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Poly(3,4-ethylenedioxythiophene):poly(styrenesulfonate) (PEDOT:PSS) materials have emerged as

promising metallic conductors and semiconductors in photovoltaics, light-emitting diodes,

thermoelectrics, photodetectors and strain sensors. PEDOT:PSS serves as flexible transparent electrodes,

hole transporting/injection layers, thermoelectric layers, perovskite hybrid components, motion- and

temperature sensors and stretchable conductors, and it remains the research frontiers of the modern

electronics. This review first introduces the basic principles of the functionalized films and their current

research status. It illustrates the approaches to raise the optoelectrical and thermoelectrical properties,

work function, stretchability, stability and wettability of the films. Then, the cutting-edge progresses on

the aforementioned devices are highlighted. The underlying mechanism of device performance

enhancements are illustrated. Besides, striking advantages but plausible issues are also pointed out.

Finally, perspectives, challenges and suggestions are put forward to promote a true implementation of

the optoelectronics and thermoelectrics. This featured review raises the awareness of the importance of

the relationships between PEDOT:PSS properties and device performances. It guides the continued

developments of the modern electronics.
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1. Introduction

Efficient photoelectric and thermoelectric energy conversions
with exibility and stretchability merits are driving the modern
electronics. To maintain a competitive advantage in the elec-
tronic market, it is essential to produce a conductive and semi-
conductive material for the electronic integration. Poly(3,4-
ethylenedioxythiophene):poly(styrenesulfonate) (PEDOT:PSS)
is a classic electrically conducting polymer (CP) that has the
fascinating merits of superior opt-electrical properties of metals
or semiconductors, adjustable work function, high thermo-
electric properties, good mechanical exibility and stretch-
ability, high thermal stability, and aqueous solution-
manufacturing.1–10 PEDOT:PSS is regarded as the most
successful CP which has been very widely applied in the elds of
photovoltaics (PVs), displays, thermoelectrics, touch sensors,
and exible and stretchable electronics.11–20 These elds give
rise to considerable demands of organic solar cells (OSCs),21–28

perovskite solar cells (PSCs),29–34 perovskite photodetectors
(PPDs),35–40 light-emitting diodes (LEDs),41–48 polymer-type
thermoelectrics (TEs),47–53 intelligent robotics and health
monitors,54–58 transistors,59–65 and so on. In these modern elec-
tronics, this CP material can serve as exible transparent elec-
trodes (FTEs), hole transporting layers (HTLs), hybrids with
perovskites, hole injection layers (HILs), thermoelectric layers,
motion and temperature sensors, electroactive layers, and
stretchable conductors. In the past 20 years, Ouyang et al. have
made plenty of pioneer works regarding doping treatments of
the PEDOT:PSS and polystyrene for high optical-, electrical-,
thermoelectrical- and mechanical-properties.66–90 Since 2012,
Fan et al. have devoted much effort to high-quality depositions
of the PEDOT:PSS and MoO3 HTLs and chemical modications
of the PEDOT:PSS electrodes for high electrical conductivity (s),
large elongation, high work function (4), high sensitivity to
tensile strain (3), and promoted electrical and electrochemical
stabilities.91–110 As a result, memory devices, fully solution-
processed exible OSCs, stable inverted PSCs, stable colloidal
quantum-dot LEDs, polymeric TEs, and plastic and durable
strain sensors were subsequently realized; and new concepts of
these unprecedented devices were proposed as well.66–110
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A series of PEDOT:PSS aqueous solutions are developed
using the product names of Clevios™ by Heraeus, Orgacon™
by Agfa, etc. Table 1 summarizes the product information of the
commonly used types of the PEDOT:PSS dispersions along with
their multifunctional applications. Among them, the chosen
PEDOT:PSS aqueous solutions (Clevios™) are very widely
employed to prepare exible and stretchable electrodes
(Clevios™ PH500,104 PH510,105,106 and PH1000 commonly used)
and hole transporting/injection layers (Clevios™ P VP AI 4083,
Solar, and P VP8000 (ref. 107 and 108) generally employed) in
lab-size electronics. The PEDOT:PSS can be very cheap if it is
produced in large scale, and the PEDOT:PSS lms have emerged
as exible or stretchable transparent electrodes with a superior
s, stable HTLs or HILs with an adjustable 4, hybrid components
in PPDs, active TE layers, motion- and temperature sensors with
high gauge factors and broad sensing regions, which have
enabled emergent and promising applications that no other
materials could achieve.

