approached 100 %
for some wavelengths. Swager et al. reported that some fine-designed polymer

Fig. 9.5 Schematic representation and energy diagrams of the P3HT/PCBM bilayer devices with
interfacial dipole layer of FC8 and P3DDFT. Reproduced with permission from [30] Copyright
2010 Nature Publishing Group
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additives processing same polymer backbone with P3HT, while different polar side
chain. The polymer additive (Fig. 9.4) was doped into P3HT/PCBM BHJ and
proposed to be selectively localized at the donor/acceptor interface [33]. Authors
suggested that polar aromatic moieties at side-chain termini at polymer/fullerene
interface, decreasing the rate of bimolecular recombination and improves charge
collection across the active layer. At low loadings of 0.25 % additive, the short
circuit current and the series resistance have been optimized and yield *30 %
increase in PCE, which is up to 5.3 %.

Besides of aforementioned dipole (or polar) material modified donor/acceptor
interface, strategies reported on selectively locating thiophene-fullerene dyads at the
donor/acceptor interfaces were also interesting, since these approaches not only
allow reducing the interfacial energy between immiscible components to stabilize
the phase morphology, but also can serve as effective method to load materials at
donor/acceptor interface. As shown in Fig. 9.6, Fréchet et al. demonstrated an
amphiphilic di-block copolymer 1 could be used as an additive, also as a compati-
bilizer, to stabilize device structure against destructive thermal phase segregation
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[34]. Another example was given using a well-defined rod–coil block copolymers
(P3HT-b-P(SxAy)-C60) [35]. Alternatively, A poly(3-hexylthiophene) end capped
with fullerene (P3HT-C60) [36] also exhibited effective control of BHJ morphology.
In addition to block-copolymers, small thiophene-C60 derivatives [37, 38], such as
4T-C60 have been prepared by Loo et al. It showed a surface energy of 18.40 mN/m
(4T-C60), which is between that of P3HT (16.8 mN/m) and PCBM (30.1 mN/m).
The addition of 4T-C60 reduces the interfacial energy between P3HT and PCBM, as
evidenced by the constancy of the efficiency with thermal annealing at 170 for 3 h
[39]. It effectively stabilized the blends (5 wt% to P3HT and PCBM) for PSC
application.

9.1.2 Organic/Electrode Interface

In addition to the emerging studies on donor/acceptor interface engineering, most
efforts related to interfacial engineering have been demonstrated on the improving
organic/electrode contact. The introduction of proper interfacial materials have been
proven to effectively optimize the electronic and electrical properties between the
interfaces of active layer and electrode, which has become an important criterion to
improve the performance of polymer solar cells. As reviewed by others [19–24] and
ours [40–42], efficient interfacial materials for organic/electrode contact of OPV
should generally fulfill several requirements, like (i) promote Ohmic contact for-
mation between electrodes and the active layer; (ii) have appropriate energy levels
to improve charge selectivity for corresponding electrodes; (iii) have large bandgap
to confine excitons in the active layer; (iv) possess sufficient conductivity to reduce
resistive losses, (v) have low absorption in the Vis-NIR wavelengths to minimize
optical losses; (vi) have chemical and physical stability to prevent undesirable
reactions at the active layer/electrode interface; (vii) have the ability to be processed
from solution and at low temperatures; (viii) be mechanically robust to support
multilayer solution processing; (ix) have good film forming properties and (x) be
producible at low cost.

Several classes of materials and their hybrids had been introduced including
conducting polymers, metal oxides, cross linkable materials, conjugated polymer
electrolytes, self-assembled functional molecules and graphene-based materials. In
this section, we mainly focus on discussing some of recent advancements on the
design and application of interfacial materials in high-efficiency device. The
chemical structures and energy diagram of some of the conjugated polymer donors
and fullerene acceptors that will be discussed are shown in Figs. 9.7 and 9.8.
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9.2 Organic/Electrode Interfacial Materials
for Conventional OPVs

