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Organic—inorganic hybrid metal halide perovskites have excellent optoelectronic properties and are
soft and resilient; therefore, they are appropriate for use in flexible and stretchable electronic devices.
Commercialization of these perovskite optoelectronics requires development of flexible and stretchable
electrodes that are compatible with perovskite optoelectronic properties. Compared to optoelectronic
organic semiconductors, exploitation of the advantages of perovskite optoelectronics requires new per-
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Broader context

In recent years, flexible and stretchable perovskite optoelectronic devices such as perovskite solar cells (PeSCs) and perovskite light-emitting diodes (PeLEDs)
are highly expected to be used in advanced wearable optoelectronic applications due to the versatile advantages of metal halide perovskites (MHPs). However,
the optical, electrical, and mechanical properties of electrodes and MHPs in the devices must be engineered for flexible and stretchable device applications. In
this work, the various strategies for MHPs (e.g., composition and additive engineering for mechanical durability and chemical stability) and electrode materials
(e.g:, conducting polymers, low-dimensional carbon materials, or structured metals and their composites) are systematically suggested to satisfy the multiple
requirements of flexible and stretchable PeSCs or PeLEDs. The strategies and perspectives in this work would be a comprehensive research guide for flexible
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and stretchable PeSCs and PeLEDs.

1. Introduction

Flexible and stretchable metal halide perovskites (MHPs) are
mechanically soft and have excellent optoelectronic properties,
and therefore have potential applications as elements of
inexpensive portable, wearable photovoltaics or displays, or of
bio-medical applications and surveillance.'™ The mechanical
properties of perovskite optoelectronic devices that use
flexible and stretchable electrodes can be improved to achieve
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appropriate resilience to bending and stretching stress. Further-
more, perovskites and flexible electrodes are compatible with
mass-production methods.

To enable practical wearable applications of MHPs, the
active layer that uses perovskite materials should provide better
mechanical stability than that of intrinsic perovskite single
crystals. The study of structural influences on the mechanical
properties of MHPs is important, and further engineering
technology for perovskite poly- or nano-crystals must be con-
ducted to achieve the mechanical requirements for flexible or
stretchable electronics. Flexible and stretchable electrodes
in optoelectronics must also simultaneously meet require-
ments for properties such as conductivity, transparency, resi-
lience, robustness, and compatibility with current methods of
fabrication.

The interface between electrode materials and photoactive
perovskite layers must have appropriate qualities. For example,
electron-hole pairs in halide perovskites have small exciton
binding energy, therefore dissociate easily at room temperature,
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and their carrier diffusion length can be much longer than in
organic materials.” The conventional metal oxide electrodes (e.g.,
indium-tin-oxide, ITO) in perovskite solar cells (PSCs) or perovs-
kite light-emitting diodes (PeLEDs) release metal atoms, so the
luminescence quenching and charge trapping near the electrode
is more severe than in organic solar cells (OSCs) or organic light-
emitting diodes (OLEDs).*® Therefore, to achieve both flexibility
or stretchability and high device efficiency, use of flexible and
stretchable non-oxide electrodes is more important in perovskite
optoelectronics than in the conventional organic counterparts.
Also, the flexible and stretchable electrodes that use various non-
oxide conducting materials must be further engineered to
improve the optoelectronic and mechanical properties of PSCs
and PeLEDs. Commercialization of PSCs that use synthetic non-
oxide materials can be made feasible by overcoming the relatively
insufficient resilience of PSCs compared to OPVs. Synthetic
functionalized electrodes or interface materials can increase the
robustness and prolong the lifetime and change period of PSC
panels. Therefore, flexible and stretchable electrodes that use
synthetic non-oxide materials increase the resilience and the
marketability of perovskite optoelectronics.

This paper reviews recent advances in interface and elec-
trode materials for highly-efficient and reliable operation of
flexible and stretchable perovskite optoelectronics. These
devices consist of a substrate, bottom and top electrodes,
charge transfer layers (CTLs), and a perovskite layer (Fig. 1).
The new candidate materials for use in the electrodes (e.g.,
conducting polymers, low-dimensional carbon, and metal com-
posite materials) and CTLs (e.g., organic semiconductors, metal
oxides (MOs), and ultra-thin interfacial materials) can be
categorized according to their conductivity, transparency, resi-
lience, robustness, and ease of fabrication.

Here we review multiple approaches to fabricate flexible and
stretchable electrodes for perovskite optoelectronics, especially
PSCs and PeLEDs.

In Section 2, we review the mechanical properties of MHPs
and studies on how their constituents affect the mechanical
properties of the perovskite. We also consider engineering
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Fig. 1 Functions and strategies of flexible and stretchable electrodes for
perovskite optoelectronics.
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strategies such as organic additives, polycrystal engineering,
and nanocrystal-polymer composites to increase the mechan-
ical flexibility and stretchability of halide perovskite layers.

In Section 3, we review advanced and novel approaches that
use conducting polymers, low-dimensional carbons, structured
metals and their composites to obtain flexible and stretchable
perovskite optoelectronics. We review transparent electrodes
that use conducting polymers, and then explain the material
properties and the strategies to apply conducting polymers to
flexible and stretchable perovskite optoelectronics. We also
review conductive low-dimensional carbon materials used
in perovskite optoelectronics. We also review the use of the
structured metals of metal foils or fibers as conductive sub-
strates, and the use of metal composite materials (e.g. nano-
scale materials or thin-film metals or metal oxides (MOs)) as
transparent electrodes.

In Section 4, we summarize the trends, and provide per-
spectives for further advancement of this field.

2. Control of the mechanical
properties of MHPs

MHPs may have applications in flexible and stretchable devices.
In addition to excellent optoelectronic properties, MHPs are softer
than inorganic photoactive materials, due to their ductile proper-
ties depending on the A-site cation and inorganic framework (B-X
bonding). Therefore, many researchers have studied the mechan-
ical properties of MHPs to assess their feasibility for use in next-
generation optoelectronic applications. MHPs also emit light in a
narrow band, and this property widens their possible applications
to include wearable high-color-purity displays and narrow-band
biomedical devices.” ">

MHPs (ABX;, where A and B are cations and X is a halide) have
good ductile properties, which are mostly attributed to a low shear
modulus with a high degree of anisotropy, and to low mechanical
hardness of the crystals.”'* The selection of the organic compo-
nents in the MHP structure allows tuning of the mechanical and
optoelectronic properties. The mechanical properties of MHPs are
more affected by the inorganic framework comprising halide and
metal ions than by the A-site cations. The bonding strength and
the flexibility of the metal-halide (B-X) bond have an important
influence on the B-X framework’s mechanical stiffness, so the
electronegativity of the halide is also an important factor."*"*
Compared to single crystal perovskites, the polycrystalline per-
ovskites that are usually used in perovskite optoelectronic
devices are much more nanoductile and fracture-resistant due
to substantial amorphization of polycrystals.'® In this section, the
influencing factors on the mechanical properties of MHPs are
thoroughly reviewed, and the approaches to form intrinsically
stretchable photoactive layers based on perovskite nanocrystals
are also introduced.

2.1. A-site cation

Many researchers believe that an organic cation at the A site has
a strong influence on the soft characteristics of MHPs, but an

This journal is © The Royal Society of Chemistry 2021
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organic-inorganic hybrid perovskite (CH3;NH;PbBr;) and an
inorganic perovskite (CsPbBr) do not differ much in their
mechanical properties under elastic or plastic deformation.'
Furthermore, the organic cation in MHPs may just provide
a balancing charge and fill the cavity between Pb-X frame-
works; if so, it does not have a large influence on the mechan-
ical properties.'®

Some reports suggested that the A-site cation in MHPs
merely determines the strength and configurations of hydrogen
bonding with the B-site metal components. Ab initio molecular
dynamics (AIMD) calculations™® on the influence of the organic
cations in a lead bromide perovskite (APbBr;) with the methyl
ammonium ion (CH;NH;", MA') and formamidinium ion
(C3N,H5", FA") suggested that the closest N---Br interatomic
distance was correlated with the strength of hydrogen bonding
between the organic cation and bromine in the lead bromide
perovskites. The radial distribution calculation suggested that
the closest N---Br distance was shorter (3.38 A) in MAPbBr;,
than in FAPbBr; (3.48 A) while the closest C- - -Br distance was
longer in MAPbBT; (3.73 A) than in FAPbBT; (3.63 A) (Fig. 2a and
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Fig. 2 Radial distribution function of (a) N---Br, and (b) C- - -Br in MAPbBr3
and FAPbBr3,%® (c) Young's modulus of MA and FA based halide perovskites
with various halides (MACL, MABr, FABr, MAI, and FAI),** (Reproduced from
ref. 13 with permission from John Wiley and Sons.) (d) fracture energy
and photoluminescence quantum yield for MHPs without or with
butylammonium iodode (BAI), dodecylammonium iodide (DDAI), benzy-
lammonium iodide (PMAI), phenethylammonium iodide (PEAI), and
4-fluorobenzylammonium iodide (FPMAI),Y” and (e) electron density dis-
tribution of FPMA ions (positive: green, and negative: yellow), and Bader
charge with and without fluorine. (Reproduced from ref. 17 with permis-
sion from John Wiley and Sons.)*”
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b); the difference may be directly translated to larger hydrogen
bonding strength in MAPbBr; than in FAPbBr;. Consequently,
the lower stiffness of FAPbBr; (E ~ 11.5 GPa) than that of
MAPDbBr; (17.7 GPa) may be a result of the lower hydrogen
bonding strength between FA' and the inorganic framework
than between MA" and the inorganic framework (Fig. 2c)."?

Organic-ammonium halide additives can affect the mechan-
ical properties of MHPs."” Bulky organic additives increased the
fracture energy (cohesion energy G.) of a perovskite thin film
over G, without the additives. A long alkyl chain (dodecylam-
monium iodide, DDAI) in the additive molecule yielded a larger
increase in G. (1.6 ] m~?) than did a short alkyl chain (buty-
lammonium iodide, BAI) (0.87 ] m™?) (Fig. 2d)."” The improved
mechanical stability with the long alkyl chain additive was
attributed to increased binding energy during stretching, com-
pared to the short alkyl chain, so the former possesses higher
G. and larger plastic energy dissipation than the latter. Fluor-
ination of an aromatic additive (4-fluorobenzylammonium
iodide, FPMAI) also improved the film’s mechanical stability
(1.1 J m?) relative to that without fluorination (phenethylam-
monium iodide, PEAI) (0.75 J m™?) (Fig. 2d)."” Fluorination
gives a higher binding energy between the fluorinated additive
(FPMAI) and the perovskite surface (—4.33 eV) compared to
PMAI (—4.28 eV), due to the high electronegativity of fluorine
and concomitant increase in the mechanical fracture energy
(Fig. 2e)."”

2.2. B-X bonding

In MHPs, the mechanical properties are more affected by the
inorganic framework of the halide and metal ions than by the
A-site cations. The bonding strength and the flexibility of
metal-halide (B-X) bonding have an important influence on
the B-X framework’s mechanical stiffness, so the electronega-
tivity of the halide is also an important factor. The halide ions
used in MHPs have electronegativity that decreases in the order
Cl > Br > I; the differences affect the Pb—-X bonding strengths
and the resultant Young’s modulus E.

The halide ions (X = I, Br, and Cl) affect the mechanical
properties of MAPbX; perovskite single crystals."* The mea-
sured Young’s modulus ranged from 10 to 20 GPa in the order
of Ec) > Eg, > Ep as expected from the electronegativities of the
halide component (Fig. 3a and b). First-principles DFT calcula-
tions with MABX; (B = Pb, Sn; X = Br, I) reached the same
conclusion that the type and strength of B-X bonding mostly
determine the elastic properties of MHPs. The bromide per-
ovskites had higher E than did iodide, and the tin perovskites
had larger E than the lead perovskites; the differences were
results of the different bonding characteristics of the B-X
combinations.’

The B-X bonding also affects the mechanical properties of
FAPbX; perovskites."* As the electronegativity decreases, the
bonding strength deceases and as a result the mechanical
stiffness weakens. Also, the relatively large FA cation also
causes an increase in the length of the B-X bond, and thereby
degrades the inorganic framework’s rigidity (Fig. 3b)."*
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Fig. 3 Average Young's modulus of MA-based MHPs (a) with various
halides (Cl, Br, and 1), and (b) as a function of electronegativity, which
affects the bonding strength,* (c) Young's modulus of lead-free MA-based
metal halide double perovskites (KBiCl, TIBiBr, and AgBiBr),** (Reproduced
from ref. 13 with permission from John Wiley and Sons.) and (d) creep
displacement curves for MAPbBrs, CsPbBrs, and MAPblz1® (Reproduced
from ref. 16 with permission from John Wiley and Sons.)

Double perovskites (A,MBiXs, M: monovalent cation) also
have interesting mechanical properties.’*?° In a double per-
ovskite in which trivalent Bi** and monovalent cations replace
the Pb** in the single perovskite (ABX;), the smaller bonding
strength between the monovalent metal ion and halide (than
between Pb** and the halide) weakens the inorganic framework
against external stress, so the metal ion replacement weakens
the double perovskite’s mechanical stiffness (Fig. 3c)."?

MHPs can undergo creep and stress relaxation; the Pb-X
stiffness has a major influence on a MHP’s dynamic mechan-
ical responses under stress.'® MAPbI, showed lower creep
displacement than MAPbBr;, because MAPbI; slipped less than
MAPDBr; (Fig. 3d).

The mechanical properties of MHPs are also affected by the
configuration and geometrical shapes of the X-linkers."* Dis-
tortion of the M-X-M bond also affects the perovskite’s
mechanical rigidity. MAPbI; is tetragonal and FAPbI; is cubic;
their Pb-I bonding lengths are similar, but their Pb-I-Pb
bonding angles differ. The Pbls octahedra tilt in MAPbI;, so
the angles of the M-I-M bonding are deflected from 180°, so
elastic deformation along the (100) direction is easy, and the
tetragonal structure leads to densely-packed structures in the
perovskite crystal.

2.3. Polycrystalline thin film applications

MHPs have excellent optoelectronic properties, and therefore
have been mostly used in optoelectronic devices such as
photovoltaics and LEDs. Therefore, the polycrystalline thin film
form of MHPs, which has abundant grain boundaries and
intrinsic defects, has potential uses in flexible and stretchable
perovskite optoelectronics.

