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In this review, we summarize the latest developments in solution-processed interfacial layers
www.rsc.org/ that have contributed to the significantly improved performance of polymer and perovskite
solar cells (PSCs and PVSCs). The solution-processed interfacial materials, including organic
electrolytes, organic-inorganic hybrids, graphene oxides (GOs), transition metal oxides
(TMOs), and self-assembled functional materials, along with their integration into efficient
PSCs, polymer tandem cells (PTCs), and the emerging perovskite solar cells (PVSCs) are
discussed. Regarding the rapid progress of PSCs and PVSCs, strategies and perspectives of
further improving solution-processed interfacial materials are also discussed to help readers
understand the challenges and opportunities in transitioning from scientific curiosity into
technology translation for realizing low-cost, printable, and high-efficiency flexible solar cells

to address the scalability issues facing solar energy.

1. Introduction

Interfacial engineering has been identified as an essential
approach for maximizing power conversion efficiency (PCE) of
polymer solar cells (PSCs).""!" The typical device configuration
of a bulk-heterojunction (BHJ) PSC comprises an organic
photoactive layer sandwiched between two charge-collecting
electrodes. In such an architecture, there are two kinds of
interfaces that dominate the device performance. One is the
donor-acceptor (D-A) interface within the photoactive layer
that usually consists of a conjugated polymer as electron donor
(D) and a fullerene derivative as electron acceptor (A). In
principle, the excitons (electron-hole pair) generated in the
photoactive layer need to dissociate into holes and electrons for
charge extraction. However, owing to the short exciton
diffusion lengths (~10 nm) and lifetimes (~10 ns) of organic
semiconductors,'>'* proper BHJ morphology with sophisticated
interpenetrating networks are required to assure efficient
exciton dissociation and transport before their decay to the
ground state.>'® More importantly, the resultant nanoscale
phase-separations in the BHJ can also be closely correlated
with the kinetic selectivity for the electron-hole pair, which will
result in separate quasi-Fermi levels of holes (Eg;) and
electrons (Eg,) to create the incipient photo-voltage.'® In this
regard, numerous methods such as solvent additives,?*%

molecular compatibilizers,”*?® or modification of interfacial

This journal is © The Royal Society of Chemistry 2013

dipoles® 3° have been developed to modulate the D-A
interfaces and BHJ morphology to mitigate the charge
recombination loss for achieving high-performance PSCs.>'* 3
The other important interfaces of such stratified devices are
the BHJ/electrode (or organic/electrode) interfaces.>'® 3337 In
theory, after the exciton dissociation, holes will be collected at
the anode while electrons will be extracted at the cathode due to
the built-in electrical field created by the distinct work
functions (WF) of the asymmetric electrodes in addition to the
mentioned kinetic selectivity in the BHJ. Consequently, the
nature of electrical contact of these organic/electrode interfaces
will significantly affect the resulting photovoltaic performance
including open-circuit voltage (Voc), short-circuit current (Jsc),
and fill factor (FF)).%'%343¢ It is well acknowledged that non-
Ohmic contact will impede the charge-collecting efficiency of
electrodes and cause undesirable charge accumulation at the
organic/electrode interfaces, leading to decreased device
performance. To alleviate these interfacial energy barriers (®g),
proper interfacial materials have been employed as additional
buffer layers between the BHIJ layer and the electrodes to
optimize device performance.””
Another appealing advantage of interfacial materials is the

possibility for them to provide orthogonal solvent
processability relative to BHJ layers through proper molecular
design to meet the requirement of high throughput

manufacturing processes.” '* 3 Therefore, the exploration of
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novel solution-processed interfacial materials has attracted
significant attention in this field to accomplish all-solution-
processed multilayer devices.>*** Meanwhile, diverse functions
of these interfacial layers have also been continually developed
in addition to just improving electrical contact.””'*-

In order to grasp the essence of the rapid developing
solution-processed interlayers in PSCs, we have summarized
the most recent progresses made after our previous reviews.* *8
In this review, we first introduce the new features that have
been discovered recently. Following this, we summarize several
important related to

developments solution-processable

interfacial materials, including organic electrolytes, organic-
graphene oxides (GOs), transition metal

oxides (TMOs), and self-assembled functional materials and

inorganic hybrids,

their integration in high-performance PSCs. Inspired by the
rapid progress of interfacial engineering made in PSCs, similar
principles can also be applied to the newly discovered
organometal perovskite solar cells (PVSCs) to accelerate their
development with regard to their alike energy levels and device
Several representative progresses in PVSCs are
finally discussed and highlighted to provide perspective on the

structures.

future development of interfacial materials and engineering for
improving solar cell performance.

2. Comprehensive Roles of Interfacial Layers in Polymer
Solar Cells

In this section, we will briefly discuss the roles of interfacial
materials in PSCs and introduce the new features found in
recent years that can be used to enhance device processing and
performance.

Vacuum Level

(b)

Journal Name

2.1 Energy level tuning at the organic/electrode interface

Having proper energy level alignment at the
organic/electrode interface has been credited for achieving
simultaneously enhanced charge collection efficiency and Vo
of devices.* 3 As depicted in our previous review,® the
intrinsic Vo of BHJ PSC is determined by the energy
difference between Ef; and Er, under illumination (Fig. 1a).%¢
% To achieve maximum Vyc, barrier-less contact (Ohmic
contact) with electrodes is required, since Schottky barrier
formed at either electrode will create potential loss and lower
the resultant V. (Fig. 1a, left).® 3% % To address this issue,
interfacial materials are applied to pin the electrodes’ Fermi-
levels to the Er;/Er, of BHJ layers under illumination (Fig. 1a,
right).*¢>°

However, energy level alignment and interfacial electronic
structures at the organic/metal interfaces (BHJ layers and
electrodes, herein) are quite complicated.’’ As illustrated in Fig.
1b-c, numerous interfacial effects have been documented. They
affect the formation of interfacial dipoles to result in different
degrees of vacuum-level shifting.®"” *> Thus far, numerous
studies have been dedicated to understanding the underlying
mechanisms of WF tuning by interfacial materials at the
organic/electrode interfaces in PSCs.**”® For example,
Kippelen et al. have demonstrated that the WF modification
(AWF) of electrodes can be achieved by simply adhering a
metal or an ITO electrode to an ultra-thin (<10 nm) layer of
insulating ethoxylated polyethylenimine (PEIE) or branched
polyethylenimine (PEI) (structures shown in Section 4.3).”” The
AWF originates from two contributions: i) the intrinsic
molecular dipole (uyp) associated with the neutral ethylamine
group aligned along the vertical direction to the substrate, and ii)
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Fig. 1 (a) Energy level diagram of typical PSC without (left) and with (right) interfacial layers. Adapted with permission from ref.
8 Copyright 2012 The Royal Society of Chemistry. (b) Illustration of WF modification via the formation of an interfacial dipole,
where the shifting of WF is indicated by E,,.. (c) Schematics of underlying mechanisms for WF modification by interlayer.
Adapted with permission from ref. 52 Copyright 2014 Wiley-VCH Verlag GmbH & Co. KGaA.
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the surface interfacial formed at the

dipole  (xup)
polymer/electrode interface (Fig. 2a, left).’*
Interestingly, Lee et al. have demonstrated that the involved
mechanism for AWF of electrodes might change if the
thickness of the interfacial layer is increased. By systematically
studying a series of conjugated polyelectrolytes (CPEs) with
carefully controlled ion density, they revealed the importance
of ionic motion and molecular reorientation in thick CPE-based
interlayers (20-30 nm).>* Basically, the formation of permanent
interfacial dipoles at the electrode surface is the dominant
mechanism for CPE-based interlayers to change WF and charge
injection in thin-film case (<10 nm), with respect to the
quantum mechanical tunnelling limit (~10 nm) (Fig. 2a,
right).>* 3% 6162 A5 the thickness of the interlayer exceeds such
a tunnelling limit, the ionic motion or molecular reorientation
within CPEs under an applied bias needs to be taken into
consideration (Fig. 2b)." % In the ionic migration model, the
counter ions in CPEs can independently drift to the respective
electrodes under the external electrical field while the ionic
side-chains of CPEs are reoriented to be adjacent to the
electrodes in the molecular reorientation model. For thick CPE-
based interlayers (> 20 nm), both mechanisms should have
profound influences on the AWF and charge injection.
Importantly, Kim et al. showed that the magnitude of AWF
derived from CPEs strongly correlates with their ionic
functionalities by engineering a series of polyfluorene (PF)-

(a) (b)

PEIE/PEI CPEs

O;Q II"MD

O

[
m L :S%:D

Energy & Environmental Science

based CPEs with different types of ionic groups on the side-
chains.>> As shown in Fig. 2¢, the ionic functionalities of CPEs
will result in varied dipole formations and directions at the
CPE/electrode interfaces, and thereby will generate different
degrees and directions of vacuum-level shifting.** 3> %7 Based
on these findings, it can be concluded that the most frequently
used polyelectrolytes (PEs) or compounds containing aliphatic
amines basically enable the WF change of electrodes by
forming net dipoles at the organic/electrode interface, leading
to enhanced PSC performance, V' in particular,

2.2 Improving charge transporting and electrode selectivity

Considering the influence of interlayers on Fermi-level
pinning of electrodes to the Er,/Er, of BHJ layers, the device
polarity and electrode selectivity can be tuned by choosing
proper interfacial materials.® *% 3% 73 In particular, the electrode
charge selecting issue is critical for BHJ PSCs since carriers of
opposite charge to the collecting electrode will be generated at
the BHJ/electrode interfaces due to its D-A nanostructural
Consequently, layers with
appropriate energy levels are introduced to enhance the charge
selectivity of corresponding electrodes by preventing
unfavorable charge recombination or exciton quenching at the
organic/electrode interfaces to improve FF and the rectification
of the device characteristics.

According to the type of extracted charges, the interfacial
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Fig. 2 (a) Molecular dipole (MD)-induced or surface interfacial diploe (ID)-induced WF change by (left) PEI/PEIE and (right) CPEs.
Adapted with permission from ref. 57 Copyright 2012 AAAS and from ref. 54 Copyright 2013 Wiley-VCH Verlag GmbH & Co. KGaA.
(b) Schematics of the working mechanism of thick CPEs (> 20 nm) under bias. Adapted with permission from ref. 54 Copyright 2013
Wiley-VCH Verlag GmbH & Co. KGaA. (c) Energy diagram of the CPE/ITO interfaces along with the possible of dipole formation.
Adapted with permission from ref. 55 Copyright 2014 American Chemical Society.
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materials can be mainly classified into p-type hole extraction
layers (HELs) and n-type electron extraction layers (EELs). For
an ideal HEL, its HOMO level should align with the Er, of
BHJ layer while its LUMO level sits above the Er, of BHJ
layer (Fig. 1a). In such way, it can only collect the holes while
blocking the electrons. The same principle should be applied to
the ideal EEL. Regarding the sandwiched configuration of
PSCs, two types of devices, the conventional structure
(ITO/HEL/BHIJ/EEL/electrode) and the inverted structure
(ITO/EEL/BHIJ/HEL/electrode) can be fabricated with reversed
electrode polarity. In general, the inverted structure has better
ambient stability and compatibility to all-solution roll-to-roll
processing techniques due to the possibility of using a stable

(high WF) metal as top electrode.”* "
In addition to appropriate energy levels, possessing
sufficient charge-transporting capabilities (i.e. electrical

conductivity) is also essential for interfacial materials. Highly-
conductive interlayers can help minimize resistance of devices
and improve exciton dissociation.” % Limited by low mobility,
most organic-based interlayers employed so far in devices have
been restricted to few nanometers in thickness, which is much
thinner than their inorganic counterparts (tens of nanometers)
that have higher mobility. To address the low mobility issue,
doping of organic interfacial materials has been applied to
improve their electrical conductivities.®' For example, Gregg et
al. recently have described a water-soluble perylene diimide-
based Petma OH’ (structure shown in Section 4.1) that can be
dehydrated. The
conductivity enables it to serve as an efficient and O,-stable
EEL in PSCs.*

Jen et al. have introduced self-doped solution-processable
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Fig. 3 (a) Conducting fullerene FPI and its in-situ n-doping
mechanism. Adapted with permission from ref. 83 Copyright 2013
Wiley-VCH Verlag GmbH & Co. KGaA. (b) Schematic diagram of
the anion-induced charge-transfer (CT) and electron-transfer (ET)
of anion-n complexes regarding to their relative energy levels. (c)
Schematic illustration of tetrabutyl ammonium anion (TBAX)-
induced AIET to PCBM and its implication for the possible
contact doping induced by highlighted interfacial surfactants in
PSCs. Adapted with permission from ref. 84 Copyright 2014
Wiley-VCH Verlag GmbH & Co. KGaA.
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fullerenes, fulleropyrrolidinium iodides (FPIs) (Fig. 3a and
Section 4.2) as highly efficient EELs in PSCs because of their
decent conductivities and appropriate energy levels.* % & 8
Electron transfer between the constituent iodide and adjacent
fullerene core during the film evolution induces in-situ doping
of the FPI thin-film. The anion-n interaction means that certain
m-systems, such as strong m-acidity arenes (electron-accepting
abilities), can interact with the approaching anions, which serve
as Lewis bases to form anion-m complexes accordingly.®® These
complexes were found to behave like D-A charge-transfer (CT)
complexes, exhibiting CT or (ET)
characteristics, where the anion acts as a donor and the -

electron-transfer

system acts as an acceptor, as illustrated in Fig. 3b.% Notably,
the advantage of such an AIET in doping is its facile solution-
processability at room temperature under room light without the
need to engage any harsh thermal/photo-activation process.
Based on this finding, anions of widely used ammonium-
based PEs were speculated to have similar capability to dope
the nearby fullerenes in a BHJ layer to create better electrical
contact at the organic/electrode interfaces (Fig. 3¢).* 3 8 8
All these results highlight the importance of having proper
doping in interfacial materials to enhance their charge-
transporting properties and charge-collecting efficiency.