The device characteristics of high-efficiency conventional OPVs employing newly
developed interfacial layers are summarized in Table 9.2. PEDOT:PSS is the most
commonly used solution-processible hole-transporting layer for anode modification
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in conventional solar cells. Some of the best reported OPV efficiencies are those
using PEDOT:PSS as the hole-transporting layer [43, 44]. It has a wide range of
electrical conductivities from 10−6 to 103 S/cm (tuned by changing the composi-
tional ratio between PEDOT+ and PSS− and processing with additives), work
function (*5.1 eV) and optical transparency, which provide great flexibility in
tuning the electrical property at the active layer/electrode interface. However, the
deficiencies (strong acidity and hygroscopic nature) of PEDOT:PSS can induce
chemical instability between the active layer and electrodes [45]. Some of the newly
developed conducting polymers, PSSA-g-PANI [46] and sulfonated poly(diphe-
nylamine) (SPDPA) [47] have been explored with tuned conductivity and acidity.
Cross linkable materials were other classes of charge-transporting materials, and
their crosslinked film improved solvent resistance for subsequent processing of the
BHJ layer [48–51]. These new organic and polymeric hole-transporting materials
exhibited the promise to replace PEDOT:PSS, but continuous improvement are still
needed.

Besides of organic material, p-type inorganic transition metal oxides such as
vanadium oxides (V2O5) [52] and nickel oxides (NiO) [53] have also been used as
hole-selecting materials for OPVs, owning to their optical transparency and suitable
energy level. Their conduction band is sufficiently higher than the LUMO of both
organic donor and acceptor materials, for electron blocking. Work functions of p-
type metal oxides (NiO *5.3 and V2O5 *5.3–5.4 eV) also can promote good
Ohmic contact at the BHJ/anode interface with minimal contact resistance. As a
result, good diode characteristics and fill factors of *70 % could be achieved in
OPVs using optimized p-type NiO layers which outperform over PEDOT:PSS
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devices [53]. Recently, more promising approach form solution-processed NiOx

films is reported, which showed high PCE (6.7%) from PCDTBT:PC71BM BHJ
and better stability than those PEDOT:PSS-based devices [54, 55]. A sol-gel
derived VOx film obtained by annealing at lower temperature (110 °C) also showed
quite encouraging performance that is comparable to that of PEDOT:PSS-based
devices but with better stability [56]. However, the optical absorption of VOx in the
visible range (400–500 nm) may limit its application as an efficient HSL.

Molybdenum oxides (MoO3) and tungsten oxides (WO3) have also been
extensively investigated for anode modification in OPVs [52, 57, 58]. Its intrinsic n-
type with deep-lying electronic states promote interfacial p-doping of various
polymers [59], small molecules [60], and even fullerenes [61], since interfacial
electron transfer from the organic semiconductor to MoO3 is thermodynamically
favorable. For example, the measured electron affinity, work function and ioniza-
tion potentials for vacuum-deposited MoO3 are −6.7, −6.86 and −9.68 eV [62]. The
interfacial stability of OPVs based on evaporated MoO3 film has been studied in
different BHJ systems (P3HT:PC61BM and PCDTBT:PC71BM) and the results
showed that greatly enhanced lifetime could be achieved compared to the PEDOT:
PSS-based devices [63, 64]. The recent demonstration of MoO3 interfacial layers in
OPV devices using either sol-gel processes [58, 65, 66] or nanoparticle suspensions
[67, 68] further showed the promise of using metal oxides for anode modification.

Solution-processible Graphene Oxide (GO) is another promising HSL for OPVs
[69]. Its HOMO and LUMO were measured to be −5.2 and −1.6 eV, which is good
for hole transport and electron blocking, respectively. The work function of GO was
between −4.9 and −5.1 eV, by scanning Kelvin probe microscopy [70]. Li et al.
first explored the use of GO as HSL and reported that 2 nm GO nanosheets HSL in
P3HT:PCBM OPV have comparable performance to that of PEDOT:PSS-based
devices [69]. Further transient open-circuit voltage delay (TOCVD) measurements
suggested that GO is more effective in suppressing leakage current and separating
carriers via efficient hole-transporting to ITO and blocking of electrons. To further
improve the anode contact, a hybrid bilayer structure based on GO and sol-gel
processed NiOx was developed [71], showing GO/NiOx structure lead to major
improvement of FF. These encouraging findings have opened the way for devel-
oping new interfacial materials for OPV.