Molecular dynamics simulations of the micro-structural
behaviors of a MAPbI; thin film" showed that the single-
crystalline perovskite has even more stiffness and higher
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Fig. 4 (a) Stress—strain curves, (b) Poisson effect in single- and poly-
crystals against tensile loading,'® (Reproduced from ref. 15 with permission
from American Chemical Society.) (c) schematics of layered perovskite
family (CH3—CH,~CH,~CH,~NH3),(CH3~NH3),_1Pb,l3,41, and (d) load-
indentation curves for layered perovskites.?! (Reproduced from ref. 21 with
permission from American Chemical Society.)

tensile strength than the polycrystalline perovskite (Fig. 4a).
However, polycrystalline perovskites are much more nanoduc-
tile and fracture-resistant than single crystals, mainly due to
substantial amorphization of polycrystals. Due to the amor-
phous grain boundaries in MHP polycrystalline films, polycrys-
talline perovskites showed the inverse Hall-Petch relation, in
which the yield stress decreases as the grain size decreases.

Two-dimensional (2D) MHPs (Ruddlesden-Popper phase)
have better chemical stability than three-dimensional perovs-
kites. 2D perovskites are composed of alternating organic and
inorganic layers, and each organic layer has weak van der Waals
interactions. 2D MHPs in which 7 in (R-NH;),MA,,_1Pb, I3, is
low, and that have few inorganic layers, exhibited easy slipping
between layers that interact by van der Waals bonding, so these
perovskites have ductile properties, whereas high n increases
both the out-of-plane Young’s modulus and hardness.”’ In
these 2D perovskites, the mechanical properties are affected
more by the organic components and their weak interaction
than by the B-X bonding of the inorganic framework, in
contrast to 3D perovskites. Similarly, the increase in the length
of the alkyl chain length reduces the Young’s modulus of 2D
perovskites (Fig. 4b-d).**

The deposition techniques and charge transport interlayers
(selective contacts) also affect the mechanical fracture resis-
tance of optoelectronic devices."” The methods to deposit
perovskite films are crucial to determine their mechanical
stability. An increased grain size of polycrystalline perovskite
films also increases G. because the grain boundaries trigger
crack initiation and propagation, and thereby reduce resistance
against mechanical fracture. In PSCs, the resistance to mechan-
ical failure strongly depends on the selection of interfacial
contacts; the charge-transport interfacial layers are the most
fragile component in the device architecture. Also, moisture

This journal is © The Royal Society of Chemistry 2021


https://doi.org/10.1039/d0ee02996c

Published on 12 January 2021. Downloaded by Seoul National University on 3/16/2021 2:59:08 AM.

Energy & Environmental Science

PeNCISEBS
—— PeNC wio Encap.
PoNC w/ Encap.

PL Intensity (a.u.)

450 500 550 600 650
Wavelength (nm)

e
£=0% £=120%

Increasing tensile strain

Normalized PL intensity (a.u.)

10 20 30 40 50 60 450 500 550 600 650
Time (min) Wavelength (nm)

Fig. 5 (a) Schematic illustration of stretchable color-conversion-layer
fabrication, (b) PL spectra according to addition of perovskite nanocrystals
in a SEBS matrix, (c) PL stability of the color-conversion-layer with and
without encapsulation, and (d) PL spectra and (e) optical images of the
stretchable color-conversion-layer according to the uniaxial tensile
strain.'® (Reproduced from ref. 18 with permission from John Wiley and
Sons.)

significantly decreases the fracture resistance of perovskite
films by reducing the adhesion between the interlayers and
perovskite absorbers.

The strategy to form a composite of polymer-perovskite
nanocrystals can also increase the mechanical stability for
stretchable applications. For this purpose, nanocrystals have
been embedded into a thermoplastic polymer matrix that has a
low melting temperature and is easily deformed.”*>* The
polymer matrix affects the mechanical properties of the com-
posite materials but also increases the luminescent properties
and environmental stability of the nanocrystals because they
are encapsulated by the polymers.>*>*

Stretchable color-conversion layers that incorporate perovs-
kite nanocrystals have been developed for use in stretchable
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devices'® (Fig. 5). Perovskite nanocrystals (MAPbBr;) were com-
bined with an elastic polymer (styrene-ethylene-butylene-styr-
ene, SEBS) matrix. The composite color-conversion-layer
tolerated up to 180% tensile strain. Also, the air-stability of
these perovskite nanocrystals was greatly increased by encap-
sulating them in the elastomer matrix. Immersion of the layer
in water oxidized Pb atoms that quench excitons, and
decreased the incidence of defective perovskite platelets after
the recrystallization of perovskite nanocrystals.

3. Engineering of flexible/stretchable
electrodes

We categorize the electronic and mechanical criteria of flexible
and stretchable electrodes for perovskite optoelectronics
(Table 1). To be feasible replacements of conventional conduct-
ing electrodes (e.g., ITO), the flexible and stretchable electrodes
must have sheet resistance <100 Qsq ' and transparency
>90% at a wavelength of 550 nm. They must have a reasonable
pay-back time which is the operational time required to gen-
erate an amount of energy (electric or photonic) to repay the
energy consumed during fabrication.>® The flexible and stretch-
able electrodes must also be resilient and robust to reduce the
energy pay-back time of flexible and stretchable perovskite optoe-
lectronics, under certain bending or stretching conditions. Pre-
vious reports identified three strong candidates (i.e., conducting
polymers, low-dimensional carbons, and structured metals) that
can achieve a good flexible electrode for perovskite optoelectro-
nics. The properties of the materials and optoelectronic applica-
tions of these candidates are reviewed in Sections 3.

3.1 Conducting polymer electrodes

Conducting polymers can achieve a good electrode for a
stretchable device with an industry-compatible fabrication
process.

To modify the mechanical and electronic properties of con-
ducting polymers, additives (e.g., polar solvents, water-soluble
polymers, ionic liquids, strong acids, elastomers and interfacial
polymers) can be used (Fig. 6). A stretchable conducting polymer

Table 1 Criteria and estimations of flexible and stretchable electrode materials for perovskite optoelectronics

Conductivity Transparency Resilience Processability

Conducting polymer Good*” Good? Good for flexibility and Highly applicable to industry?
stretchability”
Low dimensional carbons Good® Good Good for flexibility® Applicable to industry (graphene, CNTs)h

Metal wire/mesh Poor with metal substrates, Poor with metal oxides, good Applicable (metal NWs or meshes),’
good with Ag NWs for flexibility with thin metal and inapplicable (metal oxides and

and meshes/ filmsand metal NWs* metal fibers) to industry

Very good'

¢ PEDOT:PSS with H,S0,, ethanol, EG, and Zonyl® 4800 S cm~*.2° * PEDOT:PSS electrode with Zonyl® (97% at 550 nm?®’). € 2000 bending cycles
with rg = 4 mm,?® 5000 stretching cycles with 10% strain,”” 1000 stretching cycles with 70% strain,® 50% tensile strain with 1280 S cm *.*°
“ Solution process, large-area casting. © Graphene (>200 Q sqh_1 (ref. 31)), CNTs (6600 S cm~*).**/ Graphene (97.7%).>* ¢ Graphene and CNTs
(14% degradation after 2000 bending cycles with r = 4 mm®*). ” Large-area synthesis by CVD. ' Ag mesh (4104 S em ™" (ref. 35)) 10-15 Q sq '.>*™*°
J Ag nanowires (Ag NWs) (90% at 550 nm with 20 Q sq ™" (ref. 41)), Ag mesh (96% with 4104 S cm™" (ref. 35)). * Ti foil/mp-TiO, (7% degradation
after 200 bending cycles, but rz was 50 mm*?), Ag NWs (stable after 100 cycles of bending with rg = ~10 mm,** stable after 1000 stretch-release
cycles to 20% tensile strain®'), Ag mesh (95% of its original PCE after 5000 bending cycles with r; = 5 mm, whereas that with PET/ITO dropped
severely after 100 bending cycles®®). ’ Solution process, large-area casting.

This journal is © The Royal Society of Chemistry 2021 Energy Environ. Sci.
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Fig. 6 Molecular structures of additives for modification of the mechan-
ical and electronic properties of conducting polymer electrodes.

electrode with poly(3,4-ethylenedioxythiophene) (PEDOT) and
poly(styrenesulfonate) (PSS) has been achieved by several mole-
cular mixing approaches using additives such as a water-soluble
polymer,”>** ionic liquids,>***** elastic matrix materials (e.g.
elastomer),”®**®*° and combinations of these approaches. A con-
ducting polymer that has high electrical conductivity has been
achieved by separating PSS grains to form interconnected PEDOT
chains by using ionic liquids or strong acids, and by increasing
the cohesion between PEDOT and PSS by using a polar solvent. A
conducting polymer with superior charge transfer has been
achieved by energy-level tuning at the interface by using interface
engineering materials.">*° Thus the working mechanisms of
conductive polymers with additives can be categorized according
to their mechanical, electronic, and interfacial properties of
PEDOT:PSS to form a flexible and stretchable electrode for
perovskite optoelectronics.

PEDOT:PSS is widely used as a conducting polymer for
flexible or stretchable transparent electrodes. PEDOT:PSS has
been modified to yield desirable physical properties such as
high optical transmittance in the visible range, high electrical
conductivity, a tunable work function, high flexibility, and
stretchability. PEDOT is generally oxidized, and then stabilized
by PSS to achieve high conductivity and water dispersability.
Thus, different types of PEDOT:PSS have been developed as
hole-transport layers (e.g. Clevios P VP AI4083, and Clevios PH)
or conductive and stretchable electrodes (e.g. Clevios PH500,
Clevios PH510, and Clevios PH1000) depending on the mole-
cular compositions and conformations of PEDOT and PSS.
Moreover, the flexibility, stretchability, electrical conductivity,
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and interfacial charge transfer of PEDOT:PSS can be widely
tuned to achieve flexible and stretchable optoelectronic
electronics.

3.1.1. Mechanical properties. PEDOT:PSS electrodes show
flexible and stretchable characteristics; these mechanical prop-
erties are superior to those of brittle inorganic interfacial
materials for use in flexible and stretchable PSCs. PSCs with a
PEDOT:PSS electrode on a polyethylene terephthalate (PET)
substrate show good mechanical stability.>® PEDOT:PSS elec-
trodes showed a negligible increase in sheet resistance Rs or
degradation in the power conversion efficiency (PCE) after
being bent 2000 times to a bending radius rg = 4 mm, whereas
a perovskite solar cell with an inorganic metal oxide (In,O3) on
PET showed obvious cracks and severe degradation of the
PCE.?® Although the PCE of the CH;NH;Pbl; device dropped
rapidly during the first several bending cycles, the PCE of the
device with the PEDOT:PSS electrode then stabilized compared
to that with the metalized indium oxide electrode (Fig. 7a).>®

In addition, PET/PEDOT:PSS is an all-carbon-based sub-
strate and electrode material, so it weighs much less than
inorganic electrodes or flexible metal substrates. PSCs that
use a PET/PEDOT:PSS electrode and polyurethane encapsula-
tion showed higher power-per-weight than other organic or
inorganic solar cells. Therefore, PET/PEDOT:PSS based solar
cells are suitable for use as an energy source for solar-powered
aircraft (Fig. 7b).>"

An as-cast pristine PEDOT:PSS film has relatively poor
elasticity (~2% elongation at break), so various methods have
been evaluated to increase it. Deposition of conducting poly-
mers within geometrically wavy patterns or on prestrained
(buckled) elastomeric substrates increased the stretchability
but seems unlikely to achieve a flexible and stretchable device
within a planar area in the device (Fig. 7¢).”’

Another strategy is to embed the conducting polymer in an
insulating elastomeric matrix such as polyurethane (PU) or
PDMS. A blend of PEDOT:p-tosylate with an aliphatic PU
elastomer achieved a highly stretchable conducting electrode
that had a conductivity of 120 S cm™ " (Fig. 7d).*® A composite of
PEDOT:PSS and PDMS is flexible, stretchable, and stable; it
remains elastic under reversible compressive stress (¢ = 60%)
and strain stress (¢ = 43%), and retained low Rs without a
detectable change even after 5000 cycles of complete folding
(Fig. 7e).*> However, the elastomer is an insulator, so the
conductivity of the composite is limited.

Zonyl" fluorosurfactant plasticizes PEDOT:PSS by decreas-
ing its tensile modulus and increasing its crack-onset strain.
Zonyllk also increases the surface wettability and conductivity of
the stretchable conducting polymer electrode. A PEDOT:PSS
electrode with Zonyl" is highly conductive (Rg = 240 Q q~*) and
transparent (optical transmittance = 97% at 550 nm), and can
withstand over 5000 stretching cycles of 10% strain with no
change in Rg.>”

Water-soluble polymers with PEDOT:PSS can simulta-
neously increase the stretchability and conductivity of an
electrode.”>** They have good miscibility with PEDOT:PSS, so
the Coulombic interaction between PEDOT and PSS is screened
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Fig. 7 (a) SEM images of the perovskite film on PET/M-In,O5 (left) and
PET/HC-PEDOT/SC-PEDOT (right) after 2000 bending cycles,?® (b) sche-
matic structure and power-per-weight of an ultrathin perovskite solar
cell,®® (Reproduced from ref. 51 with permission from Springer Nature.) (c)
normalized sheet resistance versus stretching cycles (10% strain) and
optical microscopy image (0% strain) of a buckled PEDOT:PSS film with
1 wt% Zonyl",?” (Reproduced from ref. 27 with permission from John Wiley
and Sons.) (d) conductivity versus elongation of PEDOT (200% strain),*®
(Reproduced from ref. 48 with permission from John Wiley and Sons.) (e)
schematic of PEDOT:PSS with polydimethylsiloxane (PDMS) conducting
polymers,*® (f) stress—strain curves of free-standing PEDOT:PSS with
water-soluble polymers,** (Reproduced from ref. 44 with permission from
American Chemical Society.) and (g) normalized sheet resistances of
PEDOT:PSS films with EMIM TCB.*° (Reproduced from ref. 30 with
permission from American Chemical Society.)

by the water-soluble polymers (e.g. poly(ethylene oxide) (PEO),
and poly(vinyl alcohol) (PVA)). This screening effect induces
phase segregation of PSSH from PEDOT:PSS; as a result the
conformation of PEDOT chains changes from coiled to
extended. Therefore, the water-soluble polymer and PEDOT:PSS
blended film shows both high stretchability and high
conductivity.** The blended film increased the elongation-at-
break from 2% to 55% and the conductivity from 0.2 to
75 S cm™ ' depending on the molecular weight and the mixing
ratio of the polymers (Fig. 7f).**

Ionic liquid, 1-ethyl-3-methylimidazolium:tetracyanoborate
(EMIM:TCB, 1.3 wt%), can be used to achieve high stretchabil-
ity and conductivity of conducting polymers.’** EMIM:TCB
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mixed with PEDOT:PSS yields high stretchability (50% tensile
strain) and high conductivity (1280 S cm™') simultaneously.
EMIM:TCB is used as a secondary dopant (e.g., polar solvent,
surfactant, or ionic liquid) to induce a structural transforma-
tion of PEDOT:PSS and increase its conductivity as well as a
plasticizer that increases the free volume of PEDOT:PSS to
make it stretchable (Fig. 7g).>°

3.1.2. Electrical conductivity. The direct-current electrical
conductivity of an electrode composed of an as-cast undoped
PEDOT:PSS film is 0.08-0.76 S cm ™' depending on the PEDOT-
to-PSS ratio.”> However, the conductivity of doped PEDOT:PSS
has been significantly improved to >4000 S cm™ ' by using
various dopants such as polar solvents, strong acids, or ionic
liquids.*® To increase the conductivity of stretchable conduct-
ing polymer electrodes, the content of insulating components
must be decreased. Most methods to achieve this goal include
blending the conducting polymer and additives without an
elastomeric matrix. The key is an extended conductive PED-
OT:PSS domain caused by a formation of highly-oriented
PEDOT chains and a depletion of insulating PSS. Compared
to the aggregated grains of PEDOT and PSS in pristine films,
the dopants remarkably improve the n-n stacking of ordered
PEDOT chains in the extended PEDOT:PSS domains, so the
conductivity of the electrode is highly increased.

