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Conducting Polymers as Anode Buffer Materials in Organic
and Perovskite Optoelectronics

Soyeong Ahn, Su-Hun Jeong, Tae-Hee Han, and Tae-Woo Lee*

This review focuses on the importance and the key functions of anode
interfacial layers based on conducting polymers in organic and organic—inor-
ganic hybrid perovskite optoelectronics. Insertion of a buffer layer between
electrode and semiconducting layers is the most common and effective way
to control interfacial properties and eventually improve device characteristics,
such as luminous efficiency in light-emitting diodes and power conversion
efficiency in solar cells. Conducting polymers are considered as one of the
most promising materials for future organic and organic—inorganic hybrid
electronics because of advantages such as a simple film-forming process

and ease of tailoring electrical and physical properties; as a result, using
these polymers is compatible with the production of large-area, low-cost, and
solution-processed flexible optoelectronic devices. This review introduces the
limitations of anode buffer layers based on conducting polymers and then we
will provide recent research trends of material engineering to overcome these

problems.

1. Introduction

Conducting polymers feature an extended m-electron system in
their main backbone. They have the electrical properties of both
metals and semiconductors, while retaining the advantages of
polymers such as low cost, light weight, flexibility, and simple
processing, have attracted considerable attention in organic and
organic—inorganic hybrid electronics. They are promising mate-
rials for use in a wide range of applications including organic
light-emitting diodes (OLEDs),!'"" organic solar cells (OSCs),°"!
organic transistors,'22l and photodetectors!?*28 (Figure 1).
Recently, conducting polymers have become widely used in
optoelectronics on organic—inorganic hybrid perovskite (OIHP);
e.g., perovskite light-emitting diodes (PeLEDs)2°3 and perovs-
kite solar cells (PeSCs).137-40]

In optoelectronic devices including LEDs and SCs, the con-
ducting polymers are mostly used as an anode buffer layer on

S. Ahn, S.-H. Jeong, Dr. T.-H. Han

Department of Materials Science and Engineering
Pohang University of Science and Technology
(POSTECH)

77 Cheongam-Ro, Nam-Gu, Pohang

Gyeongbuk 790-784, Republic of Korea

Prof. T.-W. Lee

Department of Materials Science and Engineering
Seoul National University

1 Gwanak-ro, Gwanak-gu, Seoul 08826, Republic of Korea
E-mail: twlees@snu.ac.kr; taewlees@gmail.com

DOI: 10.1002/adom.201600512

Adv. Optical Mater. 2017, 5, 1600512

© 2016 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

anode (Figure 2). In this review, we focused
on application of conducting polymers
as an anode buffer layer of organic and
organic-inorganic hybrid optoelectronic
devices, including OLEDs, OSCs, PeLEDs
and PeSCs. Anode buffer layers have a
crucial influence on efficiency and sta-
bility of organic and hybrid optoelectronic
devices. The interfaces between electrodes
and semiconducting layer strongly affect
the operation of optoelectronic devices by
manipulating charge carrier injection or
extraction, and transport.’>% Also, they
reduce the surface roughness of under-
lying anode layers and prevent local thin-
ning which causes non-uniform current
flows in devices.1=3

Organic small-molecules are commonly
used as hole injection or hole transporting
layers in optoelectronics devices.*-01
However, the standard fabrication of thin
organic small-molecule films by vacuum thermal evaporation
is expensive. Solution process to fabricate organic small mole-
cule buffer layers has been tried, but it cannot be guaranteed to
produce a stable film if it is based on organic small-molecules
have low glass transition temperature causing the facile crys-
tallization of the molecules without appropriate functionaliza-
tion.[2-%9] Transition metal oxides are also efficient anode buffer
layers.”®72 Although they have efficient charge injection and
extraction capabilities and high stability, their inherent brittle-
ness, difficulty in smooth film formation by solution process
and requirement for high-temperature annealing are critical
impediments to practical flexible device applications.[’072-74
Compared to these anode buffer layer materials, conducting
polymers may be more suitable because they can be fabricated
using solution process at a low-cost.

The most widely-used and commercially available con-
ducting polymer is poly(3,4-ethylene dioxythiophene) doped
with polystyrene sulfonic acid (PEDOT:PSS). It is solution-
processable,>7>-81l highly transparent,#2-%¢] and mechanically
flexible, 818789 5o it has been widely used as an anode buffer
layer in organic and hybrid optoelectronic devices. However,
it is hygroscopic and acidic, so it can degrade device efficiency
and stability.***3 Also, PEDOT can be de-doped because
PEDOT and PSS chains are just ionically bound without cova-
lent bonds, which can be one of reasons why PEDOT:PSS can
be unstable in solution and film states. PEDOT:PSS also has
insufficient work function (WF) (5.0-5.2 €V for Clevios™ P VP
Al 4083)13949] to make ohmic contact to overlying organic and
hybrid materials and quenching property for excitons formed
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in adjacent emitting layersP#30.9%: these demerits should

be solved to improve the device efficiencies and stability when
PEDOT:PSS is used as an anode buffer layer.

The hygroscopic and acidic nature of PEDOT:PSS come from
PSS, especially, its sulfonic acid moiety. Use of self-doped con-
ducting polymers as a new concept of conducting polymers, in
which dopant ions are covalently bound to conducting polymer
chains, decreases the instability of PEDOT:PSS.[?3%100-102] The
low WF and exciton quenching of PEDOT:PSS are also related
to the doping system and resultant surface composition of its
film. Therefore, material engineering should be considered as
an essential steps to solve the drawbacks of PEDOT:PSS.

In this review, several material engineering approaches to
overcome the limitations of conventional conducting polymer-
based anode buffer layer will be discussed. In Section 1, the
conduction mechanism of conducting polymers will be intro-
duced, and the historical background of conducting polymers
as anode buffer layers in organic and hybrid optoelectronic
devices will be presented. We will explain why anode buffer
layers are required in organic and hybrid optoelectronic devices,
and discuss the drawbacks of conventional anode buffer layers.
Section 2 reviews the attempts to overcome the limitations of
conducting polymers as anode buffer layers. Sections 3 and 4
will provide the importance of engineering of conducting poly-
mers for the anode buffer layer in organic and hybrid optoelec-
tronic devices.

1.1. Conduction Mechanism of Conducting Polymers
1.1.1. Conduction Mechanism

For polymers to be electrically conductive, they must have
m-conjugated polymer chains; i.e., continuously overlapping
m-orbitals along their main backbone which allow delocaliza-
tion of charge carriers.'! However, m-conjugated polymers
are not electrically conductive without any further chemical
treatment.' For polymers to be conductive, the charge car-
riers should be able to move freely through their structure,
as in metal. Therefore, doping agents that can remove elec-
trons (p-doping) or add electrons (n-doping) for delocalizing
m-orbitals are introduced to the polymer so that charge carriers
in the orbital can move along the polymer chain.[10310>-109]

The conduction mechanism of conjugated polymers can be
explained based on a quasi one-dimensional system, which
describes the mechanism in terms of solitons, polarons, bipo-
larons and the energy band model.'"”) Conjugated polymers
can be categorized according to whether the ground state
of the polymer is degenerate or non-degenerate (Figure 3a).
The first conducting polymer, polyacetylene (PA), was a trans
isomer composed of only C and H, with a structure of alter-
nating C—C single and C=C double bonds; it is the prototype
degenerate-ground-state polymer.'%! Two chain configurations
of trans-PA have the same energy in the ground state and the
interchange between the single and double bonds can happen
without any change in energy.''% When the two ground states
meet, a structural defect in a form of a free radical is produced;
the resultant defect is a neutral soliton (S°) in the middle of the
band gap (mid-gap) (Figure 3b).""% Energy band theory states
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that the alternation of single bonds with double bonds in the
m-conjugated polymers is a result of Peierls distortion, which
causes a band gap at the Fermi level of the polymer.''%111 For
this reason, these polymers exhibit semiconducting behaviors
instead of metallic behaviors.['10-112]

However, for conjugated polymers to be conductive at room
temperature (RT), charge carriers in the polymer backbone
must be able to flow through the conduction band at RT. The
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Figure 1. Applications of conducting polymers to organic and organic—inorganic hybrid perovskite electronics such as OSCs, upper image: Reproduced
with permission.'% Copyright 2014, WILEY-VCH. lower image: Reproduced with permission.) Copyright 2011, WILEY-VCH, OLEDs,Reproduced with
permission.l Copyright 2007, WILEY-VCH, organic transistors, Reproduced with permission.l?2l Copyright 2013, Nature Publishing Group, photo
detector, PeLEDs, upper image: Reproduced with permission.l*% Copyright 2014, WILEY-VCH, lower image: Reproduced with permission.l Copyright
2015, American Association for the Advancement of Science, PePVs, right image: Reproduced with permission.l”] Copyright 2014, WILEY-VCH.
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neutral soliton (S has spin %. Positive (S*) and negative soli-
tons (S7) can also be generated by a doping process (removing
or adding an electron to the system); charged solitons have no
spin.l'711% Tncrease in the number of removed or added elec-
trons (i.e., increase in the doping level) increases the number
of electronic states of charged solitons that interact with each
other and overlap. This overlap produces a soliton band in
the middle of the gap between conduction and valence bands,
and can extend into the conduction and valence bands'!?
(Figure 3c); as a result, degenerate polymers can have electrical
conductivity.

However, most 7-conjugated polymers have a non-degen-
erate ground state; instead, they are composed of benzoid and
quinoid structures.19112113] Their structures are energetically
inequivalent (Figure 3a): the polymer with the benzoid struc-
ture (the neutral form) has lower energy than that with the qui-
noid structure (the oxidized form).'*l Therefore, the soliton is
driven to the end of the polymer chain; during this motion, the
soliton changes the quinoid rings to benzoid rings. To prevent
this transition, bound double-defects (a neutral combined with
a charged soliton) can be created by removing electrons from
or adding electrons to the system in the same manner used for
the degenerate polymer.!'* Such double-defects are called as
polarons.
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Figure 3. a) Schematic representation of the potential energy change depending on the deformation coordinate of conjugated polymer with degenerate
ground state (trans-polyacetylene (trans-PA)) and non-degenerate ground state (poly(p-phenylene) (PPP)). b) Formation of soliton in trans-polyacety-
lene. c¢) Band theory in conducting polymers. CB: Conduction band, VB: Valence band.