2.3 Introducing optical effects to enhance light-trapping in
devices

Owing to intrinsically low carrier mobility and short exciton
diffusion length of organic absorbers,®™ 7 the thickness of
derived organic BHJ layers is generally restricted to 100-200
nm in order to avoid severe charge recombination loss
accompanied with thicker films.**°° Such thin films will suffer
significant optical transmission dissipation and insufficient
light absorption, thereby hampering the resultant Jg.”' In this
regard, delicate optical management is utilized to enhance the
light absorption of photoactive layers in PSCs.”*** Interfacial
materials also play an important role in optical engineering.
For instance, a TMO-based EEL has been used as an optical
spacer to alter the optical distribution within a device.’*®
Owing to optical interference effects introduced by the
interlayer, the intensity of the optical field within the
photoactive layer will increase to enhance the resultant Jgc of
devices.

Recently, utilizing the surface plasmon resonance effects
derived from metallic nanostructures including light scattering,
localized surface plasmon resonance (LSPR), and surface
plasmon polaritons (SPPs) (Fig. 4a) has become a prevailing
approach to enhance light-trapping of PSCs.”*' One of the
important advantages in using this approach is that the LSPR
peaks of metal nanoparticles (NPs) can be tailored through
careful control of sizes and shapes to reinforce light harvesting
of employed organic absorbers. In principle, utilizing the near-
field effects around metal NPs can improve light harvesting of
surrounding  absorbers  significantly and the most
straightforward way is to directly incorporate NPs into the
photoactive layer.'®'"” However, the direct blending of NPs

This journal is © The Royal Society of Chemistry 2012
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Fig. 4 (a) Structure designs of plasmonic PSCs: (Left) NP-induced light scattering; (Middle) NP-induced LSPR effects; (Right) Periodical
structures-induced SPP effects. Adapted with permission from ref. 103 Copyright 2014 The Royal Society of Chemistry. (b) Front-type, (c)
rear-type, and (d) dual-type plasmonic-enhanced PSCs introduced in this review. Adapted with permission from ref. 116 Copyright 2014
American Chemical Society, from ref. 119 Copyright 2013 Wiley-VCH Verlag GmbH & Co. KGaA, from 121 Copyright 2012 Wiley-
VCH Verlag GmbH & Co. KGaA, and from ref. 123 Copyright 2014 Wiley-VCH Verlag GmbH & Co. KGaA.

into a photoactive layer will cause two deficiencies: i) the
embedded NPs will act as recombination sites to quench
excitons,'®™ and ii) the incompatibility between NPs or their
associated processing additives and organic absorbers will
deteriorate the BHJ morphology of PSCs.'?

For these reasons, researchers have recently pursued
different routes towards plasmonic PSCs by placing metal NPs
into the interlayers that can be processed through orthogonal
solvent relative to the BHJ layer.''*"''® To date, the plasmonic
PSCs can be divided into three types based on the position of
introduced plasmonic effects in devices: front-type,''*"'!” rear-
type, 5120 121-123 (Fig. 4b-c). For most front-type
devices, the plasmonic effects are introduced into the charge-

and dual-type

transporting interlayer adjacent to the light-incoming side while
the rear-type devices usually consist of backside nanostructured
metal electrodes. Encouragingly, the results from Yang'?' and
Jen'?* 2 have described the dual-type devices by coupling
metal NPs with either backside metal grating electrodes or
simultaneously embedding metal NPs into dual (hole and
electron) charge-transporting interlayers (Fig. 4d).

Another pivotal function of interlayers is that they can serve
as efficient seeding layers for growing ultra-thin metal films
(UTMFs) with high conductivity and transmittance.'**'** For
example, the conductivity of Ag will decrease dramatically if
the Ag film thickness is below its percolation threshold (~10
nm) to result in island-like inhomogeneous morphology.'?” 128
However, this issue can be addressed by inserting a proper
seeding layer to improve compatibility with ultra-thin Ag to
promote the thin-film growth.'*® As a result, a UTMF with high
transmittance and conductivity can be achieved to enable the
development of semi-transparent PSCs'?*'*2 and ITO-free
flexible PSCs.'**'?® Owing to the high conductivity and
transmittance, such a UTMF can be employed as semi-
transparent electrodes for PSCs and used to fabricate ITO-free
microcavity structures for enhancing light-trapping of devices.

This journal is © The Royal Society of Chemistry 2012

A state-of-the-art parallel tandem PSC with high PCE of 9.20%
has been demonstrated recently by employing a UTMF as the
intermediate electrode to take advantage of both semi-
transparent OPV and UTMF enabled microcavity light-trapping
effect.'*

interlayers in optical engineering for high-performance PSCs.

All these results revealed the importance of interfacial

2.4 Modulating BHJ morphology evolution and enhancing
device stability

As mentioned in our previous review, surface energy of the
plays affecting the

morphological evolution atop BHJ as well as its vertical phase
8, 134, 135

interlayers an important role in

separation, which significantly influences the resultant
charge dissociation/transport in devices. There is also an
important correlation between the kinetic selectivity of an
electron-hole pair and the phase-separation in the BHJ.'? 9% 13
Hence, proper choice of interfacial materials can improve
compatibility and optimize the atop-BHJ morphology. Very
recently, several groups have demonstrated that the BHJ
morphology could be optimized via rational molecular
engineering of the underlying interlayers. Fang et al. have
revealed the influence of the conjugated backbone of
underlying interfacial materials on BHJ morphological
evolution by comparing FBF-N and FTBTF-N EELs (structures
shown in section 4.1). The latter one has two additional
thiophene units on the backbone.””’ Due to the more
hydrophobic nature of FTBTF-N, improved BHJ morphology is
obtained, leading to improved Jgcand FF of the derived devices.
Meanwhile, Yang et al. have demonstrated the importance of
side-chains on underlying interfacial materials for promoting
bi-continuous BHJ nanostructures. PCDTBTPho, bearing a
polar phosphonate moiety on its side-chains, can serve as an
efficient underlying HEL to improve the BHJ morphology of
PCDTBT due to its more compatible surface energy, which not

J. Name., 2012, 00, 1-3 | 5
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only induces the accumulation of PCDTBT at the anode side
but also helps PCDTBT to crystallize.'*®

Improving device stability is another important function of
interfacial layers.* '*° Previously, interfacial layers have been
introduced to improve adhesion between the photoactive layers
and the electrodes and to enhance the durability and stability of
devices, particularly for flexible PSCs.'**!'* In addition, the
interlayer can also serve as an additional protecting layer for the
BHJ to impede the permeation of oxygen and water. At present,
poly(ethylene glycol) (PEG) derivatives are the most widely
used functional materials. Usually, PEG derivatives are blended
into photoactive layers to form in-situ self-organized PEG-
based interlayers during the BHJ morphological evolution
because they tend to migrate to the surface spontaneously.'*"1*
These results show that the combination of proper interfacial
engineering and encapsulation will enhance long-term stability
of PSCs.

3. P-Type Interfacial Layers in PSCs

In this section, the modern design concepts of p-type
interfacial materials and their applications in PSCs will be
discussed. Note that the chemical structures of constituent
conjugated polymer donors and fullerene acceptors for the
discussed BHIJ

introduced in literature and can be easily found in other review
8-10, 149-151

representatives have been extensively

articles Therefore, we will mainly focus on

presenting the chemical structures of newly designed

interfacial materials.

3.1 Polyelectrolytes (PEs)

Conductive PEDOT:PSS is the most commonly used
solution-processed p-type interlayer in optoelectronic devices.
The high conductivity of PEDOT:PSS stems from the
formation of PEDOT":PSS™ as a result of the efficient p-doing
of PEDOT by PSSH. Based on this principle, Heeger and
Bazan et al. have recently introduced a conductive narrow-
band-gap anionic CPE (CPE-K, Fig. 5a) showing facile self-
doped property and great potential for PSCs.'”* 1* CPE-K
possesses several
PEDOT:PSS such as orthogonal solvent processability, a
suitable energy level for hole extraction (HOMO for CPE-K
and PEDOT:PSS-4083: 4.9 and 5.0 eV), reasonably high

electrical conductivity (for CPE-K and PEDOT:PSS-4083: 1.5
152

appealing advantages comparable to

x 107 and 2.7 x 10 S/cm), and decent optical transparency.
Moreover, CPE-K has a neutral pH value around 7.56, which
greatly alleviates the concern for the acidic nature of
PEDOT:PSS (PH: 1-2). As a result, a PTB7:PC;BM device
using CPE-K HEL showed a high PCE of 8.2% (Vo¢: 0.71 V;
Jsc: 16.29 mA/cm?; FF: 0.69), surpassing that of the control
PEDOT:PSS device (7.9%). The main reason for enhanced
device performance lies on improved FF, which is attributed to
reduced bulk resistance because of highly conductive CPE-K
and modified HEL/BHJ interface.'>?

6 | J. Name., 2012, 00, 1-3

Bazan further unveiled the doping mechanism of CPE-K'**
that involves the initial double protonation of single polymer
backbone. In addition, the pendant sulfonate groups function to
stabilize the formed cationic polarons (radical cations) through
the Coulombic interaction. Two  additional CPEs,
PCPDTPhSO;3;Na and PFBTSO;sNa (Fig. 5a) were juxtaposed to
clarify the influence of the constituent moieties in CPE-K on
the resulting self-doped property. Interestingly,
PCPDTPhSO;sNa showed a clear polaron absorption with broad
transition extending to 1000 nm after dialysis while
PFBTSO;Na did not exhibit such absorption. The loss of self-
doping property in PFBTSO;Na clearly elucidates the

importance of CPDT units on p-doping phenomenon. This
might be because the electron-rich CPDT moiety contributes to

a relatively high-lying HOMO in the derived polymer to
153

facilitate doping during dialysis.

(a)

K058

PCPDTBTSO:K
(CPEK)

S0sNa  NaOs$

PFBTSO3Na PCPDTPhSO;Na
(b) o
g ) o}
o000
SPS Th
Contact Doping

CeH1d P3HT

Fig. 5 (a) Structures of the introduced narrow-E, anionic CPEs.
Adapted with permission from ref. 153 Copyright 2014 Wiley-VCH
Verlag GmbH & Co. KGaA. (b) Illustration of the contact doping
between the sulfonic acid groups of SPS and P3HT. Adapted with
permission from ref. 155 Copyright 2014 Wiley-VCH Verlag GmbH
& Co. KGaA.

In addition to the development of intrinsically conductive CPE-
based HELs,">* contact doping at the organic/electrode interface can
improve the electrodes as
aforementioned. A sulfonated poly(phenylsulfone) (SPS, Fig.
5b) HEL was recently reported by Gomez et al. that functioned
as efficiently as PEDOT:PSS in PSCs.'>® SPS localized at the
anodic interface acts like a strong polymeric acid, creating

also electrical contact of

interfacial doping of polymer in BHJ. Such contact doping can
effectively alleviate the interfacial @p to facilitate charge

This journal is © The Royal Society of Chemistry 2012
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collection. However, limited by the insulating nature of SPS,
the enhanced performance is greatly dependent on the degree of
sulfonation on SPS and its thickness (< 3 nm). All these
findings show the great potential of using organic PEs as advanced
HELs in PSCs.