Polar solvents (e.g. DMSO, ethylene glycol (EG), glycerol,
p-sorbitol, methanol, Triton™ X, and Zonyl" fluorosurfactant)
have been used to increase the conductivity of PEDOT:PSS.
DMSO increases the cohesion and the resulting electrical
conductivity of the PEDOT:PSS film. In pristine PEDOT:PSS
without DMSO, PEDOT:PSS domains consist of a PEDOT-rich
core and a PSS-rich shell; the domains are held together by
weak inter-PSS hydrogen bonding, so cracks propagate easily
and G, is low. Blending with DMSO forms an inter-PEDOT
bridge, and expands the PEDOT:PSS grains because the PSS-
rich shell is dissolved by the polar groups (SO and SCH;3) of
DMSO. Therefore, addition of 3 wt% DMSO to PEDOT:PSS
increases the cohesion by 4.7 times and the electrical conduc-
tivity by 60.5 times (Fig. 8a).”® In the same manner, an
expanded PEDOT chain with a coiled conformation is formed
by mixing with EG, so the conductivity of the film was increased
to 160 S cm ™ .>* The conductivity can be further increased
(1418 S cm™ ') by immersing PEDOT:PSS films in EG baths. The
insulating PSS molecules at the surface are removed by EG, and
then the PEDOT chain elongates (Fig. 8b).>

Ionic liquids (e.g. 1-butyl-3-methyl imidazolium tetrafluor-
oborate (BMIM)BF,, or 1-ethyl-3-methylimidazolium tetracya-
noborate (EMIM)TCB) can simultaneously yield high
stretchability and conductivity of PEDOT:PSS films. Ionic
liquids are classified as organic/inorganic salts; for instance,
(EMIM)TCB consists of cations (i.e. imidazolium) which induce
the lowest viscosities and highest conductivities, and small
anions with delocalized charges (i.e. TCB) which increase the
conductivity of ionic liquids.?” The PSS domains are swollen by
the ionic liquid, and then the merged PEDOT grains and excess
PSS grains separate to form interconnected PEDOT chains,
which increase the conductivity of the film (136 S em ™" with
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Fig. 8 (a) Schematics of the debonding mechanism of PEDOT:PSS after
mixing with dimethyl sulfoxide (DMSO),>® (Reproduced from ref. 53 with
permission from American Chemical Society.) (b) conductivity, transmit-
tance and film thickness of PEDOT:PSS with ethylene glycol (EG) blending
and the solvent post-treatment time,>> (Reproduced from ref. 55 with
permission from John Wiley and Sons.) (c) conductivity (square), film
thickness (triangle), and transmittance (diamond) variations versus
concentration of 1-ethyl-3-methylimidazolium tetracyanoborate (EMIM
TCB) in solution,*® (Reproduced from ref. 46 with permission from John
Wiley and Sons.) and (d) conductivities of PEDOT:PSS films with various
concentrations of HZSO4.56 (Reproduced from ref. 56 with permission
from John Wiley and Sons.)

60 wt% (BMIM)BF,). The dimension of phase-separated PED-
OT:PSS by the ionic liquid is about 40-60 nm; this dimension
may be related to the critical thickness (107 nm) that must be
achieved to increase the conductivity of PEDOT:PSS by the
(BMIM)BF, ionic liquid.*® The conductivity of doped PED-
OT:PSS is up to 2084 S cm ' using (EMIM)TCB, and up to
287 S em ™" using (BMIM)BF,; both far exceed the conductivity
of undoped PEDOT:PSS (0.68 S cm ™) (Fig. 8c). In the pristine
PEDOT:PSS film, the PEDOT domains are small and discon-
nected; blending with (EMIM)TCB transforms them to large
and interconnected domains.

A strong acid can increase the conductivity of PEDOT:PSS.
As-cast PEDOT:PSS films are soaked in highly concentrated
strong acids or high-temperature (120-160 °C) diluted acid
aqueous solution.’® Hydrogen ions (H') from the acid (e.g.
H,S0,, HNO3, and H,PtCls) react with sulfuric ions (PSS™) in
PEDOT:PSS to form neutral PSSH. PEDOT and neutral PSSH are
unlikely to interact by Coulombic attraction, so the PSSH
chains separate from the PEDOT:PSS complex. Rinsing the film
with deionized water can remove the PSSH. As a result, the
remaining PEDOT:PSS segregates into a phase that is rich in
PEDOT, with a minimal amount of PSS; this process greatly
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increases the conductivity. Treatment of PEDOT:PSS with strong
H,S0, significantly increases its conductivity (4380 S cm ™). After
soaking PEDOT:PSS in 100% H,SO, and then washing with
deionized water, the strong m—n stacking nature and the rigidity
of PEDOT induce formation of crystalline nanofibril structures in
PEDOT:PSS; the insulating and hygroscopic PSS is noticeably
removed (Fig. 8d). To prepare high-quality conducting polymer
films on a plastic substrate, a mild acid (e.g:, methanesulfonic
acid MSA) is used instead of corrosive H,SO, and combined with
treatment using ethanol, EG and Zonyl“ to achieve a conductivity
of 4800 S cm '.*° The optimized PEDOT:PSS films retained
about 14.6% of their initial conductivity after the film was bent
100 times in an ambient atmosphere.

3.1.3. Interface engineering. The mechanical and electrical
properties of flexible and stretchable perovskite optoelectronics
are considerably affected by a coupling effect at the interface
between the electrode and perovskite films. At this interface,
suppression of defect diffusion improves the stability, and the
decrease of the energy-level offset increases the charge transfer
in the devices. Additives such as DMSO, sorbitol, and MSA tend
to decrease the work function (WF) of PEDOT:PSS,*® because
the treatment decreases the PSS-to-PEDOT ratio at the film
surface. PEDOT:PSS blend films with 3, 7, and 11% DMSO
showed a ~0.1 eV decrease in the WF, and a decreased PSS/
PEDOT ratio at the surface.?® Moreover, PEDOT:PSS blend films
with 2, 5, and 10 wt% sorbitol showed a ~ 0.3 eV decrease in the
WF. Acid treatment can also decrease the WF of PEDOT:PSS
electrodes. Acid modification using MSA decreased the WF of
PEDOT:PSS electrodes from —5.0 to —4.8 eV. These decreases in
the WF of PEDOT:PSS are consistent with the reduction of PSS
molecules at the surface.

The valence band maxima (VBMs) of perovskites are about
5.4-5.9 eV depending the component atoms and structures,
whereas the WF of unmodified or untreated PEDOT:PSS is
about 4.8-5.4 eV depending on the surface composition.>®
Therefore, in p-i-n structured perovskite optoelectronics, the
treatments to increase the conductivity of PEDOT:PSS also
increase the energy-level offset between the treated conducting
polymer electrode and the perovskite, and cause poor charge
injection between the perovskite and polymeric electrode in
PeLEDs and decrease of built-in potential in PSCs. To overcome
this problem, interface engineering must be applied to control
the energy level of the conducting polymer.

In p-i-n PSCs, the WF of flexible conducting polymeric
electrodes must be increased to reduce the energy-level offset
between the WF of PEDOT:PSS and the VBM of the perovskite.
Thus, polymeric additives are used to increase the WF of films.
A perfluorinated ionomer (PFI) blended with PEDOT:PSS
achieves a high WF, and increased charge injection in PeLEDs
and Vo in PSCs.>%%%! The difference in the surface energies
of PEDOT:PSS and PFI tends to enrich the PFI on the film
surface, so the WF of PFI-blended PEDOT:PSS at the interface
with the perovskite can be tuned by adjusting the mixing ratio
of PFI to PEDOT:PSS. As a result, the tuned WFs of PFI blended
PEDOT:PSS are well aligned with the VBMs of various photo-
active perovskites (MAPbI;, MAPbBr;, MAPbBr; nanocrystals,
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CsBr:PbBr,, and CsPbBr;) and thereby allow quasi-Ohmic con-
tact at the interface (Fig. 9a).

In n-i-p PSCs, the WF of flexible conducting polymeric
electrodes must be decreased to facilitate electron transport
between the conducting polymeric electrodes and the conduc-
tion band maximum (CBM) of the perovskites. Spin-coating of
polyetherimide (PEI) onto the surface of the PEDOT:PSS elec-
trode decreases its WF from —5.06 to —4.08 eV. The change
occurs because a dipolar PEI thin film creates a surface dipole
moment at the interface of PEDOT:PSS and the perovskite. The
CBM of MAPDbI; is —3.75 eV, so the reduced WF of the
polymeric electrode is suitable for electron transport in the
device (Fig. 9b).>°

Interface engineering is widely utilized for not only energy
level alignment but also defect passivation and a permeation
barrier. The defects at the interface between the perovskite and
charge transfer layer are an active carrier recombination site.
Carrier recombination greatly reduces Jsc and the PCE of PSCs,
and therefore interface engineering for defect passivation is
employed to reduce the carrier recombination in PSCs. Organic
interfacial layers are also utilized for defect passivation. A
rhodamine layer passivated the surface trap states at the PCBM
layer in PSCs, and thus nonradiative recombination and band
bending at the interface were reduced to enhance the charge
transfer.®® A triblock-functionalized fullerene derivative (PCBB-
2CN-2C8) was used to passivate the surface trap states at the
TiO, layer in PSCs. Because of the rapid degradation of the
TiO,/perovskite interface due to O, release of TiO, under UV
irradiation, the defect passivation of the PCBB-2CN-2CS8 inter-
facial layer enhanced the charge transfer and reduced the
hysteresis and operational degradation.®* 4-(1,3-dimethyl-2,3-
dihydro-1H-benzimidazol-2-yl)-N,N-diphenylaniline ~ (N-DPBI)
which doped Cgq, was employed to fill the trap states at the
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Ceo/perovskite interface and reduce the interfacial trap
density.®

Interfacial engineering is also employed for preventing
permeation of water, oxygen, ions and metallic species to retard
the degradation of flexible perovskite optoelectronics. The
multiple degradation processes with molecular permeation
through the interface (e.g., decomposed organic cations in the
perovskite (e.g., MA" and FA"), generated inorganic byproducts
in the perovskite (e.g., Pbl, and metallic Pb), migration of
electrode components (e.g., Sn, In, Al, and Ag) into the per-
ovskites, and migration of ions (anions and cations) from the
perovskites) are effectively blocked by interfacial materials with
physical robustness (e.g., N>,N*',N’,N”'-tetrakis(9,9-dimethyl-
9H-fluoren-2-yl)-N*,N*' N’ ,N”'-tetrakis(4-methoxyphenyl)-9,9’-
spirobi[fluorene]-2,2',7,7'-tetraamine (DM),*® polyethyleneimine
(PEI),*” CuPc,®® and rGO:PCBM) or chemical inactivation
(e.g., PFL,' 9-(2-ethylhexyl)-N,N,N,N-tetrakis(4-methoxyphenyl)-
9H-carbazole-2,7-diamine (EH44),%° and Cg,-SAM’°). Then, the
degradation in flexible and stretchable perovskite optoelectro-
nics is efficiently suppressed by interface engineering. As a
result, the operational stability of PSCs is significantly
increased with interfacial layers.>®

3.1.4. Optoelectronic applications. PEDOT:PSS films
blended with various additives are used in PSCs and PeLEDs
to form light-weight, highly-conductive and flexible polymeric
electrodes. The devices have a variety of structures and proper-
ties (Tables 3 and 4).