In chemistry, the positive polaron (a neutral soliton and
a positive charge) and the negative polaron (a neutral soliton
and a negative charge) are called the radical cation and radical
anion, respectively.'" The two solitons travel in opposite direc-
tions to minimize the high-energy quinoid part of the chain but
the solitons in the non-degenerate polymers cannot move freely
because the total energy increases as two solitons depart from
each other. Consequently, the solitons produce a confined pair
with both charge % and spin % (polaron), which induce a local-
ized distortion towards the higher-energy quinoid form in the
polymer chain.'' At this time, the mid-gap energy states of the
solitons hybridize and form new localized electronic states in
the band gap (Figure 3c).

Further oxidation or reduction induces coupling of two
polarons to yield bipolarons, which have no spin and are
doubly-charged. The bipolarons also have new electronic states
but they are locally shifted away from the electronic states of
the polarons because the bipolarons are stabilized by the energy
gained from the distortion overlapping. In a similar way, bipo-
larons form a band at high doping concentration and the band
eventually merges with the conduction and valence bands to
produce metallic conductivity.'1%! The charge transport mech-
anism of the conducting polymer is reported to be primarily
influenced by intrachain band diffusion, interchain hopping of
polarons, bipolarons, or both.1%7]

1.1.2. Concept of Doping in Conducting Polymers

After the discovery of electrically-conductive polyacetylene
(PA),1%] various conducting polymers such as polypyrrole
(PPy),1% polyaniline (PANI),'”118 polythiophene (PTh),l'!]
poly(phenylene vinylene) (PPV)[112115] and PEDOT!®! have
been reported (Figure 4). These conducting polymers are
achieved by electrical doping. Several types of electrical doping
(e.g., chemical, electrochemical, photo, interfacial) can be used
depending on the purpose and applicability.'2-126] Chemical
doping is the classical and the most commonly-used doping
method'?7-131I; it can be achieved by exposing polymer films to
dopants of vapor or liquid. Usually, oxidizing (p-type) dopants
have electron-attracting property, whereas reducing (n-type)
dopants have electron-donating property. The doping process is
conducted during synthesis. Most conducting polymers are syn-
thesized by oxidative polymerization which uses an oxidizing
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agent that has strong oxidizing power, or by applying higher
voltage than the oxidation potential of the monomer.[104132-138]
For example, PEDOT:PSS can be synthesized by using ferric
chloride or iron(IlI) p-toluenesulfonic acid (tosylate) as an
oxidizing agent in the presence of its monomer, 3,4-ethylen-
edioxythiophene (EDOT) and the dopant, PSS.13% The poly-
meric dopant surrounds the conducting polymer chains and
makes them be dispersed in the solvents, and therefore acts
as both charge-compensating counter-ion and soluble template
for the conducting polymer. Therefore, the types and amount
of dopants are key factors to determine solubility of the con-
ducting polymer along with electrical conductivity.['?7:140:141]
When a m-conjugated polymer is doped with a strong basic
center, proton doping is preferred.l''® In contrast to redox
doping, proton doping does not change the number of elec-
trons in the polymer chain. PANI is a typical example of the
conducting polymer prepared by proton doping.!''7-118]

The dopants can be classified into three categories: neutral
dopants (e.g., I, Br,, AsF,, Na, K), ionic dopants (e.g., LiClO,,
FeClO,, CF3SO;Na) and miscellaneous organic and polymeric
acid dopants.*2143] Organic and polymeric acids are frequently
used to increase doping stability. However, polymers doped with
small molecules often have negligible solubility, and therefore
are not easily processable.'*l The processable conducting poly-
mers are generally prepared by aqueous colloidal dispersion in
the presence of water-soluble anion surfactants (acid dopants)
and form ionic bonds with the acid dopants (Figure 4).[75142.144]
Frequently used dopants include camphor sulfonic acid
(CSA),140145-1471 - ptoluene sulfonic acid (p-TSA),[139140.148]
dodecylbenzene sulfonic acid (DBSA),[127:128140147) polyvinyl
sulfonic acid (PVSA),81%] poly(2-acrylamido-2-methyl-1-pro-
pane sulfonic acid) (PAMPS)%151 and polystyrene sulfonic
acid (PSS).7>13014] Fluorosurfactant such as perfluorooctane
sulfonic acid (PFOS)**!33 and poly(perfluoroethylene per-
fluoroethersulfonic acid) (PFFSA)™> can also be used as acid
dopants.

The morphological, electrical, and optical properties of the
conducting polymer vary with the dopant used and the doping
level.'110113.118] Dye to steric hindrance, the size of the dopant
ion affects the electrical conductivity of the polymer.1>%151]
However, the behavior of a doping system is complex, so this
relationship between dopant size and the doping level is not
straightforward."%) The doping level represents the extent
of oxidation or reduction and thus primarily determines the

Adv. Optical Mater. 2017, 5, 1600512
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Figure 4. Molecular structures of conducting polymers and acid dopants.

electrical conductivity of the conducting polymer.''”! The
electrical conductivity increases as the doping ratio increases
(Figure 5).01] The doping level is generally controlled by
the dopant concentration of the conducting polymer. Doped
PANI:CSA film shows an increased WF and electrical conduc-
tivity due to the Fermi level shifts toward the valence band upon
doping.l'*®! The WF of PANI:CSA film was increased from
4.42 eV to 4.78 eV and its electrical conductivity was increased
from 2 S cm™ to 217 S cm™ by adjusting the PANI to dopant
molar ratio from 1:0.25 to 1:1.1146]

1.2. Conducting Polymer-Based Anode Buffer Layer in Organic
and OIHP Optoelectronics

1.2.1. Historical Background of Conducting Polymers for Anode
Buffer Layer

In OLEDs, PPV was the first conjugated polymer to be used as
an emitting layer.'>® The first, polymer light-emitting diodes
(PLEDs) consisted of a transparent anode (generally composed
of indium-tin-oxide (ITO)), an electroluminescent conjugated
polymer and a metal cathode without any buffer layers between
the electrodes and the emitting layer. Hetero-structure OLEDs

Adv. Optical Mater. 2017, 5, 1600512

© 2016 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

www.advopticalmat.de

that use PPV as hole injection layer were proposed to achieve
efficient charge injection by improving energy-level align-
ment.’718 The UNIAX group suggested a PANI:CSA film
as an anode buffer layer for a PLED that uses poly(2-methoxy-
5-(2-ethylhexyloxy)-1,4-phenylenevinylene) ~ (MEH-PPV)  as
an emitter.l'>] The energy barrier between the anode and the
MEH-PPV was reduced from 0.2 eV to =0.1 eV by inserting a
PANI:CSA film between them.!" The operating voltage of the
resulting device was reduced by 30-50% and the quantum effi-
ciency was increased by 30-40% compared with those of the
device that lacked the anode buffer layer.'>”! PPy-DBSA film
was also suggested as an anode buffer layer for PLEDs that
use a MEH-PPV emitting layer, but because of the high energy
barrier of 0.23 eV between the PPy-DBSA and the MEH-PPV,
devices with this layer had a lower quantum efficiency (0.5%)
than did device that used the PANL:CSA film as an anode
buffer layer (1.5%).1147]

In a similar approach, device efficiency was improved sig-
nificantly by coating the ITO with a PANI film, doped with
polyacid.l'®! The PLEDs using MEH-PPV as an emitter and
the PANI film as an anode buffer layer exhibited a higher effi-
ciency of 1.4 Im W~! than PLEDs without the anode buffer layer
(0.8 Im W) at the same voltage (5 V).l'%% PANI:CSA precipi-
tates in water and therefore must be prepared as an organic
solvent solution, but the polyacid-doped PANI film can be pre-
pared in a water-dispersed form (PanAquas™).'%] The water-
dispersed polyacid-doped PANI has better processability and
higher doping stability than the organic-solvent-dispersed small
molecule acid-doped PANILI#L1611 A major increase in device
efficiency was achieved by introducing PEDOT:PSS as an anode
buffer layer, mainly because PEDOT:PSS has a relatively higher
WF (5.0-5.2 eV for Clevios™ P VP AT 4083)3°+%I than do pre-
viously-reported conducting polymers (e.g., WF of PANI:CSA
= 4.8 eV).[1460147162] The PEDOT:PSS has been a commercial
success for anode buffer layer in organic optoelectronic devices.
The commercially available PEDOT:PSS solutions have sev-
eral types according to the ratio of PEDOT to PSS.3163] Elec-
trical conductivity and work function of PEDOT:PSS can be
controlled by varying ratio of PEDOT to PSS (10°-10 S cm™,
4.8-5.2 eV). Recently, PEDOT:PSS has been most widely used
as the anode buffer layers in PeLEDs/?%30.32-36] and PeSCs.37-40]

1.2.2. Requirements of Anode Buffer Layer for
Optoelectronic Devices

The efficiency of optoelectronic devices is strongly dependent on
the properties of the interfaces between stacked layers;!2164-166]
therefore the efficiency of the devices can be advanced by
controlling these properties. The simplest and most effec-
tive way to modify the interface states is to insert buffer layers
(also called interfacial layers or interlayers) between the stacked
layers. Properties of buffer layers strongly influence on device
efficiency and device lifetime.

The primary function of an anode buffer layer is to facili-
tate hole injection into or extraction from the semiconducting
layer. For good hole injection or extraction, an anode must
make Ohmic contact with an overlying active semiconducting
layer to reduce injection barrier in LEDs or potential loss in
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SCs. However, the low WF of ITO (=4.7-4.9 eV)B3167-170 g
insufficient to form Ohmic contact with the highest occupied
molecular orbital (HOMO) energy level of =5.4-5.9 eVI36171.172]
for organic emitters and =5.15-5.5 eVI'>17% for organic pho-
toactive materials (Figure 6). Also, the deep valence band max-
imum (VBM) of OIHP materials (=5.4-6.0 eV) imposes high
energy barrier with ITO anodes.[3031:37.3840] Therefore, to form
Ohmic contact with the semiconducting layers, anode buffer
layers with high WF are required; i.e., energy-level alignment
achieved by using anode buffer layers with high WF reduces
the energy barrier and increases built-in potential, and thereby

facilitates hole carrier injection in LEDs and increases open-
circuit voltage in SCs.>#030.38]

At the same time, the materials for anode buffer layer should
have high mechanical, chemical and electrical stability. An ideal
anode buffer material must not affect the electrode and semi-
conducting layer and also not be affected by the overlying layers
to avoide degradation of device efficiency and stability.