3.2 Graphene oxides (GOs)

Due to their unique two-dimensional structures and easily
tailorable electronic properties, solution-processable GO-based
interlayers have also attracted significant attention recently as
useful interlayer materials.'>®* '*” GO HEL was first introduced
by Chen et al. in 2010 for PSCs."*® The WF of GO (-4.7 eV)
was evaluated for its suitability to function as a HEL that can be
processed into uniform film on ITO anode. Meanwhile, the
carboxylic acid and phenolic/enolic groups on GO were found
by Jen et al. to effectively dope conjugated polymers (in BHJ)
through protonic doping to result in highly efficient PSCs.'*

PTB7 Stacking on GO
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Fig. 6 (a) GO HEL-induced preferential face-on PTB7 n-stacking
and enhanced stability of the derived device. Adapted with
permission from ref. 165 Copyright 2011 American Chemical
Society. (b) Synthetic route of GO-OSO;H. Adapted with
permission from ref. 167 Copyright 2012 American Chemical
Society. (¢) Synthetic route of GOR by oxidative unzipping of
SWCNTs and the related energy level diagram of the derived
device. Adapted with permission from ref. 170 Copyright 2014
Wilev-VCH Verlag GmbH & Co. KGaA.

However, the insulating nature of GO limits its thickness to
be ~ 2 nm for use in devices, which significantly impedes GO’s
use in practical applications.'®® In this regard, various chemical
or thermal reduction strategies have been introduced to convert
GO back to its pristine conjugated structure to enhance
electrical conductivity.'®' Such reduced GO (r-GO) is

This journal is © The Royal Society of Chemistry 2012
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considered to have better charge extraction ability compared to
GO. Nevertheless, the r-GOs
solubility in common organic solvents compared to GO, which

generally have decreased
inevitably creates problems with poor film formation and
surface coverage on substrates. In this regard, versatile
approaches have been exploited
solution processibility of r-GO or
films.

Post-thermal annealing of GO HEL is a very simple method

recently to improve the
conductivity of GO-based

to get r-GO to enhance device performance since the pristine
oxygen-containing groups can be removed by eliminating H,O,
CO,, etc. during annealing at temperatures between 230 and
250 °C.'*% '3 The thermal reduction of GO is evident in the
decreased density of C-O, C=0O, and CO,H
photoelectron (XPS) spectra and the increased conductivities.

in X-ray

Meanwhile, Li et al. have delineated that chemically modified
GO HEL by O, plasma post-treatment afford a better device
performance (30% enhancement) than using GO as HEL due to
its higher WF (-5.2 eV) than GO (-5.0 eV). The higher WF
results from more surface C=O dipoles generated by extracting
electrons from graphene.'®* On the other hand, Hersam’s group
showed that the UV-ozone (UVO) post-treatment of GO HEL
can modulate the BHJ morphology.'®> As shown in Fig. 6a, the
UVO-treated GO can promote preferential face-on n-stacking
atop PTB7 to facilitate vertical charge transport/extraction in
PSCs. Consequently, it enabled the high PCE (7.39%) of the
derived PTB7:P;;BM device with outstanding thermal/ambient
stability compared to those derived from PEDOT:PSS.

Recently, reduced GO with specific chemical reagents has
been reported by several groups. For example, a new solution
processable r-GO (pr-GO) HEL with much improved film
formation via spin-coating has been developed by Na et al. by
introducing p-toluenesulfonyl hydrazide (p-TosNHNH,) into
precursor solution.'®® The derived P3HT:PCqBM device
showed an improved PCE of 3.63% compared to those using
GO or conventional r-GO. Soon after, a solution processable
sulfated GO was described by Dai et al. (GO-OSO;H, Fig. 6b),
in which the GO was reduced by dehydrating with fuming
sulfuric acid.'” Due to attached -OSO;H groups along with
the original -COOH groups in GO, GO-OSO;H has much
improved solution processability. In addition, it possesses a
much higher conductivity (1.3 S/m vs. 0.004 S/m) than GO. As
a result, a superior PCE (4.37%) of the derived P3HT:PC¢;BM
device is accomplished.

Hybridizing conductive fillers with GO is
promising way to increase its conductivity. For instance,

another

Huang et al. have reported a solution processable GO:SWCNT
composite HEL.'*® By blending with small diameter (~1 nm)
SWCNTs, it is able to maintain the original smooth surface of
the composite thin-film while greatly enhancing its vertical
conductivity. Hence, such GO:SWCNT composites enable the
use of thicker and easier-to-make HELs for device fabrication.
Conductive PEDOT:PSS has also been blended into GO HELs
for enhancing device performance. Lately, Tan et al. have
successfully coupled plasmonic effects into GO/PEDOT:PSS
hybrid HELs by blending Au NP-decorated GO (Au-GO) with
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PEDOT:PSS.'® In this case, GO is able to serve as a good
template for uniform dispersion of Au NPs without causing
problematic aggregation as abovementioned.

Very recently, a graphene oxide nanoribbon (GOR)-based
HEL has been developed by Dai et al. by oxidative unzipping
of SWCNTs with KMnOy in concentrated H,SO, (Fig. 6¢).'™
In such way, GOR can retain the solution processability of GO
and the semiconducting properties of graphene nanoribbon. It
possesses proper energy levels for hole-transporting and
electron-blocking (Fig. 6c¢, right), which results in a high PCE
of 4.14% in PEHT:PCBM device. It can also be used in
conjunction with PEDOT:PSS or p-type TMOs to form bilayer
HELSs for high-performance PSCs.'”" 7

3.3 Solution-processed transition metal oxides (TMOs)

Inorganic interlayers also have progressed rapidly in the
past few years because of their superior electronic properties
and respectable environmental stability compared to their
organic counterparts. Among these, TMOs with decent
transparency across visible and infrared spectra have been
widely proven to form good Ohmic contact with organic
absorbers due to their high conductivity and appropriate WE.'”
7% In order to meet the requirements for large-scale and high-
throughput production of organic electronics,'”” the recent
development of TMOs has been focused on improving solution
processing techniques, as depicted in Fig. 7a. At present, most
of the TMOs are mainly synthesized via the
sol—gel Such sol-gel-made TMOs
usually require  high-temperature  post-
annealing (300-600 °C) to achieve high

route.

(a)

precursors

Metal-

crystallinity, which is incompatible with the
high-throughput manufacturing protocols for
organic photovoltaics. Moreover, although
high-crystallinity TMOs have higher charge

halides
nitrates
carboxylates

(

alkamides
p-diketonates

between a photoactive layer and a TMO HEL can be achieved
by matching the LUMO level of TMOs and the HOMO level of
a donor polymer in BHIJ. Differently, the p-type TMOs with
slightly lower WF than n-type ones accomplish the Fermi-level
pinning with the HOMO level of a donor polymer in BHJ
through its HOMO level while their wide E, can create an
energy barrier for blocking electrons. In this regard, MoO,
VO,, WO;, and CuO, are classified as n-type TMOs while
NiOy and CrO, are considered as p-type. Also, it must be noted
that the WF of TMOs is also strongly correlated with their

deposition methods, crystal
173,175, 197

surface characteristics, and
structures.

Recent advances of n-type TMO HELs are introduced
herein. For MoO,, a facile and low-cost method has been
introduced by Yang et al. to prepare a low-temperature (80 °C)-
processed MoO; HEL from aqueous solution of the
(NH4)sMo0,0,4-4H,0 precursor.182 post-

treatment-free MoO, HEL based on a MoO, NP suspension

Meanwhile, a
solution has been developed by Lee er al. using microwave-
assisted synthesis.'®' Soon after, a low-temperature-annealed
(80 °C) MoO; HEL via a simple one-step synthesis has been
reported by Chou et al. to fabricate a high-performance (7.75%,
Table 1) PBDTTT-C-T:PC,;BM device, outperforming the
control PEDOT:PSS device.'® They have also successfully
demonstrated that a low-temperature-annealed (100 °C) V,0s5
HEL could result in high PCE (7.62%) as well (Table 1).
Moreover, they revealed that excess oxygen in TMOs is

ink-formation thin film deposition post processing

precursor
+ solvent
+ additives

condensation
decomposition
drying

thermal annealing

oxo)alkoxides gas exposure
(UV)-light exposure|

plasma treatment

mobility than the less crystalline ones, the (b) I HaC
derived grain boundaries might result in severe j:/cu)Jo\ T 79 Hie, o § &1
trap states, which is unfavorable for device )\o:(u;oj/ Q/ u‘o} Hat Sg/cf;eo CHa H3§ 'Rg\o cHy
performance and stability.'”> Hence, the YA e o Sy G ch’_r
research focus in this field has shifted to tungsten isopropoxide  copper acetylacetonate  chromium acetylacetonate ruthenium (III) acetylacetonate
developing low-temperature processed TMO- lA i LA A iamz lm‘o
based interlayers, for which reasonably
crystallinity can still be achieved. To date, wes oo ros Ko
various solution processed TMO HELs have (C)
been exploited based on different chemical = e
routes, such as NiO,,'’!'" MoO,,!80-18 =l "§ P
VO, w0, 19 Re0 2 Ru0,.' o|8 % ;
Cu0,,'* CrO,,'" and Fe;0,'*. ol 512 5

The working mechanisms of TMO HELs - K ] g
are quite different due to their distinct e )

o T

electronic structures. In general, TMOs can be
divided into n-type and p-type semiconductors
according to their corresponding electronic
states. The n-type TMOs possess deep-lying
energy levels and WF (usually exceeding 6
eV). Accordingly, the Fermi-level pinning

8 | J. Name., 2012, 00, 1-3

Voltage (V)

Fig. 7 (a) Solution-derived preparation of TMO-based interlayers. Reprinted with
permission from ref. 175 Copyright 2013 The Royal Society of Chemistry. (b)
Precursor structures and involved treatment of introduced TMO-based HELs. (c)
lustration of the fabricated Fe;O, HEL device under external magnetostatic field
alignment and its related energy level diagram and J-V characteristics. Adapted with
permission from ref. 196 Copyright 2013 Wiley-VCH Verlag GmbH & Co. KGaA.
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Table 1. Device Characteristics of representative PSCs using TMO-based HELs.
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Based on a similar principle, Li e?

al. have also prepared two new

solution-processed TMO HELs, ReO,

Voc JIsc PCE .
Device Structure FF Ref. and Ru0,."* ' ReO, HEL is
(V) (mA/em’) (%) prepared by depositing the
ITO/MoO; /PBDTTT-C-T:PC; BM/Ca/Al 0.76 16.38 0.62 775 184 methyltrioxorhenium (VII) (CH;ReOs3,
ITO/V,05/PBDTTT-C-T:PC, BM/Ca/Al 0.76 16.47 0.61 762 184 i.e. MTO) precursor followed by post
ITO/WO5/P3HT:ICBA/Ca/Al 0.84 10.85 070 636 191 annealing (110 °C) in air, in which
ITO/CuO,/P3HT:IC4BA/Ca/Al 0.87 11.08 070 672 194 g ’ _
ITO/NiO,/pDTG-TPD:PC; BM/LiF/Al 0.82 13.90 0.68 782 178 MTO was gradually converted into
ITO/CrO/P3HT:ICsBA/Ca/Al 0.87 10.74 0.70 6.55 195 organometallic oxide polymeric MTO
ITO/ReO,/P3HT:IC4BA/Ca/Al 0.84 11.28 077 726 192 H.ReO1. . i voMT
ITO/ReO,/PBDTTT-C-T:PC; BM/Ca/Al 076 1774 062 830 192 ([CH;ReO;] -, ie. poly-MTO) as a
ITO/RuO,/PBDTBDD:PC;,BM/Ca/Al 0.84 12.66 070 745 193 result of reacting with moisture.

undesirable for high device performance.' Recently, an
ambient processable V,05 HEL has been introduced Lira-Cantt
et al. from an aqueous solution of sodium metavanadate, which
formed layered V,0s hydrate (V,05-0.5H,0) in thin-films.'%®
The contained H,O induces decent stability of resultant films
under working conditions.

As for WO;, a low-temperature (80 °C)-processed WO,
HEL has been developed by Barbec ef al. without oxygen post-
treatment. It works well for both conventional and inverted
device structures.'® Later, Kim ef al. have described a facile
sol-gel route from tungsten ethoxide (W(OC,Hs)s) precursor
solution for an annealing-free WO; HEL."° Li et al. further
showed that hole mobility of 9.4 x 10° cm*V-s could be
achieved for WOj; prepared from an analogue tungsten
isopropoxide precursor (W(OC;H,)s, Fig. 7b) followed by
thermal annealing at 150 °C in air. It led to a high PCE (6.36%,
Table 1) in a P3HT:IC;,BA BHIJ device.'”' A similar approach
was employed to develop a solution-processable CuO, HEL
using precursor copper acetylacetonate (Cu(acac),, Fig. 7b).'**
The derived P3HT:IC4,(BA and PBDTTT-C:PC,,BM devices
showed impressive PCEs of 6.72% and 7.14% (Table 1),
significantly exceeding those derived from using PEDOT:PSS.