Light (23 W g™, flexible, and ultrathin (3 um) PSCs use a
polymer substrate and a highly-conductive PEDOT:PSS layer
(PH1000) blended with DMSO and Zonyl .>" This blended
conductive polymer layer is a transparent, conductive (Rg ~
105 Qsq '), oxide-free (indium tin oxide (ITO), glass) hole-
selective flexible electrode that can be fabricated at low tem-
perature (110 °C). The DMSO additive achieves pinhole-free
perovskite layer formation with uniform coverage even on
rough plastic substrates. The devices have short-circuit current
Jsc =17.5 £ 1 mA cm ™2, open-circuit voltage Voc = 930 & 40 mV
and an excellent fill factor (FF) ~80% on glass/ITO and ~ 76%
on polymer foil. These traits correspond to a PCE = 12.5 + 1%
for reference cells on glass and 12 £ 1% for cells on ultrathin
polymer foil. Use of a Cr/Cr,0; interlayer greatly increases the
air stability of the ultra-thin and light PSCs (Fig. 10a).>*

Highly-conductive PEDOT:PSS (PH1000) modified with EG
has been used as a semitransparent flexible anode to obtain an
inexpensive TCO-free flexible perovskite planar-heterojunction
solar cell that can be fabricated at low temperature by spray-
coating PEDOT:PSS PH1000 with EG diluted in 2-propanol.”
The optimized anode showed a low Rg = 28 Qsq ', and high
transparency (mean transmittance >60% between 300 nm and
800 nm).”

p-i-n PSCs have been fabricated using an interfacial layer of
PEDOT:PSS (AI 4083) that has a high WF, on the surface of
PEDOT:PSS that had been treated to achieve high conductivity
(MSA treatment on PH1000). The double layers of PEDOT:PSS
had a high conductivity of 2540 S cm ™" due to the MSA-induced
phase segregation between PSS and PEDOT in the PEDOT:PSS
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Fig. 10 Photovoltaic parameters of PSCs with conducting polymers. (a)
Current density—voltage (J-V) curves and efficiency drop in ambient air of
ultrathin and light perovskite solar cells under 1000 W m~2 simulated solar
illumination (inset: photograph of a solar-powered model airplane with
ultrathin and light PSCs),** (Reproduced from ref. 51 with permission from
Springer Nature.) (b) schematic architecture and J-V curves of p—i—n PSCs
with an MSA-treated PEDOT:PSS electrode,” (Reproduced from ref. 71
with permission from American Chemical Society.) and (c) J-V curves of
n—i—p PSCs on a PET substrate with PEDOT:PSS/PEI electrodes.*°

film, and the coil-to-linear conformational change of the
PEDOT chains. The double layers also show a WF = —4.9 eV
using the PEDOT:PSS interfacial layer; this is an improvement
over the reduced WF of the MSA-treated PEDOT:PSS electrode
(—4.8 eV) as a result of the partial removal of PSS at the surface
of the treated film. Therefore, the device with the MSA-treated
PEDOT:PSS (PH1000) and PEDOT:PSS interfacial layer (AI 4083)
showed a high average PCE = 10.6% on a glass substrate, and
8.1% on a flexible PET substrate.”"

The double layers of PEDOT:PSS on PET form a flexible
transparent electrode that is more resilient than TCO on PET.
The PCE of the device that used PEDOT:PSS double layers
tardily decreased from 7.5% to ~5.5% even after 2000 bending
cycles with rg = 2-3 mm at a frequency of 1 Hz. However, the
initial PCE of the device with the PEDOT:PSS double layers was
inferior (average PCE 8.6%) compared to that of the control
device with an ITO electrode (average PCE 14.7%) due to poor
conductivity (2540 S cm™ ') than ITO (~6000 S cm™ ') and low
incident photon to current conversion efficiency in the ultra-
violet range (Fig. 10b).”*

PEI is used at the interface of highly-conductive PEDOT:PSS
(PH1000) and MAPDI; in n-i-p PSCs. PEI has insulating proper-
ties, so the conductivity of the PEI-coated PEDOT:PSS film
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(2160 S cm™ ") is slightly lower than that of bare PEDOT:PSS
(2500 S cm ');>° however, the WF of PEDOT:PSS/PEI is
increased from —5.06 to —4.08 eV and is highly stable during
operation. Therefore, the device with PEDOT:PSS/PEI showed a
comparable PCE (12.42%) to that of the device with a metal
oxide-based electrode such as fluorine-doped tin oxide (FTO)/
TiO, (14.38%) or ITO/PEDOT:PSS (13.45%).°° The device with
PEDOT:PSS/PEI also has higher stability of the PCE than
devices with FTO/TiO, and ITO/PEDOT:PSS. After storage for
7 d at 30-40% humidity, the degradation of the PCE was 15% in
the device with PEDOT:PSS/PEI, but 22% in the device with
FTO/TiO, and 27% in the device with ITO/PEDOT:PSS.*’ ITO is
gradually etched during device fabrication and operation due to
the acidic nature of PEDOT:PSS, and the released In and Sn
ions degrade the perovskite layer. Moreover, FTO/TiO, forms
reactive superoxide or deep electron traps after UV exposure,
and these degrade the perovskite. However, the high stability of
the PSC is a result of its use of a PEDOT:PSS/PEI layer. It
reduces the film’s hygroscopicity to protect the perovskite layer
from moisture (Fig. 10c).>°

High-efficiency metal halide PeLEDs were obtained using a
modified conducting polymer anode.> The exciton quenching
in a MHP emitting layer (EML) was managed by stoichiometry
modification and optimized nanosized perovskite grain for-
mation of MAPDbBr;. A slight increase in the ratio of MABr to
PbBr, suppressed formation of metallic Pb in the EML, and
thereby reduced non-radiative recombination inside the EML.
Use of the nanocrystal pinning process improved the surface
coverage on the conducting polymer anode. The suppressed
metallic Pb formation and uniform film formation with
small nanograins increased its luminescence efficiency. A
self-organized conducting polymer (SOCP) anode made of
highly conductive PEDOT:PSS and PFI was used as a flexible
anode which acts both as an anode and a hole injection layer.>
The SOCP develops a gradient ionization potential that
increases toward the EML by self-organization of polymer
chains; the surface potential reaches ~5.80 eV. The use of
the SOCP reduces the energy barrier for hole injection from
PEDOT:PSS (4.8 eV) to the valence band maximum of the
MAPDbBr; EML (6.01 eV) and thereby increases the lumines-
cence efficiency and luminance-voltage characteristics of green
PeLEDs (current efficiency CE = ~42.9 cd A™") (Fig. 11a-d).”

The ideally desired properties of a conducting polymer
anode are high electrical conductivity, high WF, and reduced
exciton quenching on the anode. A molecular decoupling
strategy for a conducting polymer anode yielded these three
properties.® Conventional methods to increase the electrical
conductivity of conducting polymers usually reduce the WF of
the polymer anode because the conventional post-treatment
removes insulating surface PSS components.”> MAI and DMSO
as co-additives to PEDOT:PSS induce growth of nanofibril
PEDOT-rich grains by weakening the Coulombic attraction
between PEDOT and PSS (Fig. 1le), in which the resonant
structure of the thiophene ring changes from benzoid to
quinoid and increases its electrical conductivity by improving
the n-m stacking. The molecularly-controlled polymeric anode
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Fig. 11 (a) Energy band diagram of MAPbBr; PeLEDs with a self-organized
polymeric anode, (b) optical image and schematic device structure of
flexible PeLEDs, and (c) current efficiency and (d) luminance versus voltage
of the PelEDs.? (Reproduced from ref. 2 with permission from The
American Association for the Advancement of Science.) (e) Schematic
illustration of the weakening of the PEDOT-PSS Coulombic attraction by
MABr and MAI additives, and (f) conductivity evolution of the PEDOT:PSS
film according to the MABr ratio.® (Reproduced from ref. 6 with permission
from Elsevier.)

achieved a high conductivity (~1409.47 S cm™ ") (Fig. 11f) and
high surface WF (~5.85 eV), and the PeLEDs with the modified
polymer anode had a high CE = 52.86 cd A™', and external
quantum efficiency (EQE) = 10.93%.°

The chemical composition and polarity of the conducting
polymer also affect the perovskite film differently from the
crystallization of the overlying perovskite crystals and resulting
film morphology of the EML. Polar solvent-soluble self-doped
conducting polymers affect conventional PEDOT:PSS.”* The
conducting polymer (poly(styrenesulfonate)-grafted polyaniline
(PSS-g-PANI)) is soluble in a polar solvent, and retards evapora-
tion of the good solvent (i.e., DMSO) for MAPbBr;; this char-
acteristics increased the controllability of perovskite crystal
growth by using solvent treatment and the nanocrystal pinning
process. PSS-g-PANI induced a granular-structure perovskite
EML film, which helped to spatially confine the charge carriers
inside perovskite grains and thereby increased the LED device
efficiency (CE = 14.3 ¢d A™") compared to conventional PED-
OT:PSS (CE = 7.07 cd A™1).7*

Conducting polymers have been also used as stretchable
electrodes for PeLEDs. A composite polymer anode that con-
sisted of PEDOT:PSS and poly(ethylene oxide) (PEO) has been
used to fabricate a stretchable PeLED,** and a perovskite-
polymer composite film (i.e., MAPbBr;-PEO) has been used as
a stretchable EML to provide elastic connection between brittle

This journal is © The Royal Society of Chemistry 2021
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perovskite crystals. Inclusion of PEO in PEDOT:PSS greatly
increased the required mechanical strain to induce failure of
PEDOT:PSS, and also improved its electrical conductivity by
changing its resonant structure from benzoid to quinoid.
Addition of 33 wt% PEO to PEDOT:PSS** yielded high conduc-
tivity (~35600 S cm™') and high transmittance (82% at
550 nm). The stretchable PeLEDs showed a maximum lumi-
nance of 15960 cd m~? and maintained their initial luminous
characteristics against 40% uniaxial strain (Fig. 12). The PED-
OT:PSS-PEO composite anode had high mechanical resilience
against stretching.>® A polydimethylsiloxane (PDMS) substrate/
PEDOT:PSS-PEO anode was formed in a buckling structure to
increase the mechanical stretchability of PeLEDs. The intrinsic
PEDOT:PSS was easily cracked, and failed completely under
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Fig. 12 (a) Conductivity and optical transmittance versus PEO weight
percentage, (b) scanning electron microscope (SEM) image of PED-
OT:PSS/PEO before stretching, (c) sheet resistance vs. mechanical strain,
(d) SEM image of PEDOT:PSS/PEQ before 50% strain, (e) current density, (f)
current efficiency, and (g) luminance of stretchable LEDs vs. strain, and (h)
optical image of stretchable LEDs before and after 40% stretching.®*
(Reproduced from ref. 84 with permission from John Wiley and Sons.)
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Table 2 Electrical and mechanical properties of conducting polymers with various additives

Additives for the conducting polymer

Electrical properties

Mechanical properties

Ionic liquids PEDOT:PSS with STEC**® 3100 Sem ™! Tensile strain 100% with 1000 stretching cycles,
then conductivity 3600 S cm ™. Tensile strain 600%,
then conductivity 600 S cm™*.

PEDOT:PSS with (EMIM)TCB?3° 1280 S cm ™! Tensile strain 180%, then R increased 200%
PEDOT:PSS with (EMIM)TCB*® 2084 S em™*

PEDOT:PSS with (EMIM)TCB*’ 2100 S em ™! Tensile strain 30%, then R increased ~57%
PEDOT:PSS with (BMIM)BF,**® 287 Scm

Polar solvent Zonyl" %’ Rs=240Qsq ' Tensile strain 10% with 5000 stretching cycles,

then no change in Rg
PEDOT:PSS with DMSO?”® 670 S em ™"
PEDOT:PSS with EG*”’ 5012 S cm™!
Strong acid PEDOT:PSS soaked in HNO;"® 4100 S cm ™!
PEDOT:PSS soaked in MSA’”® 3300 Sem™!
PEDOT:PSS soaked in H,S0,*° 4380 S cm ™ *
P123/PEDOT:PSS treated by H,50,*° 1700 S ecm™* Tensile strain 40% with 1000 stretching cycles,

Elastomer HC-PEDOT/SC"-PEDOT on PET?®

PEDOT:p-tosylate with aliphatic PU"*®* 120 S cm™

PEDOT:PSS with PDMS *°

Water-soluble polymer PEDOT:PSS with PEO**°
PEDOT:PSS with PVK'**

Interface engineering ~ PEDOT:PSS with PFI""?

172 Scm—

then R increased 4%

2000 bending cycles with 5 = 4 mm, then

no change in Rg

Tensile strain 200%, then 65% decreased
conductivity

Compressive stress 60% and tensile stress 43%
with 5000 cycles, then no change in Rg

1

1000 stretching cycles with 70% strain
Tensile strain 50%, then break-down of
the free-standing film

1

WF = —4.8 to —5.80 eV

materials PEDOT:PSS/PEI" > WF = —5.06 to —4.08 eV
Combinations PEDOT:PSS with H,SO,, ethanol, EG, 4800 S cm™*
and Zonyl" 2°
PEDOT:PSS:MSA/PEDOT:PSS:PVA°®" 3100 S cm ™" Tensile strain 30% with 400 stretching cycles,
then no change in R
PEDOT:PSS with sodium dodecyl 1335 S cm ™! Tensile strain 80%, then R increased 262%

sulfate on cotton®

% STEC: stretchability and electrical conductivity enhancers. > EMIM TCB: 1-ethyl-3-methylimidazolium tetracyanoborate. © BMIM: 1-butyl-3-
methyl imidazolium tetrafluoroborate. “ DMSO: dimethyl sulfoxide. ¢ EG: ethylene glycol./ MSA: methanesulfonic acid. ¥ HC: higly conductive.
" SC: semiconducting. ! PU: polyurethane.’ PDMS: polydimethylsiloxane. © PEO: poly(ethylene oxide). ! PVK: polyvinylcarbazole. ™ PFI: perfluori-

nated ionomer. " PEI: polyetherimide. ® PVA: poly(vinyl alcohol).

20% strain, but the composite polymer anode did not crack
under 70% strain. PeLEDs fabricated using the composite
anode and MAPbBr;-PEO EML also maintained their device
performance up to 70% tensile strain and 1000 cycles of
stretching.

Section 3.1 has identified the conducting polymer electrode
as one of the most promising candidates for flexible and
stretchable electrodes in perovskite optoelectronics. The
mechanical and electronic properties of conducting polymers
are appropriate to achieve perovskite optoelectronics that have
good conductivity (maximum 4800 S cm™' (ref. 26)), good
transparency (97% at 550 nm?’), flexibility (2000 bending cycles
with 75 = 4 mm?®), stretchability (5000 stretching cycles with
10% strain,”” 1000 stretching cycles at 70% strain,*® and 50%
tensile strain with 1280 S cm ™" (ref. 30)), and industry applic-
ability (Table 1). Those properties of conducting polymers have
been significantly improved by several types of additive engi-
neering (Table 2), so efficient and resilient perovskite

Energy Environ. Sci.

optoelectronics under bending or stretching stress are being
developed (Tables 3 and 4).

3.2. Low-dimensional carbon electrodes

For electrode applications in LEDs and solar cells, carbon
electrodes must have appropriate electronic and electrical
properties in addition to mechanical flexibility. The electrical
conductivity and work function of carbon materials directly
influence the charge-injection or charge-collection efficiencies
of LEDs and SCs, and thereby determine the device efficiency
and stability.>"®¢"°" Therefore, chemical modifications are fre-
quently applied to carbon materials to adjust their sheet
resistance and work function, so the environmental stability
of chemically-doped carbon materials should consider the ease
of fabrication and operational stability of the device.*®*>°* 1TO
releases metallic species (e.g., In and Sn) into active materials
by diffusion; these quench excitons and trap charge carriers,

This journal is © The Royal Society of Chemistry 2021


https://doi.org/10.1039/d0ee02996c

Published on 12 January 2021. Downloaded by Seoul National University on 3/16/2021 2:59:08 AM.