Another important function of the anode buffer layer is to
smooth the surface of electrodes. Transparent conducting
oxide (TCO) materials that are generally used as transparent
electrodes in optoelectronics normally have rough surfaces,

e
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Figure 6. Schematic energy bands of organic and OIHP semiconducting materials for OLEDs, OSCs, PeLEDs and PeSCs.
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which can induce leakage current and internal short-circuit due
to the uneven thickness of overlying layer; the consequences
include degraded device efficiency and stability.P'=% To avoid
this happening, the anode buffer layer should have a good film-
forming property so that it forms uniform film with low surface
roughness.

In a device configuration in which light is transmitted
through the anode, the anode buffer layer must have high
transmittance over a wide range of wavelengths, so that light
entering the device or generated by the semiconducting layer
not to be interrupted.

To summarize, the basic requirements of anode buffer
materials for optoelectronic devices are (1) high WF enough to
inject holes into or to minimize the potential loss at the inter-
face of hole extraction from the semiconducting layer, (2) high
mechanical, chemical and electrical stability, (3) good film-
forming property to smooth the surface of the electrode and
(4) high transmittance in a device configuration that includes a
transparent anode as a light input and output window.

1.2.3. Limitations of the Conventional Anode Buffer Materials

Organic small-molecular anode buffer layers have been widely
used in multilayered OLEDs to inject hole carriers from the
anode into organic layers. However, the standard method to
fabricate organic small-molecule layers for multilayered organic
devices is vacuum thermal evaporation which is expensive.
Although solution-processing of organic small-molecules has
been attempted to fabricate OLEDs or OPVs at a low cost,[177-180]
conventional hole injecting or transporting organic small-mole-
cules such as N,NO-diphenyl-N,NO-bis(3-methylphenyl)-(1,10-
biphenyl)-4,40-diamine (TPD), 1,4-bis(1-naphthylphenyl-amino)
biphenyl (NPB), 1,1-bis((di-4-tolylamino)phenyl)cyclohexane
(TAPC) have low glass transition temperature, so they may crys-
tallize during solution processing; as a result, the film can be
unstable.2-%1 Alternative materials are necessary. Inorganic
transition metal oxides such as MoO; and V,0s have excellent
charge injection or extraction properties and are very stable.l’%-72
However, their poor film-forming property results in a rough
surface, which can cause leakage current and electrical shorts
in thin-film devices."07218L182 The transition metal oxide-
based anode buffer layers can also be formed by using a solu-
tion process, but their precursor molecules should be thermally
converted by high-temperature heating.”*183184 This high-
temperature process has limited the wide practical use of the
transition metal oxides in organic devices, especially, flexible
devices which use flexible substrates with low glass transition
temperature. Furthermore, because transition metal oxides are
mechanically brittle, their applications in flexible electronics are
limited."3185186] A few nanometer-thick-graphene oxide (GO)
sheet obtained by oxidation of graphite, has also been used as
an anode buffer layer in organic optoelectronic devices.[87-191
However, a buffer layer composed of GO cannot make a flat
film surface, and reproducibility is low, so practical applications
are currently limited.[192:19%]

The conducting polymer PEDOT:PSS is generally used as
the anode buffer layer in organic and OIHP optoelectronic
devices. The advantages of PEDOT:PSS (e.g., high transparency,
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superior mechanical flexibility, solution processability) make it
the most widely-used anode buffer layer. However, several dis-
advantages such as (1) hygroscopic property, (2) strong acidity,
(3) low WF, (4) exciton quenching and (5) particle aggregation
reduce the device efficiency and lifetime.

The hygroscopic property of PEDOT:PSS causes water
uptake during or after film preparation. The humidity and the
temperature during the polymer storage or processing have
a huge effect on the polymer chain conformation and conse-
quently its properties, and therefore degrade the reproducibility
of the resulting devices.¥”®8 Also, the water absorption can
form an acidic aqueous environment by the reaction H,O +
PSS(HSO3) — H,0" + PSS(SO;); and this facilitate etching of
the ITO anode which results in release of metallic In and Sn.[”
Absorbed water molecules may also reduce the electrical con-
ductivity of PEDOT:PSS; as a result the device degrades.%!94
OIHP is also degraded by water, but the mechanism is still
under study.[195-204

The another major impediment to using PEDOT:PSS as a
buffer layer in optoelectronic devices is that the PEDOT:PSS
film is strongly acidic, and therefore etches transparent oxide
electrodes that are widely used in optoelectronics.*?9-92 Metal
ions such as In and Sn etched from ITO can easily diffuse
into overlying layers during device fabrication and operation.
Indium oxide (In,Os) is highly soluble in acid, and In ions
can migrate into the PEDOT:PSS film.*90188205] Diffused and
migrated metal ions can form trapping sites or non-radiative
exciton recombination centers in organic and hybrid optoelec-
tronic devices.[*#3902%] Charge trapping by diffused metal ions
can increase operating voltage, and can degrade charge balance
in devices.[®l Exciton quenching caused by metal impurities also
decreases efficiency of optoelectronic devices.® Therefore,
the acidic nature of PEDOT:PSS can degrade device efficiency
and operational stability.

In OLEDs and PeLEDs, device efficiency is determined by
the behavior of injected charge carriers, and the charge car-
rier injection is controlled by the band offset between the
anode and the emitting layer. A change of a few tenths of an
electron volt in the energy barrier affects the operating voltage
of the device and consequently the device efficiency and life-
time.[+>:830206] [ jkewise, the band offset between the anode and
active layer of SCs affects the potential loss at the hole extrac-
tion interface, decreasing the open-circuit voltage (V,) of the
devices.1?7:39-207.208] T achieve efficient LEDs or SCs, the anode
buffer layer must form Ohmic contact with the semiconducting
layer. Because most organic and OIHP semiconducting mate-
rials have deep HOMO or VBM of 5.4-6.0 eV,[3140:56.170-175]
(Figure 6), the high energy band offset that is caused by low WF
of PEDOT:PSS (5.0-5.2 eV for Clevios™ P VP AI 4083)(394%I is
a serious obstacle to the use of PEDOT:PSS in LEDs and SCs.

PEDOT:PSS is a strong exciton quencher. Several studies
have observed luminescence quenching at the interface
between PEDOT:PSS and the organic layer when the recom-
bination zone is adjacent to the PEDOT:PSS.[>#30:9-% Exciton
quenching can be mainly caused by exciton migration (or non-
radiative energy transfer) to bipolarons in oxidized (doped)
PEDOT or exciton dissociation caused by large energy level
offset between oxidized PEDOT and an organic emitter which
is larger than exciton binding energy of emitting materials.[®!
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Figure 7. Conductivity enhancement mechanism of polar solvents. a) Schematic structure of PEDOT:PSS; i) commonly-described microstructure of
the conducting polymer system, ii) formation of colloidal gel particles in dispersion, iii) resulting film with PEDOT:PSS-rich (blue) and PSS-rich (grey)
phases, and iv) aggregates/crystallites supporting enhanced electronic transport. b) Schematics of ion and hole transport before and after adding a
polar solvent, EG. a,b) Reproduced with permission.??l Copyright 2016, Nature Publishing Group. c) Schematic mechanism of conductivity enhance-
ment by PEG. Reproduced with permission.?2l Copyright 2013, Royal Society of Chemistry.

Chemical interaction between PEDOT:PSS and the semicon-
ducting layer can induce additional exciton quenching.l

Another huge disadvantage of using PEDOT:PSS as an
anode buffer layer in optoelectronic devices is poor stability
during storage or during device operation.#2%% Changes in
environmental conditions during these processes can affect the
net electrostatic charge on the PSS chains and thus change the
electrostatic interaction between PEDOT and PSS, which result
in the de-doping process of the PEDOT:PSS, so particles of
PEDOT:PSS may aggregate; the result is inferior film-forming
property,209-212]

De-doping also occurs during device operation as a result
of electrochemical oxidation and reduction of PEDOT:PSS
film.[209210 The aggregated PEDOT and PSS particles can create
defects that can trap charge carriers, and thereby cause increase
in the voltage required to drive charge carriers through the
device.[26:213-216] This increase in the operating voltage decreases
the device lifetime.

In short, the conventional PEDOT:PSS has disadvantages
such as (1) hygroscopicity, (2) strong acidity, (3) low WEF,
(4) exciton quenching and (5) particle aggregation that can
reduce the device efficiency and lifetime. However, material
engineering can tailor the properties of the conducting polymer,
and thereby overcome these limitations.

The hygroscopic and acidic properties of PEDOT:PSS film
that originated from the sulfonic acid groups of the PSS chains
can be reduced by manipulating the PSS part in the polymer.
The WF of PEDOT:PSS and the exciton quenching behavior
at the film surface are influenced by the surface property of
PEDOT:PSS film, and therefore modification of the surface
composition can increase the WF of the conducting polymer
and reduce the exciton quenching at the interface between it
and the semiconducting layer. The limitations of the conven-
tional PEDOT:PSS have led to use of different types of con-
ducting polymers as an anode buffer layer; for example, a water-
soluble self-doped conducting polymer that has high storage
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stability and device operational stability can replace the conven-
tional water-dispersible conducting polymer.[100-102]

The next section reviews approaches to material engineering
of the conventional conducting polymer.