Interface engineering for cathode is also very important for improving the per-
formance of OPVs. In conventional OPVs, low work function cathode, such as Ca
and Al are vulnerable to air and ambient condition. To improve the contact, vac-
uum-deposited materials such as BCP [72], PCBM [73], and C60:LiF [74] have
been introduced between the BHJ layer and the Al cathode. However, the devel-
opment of solution processible ESLs is important for printable OPVs. The opti-
mized ESLs should support the use of more stable and printable metals (such as
colloidal Ag) as cathode for roll-to-roll manufacturing of OPV.

N-type metal oxides like TiO2 and ZnO are the most widely studied ESL for
OPVs. Using low temperature sol-gel processing, amorphous TiOx films can be
directly deposited on a BHJ layer to fabricate OPV devices [75]. The TiOx films not
only showed good electron selectivity, but also functioned as an optical spacer and
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a good water and oxygen barrier, leading to significantly improved device effi-
ciency and stability. The optical spacer effect of TiOx has also been investigated in
different BHJ systems. A PCE of 6.1 % has been reported when TiOx interfacial
layer was applied to a PCDTBT:PC71BM BHJ solar cell [76]. Furthermore, by
replacing the anode PEDOT:PSS layer with MoO3, the PCE of a PCDTBT:
PC71BM device increased to 6.5 % and the stability of the device also improved
significantly [63]. TiO2 films prepared from solution processed crystalline nano-
particles (NPs) can also be used as an efficient ESL for OPVs [77]. By doping TiO2

NP with Cs, it can further decrease the work function for more efficient electron
extraction. As a result, the P3HT/PCBM based solar cells showed enhancements in
PCE compared to those using a pure TiO2 ESL [78]. ZnO is another efficient n-type
metal oxide used for cathode modification in OPVs. Solution processed ZnO NP
films has a high electron mobility (2.5 cm2/Vs) [79], which can minimize Ohmic
loss in the device. The electrical and electronic properties of ZnO can also be easily
tuned by modifying the ZnO surface with a self-assembled molecular layer, to
engineer the contact and surface dipoles between ZnO and metal, devices showed
significant improvement in efficiency and it also enabled high work function metals
such as Ag and Au to be used as cathode [80, 81]. Hybridization of ZnO NPs with
poly(ethylene glycol) can also tune work function, morphology, refractive index
and charge transporting properties of the ESL, which provides an efficient way to
improve OPV performance [82]. The use of PVP as an organic capping molecule
and polymeric matrix for ZnO modification produced electron-transporting nano-
composite films, which had excellent film-forming characteristics. Further UV-
ozone treatment to remove PVP from the surface of the hybrid film consequently
exposed the ZnO nanoclusters, which gave certificated PCE of 7.4 % from PDTG-
TPD:PC71BM BHJ [83].

Organic-based interfacial materials that can be processed through orthogonal
solvents of the BHJ layer were extensively studied ESL materials for OPVs. Their
chemical structures are highlighted in Fig. 9.9. Conjugated polymers and polymer
electrolytes that can be processed from alcoholic/water solvents attracted significant
research attention in the past two years [84–86]. Polythiophene and polyfluorene
with polar amines, amine salts, phosphates, and alkoxy side chains are the most
commonly investigated systems. Oh et al. have demonstrated that an ESL based on a
water soluble polyfluorene derivative (WPF-oxy-F) can effectively reduce the work
functions of different metals including Al, Ag, Cu and Au, resulting in Ohmic
contact between the P3HT:PC61BM BHJ and cathode to improve Voc and PCE of the
OPV [87]. Seo et al. demonstrated the effect of cationic polythiophene (P3TMAHT)
and its polyfluorene block copolymer derivative (PF2/6-b-P3TMAHT) on PCDTBT:
PC71BM based devices with improved PCE from 5 % to over 6.3 % [84].