NiO; is the most widely studied p-type TMO HEL in the
literature.'”*'7® Recently, So et al. have reported a solution-
derived NiO, via thermolysis (275 °C) of the precursors of
nickel acetate tetrahydrate (Ni(CH3COO),4H,0) and
monoethanolamine in ethanol. Such a NiO, HEL afforded a
high PCE (7.82%, Table 1) in a pDTG-TPD:PC;,BM device.'”
Meanwhile, UVO post-treatment was utilized by Ma to further
reduce the processing temperature of NiO,.'”” Due to high
surface concentration of NiOOH through cooperative
treatments, the annealing temperature can be reduced to below
150 °C. Very recently, an annealing-free NiOx HEL prepared
from colloidal crystalline NiO NPs via sonochemical synthesis
was delineated by Xie et al..'”” NiO NPs with 4-8 nm in size
could be obtained at low temperature through ultrasonic
irradiation. Recently, Li et al. have demonstrated a new
efficient p-type CrO, HEL'®® by spin-coating the precursor
chromium acetylacetonate (Cr(acac);, Fig. 7b) with subsequent
thermal annealing (60 °C) and UVO treatment. The CrO, HEL
can improve the PCE of a P3HT:IC¢,BA based device from
6.06% (PEDOT:PSS-based device) to 6.55% (Table 1).

This journal is © The Royal Society of Chemistry 2012

Afterward, UVO treatment in air is

conducted to decompose this into the
final ReO,. Notably, such ReO, can enhance the optical
distribution in BHJ layers due to the better-matched refractive
index. This ReO, HEL can result in high-performance
P3HT:IC¢BA (7.26%) and PBDTTT-C-T:PC;;BM devices
(8.30%) (Table 1), where a 14% PCE enhancement could be
achieved compared to PEDOT:PSS-based device. A RuO, HEL
can be obtained by direct UVO treatment of the spin-cast films
of ruthenium(i) acetylacetonate (Ru(acac); precursor, Fig. 7b)
without annealing.'”® The RuO, HEL enables the
PBDTBDD:PC;BM BHIJ device to achieve higher PCE of
7.45% (Table 1) than that of the PEDOT:PSS derived device.
On the other hand, Gong et al. have recently introduced
solution processed Fe;O4 magnetic NPs as HEL. Owing to their
magnetic properties, an applied external magnetostatic field can
be used to align the Fe;O4-based thin-film, leading to enhanced
conductivity and device performance, as illustrated in Fig.
7,196

4. N-Type Interfacial Layers in PSCs

Compared to their p-type counterparts, n-type interfacial
materials have experienced even more prosperous growth in
PSCs in the past few years.” '° In the following sections, we
will summarize the latest development of EELs including their
molecular structures and applications in PSCs. With regard to
the distinct nature and structures of newly developed n-type
interfacial materials, we will categorize them into seven

A more detailed
9,10

subsections for individual discussion.

introduction can be found in recent review articles.

4.1 Non-fullerene oligomers

Shown in Fig. 8 are the non-fullerene oligomer-based EELs
developed lately. They can be divided into three main
categories, including non-conjugated oligomers (DCDA and
Urea),'”® perylene-diimide (PDI)-based salts ((PTCDI'I,'”
Petma'OH"** and PDINO?®), and other polycyclic aromatic
compounds (Rhodamine 101,*°! F8PS,*** 3TPA-FEP,** and
FTBTF-N"7)

The amino-containing (-NH,) non-conjugated oligomers,
DCDA and Urea, have been recently introduced by Yang et
al.."”® They revealed that the -NH, group could coordinate with
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Fig. 8 Recently developed non-fullerene oligomer-based materials as EELs in PSCs.

Al atoms to prevent undesirable interactions at P3HT/Al
interface. Besides, the density of amino groups in oligomers
affected the interfacial dipole formation at BHJ/AI interface to
result in a different degree of WF shifting of Al. Consequently,
different degrees of PCE enhancement in devices (~27% for
DCDA and ~31% for Urea) were observed.

The PDI salt-based HELs are other attractive candidates for
high-efficiency PSCs due to their extended planar structures for
electron transport. For instance, the solution-derived
electrostatic layer-by-layer (eLbL) approach has been employed
by Buriak et al. to prepare a PTCDI":PEDOT:PSS™ composite
EEL from (PTCDIDI" and PEDOT:PSS to tune ITO WF.'”
Meanwhile, a self-doped Petma’OH EEL with decent
conductivity has also been reported by Gregg et al., as
discussed in Section 2.2.%* Very recently, an environmentally
stable and thickness-insensitive PDINO EEL has been reported
by Li et al.** Due to self-organized m-stacking of PDI units,
the PDINO EEL shows an intrinsic conductivity of ~107° S/cm,
and thus can be operated in a wide thickness range (6-25 nm).
By combining this with its WF tuning ability from the ionic
feature, the PDINO EEL can be used to induce high PCE
(8.35%) in a PTB7-Th:PC;;BM BHJ device (Table 2).

For other polycyclic aromatic compounds, a conjugated
zwitterion Rhodamine 101 EEL has been developed by Ouyang
et al.. The zwitterionic moiety can form a strong dipole at the
BHJ/electrode interface to improve the resulting device
performance.””! Meanwhile, Su ef al. have reported an alcohol-
soluble pyridinium salt, F8PS, comprising positively charged
pyridinium rings and halide counterions to function as an
efficient EEL in PSCs.?*> An alcohol-soluble star-like 3TPA-
FEP EEL consisting of a triphenylamine (TPA) core featuring
TPA/phosphonate  side-chains (FEP)

was  subsequently

10 | J. Name., 2012, 00, 1-3

described®”® with polar FEP
groups that could form
interfacial ~ dipoles at the

BHJ/electrode interface.’** By
using a 3TPA-FEP EEL, the
PCE of PCDTBT:PC;BM
device was further improved to
7.21% (Table 2). In addition,
FTBTF-N has also been reported
recently by Fang et al as
discussed in Section 2.4. It can
serve as an underlying EEL to

modulate the atop-BHJ
morphology, thereby enhancing
the PCE of a benchmark

PTB7:PC;;BM device to a very
high PCE of 9.22% (Table 2)."*’

4.2 Fullerene derivatives

Due to similar energy levels
and structures as PCBMs, the
development of water/alcohol
soluble fullerene derivatives as
EELs has also attracted wide
attention. The representative examples of newly developed
fullerene-based EELs are presented in Fig. 9, where they can be
categorized into two parts: modified Cg/Cres (left) and
fulleropyrrolidines (right).

For the modified Cgps, a series of functional fullerenes
including a PEG end-caped Cg (PEGN-Cg)*® and a -NH,
group containing Cgo (DMAPA-Cg0)*% have been developed by
Li et al. as efficient EELs in PSCs. These functional groups
(PEG and -NH,) assist in alignment of the energy levels at the
BHJ/electrode interface and result in subtle dependence of Vycs
on employed electrodes. Accordingly, high PCEs could be
achieved in PBDTTT-C-T:PC;,BM devices using PEGN-Cg,
(7.45%) and DMAPA-Cg (7.42%) EELs (Table 2). They also
reported an efficient PCBDAN EEL that was synthesized by
modifying the ester groups of PCgBM with amine end-
groups.’”’ Besides, by simple methylation of PCBDAN with
methyl iodide, the derived salt, PCBDANI (Fig. 9), could be
prepared. Owning to their polar side-chains, both alcohol-
soluble PCBDAN and PCBDANI can form interfacial dipoles
at the BHJ/electrode interface. Consequently, an even higher
PCE of 7.69% was demonstrated (Table 2).

Notably, self-doping of PCBDANI was evident from
electron paramagnetic resonance measurements and from the
high intrinsic conductivity (1.98x102 S/cm). This enables
PCBDANI EEL to function effectively even at thicker layer (82
nm).?%® Meanwhile, Huang and Cao et al. described a PC,;;BM-
N EEL (Fig. 9) by functionalizing PC;BM with a tertiary
amino group.””® In addition to WF tuning, PC;;BM-N EEL
induces contact doping at the BHlJ/electrode interface by
forming intermediate amine:C;, complexes. Similar synthetic
routes have also been employed to prepare a B-PCPO EEL (Fig.

FTBTF-N

This journal is © The Royal Society of Chemistry 2012
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Fig. 9 Recently developed fullerene-based materials as EELs in PSCs.

9).2'° Due to the polar phosphate side-chains, B-PCPO showed
reasonable alcohol processability and tuning of ITO WF,
thereby leading to improved performance in PCDTBT:PC;;BM
based devices.

An alcohol soluble EGMC-CO,H EEL has been recently
prepared by Cheng and Hsu et al. (Fig. 9) by decorating Cg
with hydrophilic triethylene glycol (TEG) functional groups.?''
This EGMC-CO,H EEL can react with alkali carbonates to
enhance its electron-transporting properties. Doping might stem
from the ionic EGMC-carboxylate salts formed by interacting
-CO,H groups with carbonate bases. Lately, Gong et al. have
reported a conductive PCBM-G2 EEL (Fig. 9) by modifying
PC4;BM with an amine dendron.?!? Due to its pH neutrality, no
but the
conductive PCBM-G2 can reengineer the surface electronic

interfacial dipoles are formed at the interface,
characteristics of ZnO, leading to a 30% enhancement in PCE
with largely improved Jsc and FF.

Recently, fulleropyrrolidines-based EELs (Fig. 9, right)
have also been extensively studied. As discussed in Section 2.2,
two excellent cathode-independent FPI-based EELs, Mono-Cg
and Bis-Cg4p, have been introduced by Jen et al. for achieving
high-efficiency and stable PSCs. The success of such EELs lies
in self-doping via AIET and the WF-tuning capability induced
by the ionic features.*” °* %% 8 The Bis-Cq, EEL afforded a
high-performance PIDTT-DFBT:PC;1BM device (7.66%,
Table 2) which can be further enhanced to over 9% by
coupling with plasmonic enhanced light absorption into the
HEL and EEL.'? Shortly after, Bo er al. described a FN-Cg,
EEL, which was synthesized from C4, and aldehyde fluorene

This journal is © The Royal Society of Chemistry 2012

213 Meanwhile, Fang et al. reported the

via the Prato reaction.
use of a commercially-available Cg, pyrrolidine tris-acid
(CPTA) as an EEL to improve the PCE of PTB7:PC;;BM from
4.83% to 7.92%.*" Very recently, two amine (Cg-N) and
sulfobetaine (Cgo-SB)-substituted fulleropyrrolidines have been
introduced by Russell and Emrick ef al. as excellent cathode-
independent EELs in PSCs.?"” Variable thicknesses of such
fulleropyrrolidines-based EELs were engineered to investigate
possible underlying mechanisms and the degree of shifting
electrode WF. The AWF of electrodes was proposed to be
mainly caused by the permanent dipole formed at the
BHlJ/electrode interface via the zwitterionic Cg,-SB while the
WF changes of electrodes were due to induced charge transfer
of C4o-N. Finally, high-performance PTB7-Th:PC;,BM devices
with high FFs and much improved ambient stability could be
achieved by using Cg-SB (8.57%) and Cg-N (9.35%) EELs
compared to the control Ca/Al devices. More recently, an
excellent fullerene-based EEL composite consisting of
conductive FPI (Bis-OMe) and small amount of insulating
PEIE has been introduced by Jen et al..*'® Inheriting the self-
doping property from Bis-OMe, such a hybrid EEL possesses
improved conductivity and can dope the PCBMs in BHJ
through contact in addition to tuning the WF of electrode,
enabling this composite EEL to function well in thicker film
(~50 nm). As a result, a high PCE of 9.62% could be achieved
in the inverted PTB7-Th:PC;;BM device (Table 2). All these
results affirm the great potential of using fulleropyrrolidines-
based EELs for achieving high-efficiency PSCs.

J. Name., 2012, 00, 1-3 | 11
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Fig. 10 Recently developed neutral EELs based on neutral polymers.