2. Material Engineering of Conducting Polymer-
Based Anode Buffer Layer

Material engineering to develop stable and efficient anode
buffer layers by overcoming the demerits of the conventional
conducting polymer involves changing material composition,
surface composition, molecular structure of conducting poly-
mers and also developing new conducting polymers, compos-
ites or blends.>217:218]

The hygroscopic and strongly acidic properties of PEDOT:PSS
are a consequence of free PSS in the polymer?'”l Reducing
the amount of free PSS in PEDOT:PSS film surface can pre-
vent diffusion of water molecules in the air into the polymer
film and thereby increase the stability of the film.['1:220 The
amount of free PSS in the film surface can be reduced by
adding polar organic compounds (e.g., ethylene glycol (EG),
dimethylsulfoxide (DMSO)) into PEDOT:PSS aqueous solution
(Figure 7a).[11220221] The addition of these polar solvents into
the aqueous PEDOT:PSS solution involves phase separation
between the PEDOT and the PSS chains leading to (1) reorienta-
tion of the polymers in a way that increases their interconnec-
tivity by addition of solvents that have high-boiling temperature
as plasticizers;[12222-224 (2) screening effect that inhibits coulomb
electrostatic interaction between them;?2#2%] and (3) removal
of excess PSS chains during the film-forming process.[1:223:224]
The phase separation between PEDOT and PSS chains, and the
chain conformation change from a coil to a linear or extended
coil caused by the addition of a polar solvent are main origins of
the increase in electrical conductivity of PEDOT:PSS after addi-

tion of polar organic compounds (Figure 7b).[226:227]
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Figure 8. Material engineering to reduce hygroscopic and acidic properties of the conducting polymer. a) Additives for reducing acidity of PSS.
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The electrical conductivity of PEDOT:PSS film decreases
over time due to the moisture absorption by hygroscopic PSS,
but the rate can be reduced when EG or polyethylene glycol
(PEG) is added (Figure 7¢).2% When the prepared films are
placed in ambient condition at RT and relative humidity >75%,
untreated PEDOT:PSS film maintained only 32% of its initial
conductivity after 20 days, whereas PEDOT:PSS film treated
with EG maintained up to 52% and PEDOT:PSS film treated
with PEG maintained 66%.22% This stability enhancement
of PEDOT:PSS film treated with EG or PEG under humidity
is attributed to hydrogen bonds formed between EG or PEG
and PSS. The film treated with PEG has bigger particles
than the film treated with EG. It implies that a large molec-
ular weight PEG facilitates interconnection between PEDOT
chains, leading to high electrical conductivity and stability of
PEDOT:PSS film.

Post treatment of PEDOT:PSS film with polar solvent DMSO
can also cause PSS depletion at the film surface.l'l Compared
to pristine film, PEDOT:PSS films doped with 6 vol.% EG had
higher electrical conductivity and slower decrease in electrical
conductivity over time. The rate of decrease in electrical con-
ductivity over time was further reduced when the solvent post-
treatment time was increased.'!l The surface ratio of PSS to
PEDOT was 1.37:1 in the film that had been treated with sol-
vent and 2.15:1 in the film that had not been treated.'!l] The
results indicate that PSS depletion at the surface increases the
stability of PEDOT:PSS film under humid conditions.

The hygroscopic and strongly acidic properties also can
be reduced by modifying the sulfonic acid groups in the PSS
chains which do not form an ionic bond with the PEDOT, or
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by replacing the PSS dopant with other dopants that are less
hygroscopic and less acidic than PSS.

To reduce the acidity of PEDOT:PSS, the pH of PEDOT:PSS
can be controlled by chemical treatment with various additives.
Examples of the additives are presented in Figure 8a. Addi-
tion of a small amount of the strong base sodium hydroxide
(NaOH) to PEDOT:PSS solution neutralized PEDOT:PSS by
altering PSS-H to PSS-Na.l210228229] The pH of PEDOT:PSS
solution is controlled by the amount of NaOH in PEDOT:PSS
solution and can be increased to pH >10, but a large amount of
NaOH is required to make neutral solution (pH =7) because of
the slow pH relaxation effect.?1023 Pristine PEDOT:PSS intrin-
sically includes PSS-Na as well as PSS-H, and the acidic PSS-H
has greater potential to generate carriers than does the neutral-
ized PSS-Na: and therefore the alteration of PSS-H into PSS-Na
affects the carrier concentration of PEDOT:PSS film.2%
Addition of only 0.2 molar ratio of NaOH can remove more
than 20% of the sulfonic acid groups and increase the device
lifetime, but further addition of NaOH leads to decreased elec-
trical conductivity and lowered WF, possibly as a result of a de-
doping process and a reduced interconnection between PEDOT
chains caused by the excess NaOH molecules remained even
after neutralizing sulfonic acid groups in free PSS.[22#!

Guanidine has also been used to develop pH-neutral
PEDOT:PSS.22312321 Guanidine is a strong base: it produces
OH™ in water by forming NH;* and NH,* , then the OH™ neu-
tralizes H*(Figure 8a).’?l The pH-neutral PEDOT:PSS obtained
in this way shows high storage and operational stability.?3
Use of NaOH and guanidine successfully neutralized acidic
PEDOT:PSS, but a loss of electrical conductivity was inevitable.
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Imidazole and its derivatives, which are weak bases, have
been suggested as alternative neutralizing agents that can
enhance the stability of PEDOT:PSS with minimal loss of elec-
trical conductivity.?*¥l Although the electrical conductivity of
PEDOT:PSS film showed gradual decrease when pH increased
as the film was treated with imidazole or its derivatives, the
reduction was not significant; this method achieved the highest
electrical conductivity (685.2 S c¢m™) among pH-neutral
PEDOT:PSS films reported to date.[?31:233]

A non-acidic and non-hygroscopic conducting polymer,
PEDOT doped with poly(ionic liquid) (PEDOT:PIL), dispersed
in organic solvent has been reported (Figure 8b).23* The
PEDOT:PIL was prepared by PIL-mediated polymerization.
Imidazolium-based PILs with trifluoromethanesulfonyl imide
((CF3S0,),N™ or Tf,N7) were used as a soluble template for
PEDOT.?** Compared to PEDOT:PSS, PEDOT:PIL is stable and
less sensitive to water because it does not have acidic moieties
unlike conventional conducting polymers and it is dispersed in
organic solvents. Lifetime of OLED device with a PEDOT:PIL
anode buffer layer was about five times longer than that with
PEDOT:PSS.24 This finding indicates that development of
organic solvent-soluble (organo-soluble) conducting polymers
can be an effective strategy to avoid water absorption during or
after film preparation. Organo-soluble and non-corrosive con-
ducting polymer, PEDOT-tetramethacrylate (TMA), can be an
alternative to the hygroscopic and acidic PEDOT:PSS.*3] The
PEDOT-TMA has a modified PEDOT structure in which both
ends of the polymer are capped, so the chain length is limited.
The short chain of the PEDOT-TMA makes it soluble in organic
solvents.

Other recent research to reduce the detrimental effects
of the hygroscopic and acidic properties of PEDOT:PSS has
combined PEDOT:PSS with stable inorganic materials (e.g.,
MoOs;, GO).#236-242] \When a MoO;/PEDOT:PSS bilayer is
used as an anode modification layer, the MoOs layer prevents
the interfacial degradation caused by the acidic PEDOT:PSS
layer.?3l PEDOT:PSS:MoO; hybrid system was also proposed
to reduce the hygroscopic property of PEDOT:PSS along with
its acidity, which also reduces the device lifetime.[*37238 OSCs
that use PEDOT:PSS:MoO; composite film as an anode buffer
layer showed greatly extended device lifetime compared to
OSCs that use only PEDOT:PSS film as a buffer layer. Ten
days after fabrication, the power conversion efficiency (PCE)
of the PEDOT:PSS:MoOs-based device only fell by 20%,
whereas PCE of PEDOT:PSS-based device fell to zero.?*’”] The
PEDOT:PSS:MoO; film may inhibit diffusion of moisture from
the buffer layer to the cathode.

GO has been used in approaches similar to that used with
MoO;. A GO/PEDOT:PSS bilayer was also introduced as an
anode buffer layer in planar heterojunction CH;NH;PbI;-
based PeSCs.*] Use of the GO layer between the ITO anode
and PEDOT:PSS layer prevented etching of ITO by the acidic
PEDOT:PSS, and therefore extended the lifetime of the
device.®!

The low WF of the conducting polymer remains one of
major challenges. Although doping of the conducting polymer
can increase its WF, it is not enough to facilitate hole injection
into the overlying semiconducting layers.'*?l Tuning the WF
requires changing the surface composition of the conducting
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polymer. The surface composition of PEDOT:PSS can be
modified by controlling thermal annealing temperature and
time, changing the solvent, changing the chain conforma-
tion of the polymer, or by controlling the molecular weight
and surface energy of polymeric acid additives to PEDOT:PSS
solution.3->194218]

The chain conformation can be modified by solvent treat-
ment.[??6227] A representative strategy is the polar solvent
additive method.'}12222-2241 DPolar solvent vapor annealing
(PSVA) was also proposed to modify the polymer chain con-
formation and thereby the surface composition of the film
(Figure 9a).12'® Contrary to the conventional solvent additive
method, the PSVA approach increased both the conductivity
(up to 1057 S cm™) and the WF (up to 5.35 eV) of PEDOT:PSS
film (Figure 9b,c).?!8] These changes were attributed to spon-
taneous vertical phase separation between PEDOT and excess
PSS chains that were induced by the polar solvent vapor during
annealing process.