As a complex composed of substituted polythiophene and
polyanionic compounds, as-cast PEDOT:PSS lms have high
uniformity and smoothness when coated on either rigid glass or
thermoplastic substrates. Upon chemically doping treatments,
the PEDOT:PSS thin lms exhibit a high optical transparency
(T%) over 92% at l = 550 nm with 30–40 nm thickness,106,107

tunable electrical conductivity of 10−3 to 103 S cm−1, adjustable
work function of 4.7–5.3 eV, high Seebeck coefficient (S) ofz50
mV K−1,48 superior mechanical exibility and large tensile strain
of at least 20%. Inspiringly, the highest electrical conductivity
and maximum tensile strain of the PEDOT:PSS lms has been
promoted to the best of all commercial products to date, beyond
4000 S cm−1 and 100%, respectively.8,94,98,99 Since much effort
has been devoted to the PEDOT:PSS materials that play a key
Fig. 1 Schematic diagram of PEDOT:PSS applications in various optoele

This journal is © The Royal Society of Chemistry 2023
role in each modern electronic, it brings PEDOT:PSS close to
practical adaptations.

Several critical reviews were published with regard to PEDOT
synthesis, understanding of PEDOT:PSS properties and an
integration of OSCs, PSCs or TEs.111–118 Such reviews gave an
overview of the regulations of the electrical, optoelectrical or
thermoelectric properties, but there is still a much room not
only for a fundamental understanding of the metallic
PEDOT:PSS and semiconductors, but also for a substantial raise
in the lm properties (s, 4, S, 3, sensitivity, stability, durability,
wettability, etc.) that dominate the device performances.
Furthermore, considering (i) a great universality of the modi-
cation methods of PEDOT:PSS for potentially guiding other
device construction despite the different roles of the
PEDOT:PSS lms played in these OSCs, PSCs, PPDs, LEDs, TEs,
strain sensors and exible and stretchable electronics; (ii) fast
developments and signicant breakthroughs of the aforemen-
tioned electronics especially achieved in the last 4 years; and
(iii) a substantial lack of a featured review that can focus on the
cutting-edge methods and strategies and regulation mecha-
nisms of the PEDOT:PSS properties, which are strictly required
by the various modern electronics. Therefore, it become
reasonable, emergent and critical to make a panoramic review
with a specialized category introduced below.

In the review, we rst present the fundamental basis on the
optoelectrical-, thermoelectric-, mechanical- and wettability-
properties, work function, stability as well as charge-transfer
underlying mechanisms of the PEDOT:PSS materials. Then, it
indeed provides a broad overview of the signicant break-
throughs and most cutting-edge progresses on the modern
electronics including OSCs, PSCs, PPDs, TEs, LEDs, strain
sensors, and exible and stretchable devices (Fig. 1). According
ctronic and thermoelectric devices discussed in the review.
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to the category of each device and the key role of PEDOT:PSS
which plays in each device, the sections are divided briey into
ve parts: (i) cutting-edge fabrication approaches of the
PEDOT:PSS electrodes used in ITO-free and exible OSCs, (ii)
modication methods of the PEDOT:PSS HTLs along with
broad applications in inverted PSCs, (iii) three-type PEDOT:PSS
lms (i.e., hybrids, HTLs and FTEs) for halide perovskite
photodetectors, (iv) strategies to raise thermoelectric properties
of PEDOT:PSS and its components, and (v) means to prepare
conductive, stretchable and motion-sensitive PEDOT:PSS
conductors for these stretchable electronics involving strain
sensors, stretchable optoelectronics and thermoelectrics. All
the methods to regulate the PEDOT:PSS properties are system-
atically summarized, directly linking them to the underlying
mechanisms of the performance enhancements of the modern
electronics. Finally, challenges, outlooks and suggestions on
both developments of emergent PEDOT:PSS materials and as-
integrated modern electronics are illustrated at the end of the
review.
2. Fundamental considerations for
PEDOT:PSS electrodes in OSCs

Indium tin oxide (ITO)-free and exible OSCs have stimulated
tremendous attentions during the past decade. The exible
OSCs are commonly composed of an active layer sandwiched
between a transparent electrode coated with a HTL and a metal
negative electrode coated with a low-work-function ETL.
PEDOT:PSS is one of the most representative FTEs owing to its
good conductivity, high optical transmittance, superior exi-
bility, high uniformity, and low roughness. Since such highly
conductive PEDOT:PSS transparent electrodes were attained
through using the 1.0 M sulfuric acid (H2SO4) treatment73 by
Ouyang et al. in 2012, a tremendous effort had been devoted to
the polymer electrode preparation and exible OSC construc-
tion. On the basis of an optimal PEDOT:PSS FTE, the single-
junction normal exible OSCs based on binary active layers
exhibited a record-high power conversion efficiency (PCE) of
16.61% reported by Fan et al. in 2021.94