Water/alcohol soluble polyfluorene derivative, PFN, which contains side chains
terminated with neutral alkylamines has also been studied with BHJs composed of
different polymer donors [88]. It was found that the improvements of PCE are relied
heavily on the chemical structures of the polymer donors. Though the effect of PFN
on P3HT and PPV-based OPVs was minimal, significant improvement of the
PCE in a group of N-heterocycle-containing polymer donors was effectively
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demonstrated [89]. For example, OPVs based on PECz-DTQx:PC71BM showed
PCE increases from 4.0 to 6.1 % when Al was used as cathode [85], while for the
PCDTBT:PC71BM BHJ, the best device employed the PFN ESL in combination
with a Ca/Al cathode, showing a PCE of 6.8 %. When high performance low
bandgap polymer, PTB7 applied, a record OPV device performances with a PCE of
8.4 % were reported from PFN ESL modified Ca/Al cathode [86]. The authors
suggested that the improved device performance could have multiple origins
including enhanced built-in potential across the device, improved charge-transport,
reduced space charge buildup, and minimized recombination losses due to increases
in built-in field and charge carrier mobility.

Fullerene-based interfacial materials present another obvious option for ESL in
BHJ OPVs since their energy levels, electron transport, and chemical compatibility
to the BHJ fit the requirements of a good ESL. However, there are only limited
reports of fullerene-based ESL, which is probably due to challenge in synthesizing
proper fullerene materials with adequate solubility that can be used for solution
processing. PCBM derivatives with fluorinated alkyl (F-PCBM) [90] and polymer
(ethylene glycol) (PEG-C60) [91, 92] are two interesting fullerene derivatives that
have been explored as ESL. In both cases, small amounts of the fullerene deriva-
tives were added into the P3HT:PCBM solution. During the film drying process, a
thin layer of the fullerene derivative was found to segregate on the surface of the
BHJ film, forming a self-organized interfacial layer. The OPV devices were then
completed by evaporation of an Al cathode. In both cases, the fullerene surfactants
were found to interact with the Al electrode, forming an appropriate interfacial
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dipole that promoted better Ohmic contact and improved the device performance.
Although the simplicity of self-organized ESLs is very attractive, it may not be
generally applicable to different BHJ systems since the film drying kinetics may
vary in different polymer:fullerene blends.

Fullerene ESLs that can be directly processed on top of different BHJ layers
might represent a better option. This has been recently realized in a new fullerene
derivative (bis-C60-ETM) in which side chains composed of an amine salt and an
alkoxy dendron were introduced to improve its solubility in alcohols [93, 94]. The
bis-C60-ETM could be directly spin-coated on top of the active layer to form a
smooth ESL. To evaluate the general applicability of the fullerene ESL, devices
based on different BHJs were tested and in all cases, the devices with bis-C60-ETM
showed significantly improved Voc, Jsc, FF, and PCE. The effect of different metal
cathodes (Al, Ag, and Cu) on the OPV efficiency and stability were further
investigated based on the PIDT-phanQ:PC71BM BHJ system. The best PCE
(6.6 %) was found when Ag was used as the cathode. Work function studies
suggested that the bis-C60-ETM film efficiently reduced the effective work functions
of all three metals, which facilitated Ohmic contact at the BHJ/cathode interface to
achieve a maximized Voc independent of the choice of metal. However, devices
with Cu and Ag cathodes showed much better ambient stability than the one with
Al. These findings can be very important for developing efficient, stable, and roll-
to-roll processible polymer solar cells.

9.3 Interfacial Materials for Inverted Structure OPVs

Since their initial application in 2006, inverted OPVs have attracted growing
attention due to their improved stability and compatibility with roll-to-roll processes
[95–97]. For inverted OPVs, the device polarity is reversed compared to that based
on the conventional structure. The performance of the inverted OPV is critically
dependent on the choice of the interfacial layers and their contact properties with
the BHJ layer and the corresponding electrodes. The device characteristics of the
representative inverted OPVs containing different interfacial layers and BHJ layers
are summarized in Table 9.3.