4.3 Neutral polymers

There are three main types of n-type neutral polymer
interlayers as summarized in Fig. 10 including PEIE/PEI, PFN-
based and polycarbazole (PC)-based derivatives. Most of these
neutral compounds are soluble in alcohol with the assistance of
a small amount of acetic acid (AcOH).

As discussed in Section 2.1, PEIE/PEI have been widely
used in PSCs including in single junction and tandem cells
(Section 6) after the work of Kipplen et al..’” Based on this
discovery, Kim et al. utilized PEI to facilitate pinning the
energy level of ZnO/BHJ interface to improve the performance
of PTB7:PC7;BM device from 6.99% (ZnO device) to 8.76%
(ZnO/PEI device, Table 2) because PEI can form interfacial

ZnO
217

dipoles on surface and reduce its roughness
simultaneously.

PFN-based EELs are another popular class of materials for
high-efficiency PSCs.*'® It has been shown by Wu et al. that
PFN could modify the WF of ITO to promote Ohmic contact at
the ITO/BHJ interface, thereby increasing the PCE of the
PTB7:PC;BM device to 9.21% (Table 2). Later, a PFCn6:K"
EEL was synthesized by Chen et al. which has a metal-ion-
intercalated crown ether grafted on the PF conjugated polymer
backbone.*'” It enabled a record high PCE (7.5%, Table 2) to
be realized in a P3HT-based BHJ due to enhanced electron
extraction and optical enhancement. Afterward, an amino-
containing conjugated metallopolymer PFEN-Hg EEL with Hg

incorporated in the polymer backbone has been shown by

12 | J. Name., 2012, 00, 1-3

Huang and co-workers to possess improved charge-transporting
properties.”?® It not only helped realize high performance
(9.11%, Table 2) in PTB7:PC,;;BM device but also provided a
broader range of film thickness (7-20 nm) for device fabrication
than that for PEN-OX EEL (<5 nm).

Despite the PFN-OX EEL can be
crosslinked to possess superior solvent resistance. It also
facilitated high PCE (9.13%) device to be realized for another
BHJ system (PBDTTT-C-T:PC;BM).?*! Moreover, it can be
used to modify ZnO EEL to enhance efficiency of the
PTB7:PC;;BM device from 8.45% (ZnO device) to 9.28%
(ZnO/PFN-OX device) with an extremely high FF (0.74) due to
doping of PCBM by PFN-OX.?**? Recently, Park er al. have
PBN  EEL,
benzodithiophene (BDT) and fluorene moieties, to modify
Zn0O.”>* PBN can create interfacial dipoles at the ZnO/BHJ
interface and improve physical contact between BHJ and ZnO

thickness issue,

developed a  conjugated comprising

due to its hydrophobic properties, thereby resulting in a 21.1%
PCE improvement in the derived devices.

Recently, Li and Chen have reported a hyperbranched
HBPFN EEL that helped realize a high PCE of 7.55% in a
PBDTTT-C-T:PC,;;BM BHJ device, surpassing the PCE of the
device using a linear PFN EEL (6.88%).7** Inganas’ et al. also
reported PFPA-1 EEL as a pivotal interlayer in an inverted
ITO-free device that can not only effectively up-shift the WF of
but the BHJ
substantially device

underlying metal cathodes also optimize

morphology  to the

225,226

improve
performance.

This journal is © The Royal Society of Chemistry 2012
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PC-based EELs have also been investigated recently. Chen
et al. reported a series of PC-based EEL, PC-P and PCP-EP, by
copolymers  with
phosphonate side-chains.**’?*® Such hydrophilic side-chains

decorating PC  homopolymers and
can tune the ITO WF by forming interfacial dipoles and supply
a sub-gap state for electron transport, leading to an improved
PCE.*? Lately, Huang et al. also reported an alcohol soluble
PCDTBT-N EEL that was functionalized with polar amino
groups.’”” The amino groups have the tendency to form
amine:C;, complexes to facilitate electron extraction which is
similar to the aforementioned PC;;BM-N case (Section 4.2).

4.4 Polyelectrolytes (PEs)

Fig. 11 illustrated the recently developed PE-based EELs in
PSCs, where they can be divided into three main types
including, PFN- and polythiophene (PT)-based CPEs and non-
conjugated PEs. In contrast to neutral polymeric EELs (Section
4.3), most of the PE-based EELs can be simply dissolved in
alcohol-based solvents.

For PFN-based CPEs, Huang et al. investigated a series of
amino  N-oxide-functionalized PF copolymers (PNOs)
comprising fluorene and pyridinyl moieties.”? They revealed
that the amino N-oxide groups enable PNOs to have better
charge-transporting properties than their amino functionalized
parent polymers (PNs). In addition, the different linkages of
pyridinyl units in PNOs play an important role on the resulting
electronic properties. Consequently, the PCE of PSC using
PF¢NO,sPy EEL is 1.7 times higher than that without using it.
They also utilized PFN-Br to modify a ZnO EEL, optimizing
the electrical contact between ZnO and BHJ. As a result, the
performance of a PBDT-DTNT:PC;BM device was improved
from 6.10% to 8.40% (Table 2).>*° Recently, a series of
zwitterionic PFN-based CPEs comprising the same sulfobetaine
groups on the side-chains and different conjugated moieties
have also been reported as efficient EELs in PSCs.*! The
nature of the conjugated backbone and the polar zwitterionic
side-chains were found to be important for interfacial

O
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Fig. 11 Recently developed polyelectrolyte-based EELs for PSCs.
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modification. As a result, a PFNSO EEL utilizing a fluorene
moiety afforded a PTB7:PC,;BM device with PCE as high as
8.74% (Table 2).

PT-based CPEs have also been investigated. Buriak et al.
adopted an aforementioned eLbL approach to prepare
P3(TBP)HT":PEDOT:PSS" (similar to PTCDI":PEDOT:PSS’
introduced in  Section 4.1) composite films from
P3(TBP)HT'Br and PEDOT:PSS.”*? Such EEL remarkably
improved device stability, in which 97% of the original PCE
could be maintained over 1000 h of storage in air. Soon after,
Yang et al. also delineated a similar CPE-surfactant complex
fabricated PTMAHT dodecyl-
benzenesulfonate (SDS).?** Recently, Maes et al. delineated
imidazolium-substituted PT-based EELs,234 in which the
polymer chain lengths of such CPEs have a substantial

from and sodium

influence on the resulting device performance. P3(IMD)HT-Br
with a relatively high molecular weight showed the best PCE,
outperforming other CPEs. Meanwhile, Emrick et al also
developed a series of zwitterionic PT-based EELs, PTBTSB-1
and PTBTSB-2.%*° With the analysis from the near edge X-ray
absorption fine structure (NEXAFS) spectra, they unveiled that
the interfacial dipoles formed by these CPEs contributed to the
electrostatic self-alignment of zwitterionic side-chains near the
metal surface, where the negative charge of the zwitterion
points to the surface.

Very recently, Emrick et al. have further introduced non-
conjugated azulene-triazole (A-T) PATSB EELs.”*® The density
of A-T along the polymer chains greatly influences its optical
properties and excitonic behavior, which results in increased
device performance based on the A-T density in the PATSB
EELs. As a matter of fact, the PATSB-3 with the highest A-T
content (~75 mole%) enables the derived PTB7:PC,;BM device
to have a high PCE of 7.9%.

4.5 Organic-Inorganic hybrids

In the past few years, there has also been some significant
progress made in organic-inorganic hybrid thin-film EELs for
PSCs. Chen et al. have reported the
synthesis of a hybrid Zn-Cy4, EEL by
reacting the fullerene precursor (PCBE-
OH) with zinc acetate (Zn(Ac),) (Fig.

12a, left).?’ From the XPS
measurements, Cq, is shown to be
concentrated at the Zn-Cg4, surface,

enabling the upper organic BHJs to have
better compatibility at this corresponding
interface. This Cgp-doped species also

§ g possessed a deeper-lying LUMO level
N-n NG (4.53 eV) than that of pristine ZnO (4.14
N7 eV), which serves as new transport

pathways for electrons (Fig. 12a, right).
As a result, the P3HT:IC4,(BA BHJ
device with Zn-Cq, EEL showed much
improved performance (5.26% to 6.60%).
This effect is also applicable to

J. Name., 2012, 00, 1-3 | 13
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PTB7:PC;BM (6.65% to 8.21%), and PTB7-Th:PC,;;BM based
devices (7.64% to 9.35%) compared to the pristine ZnO EEL
device (Table 2).

Xie et al. have also introduced a hybrid ZnO-PFEP EEL by
sensitizing ZnO nanocrystals (NCs) with a blue fluorescent
conjugated PFEP, where PFEP not only prevents the
aggregation of ZnO NCs through its attached phosphonate
groups but also enhances the conductivity of ZnO NCs via
charge transfer doping driven by electron-chemical potential
equilibrium (Fig. 12b).*® Due to the light excitation of PFEP
sensitizer, the charge transfer doping even became more
pronounced under and enabled 44-70%
enhancement in performance compared to the ZnO devices. In
addition, the conductive ZnO-PFEP allowed a thick EEL to be
used in large-scale printable PSCs, which led to a high-
efficiency (6.26%) doctor-blade printed PCDTBT:PC;BM
device. This value is comparable to those of spin-cast devices.

Similarly, Fang et al. developed an organic-inorganic
hybrid EEL, CdS-BCP, which combines the high electron
mobility of CdS and decent hole blocking property of BCP (Fig.
12¢).** Note that the derived inverted PTB7:PC;,BM device
showed much improved stability compared to that of the
conventional PEDOT:PSS device. Only 14.2% decay of PCE
was observed after 3264 h storage in a glovebox, while the one
based on PEDOT:PSS showed 45.4% degradation.
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Fig. 12 (a) Reaction scheme of Zn-C4 and the energy level
diagram of the derived device. Adapted with permission from ref.
237 Copyright 2013 Wiley-VCH Verlag GmbH & Co. KGaA. (b)
Structure of PFEP EEL and the illustration of its induced charge-
transfer mechanism driven by electron-chemical potential
equilibrium. Adapted with permission from ref. 238 Copyright
2014 American Chemical Society. (¢) The precursor structure for
CdS-BCP EEL and its derived device configuration and stability
measurement. Reprinted with permission from ref. 239 Copyright
2013 American Chemical Society.
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4.6 GOs

Due to tailorable energy levels and electronic properties,
solution-processed GO-based EELs also have shown important
advances in the past few years. Dai et al. first reported a
Cesium-neutralized (GO-Cs) EEL, where the periphery —CO,H
groups in GO were neutralized by Cs,CO; and replaced with —
CO,Cs groups (Fig 13a).'’® GO-Cs has a much lower WF of
4.0 eV than the pristine GO (4.7 eV), enabling it as an efficient

14 | J. Name., 2012, 00, 1-3

EEL for extracting electrons from PCBM (4.1 ¢V) in BHJs. A
conventional P3HT:PC¢BM device with GO HEL and GO-Cs
EEL showed a high PCE of 3.67%, outperforming that of the
device using PEDOT:PSS HEL and LiF EEL (Fig 13a).

Later, Yang and co-workers have described the first GO-
fullerene composite EEL, rGO-pyrene-PCsBM, where the
pyrene-PCs;:BM was linked to r-GO through pyrene as an
anchor via m—m interaction (Fig. 13b).>*° Such non-covalently
functionalized r-GO has a low WF (4.4) eV and decent solution
processability due to improved dispersion of r-GO in DMF. The
P3HT:PC4BM device using this EEL showed increased PCE
(15% enhancement) compared to those of the devices using r-
GO or pyrene-PCBM as EELs.

Meanwhile, Silva et al. reported rGO-TMO hybrid EELs,
TiO,-rGO and ZnO-rGO (Fig. 13¢).**" ?*2 Such composites
could afford smooth film formation since the graphene layers

(b)

1GO-pyrene-PCBM |

2

Y e s

Encrgy (eV)

Fig. 13 (a) Synthetic route of GO-Cs and its derived device
structure and energy diagram. Adapted with permission from ref.
156 Copyright 2012 Wiley-VCH Verlag GmbH & Co. KGaA. (b)
Ilustration of possible conformations of rGO-pyrene-PCBM and
its derived device structure. Reprinted with permission from ref.
240 Copyright 2013 American Chemical Society. (c) Device
structure and energy level diagram of the device using TiO2-
rGO/ZnO-rGO EEL. Adapted with permission from ref. 242
Copyright 2014 Wiley-VCH Verlag GmbH & Co. KGaA.

wrap around the TMO NPs. In addition, the loaded r-GO could
contribute to extra CT pathways through the TMO NPs. Due to
their appropriate energy levels and enhanced electrical
conductivities, the PTB7:PC;,BM and PCDTBT:PC,;MB
devices derived from such EELs showed higher PCEs than
those based on TMO alone. Impressively, a high PCE (~3%)
large area module cell (3920 mm?) was demonstrated by using
ZnO-rGO EEL, exhibiting a 20% enhancement compared to
those of the pristine TMO devices.