Ultraviolet (UV) or UV-ozone plasma exposure of
PEDOT:PSS film is another approach to increase the WF of
PEDOT:PSS anode buffer layer. The UV or UV-ozone treat-
ment changes the chain conformation of PEDOT:PSS from
a coil to a linear or extended coil and decreases the number
of charge-trapping-related defects at the surface, thereby
increasing both the electrical conductivity and the WF (AWE:
0.2 = 0.25 eV).724

The surface composition of the conducting polymer film also
can be modified by additives.>®l The PSS-to-PEDOT ratio at
the surface can be controlled by adding more PSS molecules
with low molecular weight PSS (M,, = 48,000) instead of high
molecular weight PSS (M,, = 490,000), and with more volatile
methanol solvent instead of water (Figure 9d,e); as a result,
the WF increases from 5.20 eV to 5.44 eV(Figure 9f).’l Basi-
cally, because PEDOT:PSS is highly p-doped, the Fermi level
of PEDOT:PSS is expected to be close to the filled states, but
inverse photoemission spectroscopy combined with ultraviolet
photoemission spectroscopy (IPES/UPS) analysis revealed
that the Fermi level of PEDOT:PSS is near the middle of the
bandgap due to effect of long insulating PSS chains at the sur-
face of PEDOT:PSS film.?*!l The surface concentration of PSS
in PEDOT:PSS film was gradually increased by increasing the
concentration of PSS molecules added to commercially-avail-
able PEDOT:PSS solution (Figure 9d).** These changes indi-
cate that the surface WF of PEDOT:PSS film can be increased
by using a surface-enriched PSS layer and also can be controlled
by adjusting the amount of the additional PSS (Figure 9f).
Effective WF tuning of the conducting polymer was demon-
strated by adding polymeric acid that has low surface energy,
perfluorinated ionomer (PFI), tetrafluoroethylene-perfluoro-
3,6-dioxa-4-methyl-7-octanesulfonic acid copolymer (Nafion™),
to PEDOT:PSS solution (Figure 9g).**! The PFI has fluoro-
carbons in its molecular structure and therefore has much
lower surface energy (=20 mN m™) compared with that of
PEDOT:PSS (ca. 71-73 mN m™!)2#; as a result, PFI molecules
self-organize to be preferentially positioned at the top surface of
PEDOT:PSS:PFI film facing air, which was evidenced by molec-
ular depth profiles for PEDOT:PSS:PFI film (Figure 9h).*"]
The PFI has high ionization potential. Gradual increase of PFI
molecular concentration from bottom to top surface of the film
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Figure 9. Material engineering to increase WF of the conducting polymer. a) Schematic morphological models of spin-coated pristine, solvent additive
method (SAM)-treated, and polar solvent vapor annealing (PSVA)-treated PEDOT:PSS films. b) Conductivity and c) work function of PEDOT:PSS films
treated using the SAM with various amounts of added DMSO, and using PSVA with various annealing times. a—c) Reproduced with permission.®2!®l
Copyright 2012, American Chemical Society. d) S 2p core level spectra of the PEDOT:PSS with varying the PSS compositions. e) Schematic morphology
of spin-cast PEDOT:PSS films. f) The effect of PSS/PEDOT ratio at the film surface on the film work function. d—f) Reproduced with permission.!
Copyright 2008, WILEY-VCH. g) Molecular structure of PFI and h) molecular depth profiles for the anode buffer layers of PEDOT:PSS (left) and
PEDOT:PSS:PFI (right). Deconvoluted S 2p peaks for PEDOT, sulfonic acid, sulfide, and sulfone concentrations and C 1s peak at 292 eV for the PFI
concentration were used. g,h) Reproduced with permission.ll Copyright 2007, WILEY-VCH.

implies that ionization potential increases gradually across the
film and that its surface ionization potential becomes high. The
surface WF can be tuned to >5.9 eV by controlling the ratio
of PFI to PEDOT:PSS.>6:3031 This approach achieves a con-
ducting polymer-based anode buffer layers with a wide-range
controllable WF.

The PFI molecules at the film surface also prevent exciton
quenching at the interface between PEDOT:PSS and the over-
lying semiconducting layers, which was evidenced by increased
photoluminescence (PL) intensity and extended PL lifetime.>*!
The PEDOT:PSS:PFI anode buffer layer has excellent hole-
injection capability and exciton quenching-blocking capability
in the organic, polymer, and OIHP LED devices.

Use of PEDOT:PSS:GO composite as an anode buffer layer
is another way to reduce exciton quenching at the interfaces
due to the large bandgap (=3.6 eV) of the GO in the com-
posite.?*®l The exciton lifetime of organic light-emitting layer
on PEDOT:PSS:GO layer was about three times longer than
that on PEDOT:PSS.

Water-soluble self-doped conducting polymer (SCP)-based
anode buffer layer is a possible alternative to water-dispersible
PEDOT:PSS (Figure 10a). SCP has unique and advantageous
properties such as water solubility and chemical stability due
to the charged functional groups (dopants), covalently bound
to the conducting polymer backbone (Figure 10b).[1001021 SCPs
have covalently bound dopants; therefore the phase separation
does not occur and they have high stability during storage and
excellent film-forming property.3*19-192] They are also stable
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in a wide range of pH, whereas PEDOT:PSS loses its dopants
at high pH, resulted from the de-doping process.2-212 The
stable nature of self-doped PEDOT (PEDOT-SO;H) and PSS
grafted PANI (PSS-g-PANI) (Figure 10b,c) contributed to
increase the efficiency and lifetime of the devices that use them
as anode buffer layers.>?*] When a water-soluble conducting
polymer, PEDOT-SO;H, was used as a recombination layer
of bulk-heterojunction tandem SCs, the device life time was
prolonged. The device with PEDOT-SO;H maintained about
75% of its initial PCE after 100 h, whereas the device with the
PEDOT:PSS showed a fast degradation of PCE to <30% of its
initial efficiency in 40 h.?*] The another water-soluble con-
ducting polymer, PSS-g-PANI, demonstrated its higher stability
in OLEDs and OSCs, compared to PEDOT:PSS.’! The device
half-lifetime, time required for the luminance to decrease
to half of its initial value, of OLEDs with Bebq,:C545T emit-
ting layer was increased from 7.6 h to 55 h when the anode
buffer layer was changed from PEDOT:PSS to PSS-g-PANLL!
Replacing PEDOT:PSS with PSS-g-PANI in OSCs that have a
P3HT:PCBM photoactive layer increased the device half-life-
time from 186 h to 267 h.!

Processability and stability of polymeric anode buffer layers
are important features that must be achieved to make commer-
cialization of organic and OIHP optoelectronic devices feasible.
In this regard, water-soluble SCP has advantages over the con-
ventional water-dispersible conducting polymers; and therefore
the SCP is a promising material for use as a stable and efficient
anode buffer layer for optoelectronic devices.
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Figure 10. Molecular structures of a) water-dispersible HIL, PEDOT:PSS, and water-soluble HlLs, b) PEDOT-SO3;H and c) PSS-g-PANI.

3. Conducting Polymer-Based Anode Buffer Layers
in Light-Emitting Diodes

OLEDs and PeLEDs emit light as a result of radiative recom-
bination of charge carriers that are injected from the cathode
and the anode.**¥! OLEDs use organic compounds as emis-
sive layers, whereas PeLEDs use OIHP materials.?*31 OLEDs
have been successfully commercialized and have advantages of
low power consumption, light-weight and large viewing angle.
Both vacuum process and solution process technologies can be
applied to fabricate films of organic compound emitters. Also,
the feasibility of flexible and stretchable devices make OLEDs a
fascinating research area.

OIHPs have outstanding light absorption, small exciton
binding energy and excellent exciton confinement, so they pro-
vide alternatives to organic materials in optoelectronics.[2%:3%:249]
OIHPs also have the advantage of low-cost solution process-
ability.?-3237] Three dimensional OIHP is composed of ABX;
units (where A is an organic cation, B is a divalent metal ion
and X is a halide). By simply changing the halide (e.g. Br, Cl, I),
the energy band gap of OIHPs can be easily tuned.’” The feasi-
bility of using OIHPs in optoelectronics was first demonstrated
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in SCsl**?% and recently in LEDs.?>-3! Especially, the high
color purity of OIHPs makes PeLEDs promising as next-gen-
eration light-emitting sources to replace conventional LEDs.
PeLEDs have been spotlighted due to low material cost com-
pared with OLED devices. Moreover, solution processable
OIHPs enable low-cost printing fabrication even on large-areas.
In OLEDs, the external quantum efficiency (EQE, Ngqg) is
used to evaluate the luminous efficiency of OLEDs.?Y EQE is
the ratio of the number of photons emitted from devices to the
number of charge carriers injected from both electrodes:
Nsqe = XMhee = XYB:
where y is out-coupling factor, nq is internal quantum effi-
ciency, y is charge balance factor, f is the probability of pro-
duction of emissive species, and ¢; is quantum efficiency of
luminescence. y is determined by the light out-coupling struc-
tures of devices, and can be increased by using various light
out-coupling techniques including substrate modification to
increase light-extraction from devices. Theoretically, Myqp for
fluorescent organic dyes is limited to <0.25 because the radia-
tive decay of triplet excitons is forbidden.?5%2>3 However,

Adv. Optical Mater. 2017, 5, 1600512
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Figure 11. a) Schematic band diagram and b) luminous efficiency versus luminance curve of PLEDs with PEDOT:PSS:PFI hole injection layer.
a,b) Reproduced with permission.[l Copyright 2007, WILEY-VCH c) Schematics of self-organized PFI in hole injection layer regarding capability to
inject holes, blocking electrons and quenching of excitons, d) device structure of small-molecule OLEDs with simplified structures. c,d) Reproduced

with permission.l Copyright 2012, WILEY-VCH.

phosphorescent organic dyes allow 7jqr to be 1. They enable
intersystem crossing (ISC) between singlet and triplet excitons
by exploiting the spin-orbit interaction of heavy metal atoms
such as iridium and platinum.?>*2>0] Recently, thermally-acti-
vated delayed fluorescence (TADF) dyes have been reported;.?>’]
they have very small energy difference between singlet and tri-
plet excitons, allow reverse-ISC, and therefore can theoretically
achieve Mg of =1. However, to approach 7qg of =1, charge
carrier injection from electrodes to emissive layers and charge
carrier balances in emissive layers must be improved. Efficient
OLEDs use multilayer structures to improve charge carrier
injection and charge balance. Especially, to overcome the high
energy barrier between anode and overlying organic semicon-
ducting layer and to facilitate charge injection to this layer, var-
ious anode buffer layers have been introduced in OLEDs and
PeLEDs,[4:45,54-6171,72,187,237)

Basically, anode buffer layers based on conducting polymers
circumvent the disadvantages of underlying anodes, especially
their low WF. The widely used conducting polymer-based
anode buffer layer materials (e.g., PEDOT:PSS and PANI:PSS)
have insufficient WF =5.2 eV to make Ohmic contact to organic
semiconducting layers. 3190

Among various approaches to tune WF of PEDOT:PSS-based
anode buffer layer, the most effective way is to add PFI.[+630.37.38]
The surface WF of PEDOT:PSS:PFI film was gradually
increased up to 5.95 eV as the ratio of PFI to PEDOT:PSS
increased.! When PEDOT:PSS:PFI film was used as an anode
buffer layer in a green PLEDs based on a polyfluorene deriva-
tive (Figure 11a), the current efficiency (CE) was 21 cd A7,
which is much higher than that of the device employing con-
ventional PEDOT:PSS buffer layer (9.8 cd A™) (Figure 11b).
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The PEDOT:PSS:PFI system was also used for solution-pro-
cessed OLEDs based on a thermally cross-linkable bipolar host
and dopant system to improve the hole injection from anode
to emitting layer.>®! The device employing the PEDOT:PSS:PFI
anode buffer layer showed a maximum CE of 15.3 ¢cd A%

A bilayer system, PEDOT:PSS/PFI, was also used to reduce
the hole injection barrier between anode and overlying hole
transport layer.?>® The PFI layer was over-coated on the
PEDOT:PSS layer, and the resultant WF of the PEDOT:PSS/
PFI bilayer film was increased up to 5.64 eV (4.94 eV for the
pristine PEDOT:PSS). The green phosphorescent OLEDs using
the PEDOT:PSS/PFI as an anode buffer layer showed the CE
of 33.6 cd A™!, which was higher than that using the pristine
PEDOT:PSS (29.2 cd A7Y). The higher CE was attributed to the
well-aligned WF of the PEDOT:PSS/PFI layer to the HOMO
energy level of NPB, resulting in the improved hole injection
and reduced driving voltage.