Energy & Environmental Science

Table 3 Summary of flexible PSCs based on conducting polymer electrodes

View Article Online

Review

Top buffer
Substrate Bottom electrode Bottom buffer layer Perovskite layer Top electrode Notes
PET PEDOT:PSS PEDOT:PSS MAPbDI; PCBM Al PCE 7.6%, declined ~80% after
(PH1000) (A14083) 2000 bending cycles with rp =
4 mm. The PCE of the device with
the PEDOT:PSS electrode then
stabilized whereas that with the
metalized indium oxide electrode
did not.®
PET PEDOT:PSS PEI MAPbDI, Spiro-OMeTAD Au PCE 12.4%, no bending test.>”
(PH1000)
PET PEDOT:PSS (PH1000 PEDOT:PSS MAPbDI;_,Cl, PCBM/rhoda- Ag PCE 14.7%, declined 27% after
with MSA) (A14083) mine/Cgo/rho- 2000 bending cycles with
damine/LiF rg = 2-3 mm.”*
PET PEDOT:PSS (PH1000 MAPbL,_,Cl, PTCDI/Cr,0;/ Au PCE 12.0%, no bending test.>*
with DMSO) cr
UV cured shape PEDOT:PSS(PH1000) MAPDI;_,Cl, PCBM Ga-In eutectic PCE 10.8%, declined 10% after
recovery polymer alloy (EGain) 1000 bending cycles with rg =
(NOA 63) 1 mm. The randomly crumpled
device recovered after annealing
at 80 °C for 10 s.%?
PET PEDOT:PSS(PH1000 PEDOT:PSS(AI4083) MAPDI; PCBM/TiO, Al PCE 4.9%, declined ~ 0% after
with EG) 100 bending cycles with rg =
3 mm, whereas the reference
device with the PET/ITO anode
declined 100%.”
PET Nitric acid annealed ZnO Mixed Spiro-OMeTAD Nitric acid annealed PCE 13.9%, declined <10% after
PEDOT:PSS based cation PEDOT:PSS based 1000 bending cycles with rg = 5
on PH1000 perovskite on PH1000 mm.®

Table 4 Summary of PeLEDs based on conducting polymer electrodes

Bottom
Substrate Bottom electrode buffer layer Perovskite Top buffer layer Top electrode Notes
Glass PEDOT:PSS:PFI — MAPDbBr;:TPBI TPBI Al CE=429cd A’ (ref. 2)
Glass PEDOT:PSS:PFI — MAPDBr;:TPBI TPBI Al External quantum
efficiency = 8.79%%
PDMS PEDOT:PSS:PEO MAPDLBr;:PEO — Eutectic indium-gallium CE=2.7 cd A™",
luminance = 15960 c¢d m >
Sustained after 40% uniaxial strain’
Glass PEDOT:PSS:PFI — FAo.CSo1Br;  TPBI Al External quantum efficiency = 3.10%°°
Glass DMSO/MAI-doped — MAPDBr;:TPBI TPBI Al External quantum efficiency = 10.93%°
PEDOT:PSS:PFI
Glass PEDOT:PSS:PF1I — MAPDBr;:TPBI TPBI Al CE=87.35cd A" (ref. 85)
PET PEDOT:PSS — MAPDBT; PFN Ag NW Maintained 80% of the initial

(DMSO + Zonyl")

and consequently degrade the luminescent efficiency in LEDs
or photo-voltage in SCs.*"**%”

PSC devices must have a low exciton binding energy
and long carrier diffusion length of the MHP and the PeLED
devices must have a large exciton binding energy and short
exciton diffusion length.>** The excitons near carbon materials
are easily annihilated, although the carbon electrode does not
cause unwanted diffusion of metallic species,*"®” as an ITO
electrode does. Therefore, the interface between the electrode
and perovskite active layer should be developed to block
excitons and charge carriers. Carbon materials including car-
bon nanotubes, carbon nanofibers, graphene and graphene
oxide have been used in PSCs and PeLEDs as flexible electrodes.

This journal is © The Royal Society of Chemistry 2021

luminance after 400 bending
cycles with g = 2.5 mm®

The devices have been fabricated in a variety of structures and
have a range of properties (Tables 5 and 6).

3.2.1. Carbon nanotubes. Carbon nanotubes (CNTs) have
remarkable electrical and mechanical properties that are sui-
table for use in flexible and stretchable electronic devices. CNTs
are several micrometers in length and 2.5-30 nm in
diameter.’® They have been evaluated for various device appli-
cations including field emission devices, composites and
electrodes.'® ' A CNT is a carbon allotrope that forms a
cylindrical nanostructure that has a very high aspect ratio up
to 132000000:1.'** CNTs are categorized as single-walled
(SWCNTs) and multi-walled (MWCNTs). They are constructed
by sp? hybridized bonding, which can give unique electrical,
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Top buffer layer Top electrode Notes

Substrate Bottom electrode Bottom buffer layer Perovskite

PET/cross-linkable Graphene P3HT MAPbDI;

olefin-type polymer

PEN Graphene MoO;/ MAPDI;

PEDOT:PSS(AI4083)

PET/APTES Graphene AuCl;/PEDOT:PSS  FAPbI;_,Br,

PET Graphene TiO,/PCBM MAPDI;

PET Diluted PEDOT:PSS MAPbDI;
HNO,;-SWNT

CNT fiber Compact MAPDI;_,Cl,

n-TiO,/m-TiO,

Table 6 Summary of PeLEDs based on carbon electrodes

PCE 11.5%, declined 14%

after 500 bending cycles with

g = 1.75 mm.**

PCE 16.8% (avg. 15.0%),
declined 10% after 1000
bending cycles with rg = 2 mm.*
PCE 17.9% (avg. 15.6%),
declined 25% after 1000
bending cycles with

rg=4 mm.°

PCBM Ag

Ceo/BCP/LIF Al

PCBM Al

Spiro-OMeTAD CSCNTs PCE 11.9%, declined 14%
after 2000 bending cycles
with rg = 4 mm.>*

PCBM Al PCE 6.1% (avg. 6.0%),

no bending test.””
Ag NW + twisted PCE 3.0%, unlikely to
with another CNT decline after
fiber 1000 bending cycles
with rg = 0.3 mm.%®

P3HT/SWNT

Substrate  Bottom electrode  Bottom buffer layer Perovskite Top buffer layer Top electrode Notes
Polyacrylate Single-walled CNTs — MAPDbBI;:PEO — Ag NW Current efficiency = 0.6 cd A,
external quantum efficiency = 0.14%°°
PET 4-Layer graphene = PEDOT:PSS:PFI MAPDBr;:TPBI TPBI Al Current efficiency = 18.0 cd A",
(CvD-grown) external quantum efficiency = 3.8%

physical, and mechanical properties. In contrast, individual
CNTs are usually aligned by van der Waals attractive forces
between them.

The atomic arrangement of carbon atoms in nanotubes
strongly affects their electrical properties. A nanotube that
has an armchair structure can be metallic with negligible
energy bandgap; in contrast, a nanotube that has a zigzag or
chiral structure is semi-conducting with a small energy
bandgap.'®® Their unique one-dimensional (1-D) wire-like
structure gives a 1-D quantum conduction channel along the
tube’s axis with ballistic conduction like a quantum resistor."*®
Ballistic conduction is a quantum behavior of electrons in the
CNT (SWCNT ropes have Rg = 10™* Q em ™" at 300 K.'")

CNTs have been evaluated as electrodes for optoelectronic
devices.'*® CNT films for transparent electrodes should have a
low Rs and a high optical transmittance T,, but these para-
meters are in a trade-off relationship. Minimum industry
standards require R < 100 Qsq~ ' with To > 90% at 550
nm.'*® The ratio of the DC conductivity to the optical conduc-
tivity is a commonly used figure of merit for transparent
conductors. A transparent electrode requires a high ratio. The
relationship between transmittance 7(4) at wavelength 4 and Rg
of thin conducting films can be expressed as

188.5 N 72
To(/l) = (1 +T X 0-2_];((: )) s
S
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Current density declined 19% after
1200 bending cycles to radius 7.5 mm®’

where gp(4) is the optical conductivity of the film and op is its
DC conductivity."'® To achieve Ry < 100 Qsq ™' and transmit-
tance >90%, opc/oop should be >35."°° The optical conduc-
tivity of SWNT films is usually ~1.5 x 10* S m~ ;" s0 opc/oop
> 35 requires opc > 5.3 x 10° S m . Several methods to
increase opc/oop have been reported. Nitric acid treatment
increased it to 25.3.'"" Several other studies have developed
high opc/oop.*>1#'1* Although an individual CNT can have op¢
up to 200000 S cm™','* the highest conductivity of randomly-
oriented CNT films has been only 6600 S cm™*.>> The degrada-
tion has been attributed to junction resistance between CNTs.
Therefore, to increase the conductance of CNTs, their length,
width, density, and the film thickness, must be optimized.
CNT films often have high surface roughness, which can
impede uniform contact with overlying layers in a device. Non-
uniform contact between a photo-active layer and a CNT film
electrode can yield many shunt paths, which can cause a low FF
and low PCE. The protruding region of the CNT electrode also
likely causes leakage current in LEDs due to local shorting
effects.®® A polymer-nanotube composite film can alleviate the
bad effects of high surface roughness. Use of PEDOT:PSS with
CNTs can decrease the surface roughness of the electrodes and
achieve a higher conductivity than CNT-only films.'*%***
3.2.2. Graphene. Graphene is a two-dimensional allotrope
of carbon in a single-atom-thick honeycomb lattice in an sp>
hexagonal bonding configuration. Graphene’s structure yields
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peculiar electrical, electronic and optical properties, which
could be of benefit for applications in optoelectronic devices.
Single-layered graphene usually has To ~ 97.7%,** so it is
suitable for use as a transparent electrode in optoelectronic
devices including LEDs and SCs. Also, graphene possesses
a high Young’s modulus (~1100 GPa) and intrinsic strength
(125 GPa)."*® The first transistor made of a single-layer gra-
phene channel fabricated by the scotch tape method exhibited
an ambipolar electric field effect with a carrier concentration of
10" cm™? and a very high electron mobility of 10* cm? (Vs) ™" at
room temperature.'®

Graphene is composed of a single-atom-thick sheet of
carbon atoms, so it has high T, in the whole range of the
visible light wavelength. In the visual window, each layer of
graphene degrades T, by 2.3%, independent of the wavelength
(450-750 nm).>* The high T, of graphene minimizes the
absorption of light when incident light passes through a
transparent electrode that is composed of a graphene sheet.
Therefore, the transmitted light that reaches the photo-active
layer, and the number of photo-excited charges, can be
maximized.”'"” Consequently, the photo-active layer can
generate a higher current in SCs®' that use a graphene elec-
trode. The light generated within the EML in LEDs can also be
effectively transmitted through a graphene transparent
electrode.

A unique carbon bonding structure with sp> hybridization of
orbitals provides graphene with semi-metallic electrical proper-
ties and a zero band-gap. Therefore, electrons in graphene can
behave like massless particles with a very high electron mobility
(~10" em? (V s)7")."® The excellent electrical properties of
graphene enable it to efficiently collect charge carriers that are
generated in the photo-active layer in SCs,°" or to efficiently
conduct charges into the EML in LEDs.>"%*%°

Requirements for SCs and LED electrodes include large area,
low Rs and ease of patterning of graphene, so the most widely
used methods of graphene production for these applications
are to use reduced graphene oxide (rGO) grown by chemical
synthesis, or graphene grown by CVD. However, rGO has an Rg
of at least several kiloohms per square, and even the pristine
graphene grown by CVD does not exhibit a sufficiently high
conductivity (>200 Qsq~').>* Thus, an additional doping pro-
cess is necessary before graphene can be used as a transparent
electrode in SCs or LEDs.

The electrode WF has a strong influence on the efficiency of
a SC or LED. To facilitate efficient collection by the electrode of
the charge carriers generated by the photo-active layer, the WF
of the electrode must be considered in relation to the energy
level of the photo-active layer. The charge injection is also
affected by the magnitude of the energy barrier that forms
between the electrode and the charge-transport layer (CTL) in
LEDs.*" Graphene usually shows a low WF ~4.4 eV, so the
junctions between graphene electrodes and various kinds of
charge transport layers or active layers in optoelectronic devices
are not suitable for efficient charge collection or injection.
Thus, the WF of graphene must be modified to enable efficient
device applications.
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3.2.3. Surface engineering of carbon electrodes. Rs and the
WF of transparent electrodes strongly affect the luminous
efficiencies of LEDs and the PCE in SCs. Pristine graphene
has a higher Rg (>300 Qsq ') and lower WF (~4.4 eV) than
those of ITO (~10 Qsq~ ', 4.8 eV); the conventional device
architecture of organic or PeLEDs is not suitable to achieve
efficient flexible LEDs with graphene anodes. Therefore, in the
beginning stages of carbon based anode applications, LEDs
that use a pristine graphene anode had very low luminous
efficiencies"'®'™ because of a large energy barrier to hole
injection between the anode and conventional small-molecule
organic hole injection layers. However, the luminous efficiencies of
flexible OLEDs with graphene anodes were greatly improved by
using chemical doping and interface engineering with polymeric
hole-injecting buffer layers, because chemical doping and a self-
organized gradient hole injection layer composed of a conducting
polymer (PEDOT:PSS) and PFI (GraHIL) can compensate for
graphene’s low conductivity and WF for hole injection
(Fig. 132).**°>"° Surface modifications using transition metal
oxides (M0O;,"*! V,05,'** and WO;'*?) have been also used to
improve the energy-band alignment (Fig. 13b) between graphene
and the CTL; these methods reduced Rs compared that of pristine
graphene, and yielded high efficiency in OLEDs.
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Fig. 13 (a) Schematic diagram of hole injection from graphene to the hole
transport layer through the self-organized buffer layer,%® (Reproduced from
ref. 86 with permission from Springer Nature.) (b) energy-band diagram of
p-doped graphene/MoO3,*?* (Reproduced from ref. 121 with permission from
John Wiley and Sons.) (c) potential vs. position of TFMS on graphene (DFT
calculation), 8 (Reproduced from ref. 88 with permission from John Wiley and
Sons) (d) transmission electron microscope image and EELS chemical
mapping,®* (e) Rs vs. air-exposure time of PFSA-doped and HNO3-doped
graphene.® (Reproduced from ref. 89 with permission from Springer Nature.)
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To overcome the disadvantages of pristine carbon nano-
tubes and graphene for optoelectronic device applications,
various doping and interface engineering methods have
been explored on carbon-based electrode materials to give
tailored electrical and electronic properties. Doping methods
for carbon-based electrodes can be mainly classified into (1)
substitutional doping, and (2) charge transfer doping that
exploits charge transfer on the graphene surface. For the
doping of carbon materials for practical optoelectronic devices,
several factors should be considered: (1) Rs, (2) WF, (3) air-
stability, (4) chemical stability, (5) thermal stability, and (6) film
surface smoothness.*"

Substitutional doping enables control of the physical prop-
erties of graphene. Introducing different atoms into CNTs or
a graphene lattice modifies its electrical and electronic proper-
ties such as the energy band structure (band gap or WF), and
electrical properties (Rs) compared to pristine carbon
materials.***’

Substitutional doping frequently uses a boron and nitrogen
method because the atoms are of similar size to carbon.’”
n-Type-doped carbon nanotubes and graphene have been gen-
erally formed by introducing gaseous boronic acid or NH;
during synthesis of carbon materials.>”*®* The advantage of
substitutional doping is that it can precisely control the elec-
trical properties. However, the introduction of different atoms
and the subsequently altered electronic structure of low dimen-
sional carbon materials inevitably reduce their electrical
conductivity.