4.7 Solution-processed TMOs

In contrast to the diverse development of TMO HELs, the recent
progress in TMO EELs is centred around TiO, and ZnO due to their
decent ambient stability, optical transparency, and suitable WFs that
match the PCBMs in BHJ.'* To be suitable for low-temperature

This journal is © The Royal Society of Chemistry 2012
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Table 2. Device Characteristics of representative PSCs using versatile EELs introduced in this review.

Device Structure Voc Ise FF PCE Ref.
V) (mA/cm?) (%)

ITO/PEDO:PSS/PTB7-Th:PC7;;BM/PDINO/AI 0.8 15.45 0.68 8.35 200
ITO/PEDO:PSS/PCDTBT:PC;BM/3TPA-FEP/Al 0.92 11.98 0.65 7.21 203
ITO/FTBTF-N/PTB7:PC;;BM/MoO5/Al 0.74 17.23 0.72 9.22 137
ITO/PEDOT:PSS/PBDTTT-C-T:PC;;BM/PEGN-Cgo/Al 0.79 14.79 0.63 7.45 205
ITO/PEDOT:PSS/PBDTTT-C-T:PC7;;BM/DMAPA-Cqg/Al 0.79 14.89 0.63 7.42 206
ITO/PEDOT:PSS/PBDTTT-C-T:PC;;BM/PCBDANI/Al 0.78 17.29 0.57 7.69 207
ITO/PEDOT:PSS/PIDTT-DFBT:PC;BM/Bis-Cq/Ag 0.96 12.7 0.62 7.66 123
ITO/PEDOT:PSS/PTB-7:PC;;BM/CPTA/Al 0.74 16.95 0.63 7.92 214
ITO/PEDOT:PSS/PTB7-Th:PC;BM/Cq-SB/Ag 0.75 16.89 0.68 8.57 215
ITO/PEDOT:PSS/PTB7-Th:PC;BM/Cq-N/Ag 0.78 16.83 0.71 9.35 215
ITO/FPI-PEIE/PTB7-Th:PC;;BM/Mo00O;/Ag 0.8 16.15 0.72 9.62 216
ITO/ZnO/PEI/PTB7:PC;1BM/Mo0O;s/Ag 0.73 17.19 0.7 8.76 217
ITO/PFN/PTB7:PC;;BM/MoO3/Al 0.75 17.46 0.7 9.21 218
ITO/PEDOT:PSS/P3HT:ICsBM/PFCn6:K*/Ca/Al 0.89 11.65 0.73 7.50 219
ITO/PFEN-Hg/PTB7:PC;BM/MoO5/Al 0.74 17.37 0.71 9.11 220
ITO/PFN-OX/PBDTTT-C-T:PC7;,BM/Mo0Os/Au 0.77 17.7 0.67 9.13 221
ITO/ZnO/PFN-OX/PTB7:PC7;BM/MoOs/Al 0.75 16.63 0.74 9.28 222
ITO/ZnO/PFN-Br/PBDT-DTNT:PC;,BM/Mo0Os/Ag 0.75 17.40 0.61 8.40 230
ITO/PEDOT:PSS/PTB7:PC;;,BM/PFNSO/Al 0.73 16.38 0.73 8.74 231
ITO/ZnO-Cs/PTB7:PC7 BM/Mo0O;/Ag 0.73 15.41 0.73 8.21 237
I1TO/ZnO-C4/PTB7-Th:PC;;BM/Mo0O;/Ag 0.80 15.73 0.74 9.35 237
ITO/ZnO-PVP/pDTG-TPD:PC;,BM/Mo0Os/Ag 0.86 14.00 0.67 8.10 244
ITO/ZnMgO/PTB7:PC,1BM/MoOs/Ag 0.74 16.78 0.67 8.31 247
I1TO/ZnO NPs/pDTG-TPD:PC;;BM/MoO;/Ag 0.86 14.10 0.67 8.10 248

processing, a sol-gel method is generally employed for preparing
TMO EELs.

As mentioned in Section 2.3, such a sol-gel TiO, had been
applied to inverted PSCs and demonstrated to function as an
optical spacer to enhance the light-harvesting of BHI.** In
addition to the sol-gel route, a low-temperature (130-170 °C)
atomic layer deposition (ALD) technique with better printing
production potential was recently employed by Zhu et al. to
fabricate TiO, EEL.?** Similar to those reported for organic-
inorganic hybrids (Section 4.5), So and Reynolds et al. lately
have reported a surface-modified sol-gel ZnO EEL, ZnO-PVP,
and demonstrated a device with high PCE of over 8% from the
derived pDTG-TPD:PC;,BM device (Table 2).2* However, the
PVP, having a small surface energy, will emerge to the thin-
film surface during the ZnO-PVP film formation, which creates
an undesired interfacial @y for charge extraction. It is necessary
to use UVO treatment to remove surface PVP.

Recently, atomically doped ZnO EELs have also attracted
certain attention. Sirringhaus et al. have introduced a series of
Sr/Ba-doped ZnO EELs prepared from the sol-gel route with
metal alkoxide molecular precursors.?*> Such doped ZnO EELs
can circumvent the required light-soaking procedure for pristine
ZnO because the Sr/Ba doping can effectively supress the
oxygen absorption at the oxygen vacancy sites on ZnO surface
to reduce electron trapping associated with oxygen adsorption.
Later, Olson et al. described a sol-gel MgZnO EEL that
demonstrated the importance of Mg content on the resulting
WF and Eg.246 Meanwhile, Zheng et al. also showed that Mg
doping can tailor the WF and E, of a resultant Zn, x\MgxO EEL
(Fig. 14).**" By carefully adjusting the Mg doping content, a
high-performance (8.31%, Table 2) PTB7:PC;,BM device with

This journal is © The Royal Society of Chemistry 2012

much improved ambient stability compared to PEDOT:PSS
device was achieved.

Colloidal ZnO NPs with a nano-crystalline phase have also
been widely employed to prepare ZnO EELs. ZnO NPs were
synthesized by reacting Zn(Ac), dihydrate precursor solution
with a strong base and tetramethyl-ammonium hydroxide.
However, the ZnO thin-film prepared from this method
contained significant amount of defects, as a result, sequential
UVO treatments were required. So and Reynolds et al. have
recently used such UVO-treated ZnO NP EELs to realize a
high-efficiency DTG-TPD:PC;;BM device (8.10%, Table 2).248
Similarly, Yang et al. have also employed such UVO-treated
ZnO NP EELs to demonstrate a stable PTB7:PC;,BM device
with a PCE of 7.34%.°*

Beside TiO, and ZnO, Riedl et al
tetrakis(diethylamino)tin (TDEASN) as a precursor with a small
amount of acetylacetone as stabilizer to make a sol-gel SnOy
EEL.?° This SnOx EEL exhibited a low WF (4.1 e¢V) and room
temperature solution processability. Devices using SnOx EELs

have used

- 2.3
Y, e
= e ] e
rood R =2-sthyinexy! cB
4 44
PTRY .7 [1M9 [X:/al = 4.6
Q . H 2 Ag
2 Il 52 53
-&/
©

g
‘ TN e
R&é L
VB &

Tunable wide-bandgaps (Eg. 3.2-3.7 eV)

Fig. 14 (Left) Zn; xMgxO EEL-based device structure, (Middle)
structures of PTB7 and PC;;BM, and (Right) the corresponding
energy levels. Adapted with permission from ref. 247 Copyright
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can deliver a comparable performance to that of TiOx devices
but with much-enhanced thermal stability in air. Very recently,
Choy et al. have revealed that MoO; and V,0s HELs can be
converted to EELs by intercalating with Cesium (Cs).'”” The
more Cs intercalated in TMOs, the lower the resultant WF.
Consequently, over 1.1 eV WF shifting of CsxMoO; (from 5.35
eV to 4.24 e¢V) and CsxV,0;5 (from 5.43 eV to 4.15 eV) could
be achieved in PBDTDTTT-S-T:PC;;BM devices made with
CsxMoO; (7.32%) and CsxV,0s (7.49%) EELs.""’

5. Self-assembled Monolayers (SAMs)

Interfacial modifications with functional SAMs between the
organic absorbers and electrodes/charge-transporting interlayers
are very important in enhancing charge extraction and overall
performance. Different kinds of SAMs (p- or n-type) can be
used according to the type of promoted charges. Recently,
increasing attention has been paid to developing organic
semiconductors with deep-lying HOMO levels in order to
enlarge the V¢ of devices. However, the same effect can also
be achieved by directly modifying the anode interfacial contact
with proper p-type SAMs.**' The recent development in p-type
SAMs is mainly focused on modifying the surface of ITO
anodes. For instance, a series of dipolar phosphonic acid

253 have

SAMs®? and silane-tethered bis(fluoroaryl)-amines
been introduced to modify the ITO WF and its surface, in
which the ITO WF (4.6-4.7 eV) can be effectively increased to
5.2-5.3 eV by those p-type SAMs to provide a better energy
level alignment with the used polymers in BHJ layers. Also,
they can simultaneously modulate the carrier lifetime in BHJ
and the Ve of devices. Besides oligomers, polymeric surface
modifiers have also been investigated. You ef al. introduced

poly(3-methylthiophene) (P3MT) SAMs that are covalently

(a)

AAAAAAAAAAAAAAAAAA

bonded to the ITO surface via surface-initiated Kumada
(SI-KCTP). This
beneficial to prevent delamination during the processing of

catalyst-transfer  polycondensation is
sequential layers, and the material also serves as a sufficient
HEL for PSCs (Fig. 15a).2*

N-type SAMs can be applied to certain EELs that are
known to contain defects with varied stoichiometries and
surface terminations. The application of n-type SAMs can
passivate the TMO EEL surface. For example, Jen et al. have
utilized a fullerene-SAM (Cgo-SAM) to modify ZnO surface via
simple spin-coating to enhance the electronic coupling of this
interface, leading to a much-improved device performance.”®
255 Lately, carboxylated fullerene SAMs have also been used by
Kim et al. to modify TiOx to deliver a smoother and more
hydrophobic surface with reduced trap-states compared to
pristine TiOy (Fig. 15b).%%¢

In addition to fullerene-based SAMs, Olson et al. have
recently introduced dipolar benzyl phosphonic acids to
passivate the ZnO surface to reduce oxygen adsorption, which
can also slightly tune the WF of ZnO (0.2 eV) to result in a
smaller energy barrier for electron injection to enhance device
performance.””” Cho er al. also showed that SAMs could be
used to tailor the surface energy of ZnO to modulate the BHJ
morphology evolution.”> Alternatively, Chen et al. have
introduced a tetrafluoroterephthalic acid (TFTPA) SAM to
modify the ZnO surface for increasing adhesion of the
fullerenes atop the BHJ. This also created a fullerene-rich
surface on the modified ZnO to improve charge extraction and

device performance. (Fig. 15¢).>>®

6. Interconnecting Layers (ICLs) in Polymer Tandem
Cells (PTCs)

As discussed in Section 2.3, the major obstacle
for achieving high-performance PSC is the thin-film

Hole Transport HBr) ' structure that limits light-harvesting efficiency. In
Layer (P3MT) / =\ | “SB_&* . K
51N Cathode @3% this regard, PTCs can be used to overcome this

Cathode e difficulty by stacking multi-junctions in parallel or
5)@ - & in series connection to broaden the light absorption

Active layer

Modified ZnO

Fig. 15 (a) Structure of P3MT and its derived device configuration. Adapted
with permission from ref. 254 Copyright 2012 American Chemical Society.
(b) Structure of carboxylated fullerene SAMs and their derived device
structures. Reprinted with permission from ref. 256 Copyright 2013 Elsevier.
(c) Ilustration of the interactions between TFTPA and PCBM, and the
derived device architecture. Reprinted with permission from ref. 258

Copyright 2013 American Chemical Society.
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spectrum and enhance light-harvesting efficiency of
devices, improving performance.”> > One of the
critical components for tandem devices is the
interconnection layer (ICL) that connects the
subcells. In principle, the ICL not only functions for
collecting electrons from one subcell and holes
from another, but also as a charge recombination
site to avoid potential loss of tandem devices.”®' For
an ideal PTC, the ICL and subcells should form an
Ohmic contact, and be able to handle multilayer
integration by solution processing. To develop
solution processable ICLs having superior solvent
resistance is one of the prerequisites to prevent the
erosion of bottom subcells during the fabrication of
top subcells. Several detailed reviews of tandem
developments can be found in recent articles.?*” >

This journal is © The Royal Society of Chemistry 2012
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design of cascade E, (i.e., E;; > Ey»
> Eg3) facilitates the harvesting of
photon energy, resulting in a higher
theoretical efficiency limit relative
to those of single- and double-
junction cells.