PFI also increased the WF of anode buffer layers
based on a self-doped conducting polymer, PSS-g-PANI
(Figure 10c).! In PSS-g-PANI films, the PFI increased the
surface WF to as much as 6.09 eV.! Also, the hole injec-
tion efficiency Npjection Was calculated by using theoretical
space charge limited current (SCLC) with hole-only devices.
As the WF increased, Njection Was increased to =1.0, which
means nearly-Ohmic contact with the overlying semicon-
ducting layer.’] When the blend of PSS-g-PANI and PFI
was used as an anode buffer layer in fluorescent OLEDs, the
CE increased to 19.4 cd A~l. Moreover, the lifetime of the
devices (290 h) was 38 times longer than that of the devices
that used PEDOT:PSS-based anode buffer layers (7.6 h);
this improvement was attributed to the synergetic effect of
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Figure 12. a) Schematic illustration of the self-organized hole injection buffer layer on graphene anode, b) current efficiency versus current density of
flexible OLEDs with the graphene anode. c) Optical image of light emission from a flexible fluorescent green OLED on graphene anode. a—c) Repro-
duced with permission.l Copyright 2012, Nature Publishing Group. d) Degradation mechanism of OLEDs and e) operational lifetimes of OLEDs
according to hole injection buffer layers. d,e) Reproduced with permission.®l Copyright 2015, American Chemical Society.

intrinsic chemical stability of PSS-g-PANI and an excellent
diffusion barrier property of PFI.[*9]

Furthermore, the enrichment of PFI molecules at the surface
prevents exciton quenching at the interface between the con-
ventional anode buffer layer (e.g. PEDOT:PSS) and the organic
semiconducting layer (Figure 11c).** Insulating PFI can effec-
tively block electrons and excitons that are transported from
the organic emitting layer. As the ratio of PFI to PEDOT:PSS
increases, the PL lifetime of the emissive layer measured by
the time-correlated-single-photon-counting was  gradually
increased.’! A highly-efficient hole-injection buffer layer com-
posed of PEDOT:PSS:PFI allowed simplification of device struc-
ture in OLEDs: because the hole-injection buffer layer itself
provides efficient hole injection, good electron blocking, and
prevention of exciton quenching, additional functional layers
such as HTL or electron blocking layer (ETL) can be omitted
in the simple-device structure that uses PEDOT:PSS:PFI
(Figure 11¢,d).5) With simple device structure that uses only
one vacuum-deposited organic emitting layer on top of the solu-
tion-processed hole injection buffer layer, the current efficiency
was comparable to that of a multilayered device that used both
HTL and ETL.

Polymeric hole injection buffer layers have also been used
to modify electrical properties of underlying anode materials.
Graphene has potential as a flexible transparent electrode due
to its unique electrical properties, excellent mechanical flex-
ibility, and high transmittance.[%260-263] However, graphene has
lower WF (=4.4 eV) than ITO anode (=4.7-4.9 eV),[3166-170] 5o
the hole injection energy barrier between graphene anode and
overlying organic layers is large. A polymeric hole injection
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buffer layer composed of PEDOT:PSS:PFI on graphene anode
can overcome this large energy barrier for hole injection
(Figure 12a).l% Self-organization of polymer chains in the buffer
layer causes an increasing gradient WF from anode to organic
layer; this and the high surface WF of the graphene anode
buffer layer causes Ohmic contact between graphene anode and
the hole transporting layer (Figure 12a). As a results, the flex-
ible OLEDs with graphene anode exhibited very high luminous
efficiencies (=98.1 cd A7}, 102.7 Im W), which exceed those
obtained using a conventional rigid ITO anode (=81.8 cd A™
and 85.60 Im W) (Figure 12b,c).[%

Because the surface WF of the polymeric hole injection
layer gradually increases as PFI concentration increases in the
PEDOT:PSS, the energy barrier between anode and hole trans-
porting layer is also reduced; as a result, hole injection into the
layers is improved. In contrast, the low WF of the conventional
PEDOT:PSS buffer layer gives it inefficient hole injection. The
result is that hole carriers that were not injected, and counter
charges that have not recombined with holes accumulate at
interfaces between layers; these space charges trap charges
and cause non-radiative recombination, thereby decreasing
the electrical and electroluminescent properties of OLEDs
(Figure 12d,e).®!

The enrichment of PFI at the surface of the buffer layer can
effectively block metal ions that diffused from the ITO anode.
Therefore, use of a polymeric buffer layer can effectively pre-
vent undesired charge trapping and exciton quenching that are
caused by impurities.®] OLEDs that use PEDOT:PSS:PFI have
higher luminous efficiency and 10 times longer operational life-
times than OLEDs that use PEDOT:PSS.[®l
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In PeLEDs, the problem of low WF of anodes and exciton
quenching at the interface between anode and emissive layer is
more serious than in OLEDs. The most commonly-used green-
emission OIHP emitter is methyl ammonium lead bromide
CH;NH;PbBr; (MAPbBr3), which emits green light stably even
at RT. However, it has very deep VBM of 5.9 eV, which is much
deeper than the HOMO energy level of organic semiconducting
layer.3%31 Therefore, anode buffer layers should have high WF
to facilitate hole injection from anode to overlying emitting
materials. Also, low exciton binding energy and long exciton
diffusion length (ca. 100-1000 nm)249:264265] of OTHPs cause
severe exciton quenching at the interface between anode and
OIHP layer. Therefore, to improve the CE of PeLEDs, the large
hole-injection barrier and exciton quenching in PeLED applica-
tions must be overcome.

One possible solution is to use an anode buffer layer that
can reduce the hole injection barrier and prevent exciton
quenching at the interface between anode and emissive layer. A
multi-functional conducting polymer-based anode buffer layer
was introduced to solve these problems (Figure 13).3% Also,
the enrichment of insulating PFI at the surface can effectively
block exciton quenching between the anode buffer layer and the
MAPDBr; layer; as a result, and the resultant PL lifetime was
greatly extended.l’®) The PL lifetime of MAPbBr; on top of the
PEDOT:PSS:PFI buffer layer was increased to 4.7 ns, whereas
that of MAPDBr; on top of pristine PEDOT:PSS was 0.34 ns.
These two effects of the multi-functional anode buffer layer
increased the CEs of PeLEDs as the ratio of PFI to PEDOT:PSS
in the anode buffer layer increased (Figure 13c). The maximum
CE of the PeLED that used a PEDOT:PSS:PFI anode buffer layer
(0.577 cd A™Y) was 350 times higher than that of the device that
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used a pristine PEDOT:PSS anode buffer layer (Figure 13d).13)
Recently, a highly conductive PEDOT:PSS:PFI, where a polar
solvent, DMSO, was added to increase the electrical conduc-
tivity of the film, was also used as an anode for MAPbBr;-based
PeLED. The resultant maximum CE was 42.9 c¢d A%, which is
the highest CE among the reported PeLEDs that emit visible
light.31]

The results confirm that the PEDOT:PSS:PFI buffer layer
can be applied to various types of LEDs, including OLEDs and
PeLEDs. Reported LEDs have efficiencies and lifetimes that
depend on the type of conducting polymer-based anode buffer
layers (Table 1). Use of multi-functional conducting polymer-
based anode buffer layers greatly increased the maximum CE
and lifetime regardless of the emissive layer used. The results
confirm the importance of anode buffer layer engineering.

4. Conducting Polymer-Based Anode Buffer Layers
in Solar Cells

SCs converts light energy into electrical power. When photoac-
tive layers absorb light, electron/hole pairs (excitons) are gener-
ated. By the built-in potential between anode and cathode, the
electron/hole pairs are separated, and the separated electrons
and holes are collected at the cathode and anode, respectively.??’]
OSCs use organic small molecule or polymer photoactive mate-
rials, whereas PeSCs use OIHP materials as photoactive mate-
rials. Both OSC and PeSC have the advantages of low-cost
solution processability. Especially, OSCs have possible uses as
stretchable devices when polymer materials are used as photo-
active layers.[?66-268] OIHPs have outstanding light absorption,
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Table 1. Summary of LED performances depending on conducting polymer-based anode buffer layers.