Alkali metal salts can be used as an interfacial modifier to tune the work function
of ITO for electron collection [98]. By spin-casting Cs2CO3 for ITO modification
and V2O5 as the HSL underneath the Al top electrode, the PCE of inverted P3HT:
PCBM BHJ OPVs could reach as high as 4.2 % [99]. It was found that upon
annealing at 150 °C, Cs2CO3 will decompose to into doped cesium oxide (Cs2O).
This significantly improved electron collection by reducing the work function of
ITO from 4.7 to 3.06 eV [100]. However, the insulating property of Cs2O may limit
its broader application for OPVs. TiO2 and ZnO are the most widely studied
electron selective materials for inverted OPVs. White et al. have demonstrated
one of the earliest inverted P3HT:PCBM BHJ solar cells based on a sol-gel derived
ZnO film on ITO as the ESL and an Ag anode as the top electrode [101].
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The crystallinity of the ZnO films could be increased by thermal annealing at
300 °C to improve their electrical properties. By inserting a thermally evaporated
HSL, such as V2O5 or MoO3 between the BHJ layer and metal anode, it promotes
better Ohmic contact at the anode, leading to further improved ZnO-based inverted
OPVs [102]. Such a device platform has shown good compatibility with different
BHJ layers. Recently, very high efficiency inverted OPVs were demonstrated based
on PDTSTPD:PC71BM and PDTGTPD:PC71BM BHJ layers with PCEs of 6.6 and
7.3 %, respectively [103].

In addition to the n-type metal oxides as ESL, the development of solution
processed p-type metal oxide as HSL for inverted cells is equally important. Chen
et al. have demonstrated that a VOx HSL could be prepared by spin-coating the sol-
gel solution on the BHJ layer followed by low temperature annealing at 100 °C
[104]. Inverted P3HT:PC61BM and PTPBT:PC71BM devices showed enhanced
performance as a result of increased Jsc. The encapsulated inverted devices also
showed very good thermal stability with no performance loss after annealing at
65 °C for 1,000 h. These results are very encouraging since low temperature
process is more compatible with flexible plastic substrates.

The modification of metal oxide films with functional SAMs can efficiently alter
the interfacial properties between the ESL and BHJ. Bulliard et al. [105] reported
that the morphology of the BHJ film could be optimized by virtue of a ZnO surface
with tailored surface energy leading to an improved PCE in inverted cells. This can
be achieved by changing the surface compositions of the two different SAMs with
either polar –NH2 or non-polar –CH3 end groups, resulting in a wide range of
surface energies from 40 to 70 mN/m. Modification of metal oxides with fullerene-
based SAMs have also been employed to improve the ESL/BHJ contact. It was
found that good quality fullerene-SAM (C60-SAM) with proper anchor groups
could be obtained by simple spin-coating on ZnO [106]. The C60-SAM serves
multiple purposes, including enhancement of interfacial exciton-dissociation effi-
ciency, passivation of inorganic-surface trap states, and optimization of upper
organic layer morphology. As a result, a C60-SAM modified P3HT:PCBM inverted
cell showed improved PCE from 3.7 to 4.5 % [107]. This strategy has also been
applied to other BHJ layer composed of new low bandgap polymers, which resulted
in similar improvement in device efficiency [108]. The interfacial property between
the metal oxide ESL and the BHJ can also be improved by inserting a thin layer of
crosslinked fullerenes(C-PCBSD) (Fig. 9.10) [109, 110]. In situ cross-linking of the
PCBSD film on ZnO could be achieved by annealing the film at 160 °C for 30 min
to generate a robust, adhesive, and solvent-resistant film, showing an improvement
of the performance of inverted P3HT:PCBM OPV from 3.5 to 4.4 %, and inverted
P3HT:ICBA from 4.8 to 6.2 % [111].