Charge-transfer doping of carbon electrode materials is easy,
and yields superior electrical doping. Therefore, this method is
widely used to tailor the electrical and electronic properties of
electrodes for optoelectronic device applications. Charge-
transfer processes are usually governed by the relation between
the Fermi energy level of carbon materials and energy levels of the
dopant material (i.e., highest occupied molecular orbital (HOMO)
and lowest unoccupied molecular orbital (LUMO) energy level).
When the HOMO energy level of the dopant is higher than the
Fermi energy level of the carbon electrode material, or the LUMO
level is lower than the Fermi level, charges can transfer between
carbon materials and the dopant; this process increases the
charge concentration and causes changes in the electrical con-
ductivity and WF of the carbon materials.>!

p-Type charge-transfer doping of carbon materials has
usually used inorganic small molecule acids (e.g., HCL>®
HNO,,%® and H,S0,*°) or metal chlorides (e.g., AuCl;,%® IrCl;,*
and MoCl;*°), which increase the hole concentration, and
thereby increase the electrical conductivity and the WF.
p-Type graphene electrodes doped with chemicals (HNO; and
AuCl;) showed greatly reduced Rg ~ 54 and 30 Qsq '
respectively.®® Inorganic metal oxides (e.g., MoO; and WO;)
have also been used in charge-transfer doping for LED applica-
tions of carbon electrodes.’?"'*> These methods reduced Rg of
CVD-grown few-layer graphene to <50 Qsq ', and conse-
quently increased the luminous efficiency of LEDs.

The WF and environmental stability are also important
considerations for the charge-transfer doping. The low WF of

Energy Environ. Sci.

View Article Online

Energy & Environmental Science

pristine carbon electrodes, and the large energy barrier between
the carbon electrode and charge transport (or injection) layer of
LEDs and SCs limit a device’s charge injection or collection.
However, the WF increase by charge-transfer doping is not high
enough to overcome this energy barrier; the usually-used
HNO; or MoO; increase the WF of carbon-based materials by
~0.2 eV.*¥8%121 Even though the metal chloride (AuCl;) dopant
has achieved efficient p-type doping and provided high elec-
trical conductivity (~30 Qsq ') and a relatively high WF
(~5 eV), large metal particles form on the electrode’s surface,
so they decreased the optical transmittance and introduce
protruding short circuit paths in thin-film devices.®

Carbon materials that have been doped with small inorganic
molecules show an Rs that gradually increases during exposure to
air.**%%%% To overcome this problem, bis(trifluoromethanesulfonyl)
amide (TFSA, [CF3SO,],NH) can be used as an air-stable p-type
chemical dopant of CNTs and graphene;"** the methods
reduced Rg by ~70% and the hydrophobic nature of TFSA-
doped graphene provided air-stability in ambient conditions
for more than two weeks.

Solution-process doping with a small organic acid molecule
trifluoromethanesulfonic acid (CF;SO;H, TFMS) (Fig. 13c) can
maximize the p-type doping effect of graphene and give air-
stability to doped graphene.®® The strong acidity and non-
planar configuration of TFMS gave excellent p-type doping
effects to graphene (~70% decrease of Rg to ~63 Qsq '
~0.8 eV increase in the surface WF). This simple and strong
p-type doping provided high luminous efficiency in OLED
devices that used the doped graphene electrodes.

SWCNTs were also doped with TFMS by using a vapor ex situ
doping method. The process improved the electrical properties
and increased the WF, and resulted in higher PCEs in PSCs."?®

Use of a polymeric acid (perfluorinated sulfonic acid (PFSA),
also called perfluorinated ionomer (PFI) as depicted in Fig. 6d)
dopant greatly increased the doping stability (> 64 d) of p-type
doped graphene, and the high ionization potential of PFSA
contributed to a large increase in the surface WF of graphene
(~1.1 eV).?° PFSA is completely non-volatile and has a hydro-
phobic fluorocarbon backbone; these traits made the p-doped
graphene extremely stable to air, heat, and chemicals (Fig. 13e).
The polymer-doped CNT electrode (Fig. 13d) also showed
durability of Rs in ambient conditions for more than 1y, due
to the polymeric acid’s strong acidity and chemical stability."*?

3.2.4. Optoelectronic applications. A four-layer graphene
(4LG) anode has been used to fabricate flexible PeLEDs.®” SLG
was grown using CVD on copper foil, and then SLG was stacked
using repeated transfer processes to form 4LG. To increase the
electrical conductivity of the 4LG anode film, a p-type chemical
dopant (HNO;) was used; it decreased Rs from ~225.7 to ~84.2
Qsq ', A conducting polymer interfacial layer that develops a
gradient WF (GraHIL)®®**¢7128 that increases from graphene to
the MAPbBr; EML was introduced as a surface buffer layer to
reduce the energy barrier to hole injection from the 4LG anode.
The conventional ITO oxide anode has the critical drawback
that metal species diffuse into overlaying layers in LEDs; this
process significantly decreases non-radiative recombination in

This journal is © The Royal Society of Chemistry 2021
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MHP EML because the polycrystalline MHP with large grains has
a low exciton binding energy and long exciton diffusion length.”
Therefore, the chemical instability of an ITO anode degrades the
luminous efficiency of PeLEDs. In contrast, graphene is chemi-
cally stable and does not cause any diffusion of metallic species,
so the flexible PeLEDs fabricated on the 4LG anode enabled
higher luminous efficiencies (current efficiency: ~18.0 cd A™"
and EQE: ~3.8%) and higher resilience to mechanical bending
over 1000 cycles of bending to 1.34% bending strain (Fig. 14).

CNTs and graphene have been used as transparent and
solution-processed electrodes in flexible PSCs. Cross-stacked
CNT films and graphene electrodes have been used in flexible
PSCs that use all-carbon electrodes.*® Carbon-based flexible
PSCs achieved PCE 11.9% with a spiro-OMeTAD HTL, and
retained 90% of the original efficiency after 1000 h of light
soaking or thermal stress in humid air. They also retained 86%
of the original efficiency after 2000 bending cycles with rg =
4 mm; this result is much superior to PSCs that used ITO,
because they delaminated under deformation, while the resis-
tance of conventional flexible electrodes (i.e., ITO/PEN and
metal back electrodes) dramatically increased as the number
of bending cycles increased (Fig. 15a).

CNTs are also widely used in fiber-shaped and weavable
PSCs. A double-twisted PSC that uses CNT fiber electrodes and
an easy solution coating process showed a maximum PCE of
3.03%.°® This PSC based on CNT fibers showed a stable PCE for
>96 h in air, and retained its reliability for >1000 bending
cycles (Fig. 15b).

A CNT sheet was used in a coaxial fiber-shaped PSC that
used a stainless steel fiber with interfacial layers."**"*° As a
transparent top cathode, CNT sheets were wound on top of a
fiber PSC that used compact, mesoporous TiO, and OMeTAD
interfacial layers. The device showed PCE = 3.3% (Fig. 15c)."*®

TiO, in fiber PSCs supported by CNT sheets was replaced by
synthesizing obelisk-like ZnO arrays; as a result of effective
penetration of a second phase into the voids, and rapid charge
transport along ZnO axes, +3% of the initial PCE (2.61%) was
maintained after bending for 200 cycles.

This journal is © The Royal Society of Chemistry 2021
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Section 3.2 has reviewed the electrode properties of carbon
materials and their applications in flexible and stretchable
perovskite optoelectronics. The appropriate surface modifica-
tion methods for carbon electrodes yield a low sheet resistance
(~30Qsq ")*>®® and a high WF (~5.5 eV)*® with a good optical
transparency, but the verification of their mechanical stretch-
ability in practical optoelectronic devices is still incomplete. In
theory, graphene has a high mechanical fracture resistance
(~25% facture strain''®) due to its hexagonal lattice structure
with strong bonding between carbons, but practical applica-
tions of graphene in stretchable devices have shown limited
mechanical fracture strain <5% due to the large number of
atomic defects in CVD-grown graphene.”*" Therefore, methods
of synthesis and carbon electrode preparation must be
improved to yield highly crystalline, defect-free graphene that
has practically high mechanical resistance against flexion and
stretching. Also, to achieve high-efficiency and stable flexible
and stretchable perovskite optoelectronic devices that use
carbon electrodes, further research must be conducted about
the interface between the carbon electrode and perovskite
active materials, to find ways to reduce interface defects and
luminance quenching by carbon materials.”

3.3. Structured metals (metal fibers/wires/grids) and their
composites

This section considers flexible and conductive electrodes based
on structured metals (i.e. metal foil with nanostructured metal
oxides, and metal fibers/wires/grids) and their composite mate-
rials for perovskite optoelectronics. Examples include thin
metal substrates with nanostructured transparent conducting
oxides, metal fibers, metal nanowires, and their composites.
Metal or metal composite materials are highly conductive and
inexpensive but strategies to overcome their opacity, brittle-
ness, and high fabrication temperature must be developed
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Table 7 Summary of flexible PSCs based on structured metals and their composites electrode

Substrate Bottom electrode Bottom buffer layer = Perovskite  Top buffer layer Top electrode Notes
Ti Anodized TiO, MAPbDI; Spiro-OMeTAD CNTs PCE 8.3% (avg. 7.4%), declined 16% after
nanotubes 100 bending cycles with rg = 7.5 mm."*?
Ti ¢-TiO,/mp-TiO, MAPbI; Spiro-OMeTAD  Ultrathin Ag  PCE 6.2% (avg. 4.1%), declined 1.5% after
100 bending cycles with r5 = ~6 mm."*?
Ti ¢-TiO,/mp-Al,03 MAPbI;_,Cl, Spiro-OMeTAD/ Ni mesh/PET PCE 10.3%, declined 7% after
PEDOT:PSS 200 bending cycles with rg = 50 mm."**
Ti TiO, NW MAPbDI, PEDOT:PSS ITO PCE 13.1% (avg. 10.2%), no bending test."*
Ti ¢-TiO, blocking layer MAPbI; Spiro-MeOTAD  Ag/ITO PCE 9.5% (avg. 8.7%), declined 1% after
(calcination) 50 bending cycles with r5 = 6 mm."**
Ti ¢-TiO, blocking MAPDI; Spiro-OMeTAD Ag NW spray PCE 7.5%, declined 2.6% after

layer (spray pyrolysis) coating 100 bending cycles with r = 10 mm.*

Ti fiber TiO, (anodization) MAPDI;_,Cl, Spiro-MeOTAD CNT sheet Average PCE 5.0%, declined 20% after
300 bending cycles with rg = 10 mm,
and 10% after 250 stretching cycles
with a strain of 30%."%”

Ti fiber ¢-TiO,/mp-TiO, MAPbDI, Spiro-MeOTAD  Ag NWs PCE 3.9%, declined 7% after
50 bending cycles."*®

Stainless steel fiber ¢-TiO,/m-TiO, MAPDI; Spiro-OMeTAD  CNT sheet PCE 3.3%, declined 5% after
50 bending cycles.'*®

Stainless steel fiber ZnO nanorods MAPDI; Spiro-OMeTAD  CNT sheet PCE 1.0%, declined 7% after

200 bending cycles, and 16% after
100 twisting cycles with an angle of 30°."*°

Table 8 Summary of PeLEDs based on structured metal and metal composite electrodes

Bottom buffer Top buffer
Substrate Bottom electrode layer Perovskite layer Top electrode Notes
Polyacrylate Single-walled — MAPbBr;:PEO  — AgNW Current efficiency = 0.6 cd A,
CNTs external quantum efficiency = 0.14%°°
AgNW-polymer Ag NWs PEDOT:PSS CH;NH;PbBr;  TmPyPB Al Current efficiency = 10.4 cd A7,
composite nanocrystal external quantum efficiency = 2.6%
(at 1000 cd m™2)
Maintained initial efficiency after
1000 bending cycles with rg = 4 mm™*®
NOA 63/H,S0, AgNW H,SO, treated- BA,FA,Pb;Br;, TPBI Al Current efficiency = 17.90 cd A,
treated- PEDOT:PSS external quantum efficiency = 3.98%
PEDOT:PSS/ Stable operation after
AgNWcomposite 1000 bending cycles with rg = 2.5 mm"*°
Pre-stretched VHB ~ PI-AgNW PEDOT:PSS MAPDBTr; TPBI Al Current efficiency = 9.2 cd A™*
composite nanocrystal Maintained luminance after
1000 stretch-release cycles of 20% ten-
sile strain®*
PET PEDOT:PSS — MAPDBTr; PFN Ag NWs Maintained 80% of initial luminance
(DMSO + Zonyl") after 400 bending cycles
with rg = 2.5 mm®
NOA 63 Ag (80 nm thick) ZnO/PEI CsPbl; TCTA Mo0O;/Ag/MoO; Current efficiency = 0.6 cd A7,
nanocrystal external quantum efficiency = 0.14%
Maintained 70% of initial luminance
after 1000 bending cycles'*!
SU-8 MoO;3/Au PEDOT:PSS MAPDBTr; TPBI Al Current efficiency = 3.3 cd Al

before these materials can be used in flexible and stretchable
perovskite optoelectronics. The perovskite optoelectronic
devices with structured metals or their composite materials
have various structures and properties (Tables 7 and 8).