In addition to TMOs, recent
developments in organic surfactants
have also shown the merits of
processability,
diversity, and mechanic robustness

simple chemical
for fabricating efficient tandem
devices. Kippelen et al. recently
have demonstrated an ICL
consisting of PEIE/PEDOT:PSS, in
which the PEIE can modify the
2 interface between it and
- PEDOT:PSS to provide a large WF
contrast (1.3 eV).?®> This ICL also
showed low optical absorption and
high
maximize Vye to be the sum of

e Gl
]
sieV

electrical conductivity to

Ca/Al

— Y
GO-Cs 4.3eV

individual cells.**> **” The PEIE
was also used to modify the surface
of MoOx/Al,05:Zn0O

- 5.3eV

. Wt nano-

PEDOT:PSS (40 nm)

Fig. 16 (a) Device structure of the state-of-the-art triple-junction PTCs and the corresponding
energy level diagram. Adapted with permission from ref. 264 Copyright 2014 Wiley-VCH
Verlag GmbH & Co. KGaA. (b) Structures of employed non-conjugated PEs, polymers and
fullerenes for BHJ layers, double-junction PTC, and the relevant energy level diagram. to
Adapted with permission from ref. 269 Copyright 2013 Wiley-VCH Verlag GmbH & Co.
KGaA. (c) Device structure and energy levels of the PTCs employing GO-based ICL. Adapted
with permission from ref. 270 Copyright 2014 American Chemical Society.

In this section, we will only highlight the latest progress of
solution-processable ICLs for PTCs.

combined TMOs (ZnO or TiOyx) and
PEDOT:PSS are still the most frequently used materials as

At present,

solution processable ICLs for PTCs due to their robustness and
orthogonal solvent processability. Yang et al. reported in 2013
a record high PTC with a certificated PCE value of 10.6%
based on such a ZnO/PEDOT:PSS ICL.*** Meanwhile, Janssen
and co-workers have utilized similar ICL to demonstrate a
highly efficient (9.6%) triple-junction PTC, where the middle
and back sub-cells comprised the same BHJ layers.’® Very
recently, Yang et al. have described a state-of-the-art triple-
junction PTC with a PCE of over 11% by combining three
BHJs with complementary absorption (Fig. 16a).?* In such a
device, the wide E, BHJ, P3HT:IC4BA (E, = 1.9 eV) was
placed in the front subcell, followed by middle subcell of
PBDTT-TT:PC;;BM (E,; = 1.58 eV) with ZnO/PEDOT:PSS as
an ICL while PDTP-DFBT:PC;;BM (Eg = 1.4 eV) BHJ was
used as the back subcell with a WO3/PEDOT:PSS/ZnO ICL to
overcome mismatched energy levels between low E, polymers
(i.e., PBDTT-TT and PDTP-DFBT) and PEDOT:PSS. This

This journal is © The Royal Society of Chemistry 2012

laminate bilayer to enable it to

6.1leV

function as an efficient ICL.*®®
Lately, other non-conjugated PEs
(NPEs, Fig. 16b) has also been
introduced to modify PEDOT:PSS
achieve depletion-free
recombination layers in inverted
PTCs.*”

Recently, GO-based ICLs have
also been investigated. Huang et al.
have shown GO can be blended into PEDOT:PSS layer to
improve its stickiness for tandem solar cells.'*' More recently,
Dai et al. have used GO-Cs EEL (discussed in Section 4.6) to
form GO-Cs/Al/GO/MoO3 ICL for achieving significantly
increased Voc of the derived PTC (Fig. 16¢) to reach almost
100% of the sum of the subcells’ Vy¢.2”® All these results show
the importance of using an efficient ICL to create negligible
electrical and/or optical losses and to maximize the V¢ values.

7. Interfacial Engineering in Organometal Perovskite
Solar Cells (PVSCs)

Recently, the rapid progress in organometal PVSCs has
attracted worldwide attention, propelling this organic-inorganic
hybrid system to the forefront of next-generation printable
photovoltaics.””' "> The representative organometal perovskite
has a crystal structure based on the formula of ABXj;, where A
is an organic cation, B is a metal cation, and X is a halide anion,
respectively. Accordingly, the optoelectronic properties of a
perovskite can be tailored by changing its composition. So far,
the organic cations that have been used for forming perovskites

J. Name., 2012, 00, 1-3 | 17
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are mainly based on methylammonium (MA) and
formamidinium (FA) due to the low steric tolerance space (1.6-
2.5 angstroms) for organic cations in three-dimensional
perovskites.?’*?’® Note that the increased size of FA relative to
MA causes certain torsion of perovskite’s lattices to result in
decreased E, of the FA-based perovskites.

For the metal cation, divalent Pb is the most commonly
used element so far; however, due to its toxicity, it is very
critical to find other environmentally friendly metals to replace
Pb in perovskites. At present, the divalent Sn is the most
promising candidate for replacing Pb*". Several groups have
successfully employed Sn- or partially Sn-based perovskites to
acquire reasonable photovoltaic performance (5-10% PCE).?’"
21 Nevertheless, the easy oxidation of Sn®" to Sn*" in Sn-based
PVSCs results in severe energy loss and unstable device
performance. Therefore, significant challenges remain in
developing lead-free PVSCs in the future.

With respect to the variation of anions, halide substitution (I,
Br, or Cl) has been widely investigated and revealed as an
effective way to broaden the E, of derived perovskites, 2"+ 282-285
Numerous studies have shown that larger E, perovskites can be
achieved by partially replacing the iodide (I') with bromide (Br")
in the perovskite lattice to result in decent PCEs (over 10%) of
the derived PVSCs. On the contrary, the incorporation of
chloride (CI") with I" only resulted in modulated morphology of
perovskite thin films without significantly changing its E,
because only negligible Cl” content was found after annealing
due to the during

conversion.”®"*® It is important to mention that the improved

decomposition of MACI thermal
morphology of the perovskite thin film significantly enhances
its opto-physical properties, such as the charge carrier lifetime
and diffusion length.**’

Among all perovskites, MA lead triiodide (CH;NH;PbI3) is
the most frequently studied due to its ideal
semiconducting properties. It has the combined superior photo-
physical properties of inorganic materials and good solution
processability of organic materials. It possesses intense light
absorption (absorption coefficient over 10* cm™), small exciton
binding energy (20-50 meV at room temperature), and long
charge carrier diffusion length and lifetime (>1000 nm and
>100 ns).28% 2%

In general, the E, of CH;NH;Pblj; is around 1.5-1.6 eV with
a conduction band energy level of -3.9 eV and a valence band
energy level of -5.4 eV, which are very similar to the energy
levels of most BHJs studied in PSCs. PVSCs were initially
investigated in dye-sensitized photovoltaic cells, then gradually
evolved

almost

into planar thin-film cells with similar device
architectures to those used for PSCs, in which the perovskite
layer is sandwiched between two charge-transporting
1 the knowledge accumulated for
interfacial engineering in PSCs can be effectively translated

into PVSCs. In the following sections, we also summarize the

interlayers. Therefore,

relevant progress of interfacial engineering approaches used in
improving the performance of PVSCs.

7.1 Charge-transporting interlayers

As mentioned, a typical PVSC possesses the similar sandwiched
configuration to PSCs, while the energy levels of a perovskite are
analogous to the energy levels of most studied BHJ systems.
However, different to the p-n BHJ in OPVs, a PVSC is typically
composed of a p-i-n heterojunction configuration. Similarly, two
types of PVSCs can be defined according to the sequence of the
employed p/i/n junctions: conventional structure (substrate/HEL
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lines represent the WF of the materials.
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(p)/perovskite (i)/EEL (n)) and inverted structure (substrate/EEL
(n)/perovskite (i)/HEL (p)). In the following section, we will
introduce the recent development of solution-processed interfacial
materials in different types of PVSCs. The energy levels of
perovskites and the representative HELs and EELs are summarized
in Fig. 17.

7.1.1 Inverted PVSCs

Inherited from the original mesoporous prototype, TiO, is the
most widely used EEL in inverted PVSCs, whether for a meso-
superstructured scaffold or a thin-film structure.”*”*** 22 However,
the high temperature (500 °C) sintering process involved for
preparing primary mesoporous TiO, with high crystallinity
significantly hinders this structure from being used for flexible
polymer substrates. As a consequece, low-temperature processed
TiO, EELs from different chemical routes have been developed to
alleviate this problem for inverted PVSCs. Recently, Gratzel and
Snaith et al. have successfully realized low-temperature, solution-
derived TiO, EELs by utilizing nanocrystalline rutile TiO, (70 °C)
and small NPs of anatase TiO, (<150 °C), respectively, to afford
promising PCEs of 13.7% and 15.9%.2* %

Similar to the applications discussed in Section 5, n-type
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SAMs were also employed to passivate the TMO EEL surface
to promote better charge extraction and device performance in
PVSCs. For example, Snaith and Jen er al. have utilized a Cg-
SAM to modify the surface of TiO, EELs in both meso-
superstructured scaffolds and in a thin-film structure to
modulate the electron coupling at the TiO,/perovskite interface,
reducing the energy loss across this interface (Fig. 18a).2%> 2%¢
As a result, the PCE of the meso-superstructured PVSC can be
improved from 10.2% to 11.7% while the PCE of the thin-film
PVSC can be enhanced from 12.7% to 17.3% with greatly
reduced hysteresis. It is important to note that the anomalous
hysteresis has recently been raised as an important issue for
PVSCs, especially for the TiO EEL-based inverted PVSCs.?7 Tt
is considered to originate from the traps states existing at the
perovskite/charge-transporting layer interfaces, defects within
perovskites, and the ferroelectric properties of perovskites. In
addition to the SAM-modifications, various methods have also
been exploited to decorate TiO-based EELs to reduce the
hysteresis of fabricated device.””®?*” On the other hand, Yang
et al. have reported that the insertion of graphene quantum dots
(GODs) into the TiO,/perovskite interface can result in a much
faster electron extraction between perovskite and TiO, because
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Fig. 18 (a) Structure of the C60-SAM modified PVSCs and the corresponding J-V characteristics. Adapted with permission from
ref. 295 & 296 Copyright 2014 American Chemical Society. (b) SEM cross-sectional image, energy level diagrams, and J-V
characteristics of the PVSC with PCE over 19%. Adapted with permission from ref. 302 Copyright 2014 AAAS. (c) Structures of
spiro-OMeTAD derivatives and their corresponding energy level diagrams. Adapted with permission from ref. 306 Copyright 2014

American Chemical Society.
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the GODs interlayer functions as a glue to facilitate the
electronic coupling between them.*” Consequently, the PCE of
GODs-inserted PVSC can be improved from 8.81% to 10.15%.

The atomically-doped TMO EELs introduced in Section 4.7
have also been used to achieve great success in PVSCs.*"3%2
The efficacy of doping EELs have recently been unveiled by
Yang et al.*** They employed an yttrium-doped TiO, (Y-TiO,)
EEL to improve charge extraction to achieve a very high PCE
of ~19.3% (Fig. 18b). Note that in their reported device
configuration, a thin PEIE was inserted between ITO and EEL
to tune the ITO WF for facilitating charge extraction.

Besides TiO,, Kelly et al. recently have successfully utilized a
room-temperature-processed ZnO EEL, prepared from a ZnO NP
precursor, to afford a high PCE of 15.7% in an inverted PVSC.** It
enables the device to be processed at low temperature throughout
fabrication, which is beneficial for the fabrication of flexible PVSCs.
As a result, a high-performance flexible PVSC with a PCE of 10.2%
has been achieved. From all these results, the development of low-
temperature processable EELs was proven to be very critical for
fabricating printable inverted PVSCs.>**

Due to the advantages of low-temperature and orthogonal solvent
processability and appropriate energy levels, organic HELs are
prevalently used in the inverted PVSCs. However, due to their
intrinsically low mobility, proper doping of organic HELs is usually
required to achieve higher conductivity for enhancing device
performance. Among the p-type organic semiconductors, the small
molecular spiro-OMeTAD is the most commonly used.”” ™ 2! It
has been well documented that doping spiro-OMeTAD with oxygen
can effectively increase its conductivity and enable higher device
performance. However, LiTFSI must be used as a counterion in this
process to facilitate the oxidative reaction between spiro-OMeTAD
and O,. This complicates the doping process and makes it difficult to
be reproduced. To alleviate this problem, McGehee et al. have
recently described a dicationic spiro(TFSI), to simplify the doping
process.’” By forming pre-oxidized spiro-OMeTAD, spiro(TEST),
can replace LiTFSi to provide an easier way for controllably
increasing the conductivity of HEL without exposure to O,.