Compared to their inorganic counterparts, organic materials as ESL is less
explored in spite of their promise as interfacial materials for OPVs. Organic
materials allow tailoring to have versatile functionalities. Their intrinsic mechanical
robustness and flexibility are more suitable for flexible OPVs. Recent studies from
Kippelen et al. demonstrated water soluble polymer surfactant, PEIE (Fig. 9.10) can
strongly modified ITO electrodes and greatly shift its work function more than
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1 eV. An ultrathin layer of insulating PEIE (<10 nm) on glass ITO can get PCE of
5.9 % from P3HT:ICBA BHJ, and all polymer based devices with a PEIE-coated
PH1000 bottom electrode yielded high durability toward repeated bending [112].
A phosphate-containing bisadducts fullerene (B-PCPO) with alcohol solubility and
good electron transporting ability also showed good application as ESL for inverted
OPV, showed improvement of performance from 4.83 % (ITO) to 6.20 %
(B-PCPO/ITO) [113]. Inverted PSCs based on PBDTTT-C/PC71BM with
iso-propanol solution-processed TIPD as ESL on ITO was reported 7.4 % PCE,
which was facilitated by thermal convert of TIPD to TOPD at 150 °C [114].

One of the major limitations of interfacial organic materials is their low inherent
conductivities. To overcome this limitation, n-doping of organic-based ESL has
been applied to improve the contact [115–117]. A n-doped polymerizable PCBM-S
ESL provide not only good solvent resistance, but also improve conductivity from
1.7 × 10−7 S/m (undoped film) to 6.0 × 10−1 S/m (10 % decamethylcobaltocene
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(DMC) doped film). N-doped ESL showed improved J-V characteristics and PCE
[115]. Similar strategy was studied by using N-doped cross linkable ESL layer. An
in situ n-doping and crosslinking of a series of naphthalene diimide and thiophene
copolymers (NPDI-Th) has been studied with bis-PFPA crosslinker [118] and
N-DMBI dopant [119] to generate conductive ESLs, resulted in significant
increased electrical conductivity, as a result, the PCE of inverted P3HT:PCBM
OPVs increased from 0.69 to 3.42 % [116].

For anode modification of inverted cells, besides the widely used PEDOT:PSS,
n-type metal oxides such as WO3 and MoO3 are efficient materials that can promote
Ohmic contact between the BHJ layer and metal anode due to their ability to p-dope
the polymer donor [59, 120, 121]. GO as the HSL were also reported for anode
modification of inverted OPVs [122–124]. Inverted P3HT:PCBM-based OPV
devices modified with a 2–3 nm thick of GO HSL exhibited a remarkable improved
PCE compared to devices without any interfacial layer and is even slightly better
than that of PEDOT:PSS-based devices, indicating GO can effectively modify the
anode to facilitate efficient hole collection [123]. It was found that protonic acid
doping of the conjugated polymer at the BHJ/GO interface occurred due to the high
proton density of GO, resulted in a highly conductive interface that facilitated
Ohmic contact with the metal anode [122]. Another good example was recently
demonstrated in inverted OPV based on PIDT-PhanQ:PC71BM BHJ, which showed
a PCE of 5.9 % when GO was used as the HSL [125].

9.4 Conclusions

The introduction of proper interfacial materials to optimize properties between
organic/metal and organic/organic interfaces has been turn out to be an equally
important criterion as the design and process of new active materials, both of which
pave the way to high performance and stability of organic photovoltaics. This
chapter aimed to provide an overview on the recent development of effective
interfacial materials, and the integration of these materials in different device
architectures. Regarding to organic/electrode interface, tremendous progress have
been achieved with developing several classes of organic, inorganic and hybrid
interfacial materials, including conducting polymers, metal oxides, cross linkable
materials, conjugated polymer electrolytes, self-assembled functional molecules
and graphene-based materials. The electronic, electrical, optical, chemical and
mechanical properties of interlayer materials are considered to be improved for
maximizing PCE and device stability. For the emerging studies involved donor/
acceptor interface engineering, it is critical to achieve in-depth understanding of
physic at this organic/organic interface. The development of new strategies and
materials to get control of the chemical and physical properties at these interfaces
are very important for improving OPV technology.
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