3.3.1. Metal substrates with nanostructured metal oxides
and metal fibers. Metal substrates with nanostructured metal
oxides or metal fibers can be used simultaneously as an
electrode and as a conductive substrate, because they are
flexible, and have low Rg, and excellent thermal and mechanical

Energy Environ. Sci.

Maintained 50% of initial luminance
after 1000 bending cycles
with rg = 5 mm™?

stability, so use of a metal conductive substrate permits
development of light-weight, stable, and flexible perovskite
optoelectronics.

Metal conductive substrates can withstand heating up to
500 °C, and curing by UV irradiation, so high temperature
sintering to form anatase TiO, materials as an electron trans-
port layer, and intensive UV curing of TiO, paste are possible on
the substrate, whereas these processes are not compatible with
polymer substrates, However pristine metal foils are inherently

This journal is © The Royal Society of Chemistry 2021
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rough, so the surface of the conductive metal substrate must be
flattened, a patterned insulator layer must be formed to elec-
trically separate the electrodes, and a transparent top electrode
must be formed on the photoactive perovskite layer to over-
come the opacity of the metal substrate.

To use a metallic conductive substrate in perovskite optoe-
lectronics, Ti foil is firstly electropolished to form a flat surface.
Then a patterned insulating SiO, layer is deposited on the
Ti substrate to form an isolated area that separates the
electrodes.'® As an electron transport layer and hole blocking
layer, a TiO, film on a Ti substrate can be prepared by calcining
the Ti surface at 500 °C,"*® or by a hydrothermal reaction,"> or
by electrochemical oxidation (i.e. anodization),"** or by depos-
iting precursors by spray pyrolysis for compact-TiO,,** or by
spin coating for mesoporous-TiO,.

A titanium dioxide nanowire (TNW) anode on Ti foil pro-
vides a light-weight and flexible conductive substrate."*> A TNW
array is synthesized on Ti foil by a facile hydrothermal
approach, and then MAPDI; is used to fill the gaps in the array
and provide contact among the TNWs. The resulting TNW
anode can provide direct pathways for collection and transport
of photo-generated electrons from the perovskite layer."*>

Highly-ordered TiO, nanotube (TNT) arrays can be formed
on Ti foil by electrochemical oxidation, also called anodization.
TNT arrays can be grown on Ti foil by anodization without
deposition of a TiO, film, so anodization is scalable and
compatible with existing industrial processes.

Anodized TNT arrays can form a deposition scaffold for
perovskite loading, or an electron conductor for the perovskite
photoactive layer (Fig. 16)."*> A compact TiO, (c-TiO,) layer
is deposited on a Ti substrate by spray pyrolysis. A mesoporous
TiO, (mp-TiO,) layer is deposited on the c-TiO, film by spin-
coating and annealed, and then the perovskite is absorbed into
the mp-TiO, layer. This ¢-TiO,/mp-TiO, layer on a Ti substrate is
used in a way similar to the hole-blocking and electron-transport

= Ti0, (anatase)
(a) ® Pbl,
* CH,NH,PbI
. CHNH,PDIJTiO, nanotubes/Ti
* * *

Pbl,/TiO, nanotubes/Ti

Intensity (a.u.)

M TiO, nanotubes/Ti
.
A A L A

10 20 30 40 50 60 70
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Fig. 16 Highly-ordered anodized TiO, nanotube and CNT electrodes for
perovskites. (a) XRD patterns, and (b) cross-sectional morphology of the
TiO, nanotube scaffold with perovskite loading. (c and d) SEM image of the
CNT film covering on the perovskite surface.'*2 (Reproduced from ref. 132
with permission from Elsevier.)
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layer of n-i-p PSCs. An insulating scaffold of Al,O; nanoparticles
can also be used on the Ti foil/c-TiO, conductive electrode as a
perovskite absorber. However, these mesoporous or scaffold
materials are not favorable for high stability of flexible perovs-
kites. In a bending test, the PCE of PSCs declined by only 7% after
200 bending cycles, but rgz was 5 cm, which is much larger than
the conventional test (g = ~5 mm). The sensitivity to bending
may be a result of the brittle nature of the mesoporous TiO, or the
scaffold absorber in PSCs."**

A Ti fiber with a millimeter-scale diameter has been used as
the flexible electrode in fiber PSCs. An elastic-fiber PSC was
developed by using an aligned CNT wrapping on an elastic fiber
(silicone rubber) as an anode, and a spring-like Ti wire as a
cathode. The surface of the spring-like Ti wire is anodized to
from TiO, nanotubes as an electron-transport layer, and then a
perovskite layer and HTM are deposited on the Ti wire/TiO, by
dip coating. Then an elastic fiber with conductive CNTs is
inserted into the spring-like wire Ti/TiO,/perovskite/spiro-
MeOTAD. This novel fiber-shaped perovskite optoelectronic
device shows stability under both stretching and bending.

3.3.2. Metal wires/meshes, and their composites. Metal
nanowires or metal meshes have outstanding transparency,
flexibility, and conductivity, so they can be used as the elec-
trode in perovskite optoelectronics. However, halides (liquid or
vapor phase) and halide ions can migrate from the perovskite to
the metal nanowire electrodes (e.g. Ag and Cu) during fabrica-
tion of the perovskite film or operation under electric fields; the
strong reaction between the metal and halide degrades the
metal nanowires."*?

Other problems remain to be solved, including WF mis-
match and poor surface wettability. The silver nanowire
(Ag NW) electrode increases its resistance rapidly after for-
mation of the perovskite film despite the protection on Ag
NW by TiO, nanocrystals and PEDOT:PSS layers. Therefore,
self-assembled graphene oxide (GO) flakes are used on Ag NWs
as an anti-corrosive barrier to protect them from degradation by
halide compounds (Fig. 17a)."*® The resistance of the pristine
Ag NW electrode increases to seven times higher than its initial
level before device fabrication, whereas the resistance increase
of the Ag NW electrode with the GO protection layer is signifi-
cantly suppressed, even after 60 min exposure to an ambient
atmosphere.

GO flakes have been used as a solder for Ag NW electrodes
and as a barrier against oxygen and moisture."** To increase
the resistance of the anti-corrosive barrier, the coverage of
multiple GO flake layers must form a flawless film on the Ag
NW surface. To compensate for the poor conductivity of the
multiple GO layers in the device, a sodium borohydride
(NaBH,) aqueous solution was used in the GO flake solution
to improve the conductivity of the GO flakes by a reduction
process. However, addition of NaBH, reduced the WF from
—5.12 eV without NaBH, to —4.65 eV with 80 umol NaBH,.
Moreover, the reduction removes the functional groups on the
GO surface, so a GO anti-corrosive barrier is induced to
aggregate, and this process degrades the surface wettability
for fabrication of a coating layer (e.g. PEDOT:PSS). Therefore,
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Fig. 17 Device architectures and SEM images of (a) a silver nano-network
under the protection of a flawless anti-corrosive GO film,*** and (b) a
silver-mesh embedded in a PET substrate.*® (Reproduced from ref. 35 with
permission from Springer Nature.)

partially-reduced GO is necessary to form an anti-corrosive film
with good optical transparency, WF alignment, and surface
wetting in the application of perovskite optoelectronics
(Fig. 17a)."*

A hexagonal Ag-mesh embedded in an ultrathin (~57 pm)
ultraviolet-resin-coated PET substrate has been used as a
flexible and transparent electrode of perovskite optoelectronics
(Fig. 17b).*® The conductivity of the Ag mesh is 4104 S cm*,
but the coverage of the embedded hexagonal Ag mesh is only
3.2%, so the optical loss is <4%. The Ag-mesh embedded PET
substrate is laminated on a thick (100 pm) and hardened PET
protection film, which is readily peeled off and removed after
device fabrication, to fabricate ultrathin flexible perovskite
optoelectronics. The embedded Ag mesh is hybridized with a
highly-conductive polymer PH1000 (~0.9 S cm '), because the
effective charge transport length of PH1000 along both the
lateral and vertical directions is <100 pm, which is larger than
half of the diagonal of the Ag mesh honeycomb (90 pm).*

A dispersed Ag NW has been used as a transparent top
electrode in flexible perovskite optoelectronics fabricated on an
opaque bottom substrate.** The Ag NW film has >80% trans-
mittance in the visible and near-infrared light spectrum (400-
1000 nm). The Ag NW electrode is spray-coated on top of the
hole transport layer of a perovskite optoelectronic device based
on a Ti substrate. The Ag NW solution is dissolved in IPA as a
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harmless solvent to use with a perovskite and spiro-MeOTAD
layer. The PCE of the silver NW devices remained stable over
100 cycles of bending with 3 = ~10 mm.*?

Ag NW electrodes have also been used in perovskite opto-
electronics based on Ti fibers."*® The energy-level offset
between the VBM of spiro-MeOTAD (5.22 eV) and the WF of
the as-sprayed Ag NWs (4.5 eV) is decreased by oxygen-plasma
treatment of the Ag NWs. However, the PCE of the PSCs with
Ag NWs is inferior to PSCs that have conventional metal or TCO
electrodes.

3.3.3. Optoelectronic applications. A TiO, nanowire (TNW)
anode on Ti foil is used in n-i-p PSCs as a light-weight and
flexible conductive substrate (Fig. 18a)."*> The as-prepared Ti/
TNW anode and PEN/ITO/PEDOT:PSS cathode are assembled
using binder clips, and then MAPbI3 in y-butyrolactone
solution is injected into the gap between the two electrodes
to sensitize the perovskite photoactive material in TNW arrays
in the device (Ti/TNW/perovskite/PEDOT:PSS/ITO/PEN). Under
100 mW cm ™2 AM 1.5G illumination, PSCs that use the Ti/TNW
anode showed PCE = 13.1%, Jsc = 21.7 mA cm ™2, Vo = 0.94 V,
and FF = 0.64. When TiO, nanoparticles were used on Ti foil,
the PCE was lower (9.9%) than when TNWs were used, because
the TNW arrays have better electron-transport ability than do
TiO, nanoparticles.***

PSCs that use 25 pum Ti foil and anodized TiO, nanotube
arrays achieved a PCE up to 8.31%."*> The PSC that used Ti/
TiO, nanotubes retained 84% of its initial PCE after 100 cycles
of bending with g = 7.5 mm. The repeated bending caused
micro-sized cracks and delamination at interfaces between
different layers of the solar cells, but did not significantly affect
the Ti/TiO, nanotubes (Fig. 18b)."*?

n-i-p PSCs on a conductive electrode of Ti foil have also
been developed using the well-known TiO, deposition
process.”*® ¢-TiO, and mp-TiO, layers are used in PSCs con-
structed on Ti foil (Ti/c-TiO,/mp-TiO,/MAPDbI,/spiro-OMeTAD/
Ag/ITO) by spray pyrolysis and spin coating (Fig. 18c). An
ultrathin Ag layer (1-3 nm) is deposited by thermal evaporation
between spiro-MeOTAD and sputtered ITO, to enable use of
brittle ITO in the flexible PSCs. The ultrathin Ag layer has
several advantages, including low resistivity, high diffusive
transmittance, and an ability to provide a crystalline seed layer
to orient ITO growth, so a relatively thin (200 nm) and flexible
ITO layer can be used in these PSCs. The champion device
showed PCE = 11.0%, with Jsc = 18.5 mA cm™ 2, Ve = 0.998 V,
and FF = 0.61. In addition, the stability against bending cycles
improved as the thickness of the Ag layer was increased. The
PCE of the device with a 3 nm-thick Ag layer retained 99% of the
initial value after 50 cycles of bending with rz = 6 mm.

¢-TiO, and Al,O; nanoparticle layers are also used in PSCs
that use Ti foil (Ti/c-TiO,/Al,0; nanoparticles/MAPbI; ,Cl,/
spiro-OMeTAD/PEDOT:PSS/transparent-conducting-adhesive/Ni
mesh embedded PET) and were deposited by spin coating
(Fig. 18d)."** A flexible and transparent counter-electrode was
prepared by deposition of a mixture of pressure-sensitive
adhesive and PEDOT:PSS on a PET film that included a Ni
mesh. This counter-electrode is laminated onto the surface of
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spray-deposited PEDOT:PSS in the bottom device. The trans-
parent conducting adhesive contains only around 1.75% PED-
OT:PSS; the rest is dielectric adhesive material, so charge
transfer is severely limited. To overcome this limitation, a
spray-deposited PEDOT:PSS interfacial layer is used to increase
the charge collection and transport from spiro-OMeTAD to
the transparent conducting adhesive. The champion device
had PCE = 10.3%, with Jsc = 17.0 mA cm ™2, Voo = 0.98 V, and
FF = 0.61. However, the flexibility of the device is limited to a
larger rg = 5 cm than that used in the conventional bending
test; this limitation may be a result of the brittle nature of the
Al,O; scaffold.’**

Another flexible and stretchable PSC used a spring-like Ti
wire as an anode, and an aligned CNT as a cathode.”” An
elastic fiber with a conductive CNT is inserted into the spring-
like Ti wire, so a novel device with the structure of Ti/anodized
TiO,/perovskite/spiro-MeOTAD/CNT/elastic fiber (silicone rub-
ber) was fabricated. The device retained 80% of its original PCE
after 300 cycles of bending, and retained 90% of its original
PCE after 250 stretching cycles to a strain of 30%. The integra-
tion of the material (anodized TiO, nanotubes vs. pristine
TiO, nanoparticles), and the geometry (spring-shaped Ti fiber)
is effective to lessen stress during stretching and bending
(Fig. 18e).