Anode/conducting polymer- Device architecture Max. CE? Max. EQEP) Device lifetime® Color Ref.
based anode buffer layers [cd AT [%6] [h]

ITO/PEDOT:PSS NPB/Alqs:C545T/Algs/Al 14.7 3.88 Green  [236]
ITO/MoO;3/PEDOT:PSS 23.4 6.31

ITO/PEDOT:PSS Super Yellow/LiF /Al 1.3 415 Yellow  [271]
ITO/PEDOT:PSS: MoO, 13.5 108.1

ITO/PEDOT:PSS TPD/CBP:Ir(ppy)s/Bphen/Lig/Ca/Al 42 Green  [274]
ITO/PEDOT:PSS:GO 52

ITO/PEDOT:PSS Super Yellow/LiF /Al 10.04 358 Yellow  [246]
ITO/PEDOT:PSS:GO 21.74 7.48

ITO/PEDOT:PSS polyfluorene derivative/Ba/Al 21 Green [4]
ITO/PEDOT:PSS:PFI 9.8

ITO/PEDOT:PSS NPB/Bebq,:C545T/Bebaq,/Liq/Al 15.0 7.6 Green 9]
ITO/PANI:PSS 15.5 4.8

ITO/PSS-g-PANI 15.9 55

ITO/PSS-g-PANI:PFI 19.4 290

ITO/2TNATA Bebq,:C545T/Liq/Al 12 Green 5]
ITO/PEDOT:PSS:PFI 20

ITO/PEDOT:PSS:PFI TAPC/TCTA:Ir(ppy)s/CBP:Ir (ppy)3:TPBi/LiF /Al 81.8 Green 6]
Graphene/PEDOT:PSS:PFI 98.1

ITO/PEDOT:PSS NPB/Bebq,:C545T/Bebq,/LiF /Al 15.2 25 Green 18]
ITO/PEDOT:PSS:PFI 17.3 300

ITO/PEDOT:PSS CH3NH;PbBr,/TPBI/LiF/Al 0.00165 0.000393 Green 130]
ITO/PEDOT:PSS:PFI 0.577 0.125

ITO/PEDOT:PSS:PFI DVB-CzDTAZ:Ir(mppy)s/TPBi/Lig/Al 15.3 Green  [258]
ITO/PEDOT:PSS NPB/CBP:Ir(ppy)s/BAlq/Alqs/LiF /Al 29.2 14.1 Green  [259]
ITO/PEDOT:PSS:PFI 33.6 16.2

AMax. CE: maximum current efficiency; ®Max. EQE: maximum external quantum efficiency; 9 Device Lifetime: device half-lifetime

small exciton binding energy, and long exciton diffusion length;
as a result, they have increased the PCE of SCs to 22.1%.126%

Open-circuit voltage (V,) is particularly dependent on the
energy level alignment in SCs, and is mainly determined by
the WF difference between anode and cathode when both elec-
trodes make Ohmic contact with active layers.?””! V. decreases
when energy level offset increases between photoactive layers
and electrodes.[*%l Therefore, to increase V,, interfacial buffer
layers must be used to achieve Ohmic contact between photo-
active layers and electrodes.

To align the energy levels of the buffer layer with those of the
semiconducting layers, and to achieve efficient charge extrac-
tion and high V,, transition metal oxides have been widely used
as an anode buffer layer in OSCs and PeSCs.*>707274 How-
ever, transition metal oxides are fabricated using an expensive
vacuum process or high-temperature annealing, so their use is
not compatible with the goal of low-cost solution-printing.

Conducting polymers have also been used as anode buffer
layers in SCs, but have low WF (e.g. PEDOT:PSS, Clevios™
PH has WF of =4.86 eV),’”3® which limit the V,. of SCs. The
WF manipulation of conducting polymer anode buffer layers
resulted in improvement of the SC characteristics.l*’-3%
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The most widely-used photoactive OIHP material in
PeSCs is methyl ammonium lead iodide (CH;NH;PbI;,
MAPDI;).B740195.201] The difference between the VBM of
MAPDI; (=5.4 €V),?l and the WF of PEDOT:PSS (=4.86 eV
for Clevios™ PH) is too high to allow Ohmic contact between
the layers.’”38] As we explained in previous chapters, addi-
tion of a small amount of PFI can effectively tune the sur-
face WF of PEDOT:PSS; due to the surface energy difference,
the PFI molecules become enriched on the film surface. A
small amount of PFI increased the surface WF of hole extrac-
tion layer to 5.39 eV (Figure 14a),?”! which is comparable to
the ionization potential of MAPDI; (Figure 14b). The PeSC
that used PEDOT:PSS:PFI as an anode buffer layer had PCE
of 11.7%, whereas the device with conventional PEDOT:PSS
buffer layer showed PCE of 8.1%.13”] The increase in the PCE
was attributed to increase in the V,, fill factor (FF) and short-
circuit current density (Ji). The increased V,. confirmed
the effect of the increased WF of the polymeric anode buffer
layer. Also, the increases in V,., FF and J,. were related to the
increase in the built-in potential (V};). The PeSCs that used the
PEDOT:PSS:PFI anode buffer layer produced the increased
photocurrent difference between under illumination and in

Adv. Optical Mater. 2017, 5, 1600512
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Figure 14. a) Increase in work function by adding PFI. b) Schematic energy band diagrams of PeSC. c) Difference AJ of photocurrent under illumina-
tion and in the dark for ITO/PEDOT:PSS:PFI/CH;NH;Pbl;/PCBM/Al device (circles) and ITO/PEDOT:PSS/CH;NH;Pbl;/PCBM/AI device (squares).
d) Capacitance-voltage characteristics of devices depending on anode buffer layers. a-d) Reproduced with permission.?”] Copyright 2014, WILEY-VCH.
e) Open circuit voltage of the PeSCs (filled) and OSCs (open) depending on the difference of the work function of conducting substrates and VBM
of the photoactive layer. f) Schematic energy band diagrams depending on interface energy state of polymeric anode buffer layers (PEDOT:PSS and
PEDOT:PSS:PFI). e,f) Reproduced with permission.*8 Copyright 2016, Royal Society of Chemistry.

the dark due to the increased Vj; (Figure 14c). The increased
Vi,; means the increase of forward diffusion of photogenerated
carriers and internal electrical field in the PeSC that used
PEDOT:PSS:PFI; The increased V;; was also confirmed by the
capacitance-voltage (C-V) characteristics (Figure 14d).

The WEF-tuning of conducting polymer-based anode buffer
layer can be applicable for various SCs, not only PeSCs but
also OSCs.?¥ As in the MAPDI;-based PeSCs, the PCEs of
the PCDTBT-based OSCs were improved when the high-
WEF PEDOT:PSS:PFI anode buffer layer was used (6.3% for
PEDOT:PSS:PFI; 4.2% for PEDOT:PSS).®¥ The improved
PCEs in the device were attributed to increase of the V;;, which
resulted in the increase in V., Ji, and FF. In addition to the
PCE improvement, the PEDOT:PSS:PFI system greatly pro-
longed the lifetime of the OSCs from 300 h to 4700 h.3® As
we discussed in the OLEDs that use self-organized polymeric
anode buffer layer, the improved lifetime also can be attributed
to the ability of the PEDOT:PSS:PFI to block diffusion of impu-
rities38l; the enrichment of PFI molecules at the surface pre-
vents the diffusion of impurities (e.g., sulfates, alkali metals, In
atoms, and Sn atoms) into the overlying active layer.

The universal energy level tailoring in the hole extraction
interface of OSCs and PeSCs was observed. V,. was measured
in SCs with the following photoactive layers: (1) MAPDbI3/ [6,6]-
Phenyl C61 butyric acid methyl ester (PC¢BM) in PeSCs (2)
poly[N-9"-heptadecanyl-2,7-carbazole-alt-5,5-(4",7’-di-2-thienyl-
2’,1",3"-benzothiadiazole)] (PCDTBT): [6,6]-Phenyl C71 butyric
acid methyl ester (PC;;BM) for OSCs. Then V,. was plotted
versus the difference between the WF of the conducting
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substrate (glass/Al (3.4 eV), ITO/1-octadecanethiol (ODT) self-
assembled monolayer (4.1 eV), PEDOT:PSS:PFI (4.6-5.5 eV))
and the ionization energy of the overlying photoactive layer
(Figure 14e).%% At a certain WF of the conducting substrate, the
WEF of the photoactive layer on the substrate stopped increasing
at the level of =0.6-0.7 eV above the HOMO energy level of
PCDTBT or VBM of MAPBI;: This implies Fermi-level at the
interface was pinned. However, the resultant V, still increased
until the ionization energy of photoactive layer is almost equal
to the substrate WF. This further increase of Ve can be
ascribed to modulation of the interface energy state caused by
surface enriched PFI layer on top of the PEDOT:PSS:PFI layer
(Figure 14 f). As a result, the potential energy loss at the hole
extraction interface can be minimized and thus the V. can
be maximized in the OSCs and PeSCs using PEDOT:PSS:PFI
anode buffer layer.®!

A DMSO-treatment has been reported to effectively improve
the electrical conductivity of PEDOT:PSS:PFI films. After the
film formation of PEDOT:PSS:PFI, the films were fluxed by
DMSO, and then annealed. With the increased WF by PFI, the
DMSO-treated PEDOT:PSS:PFI film facilitated the charge col-
lection in PSCs. As a result, the PSCs showed the increased J,
of 22.10 mA cm™2, improving the PCE up to 9.82% (the J of
14.31 mA cm™ and the PCE of 7.35% for the PSC using the
pristine PEDOT:PSS).[7%

Water soluble conducting polymer, PSS-g-PANI, was also
modified to have increased surface WF by addition of PFI
(Figure 15a).3% The resultant surface WF of PSS-g-PANI:PFI
was 5.49 eV, which is high enough to form Ohmic contact with
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Figure 15. a) Schematic energy band diagrams of PEDOT:PSS, PSS-g-PANI, and PSS-g-PANI:PFI. b) EQE spectra of the PeSCs with PEDOT:PSS and
PSS-g-PANI:PFI. ¢) Transmittance of PEDOT:PSS, PSS-g-PANI, and PSS-g-PANI:PFI. a—c) Reproduced with permission.?¥l Copyright 2016, WILEY-VCH.