On the other hand, proper molecular design of organic HELs will
also have a critical influence on the charge extraction efficiency. As
an example, Seok et al. have lately elucidated the importance of
HEL molecular structures on device performance by systematically
changing the side-chain (-OMe) position in the spiro-type arylamine
HELs (Fig. 18¢).’ The -OMe groups linked at the ortho position
enabled the device with the best PCE of 16.7%. This was attributed
to its best efficiency in electron-blocking as a result of its high-lying
LUMO. In addition to the spiro-type HELs, other types of small
molecules such as carbazole-based derivatives (such as SGT-407)*""-
3% quinolizino acridine-based molecules (Fused-F),*”
tetrathiafulvalene derivatives (TTF-1)*'® were also introduced as
efficient HELs in PVSCs to produce decent PCEs (Fig. 17). It is
worth to note that the tetrathiafulvalene derivative (TTF-1) can serve

and

as a dopant-free HEL to significantly enhace device stability in
ambient conditions at a relatively high humidity of ~40%.'°
Polymer-based EELs have also been employed in PVSCs.
However, at present, the PCEs of the PVSCs based on them are
generally lower than the devices derived from the small

20 | J. Name., 2012, 00, 1-3

molecular spiro-OMeTAD, which might be due to the inferior
molecular packing and mobility of polymers relative to small
molecules. The previous result from Seok et al. has elucidated
the importance of intrinsic mobility of polymer-based HELs on
affecting charge-collection and performance of devices, in
which four different polymers (P3HT, PCDTBT, PCPDTBT,
and PTAA) were systematically investigated.’'' Lately, the
diketopyrrolopyrrole-based®'? and PF-based*'* HELs were also
reported by Park and Yang er al. respectively, to afford
comparable PCEs to the values of spiro-OMeTAD-based
PVSCs.

In addition to organic semiconductors, the

counterpart also attracts considerable research interests due to

inorganic

its high mobility and low cost. Kamat et al. first applied
solution-processed copper iodide (Cul) as a HEL in inverted
PVSC to afford a decent PCE of 6%
stability.*'*
demonstrated that the low-temperature

with enhanced

photocurrent Meanwhile, Gratzel et al
solution-processed
copper thiocyanate (CuSCN) can serve as an efficient HEL in
inverted PVSC to yield a promising PCE of 12.4%." It is
worth to note that all these inorganic-based HELs are dopant-

free, indicating their great potential in the future development.

7.1.2 Conventional PVSCs

Similar to the conventional PSCs, PEDOT:PSS is also the
most widely used HEL in conventional PVSCs because of its
high transparency, appropriate energy levels, and, more
importantly, the compatibility with organic-inorganic hybrid
perovskite.>'%**° To further enhance the charge selectivity of
PEDOT:PSS HEL, Bolink ef al. recently employed another thin
electron-blocking layer composed of polyarylamine (polyTPD)
to construct an efficient bilayer-type HEL.>'® As a result, the
derived device exhibited a decent PCE of 12% with a large Vo
of 1.05 V. On the other hand, Lee ef al. reported a modified
PEDOT:PSS hybrid with a perfluorinated ionomer (PFI) to
serve as an efficient HEL for PVSCs.*?! They revealed that the
blended PFI could be self-organized on the film surface to
enable better energy level alignment at the HEL/perovskite
interface to enhance device performance. Consequently, PCEs
of 11.7% and 8.0% can be realized on the ITO and flexible
substrates with large Ve of 0.98 V and 1.04 V, respectively,
surpassing the value of control PVSC.

Besides organic PEDOT:PSS, inorganic NiOy was another
frequently used HEL for PVSC both in a meso-superstructured
scaffold or a thin-film structure.’?*** For example, Guo et al.
first realized a conventional PVSC with a mesoporous NiOx
HEL showing a high PCE of 9.51% with a large V¢ of 1.04 eV
while Yang et al. utilized a planar NiO HEL prepared from sol-
gel NiO NCs to afford a decent PCE of 9.11% in thin-film
PVSS.3?* 3% Very recently, Jen et al. demonstrated that the
PCE of NiOx-based PVSC can be further enhanced to 15.4% by
using a Cu-doped NiOyx (Cu:NiOx) HEL as a result of its
largely increased conductivity.*?

The NiOx HELs developed to date generally involve a high
temperature (300-500 °C) annealing process. In this regard, the

This journal is © The Royal Society of Chemistry 2012
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development of low-temperature processed NiOyx HELs has
become an important research focus as of late. Guo et al
recently successfully used a low-temperature sputtered NiOx
HEL to improve the PCE of the aforementioned mesoscopic
NiO-based PVSC to 10.7%.%2® Moreover, by carefully doping
the sputtered HEL with a <10% oxygen flow ratio, an even
higher PCE of 11.6% can be achieved. All these results and the
abovementioned Y-TiO, EEL manifest the importance of
proper doping for achieving more efficient charge-transporting
interlayers to improve the performance of PVSCs.

Currently, the EELs used in conventional PVSCs for high
performance are mainly composed of fullerene derivatives,
such as Cgy, PC4BM, or PC;BM, due to their room-
temperature and orthogonal solvent processability as well as
decent electron mobility.*'*3?° A high PCE of 16.3% was
recently realized in a conventional perovskite/PC;BM thin-
film PVSC by Wu et al., in which the fullerene interlayer was

(a)

carefully treated via a solvent annealing
procedure.*?’

Notably, various buffer layers discussed
in PSCs have also been introduced at the
fullerene/electrode interface to
simultaneously improve charge extraction
and tune the WF of used electrodes. These
cathode-independent interlayers can allow the
usage of stable metals such as Ag to be the
top electrode for achieving enhanced device
efficiency and stability. For example, Jen et
al. applied Bis-Cg, surfactant to align the
energy levels at the PCgBM/electrode
interface 8! 284.320.325.328 Qimilarly, Brabec et
al. utilized PEIE and PDINO EELs to
enhance the PCEs of derived PVSCs to 12-
13%.%2% 33 Very recently, Rhodamine 101
zwitterion and PFN derivative have also been

(b)

successfully utilized by Ouyang and Yip et al.
to improve the PCEs to surpass 13% and 15%,
respectively.®®" 32 These low-temperature

processed PEDOT:PSS HELs and fullerene-
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mentioned in Section 7.1.1, modification of perovskite
interfaces can greatly improve the device performance and
reliability. Due to the crystalline nature of perovskites,
significant attention has been paid to passivation of the
perovskite surface to ensure optimum charge
transport/extraction across the corresponding interfaces..

Snaith et al. have shown iodopentafluorobenzene (IPFB)
can passivate the perovskite surface by forming a supra-
molecular halogen bonding D-A complex (Fig. 19a, left).**
They revealed that the under-coordinated iodides in perovskite
thin-films tend to act as hole-trapping sites to create charge
accumulation and cause undesirable charge recombination. By
passivating with IPFB, the electrostatic charges of under-
coordinated iodides could be shielded, thereby leading to
improved PCE from 13% to over 15%. Lewis bases such as
thiophene and pyridine could further be introduced to passivate

the under-coordinated Pb atoms in the crystals (Fig. 19a,
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Fig. 19 (a) Passivation of perovskite surface by (left) Lewis acid and (right) Lewis
based. Adapted with permission from ref. 335 & 336 Copyright 2014 American
Chemical Society. (b) Device structure of perovskite/fullerene thin-film PVSC and
its measured trap density of states (tDOS) by thermal admittance spectroscopy.
Adapted with permission from ref. 337 Copyright 2014 Nature Publishing Group.
(c) Device structures of the water-resistant PVSC and its device performance tested
before and after being exposed to the running water for 60s. Adapted with
permission from ref. 338 Copyright 2014 American Chemical Society.

Voltaoe V)

these results highlight the importance of

using interfacial layers to significantly

enhance the performance of PVSCs.

7.2 Perovskite Interfaces

Beyond the employment of proper
charge-transporting interlayers, the perovskite
interfaces also significantly influence the

device performance and stability. As right).>*® After being passivated by Lewis bases, the non-

This journal is © The Royal Society of Chemistry 2012 J. Name., 2012, 00, 1-3 | 21
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radiative electron-hole recombination could be significantly
reduced to result in a very long photoluminescence lifetime of
up to 2 i s. In addition, the device performance could also be
increased from 13% to 16.5%. These results suggest that the
defect chemistry at perovskite interfaces plays an important role
in affecting the photo-physical properties and performance of
PVSC devices. More recently, Huang et al. also unveiled a
the
perovskite/fullerene interface.*>’ They pointed out that the

similar passivation function by using fullerene at

deposition of fullerene on perovskite could efficiently reduce
the charge trap states in perovskite by two orders of magnitude
to simultaneously enhance device performance and alleviate
hysteresis (Fig. 19b).

Another important concern for the perovskite interface is its
thermal-/moisture-sensitive nature, which tends to deteriorate
the reliability and stability of PVSCs in ambient conditions. To
alleviate this problem, Snaith et al. have recently introduced a
composite HEL comprising polymer-functionalized SWCNTs
and insulating polymer matrix to enhance both the thermal
stability and water-resistance of perovskite and the derived
devices (Fig. 19¢).**® Meanwhile, Jen er al have recently
revealed that the ambient stability of perovskite can be
improved simply by using a blade-coating technique to promote
the formation of self-assembled crystalline domains at the
perovskite surface, which acts like air-protection patches to
retard the permeation of oxygen/moisture.’*® All these findings
signify the pivotal role of interfacial engineering in improving
the performance and stability of PVSCs.

8. Conclusions and Outlook

In this review, we have comprehensively surveyed the latest
progress in solution-processed interfacial materials for PSCs,
PTCs, and PVSCs. As revealed, diverse interfacial engineering
approaches have been extensively used to enhance device
efficiency and stability. Versatile solution-processable material
systems have been exploited in order to meet the requirements
for high-throughput manufacturing processes.

As the PCE of PSCs has exceeded the 11% milestone,?*° the
development of PSCs will start to move towards dealing with
relevant issues pertaining to large-scale practical applications.
Therefore, accomplishing high-efficiency flexible PSCs and
large-area modules will be the primary tasks in the near future.

In this regard, the development of conductive and thick
charge-transporting interlayers will become a very important
subject since they can provide better printing compatibility. As
shown in this review, most of the organic charge-extraction
layers are still restricted to having very low thickness due to
their poor conductivity, which impedes future applications.
Inorganic charge-extraction layers can accommodate this aspect
better, however, more elaborate preparation and processing
techniques are usually required. Therefore, it would be highly
beneficial to develop materials that can fulfill both physical and
processing needs. In addition, the development of efficient
ICLs is critical for further enhancing the PCE of tandem cells.
The ideal ICL should possess good solvent resistance while

22 | J. Name., 2012, 00, 1-3

providing negligible electrical and/or optical losses across the
sub-cells. In addition to these requirements, the development of
adhesive interlayers for high-efficiency flexible PSCs is also
critical for decent bending durability. Interfacial delamination
in devices will deteriorate not only performance, but also
stability. Given that the PCE of PVSCs is rapidly approaching
20%,”*° interfacial engineering will have an even more
profound role in PVSCs. Considering its similar energy levels,
charge extraction mechanism, and device structure to PSCs,
principles of interfacial engineering learned from PSCs can be
directly applied to PVSCs. Especially, the employment of low-
temperature-processable interlayers for PVSCs will be essential
for the development of high-performance flexible PVSCs. In
addition, the knowledge of ICLs developed in PSCs can be
used to guide the construction of perovskite-based tandem cells,
perovskite/CIGS,
perovskite/Si tandem cells. It can be speculated that interfacial

including the perovskite/perovskite, and
engineering will be one of the keys to successfully bridge these
different types of sub-cells.

Owing to sensitive perovskite crystallization behavior,
choosing an interlayer with proper surface energy will be very
critical to enhance the crystallization kinetics and film quality
of perovskites. Therefore, using interlayers to control
perovskite interfaces will be an important research direction for
improving understanding of relevant physical properties of
perovskites, as well as realizing enhanced stability, particularly
for lead-free PVSCs. In addition, it will be important to explore
efficient interfacial or contact doping in PVSCs to further

enhance the device performance.
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