An embedded Ag-mesh electrode in an ultrathin PET sub-
strate can be used as a flexible transparent electrode in a
flexible p-i-n PSC (PET/Ag-mesh/PH1000/PEDOT:PSS/perovs-
kite/PCBM/AI) (Fig. 18f). The PH1000 layer and an additional
PEDOT:PSS interlayer were deposited on the embedded Ag-
mesh to improve charge collection and charge transport
from the perovskite photoactive layer. Under 100 mW cm 2
AM 1.5G illumination, the champion device had PCE = 14.2%,
Jsc =19.5 mA cm™ 2, Voc = 0.91 V, and FF = 0.80. The PSC with
the PET/Ag-mesh electrode also achieved a high ratio of power
to device weight (1.96 kW kg ') due to the ultrathin device. The
electrode in this PSC also had high mechanical stability; the
device retained 95% of its original PCE after 5000 bending
cycles with 75 = 5 mm, whereas that with PET/ITO dropped
severely after 100 bending cycles.?”

Ag NWs and a flawless partially-reduced GO film with a
suitable WF and surface wetting properties have been used in
p-i-n PSCs (PET/Ag NWs/GO/PEDOT:PSS/peroskite/PCBM/PFN-
P1/Ag) (Fig. 18¢g). Under 100 mW c¢cm > AM 1.5G illumination,
the device constructed on rigid glass showed PCE = 9.23%, Jsc =
13.8 mA cm 2, Voc = 0.94 V, and FF = 0.71, whereas the device
constructed on PET showed PCE = 7.92%, Jsc = 12.7 mA cm ™2,
Voc = 0.94 V, and FF 0.66.'*?

Fully-printed and flexible PeLEDs were demonstrated using
a Ag nanowire cathode and a SWCNT anode.’® The Ag nano-
wires were printed on a MAPbBr;-PEO composite EML. The
resulting PeLEDs did not show significant luminous degrada-
tion under 2% tensile strain, and achieved maximum device
efficiencies of 0.6 cd A~"! and 0.14%.

A nanowire-polymer composite anode and colloidal
MAPDBr; quantum dots increased the mechanical robustness of
PeLEDs."*” Ag NW networks were introduced into a monomer

Energy Environ. Sci.


https://doi.org/10.1039/d0ee02996c

Published on 12 January 2021. Downloaded by Seoul National University on 3/16/2021 2:59:08 AM.

b c d
1
g 00 PU/Ag NWs
< 80|
g % pre-stretch VHB  _ 7N
€ 60]
g0 releas¢1‘s1retch é N
E @ 40|
5 40 —— PIAGNW 20 QUsq
8 —— PUAgNW 10 Q/sq — —p 20| oo
=20 ——PIAGNW 8 Q/sq
o T 2k 4k 6k ok 10K
700 0800 Stretch-Release Counts

500 600 70
Wavelength (nm)

o
© N
S
©

s
w o
fouston3 pazieuioN

e = |

Fig. 19 (a) SEM image of AgQNWs, (b) optical transmittance of AQNW films
on a polyimide substrate, (c) schematic illustration of the buckling struc-
ture of the composite electrode film, (d) change of Rs vs. number of
stretch—release cycles, (e) optical images of stretchable LEDs fabricated on
AgNW electrodes and (f) light emission before and after 50% stretching,
and (g) normalized luminance and efficiency of stretchable LEDs vs.
number of stretch—release cycles.*! (Reproduced from ref. 41 with per-
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solution (SR540, SR499, and 2,2-dimethoxy-2-phenylacetophenone),
and irradiated with UV to form a free-standing Ag NW composite
film as the anode. The flexible perovskite QD LEDs showed
mechanical stability against 1000 cycles of bending (rs =
2.5 mm) as well as improved current, power, and EQE
(10.4 cd A7, 8.1 Im W, and 2.6% at 1000 cd m™?)."*°

Ultrathin perovskite QD LEDs (<3 pm) with a surface-
wrinkled elastomer substrate were fabricated*' with a Ag NW
network embedded in a 1-2 pm polyimide (PI) film that has a
low surface roughness of 0.796 nm as a flexible anode. Rs of the
composite electrode was 20 Qsq~* with 90% optical transmit-
tance at 550 nm (Fig. 19). The buckling structure formation of
the composite electrode film increases its stretchability; it
maintained its low Rg after 10000 cycles of stretching with 0-
50% strain.*’ A green-emitting perovskite QD LED fabricated
on the Ag NW composite anode achieved a current efficiency of
9.2 cd A, and operated stably against 1000 stretch-release
cycles to 20% tensile strain.*'

A spray-coating method was used to fabricate a Ag NW
cathode on PeLEDs to produce flexible and semitransparent
PeLEDs.” The Ag NW film showed low Rg ~ 20.5 Qsq ' with
81.3% optical transmittance at 550 nm, and the assembled
LEDs showed 48.1% optical transmittance at 550 nm. The Ag
NW cathode coated on a conjugated polyelectrolyte (poly[(9,9-
bis(3’-(N,N-dimethylamino)propyl)-2,7-fluorene)-ait-2,7-(9,9-dio-
ctylfluornene)], PFN) showed a low increase of Rs with respect
to the initial value (AR/R, = 0.127) after 1000 bending cycles
(rg = 1.0 mm).

Thin metal films have been also used as transparent con-
ducting electrodes in flexible PeLEDs. Flexible CsPbI; nano-
crystal LEDs have been fabricated using an 80 nm-thick Ag film
on a photo-polymer flexible substrate as a cathode.'*' The
better adhesion of thermally-deposited Ag with the cured
photo-polymer (NOA63) than that with the Si substrate enables
delamination of the template-stripped cathode composed of
Ag/polymer and its ultra-smooth surface morphology (rms
roughness ~0.6 nm). A bending test of the fabricated flexible
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Fig. 20 (a) Device structure, (b) cross-sectional SEM image, and (c)
energy band diagram of a MAPbBrz PeLED on an ultrathin Au electrode,
(d) resistance, and (e) transmittance of the Au electrode versus MoOsz
thickness between Au and SU-8, and (f) normalized luminance and (g) Rs
vs. number of bending cycles.**? (Reprinted with permission from ref. 142
© The Optical Society.)

LED to an angle of 180° did not cause cracks or dark spots, and
it maintained 70% of its initial luminance after 1000 bending
cycles.

Ultrathin Au (7 nm) on a MoO3/SU-8 modified substrate has
been used to fabricate flexible MAPbBr; LEDs.'*> A MoO; seed
layer helps to increase nucleation sites and suppress the diffu-
sion of Au atoms for better surface roughness of the ultrathin
Au anode (rms roughness: ~0.3 nm). The flexible Au anode
showed comparable Rs (~13 Qsq ") to that of ITO, and the
mechanical flexibility was demonstrated by its unchanged Rg
after 1000 bending cycles with rg = 5 mm (Fig. 20).

Section 3.3 has demonstrated that an electrode composed of
metal nanowires or mesh can be a good candidate for use in
flexible and stretchable perovskite optoelectronics. Electrodes
composed of structured metals and their composites showed
poor transparency and resilience in spite of the excellent con-
ductivity (Table 1), so they have usually been considered to be
inappropriate for use in flexible and stretchable devices. However,
metal nanowire or mesh electrodes (e.g., Ag nanowires or Ag
mesh) showed good transparency (Ag nanowires: 90% at 550 nm
with 20 Qsq',* Ag mesh: 96% with 4104 S cm™"),** flexibility
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(Ag nanowires: stable after 100 cycles of bending with rg =
~10 mm,* stable after 1000 stretch-release cycles to 20%
tensile strain,”’ Ag mesh: 95% of its original PCE after 5000
bending cycles with rz = 5 mm, whereas that with PET/ITO
dropped severely after 100 bending cycles®®), and industrially-
viable applicability (Tables 1, 7 and 8). Therefore, metal nano-
wire or mesh electrodes combined with elastomers or conduct-
ing polymers have potential to enable realization of flexible and
stretchable perovskite optoelectronics (Tables 7 and 8).

4. Conclusion and perspectives

Flexible and stretchable perovskite optoelectronic devices are
expected to be used in wearable optoelectronic devices that will
supersede conventional rigid display and energy technology.
The combination of narrow band emission properties and
bandgap tunability of MHPs will provide new opportunity for
further applications of optoelectronic devices toward wearable
high-color-purity displays and narrow-band LED devices that
are required for various bio-medical applications and
surveillance.'® Furthermore, the ultrathin and flexible nature
of the perovskite layer for high power-per-weight®> and shorter
energy pay-back time® of flexible and stretchable PSCs may
enable realization of self-powered wearable smart devices and
solar-powered aircraft.

The intrinsic mechanical properties of MHPs and their
composition, additive engineering, and polymer composite
strategies to increase the mechanical flexibility and stretchabil-
ity are being investigated. Regarding the mechanical properties
of MHPs, engineering of the B-site cation has more influence
on the B-X framework’s mechanical stiffness than does engi-
neering of the A-site cation. The electronegativity of the halide
ion also affects the bonding strength and the mechanical
flexibility of B-X inorganic octahedra in MHPs. Also, long and
bulky organic halide additives influence on the perovskite
active layer’s fracture energy against mechanical stress. Perovs-
kite polycrystalline thin films can be further engineered to be
suitable for flexible and stretchable optoelectronics, mainly by
generating an amorphous perovskite region with many grain
boundaries, so perovskite nanocrystals combined with an elas-
tic polymer matrix could be a good option to form intrinsically
stretchable perovskite layers. Combined with the superb optoe-
lectronic characteristics of MHPs, their light and soft nature,
and further engineering to increase the mechanical stability
will widen applications of perovskite materials in next-
generation flexible or stretchable optoelectronics.

Flexible and stretchable electrodes must have advanced
mechanical (e.g., resilient against bending and stretching,
and robust against degradation), optical (e.g., transparent),
and electronic (e.g., electric conductivity, and charge transfer
at the interface) properties. We have categorized the most-
convincing candidates for flexible and stretchable electrode
materials (e.g., conducting polymers, low-dimensional carbons,
and structured metals) for flexible and stretchable perovskite
optoelectronics. To compare them precisely, we obtained a
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graphical summary of the flexibility parameters regarding PSCs
(Fig. 21). Flexible and stretchable electrodes composed of
conducting polymers and carbon materials turn out to yield
less degradation in bending tests to smaller bending radius,
and maintain higher power conversion efficiency than electro-
des that are composed of structured metals (i.e., Ti foil, Ti fiber,
TiO, nanowire, stainless steel fiber). The most reliable PSC with
a high bending cycle under a harsh bending environment is the
coaxial all-solid-state fiber-shaped PSC that uses CNT fibers
(CNT fiber/compact n-TiO,/m-TiO,/MAPDI; ,Cl,/P3HT/SWNT/
Ag NWs/CNT fibers); however, it has a lower PCE than the
others due to processing limitations with a small contact area
between the two coiled CNT fiber electrodes. As a consequence,
only few candidates of conducting polymers (i.e., PEDOT:PSS with
additives), carbon materials (i.e., graphene or CNT films) and
silver nanostructures (i.e., Ag fibers/wires/mesh) can achieve the
necessary electrical characteristics and flexibility for flexible per-
ovskite optoelectronics. Furthermore, conducting polymers are
more easily able to achieve a stretchable electrode with an
industry-compatible fabrication process than the others.

PeLEDs that use a flexible electrode composed of conducting
polymers and carbon materials also yield higher quantum
efficiency and less degradation in bending tests than those of
metal electrodes. These characteristics occur because the con-
ducting polymer and carbon electrodes improve not only the
flexibility or stretchability but also the optoelectronic charac-
teristics of PeLEDs. Release of metallic species from metal or
metal oxide electrodes into the overlying perovskite layers
causes quenching of excitons and low efficiency of PeLEDs,
and the low resilience of metal electrodes to bending and
stretching stress causes limited efficiency of solar cells; how-
ever, conducting polymers (e.g., PEDOT:PSS PH1000) and car-
bon electrodes (e.g., graphene sheets) simultaneously fulfil
bending reliability and optoelectronic performance. Compared
to the diverse results of PSCs with flexible electrodes that use
metal foils and fibers, the devices that use PEDOT:PSS PH1000
or graphene sheets show outstanding and consistent resistance to
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bending degradation at small bending radius. These conclusions
indicate that electrode materials composed of conducting polymers
and low-dimensional carbons are the most promising for commer-
cialization of flexible and stretchable PSCs and PeLEDs, because of
their mechanical stability and optoelectronic performance.

The up-scaling of flexible/stretchable electrodes and device
fabrication techniques is essential for realization of practical
device applications. The up-scaling of an electrode film gen-
erally increases its sheet resistance and electrical uniformity,
thereby increasing the operating voltage and decreasing device
efficiencies in large area devices. Furthermore, the large-area
thin film fabrications of perovskite active layers likely contain
more defects and a loss in film homogeneity;'** thus, the device
performance including the PCE and luminous efficiency is
deteriorated in large area devices. Therefore, large area produc-
tion of electrodes and perovskite active materials should be
further developed with compatible roll-to-roll fabrication tech-
niques (e.g., blade coating, inkjet printing, and spray coating)
with flexible/stretchable electrode materials.

Environmental stability of devices is one of the challenges in
MHPs. Particularly, mechanical strain of flexible/stretchable
devices likely form cracks in the active materials, which accel-
erates perovskite material degradation. Cracks and grain
boundaries in polycrystalline thin films can provide an ingres-
sion path for molecules such as moisture and oxygen,"*® so
high-quality perovskite crystal growth with fewer defects and
proper manipulation of grain boundaries are also required for
practical operational stability of flexible/stretchable perovskite
optoelectronic devices. In addition, a mechanically-robust flex-
ible/stretchable encapsulation technique with a low water-
vapor-transmission-rate also has to be developed for flexible
and stretchable MHP optoelectronics.

Apart from the MHP active materials and electrodes, the
charge transport materials for flexible/stretchable MHP based
optoelectronics are particularly required to show more durable
electrical and mechanical properties against high strain. Also,
the underlying charge transport materials should be further
developed to provide a proper template for less-defective per-
ovskite growth, and the interface between the charge transport
materials and MHP active materials should be further studied
to render minimized interfacial charge carrier traps and non-
radiative recombination paths.

Materials for flexible/stretchable substrates are also needed for
high-performance PSCs and PeLEDs because the flexibility and
stretchability of optoelectronic devices largely depend on their
substrate materials. The appropriate substrate (e.g;, PET, PI, thermo-
plastic polyurethane, SEBS, PDMS, stretchable resin, or paper) affects
not only the mechanical robustness but also the optoelectronic
performances of PSCs and PeLEDs. The desired substrates should
have mechanical stability, a smooth surface morphology, high
optical transparency, and high-temperature tolerance as well.
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