OIHP layers (e.g. MAPDI; has ionization energy of 5.43 eV).*]
The PSS-g-PANI:PFI film was used as a hole extraction anode
buffer layer for PeSCs that had the MAPDI; photoactive layer.
The PSS-g-PANI:PFI-based PeSC had PCE of 12.4%, whereas
the device that used conventional PEDOT:PSS had PCE of 7.8%,
and the device that used PSS-g-PANI had PCE of 9.7%.53% The
Vi,; was increased by using the PSS-g-PANI:PFI as an anode
buffer layer in PeSCs, and thus PCE was also increased. Also,
the improved EQE according to wavelength of the PeSCs with
PSS-g-PANLPFI (Figure 15b) revealed that the higher trans-
mittance of PSS-g-PANI (Figure 15c) also can be an additional
reason for improvement of the device efficiency compared with
that of conventional PEDOT:PSS.*]

One of the demerits of conventional PEDOT:PSS as the
anode buffer layers for graphene anode-based flexible OSCs
is the poor wetting of hydrophilic PEDOT:PSS on a non-polar
and hydrophobic graphene surface (Figure 16a). The composite
hole extraction buffer layers can be used for overcoming this
critical impediment in the graphene anode-based OSCs.?’!]
Due to the hydrophobic nature of fluorine containing polymer,
PFI, the PEDOT:PSS:PFI hole extraction buffer layer was uni-
formly formed on top of the graphene anodes (Figure 16b).
By additionally optimizing the number of graphene layers,
the graphene anode-based OSC that used poly(3-hexylthio-
phene-2,5-diyl) (P3HT) had PCE of 2.83%, and when PCDTBT
was used as a photoactive material, the PCE was reached to
4.33%.1271]

The surface energy of the anode buffer layer can addition-
ally have influence on morphology of overlying active layers
in solar cells. In OSCs, it has been reported that the surface
energy of anode buffer layer influences the phase separation of

Graphene/PH

Figure 16. Contact angles of a) PEDOT:PSS and b) PEDOT:PSS:PFI on top of graphene.

a,b) Reproduced with permission.?’l Copyright 2016, WILEY-VCH.

wileyonlinelibrary.com

Graphene/GraHEL

© 2016 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

the P3HT:PCBM blends.[?”? Tt is also reported that the surface
energy of underlying buffer layers determines the grain size of
overlying perovskite active layers in PeSCs. The grain size of
CH;NH;PbI; film significantly decreased as the surface energy
of the anode buffer layer increased.””?l Therefore, the well-
matched surface energy of anode buffer layer with an overlying
active layer can be considered as an additionally requirement
for efficient SCs.

Material engineering of conducting polymer-based anode
buffer layers including PEDOT:PSS:MoOs;, PEDOT:PSS:GO,
PEDOT:PSS:PFI, and PSS-g-PANL:PFI has been used to
improve the photovoltaic efficiency and stability of SCs regard-
less of the photoactive materials used. Reported PCEs and
lifetimes depending on the type of conducting polymer-based
anode buffer layers are summarized in Table 2.

5. Conclusions

This review has presented the importance of anode buffer layers
in organic and OIHP optoelectronic devices including LEDs
and SCs. The primary function of anode buffer layers is to align
the energy level by reducing the energy level offset between
anodes and overlying semiconducting layers; by accomplishing
these goals, device efficiency and stability are increased. The
anode buffer layers must have (1) high WF enough to form
Ohmic contact with an overlying semiconducting layers and to
inject holes efficiently into emitters in LEDs or reduce poten-
tial loss at the interface of hole extraction from the photoac-
tive layer in SCs, (2) high mechanical, chemical and electrical
stability, (3) good film-forming property enough to smooth the
rough surface of the electrode and (4) high
transmittance for efficient light extraction in
LEDs and light absorption in SCs.

Although conventional anode buffer layers,
such as small organic molecules and transi-
tion metal oxides have good hole injection or
extraction properties, they are not suitable for
solution processes or flexible optoelectronic
applications. Conducting polymers can fulfill
the requirements for solution processes and
flexible devices. Conducting polymers, which
have high versatility in molecular design and
processing, constitute the most promising
candidate for efficient anode buffer layer.

Adv. Optical Mater. 2017, 5, 1600512
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Table 2. Summary of characteristics of SCs with different conducting polymer-based anode buffer layers.

Anode/conducting polymer-based Device Architecture Vo) I FFo PCEY Device degradation  Ref.

anode buffer layers I\l [mA cm™ [%] [%] rate®)

ITO/PEDOT:PSS CH;NH;Pbl;/Ceo/Bphen/Ag 0.97 16.11 63 9.81 =10 d/20% [43]

ITO/MoO;3/PEDOT:PSS 0.96 20.06 67 12.78 10d/93%

ITO/PEDOT:PSS TQ1:PCyoBM/LiF/Al 0.90 9.2 66 55 10 d/0% [45]

ITO/PEDOT:PSS:M00Q, 0.89 10.3 70 6.4 10 d/80%

ITO/PEDOT:PSS CH3NH;,Pbl;,Cl,/PCBM/Bphen/Ag 0.92 2091 72.61 13.90 [44]

ITO/PEDOT:PSS:M00Q, 0.97 21.59 75.42 15.79

ITO/PEDOT:PSS CH3NH;Pbl;/PCBM/LiF/Ag 0.80 14.35 71.61 8.23 =300 h/0% [45]

ITO/GO/PEDOT:PSS 0.84 15.72 73.71 9.74 =500 h/20%

ITO/PEDOT:PSS PTB7:PC;0BM/AI 0.75 14.75 63.6 7.04 [246]

ITO/PEDOT:PSS:GO 0.76 16.42 65.8 8.21

ITO/PEDOT:PSS CH3NH;Pbl;/PCBM/AI 0.835 14.1 68.5 8.1 [37]

ITO/PEDOT:PSS:PFI 0.982 16.7 70.5 1.7

ITO/PEDOT:PSS PCDTBT:PC;,BM 0.738 10.2 56.4 4.2 [38]

ITO/PEDOT:PSS:PFI 0.880 11.9 59.7 6.3

ITO/PEDOT:PSS CH3NH;Pbl;/PCBM/Al 0.903 +0.06 13.15+ 64 62.8£5.34 7.08 £1.88

ITO/PEDOT:PSS:PFI 1.022 £0.023 15.29+1.26 70.9£3.41 10.90 £ 0.77

ITO/PEDOT:PSS PTB7-Th:PC;;BM 0.80 14.31 64.20 7.35 [270]

ITO/PEDOT:PSS:PFI 0.80 22.10 55.51 9.82

ITO/PEDOT:PSS CH3;NH;Pbl;/PCBM/AI 0.923 11.8 73 7.8 186 h/50% [39]

ITO/PSS-g-PANI 1.04 14.1 67.3 9.7 267 h/50%

ITO/PSS-g-PANI:PFI 1.07 14.9 77.6 12.4 570 h/50%

Graphene/PEDOT:PSS:PFI P3HT:PCqoBM/Ca/Al 0.546 8.67 59.7 2.83 [277]
PCDTBT:PC¢oBM/Ca/Al 0.896 8.83 54.7 4.33

AV, .: open-circuit voltage; ®)J,.: short-circuit current; 9FF: fill factor; 9)PCE: power conversion efficiency. ©Device degradation rate: device operation time until the PCE main-

tained certain percentage of its initial PCE.

The most widely-used conducting polymer anode buffer layer is
PEDOT:PSS; and recently, its use has extended to OIHP opto-
electronics. However, PEDOT:PSS is hygroscopic and highly
acidic; these traits often cause severe degradation of the devices.
Also, in most systems, the WF of PEDOT:PSS (5.0-5.2 eV for
Clevios™ P VP AlI4083) is too low to facilitate charge injection
or to maintain high V,., because organic materials have deep
HOMO energy level =5.5 eV and OIHP materials have deep
VBM of 5.4- 6.0 eV.

Therefore, several material engineering technologies have
been used to overcome the demerits of PEDOT:PSS, while
improving its advantages. These technologies include modi-
fying material composition or molecular structure of con-
ducting polymers. To reduce the hygroscopic and acidic pro-
perties of PEDOT:PSS film, which originated from the sulfonic
acid groups of the PSS chains, the surface concentration of the
PSS in the film has been controlled by using polar solvent to
remove some free PSS at the surface. Also, several studies have
introduced additives such as NaOH, guanidine, and imidazole
to the aqueous PEDOT:PSS to reduce the water absorption and
acidity of PEDOT:PSS, and consequently to increase the device
stability. To reduce the water-sensitivity of buffer layers based on
conducting polymers, the use of organo-soluble and non-corro-
sive conducting polymer has been suggested as an alternative

Adv. Optical Mater. 2017, 5, 1600512
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to the hygroscopic and acidic PEDOT:PSS. Recently, conducting
polymer-based composite buffer layer with inorganic materials
(e.g., MoO3, GO) have been used to improve the stability of the
conventional conducting polymer. Water-dispersible conducting
polymers are unstable due to particle aggregation induced by
de-doping during storage and device operation. Therefore,
water-soluble self-doped conducting polymer (e.g. PSS-g-PANI)
which has excellent stability and film-forming properties can be
an alternative to PEDOT:PSS.

Conducting polymer-based composite or polymer blend
anode buffer layers (e.g., PEDOT:PSS:MoO3; PEDOT:PSS:GO,
PEDOT:PSS:PFI) have been introduced. Anode buffer layers
based on these composite increased charge transport in the
device, and thus increased its efficiency and stability. Espe-
cially, PFI, which has low surface energy and high ionization
potential, developed gradually increasing WF as a result of
self-organization of polymer chains, and effectively increased
the surface WF of both PEDOT:PSS and PSS-g-PANI. When
the conducting polymer composites with inorganic materials
such as MoO; and GO, and conducting polymer blends with
PFI were used as anode buffer layers in LEDs, both efficiency
and lifetime were greatly increased. This improvement was
attributed to well-aligned energy level without large energy bar-
rier between the buffer layer and the overlying semiconducting

wileyonlinelibrary.com
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layer, and facilitated hole injection; furthermore, the enrich-
ment of insulating PFI molecules at the surface effectively block
electrons and excitons reducing non-radiative recombination.

In SCs, the addition of a small amount of PFI to the con-
ducting polymer also increased PCE and lifetime regardless of
the photoactive materials used. The increased surface WF of
conducting polymer blends by adding PFI was confirmed by
the increase in Vpc. The improved PCE has been attributed
to the increased Vi; in device. Also, the enrichment of PFI at
the surface blocks diffusion of impurities into the photoactive
layers and prolongs the lifetime of SCs as well.

Conducting polymer-based anode buffer layers have strong
advantages because of their adjustable properties and high pro-
cessability. For organic and OIHP optoelectronics to advance,
efforts to develop stable and efficient anode buffer layers should
continue. Conducting polymers have been dispersed or dis-
solved in water, but desirable development of future conducting
polymers is soluble in organic solvents which can allow device
fabrication in N, atmosphere; influences of oxygen and mois-
ture in ambient condition that degrade device stability can be
effectively eliminated. Cross-linking of conducting polymers
also can be one of the effective solutions for further improve-
ment in film stability of conducting polymer based anode buffer
layers. The cross-linked conducting polymer-based anode buffer
materials can be achieved by synthesizing polymers containing
cross-linkable groups or adding cross-linking agents. Addition-
ally, further investigation should seek multi-functional anode
buffer layers that can provide device simplification of organic
and OTHP optoelectronic devices.P3!!
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