A crucial factor in FTE performances is an electrical property.
The electrical property of a thin lm is generally evaluated by
the sheet resistance (Rsh) and s using a van der Pauw four-point
probe technique, Rsh = pR/ln 2, s= Rsh/L, where R is the voltage
between AB contacts to CD contacts (A, B, C and D are the four
points of a square); s is electrical conductivity; and L is the lm
thickness. In order to achieve a high s, PEDOT crystallization,
phase-segregated morphology and PEDOT/PSS ratios in
matrices should be considered together with respect to the
electrode preparation. The PEDOT crystallization is mostly
determined by a structural conformation, which means a high
electrical conductivity that mostly arises from an evolution of
PEDOTs from benzoid structures to quinoid structures.119–121 A
favorable phase-segregated morphology is induced by a weak
coulombic attraction between PEDOT and PSS. While a low
PEDOT/PSS ratio in the polymer matrices rather than only upon
the surfaces demonstrates a lower sulfonate component, and it
18564 | J. Mater. Chem. A, 2023, 11, 18561–18591
results in a high electrical conductivity because PSS is an
insulating component.

In this section, we focus on the cutting-edge doping treat-
ments and unique processing technologies that substantially
raise the conductivity, work function and wettability of the
PEDOT:PSS FTEs. Progresses on ITO-free exible OSCs are
highlighted briey, and suggestions are provided for the
continued developments of both CP electrodes and exible OSCs.
2.1. Secondary doping with HClO4 and CF3SO3H

In 2020, perchloric acid (HClO4) treatments are proposed for
the rst time by Fan et al. to chemically dope the PEDOT:PSS
(Clevios™ PH1000) thin lms as a FTE.99 As the strongest
inorganic acid with ultrahigh acidity (pKa: −10) over those of
H2SO4 (pKa: −3.0) and methanesulfonic acid (CH3SO3H, pKa:
−1.9), the HClO4 treatments can provide a strong protonation of
hydrogen ions (H+) to insulating PSS chains, thereby resulting
in a high electrical conductivity. This optimal 0.1 M HClO4

treatment endowed the PEDOT:PSS electrodes withz32 U sq−1

sheet resistance, 90.4% transmittance at l = 550 nm, and
a better wettability towards the HTL droplet. The high wetta-
bility was due to a sulfonate-rich hydrophilic component on the
electrode surfaces and a unique spray-coating of HClO4 ultra-
thin layers that bonded between the PEDOT:PSS electrodes and
PEDOT:PSS (Clevios™ P VP AI 4083) HTLs. Consequently, it led
to a small contacting angle (q) of only 17° for an intimate
interface contact. Besides, the HClO4 molecules induced a high
work function (estimated value: 5.39 eV) for the PEDOT:PSS
lms via a polarization effect, owing to the polar chlorine–
oxygen bonds of HClO4 with uncoupled charge centers. There-
fore, a small potential barrier was induced at the interfaces
through minimizing the energy level mismatch among the
FTEs, HTLs and electron donors of active layers. As a result, the
fully solution-processed exible OSCs exhibited a 16.41% effi-
ciency on the basis of a binary active layer of PM6:Y6 (Fig. 2a).

In 2021, Fan et al. proposed a low-temperature (50 °C) and
low-concentration (0.8 M) triuoromethanesulfonic acid
(CF3SO3H) treatment for constructing a fully solution-processed
exible OSC (Fig. 2b).94 CF3SO3H is a super acid with an ultra-
high acidity (pKa: −15) and it provides a strong protonation of
H+ into PSS for high conductivity and better morphology. Owing
to a polarization of polar carbon–uorine (C–F) covalent bonds
of CF3SO3H with uncoupled charge centers, the PEDOT:PSS
lms had a raised work function of up to 4.99 eV. The 0.8 M
CF3SO3H treatment at 50 °C induced a low sheet resistance of
z35 U sq−1, a transmittance of 87.5% at l = 550 nm, a high
work function of 4.99 eV and a superior hydrophilicity with q of
23.5°. The optimized exible OSCs exhibited the highest PCE of
16.61% (Fig. 2b). To the best of our knowledge, 16.61% is the
highest PCE for single-junction ITO-free normal exible OSCs
with binary active layers reported thus far. Notably, both HClO4

and CF3SO3H treatments are indeed gentle and effective,
consequently, the photovoltaic cells showed a high exibility
and a good thermal stability in a 200 hours thermal processing
at 85 °C, i.e., a decrease by 9.1% in PCE in the thermal stability
test. These optimal acid recipes open a methodology to invent
This journal is © The Royal Society of Chemistry 2023
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Fig. 2 (a) (i) Inter-molecular interactions among PEDOT, PSS and HClO4; (ii) XRD spectra of the pristine and HClO4-treated films; (iii) wettability
of the droplets (P VP AI 4083) on the pristine and 0.1 M HClO4-treated electrodes; and (iv) J–V characteristics of flexible OSCs with the
PEDOT:PSS electrodes (active area: 0.3 cm2). Reproducedwith permission.99 Copyright 2020, Royal Society of Chemistry. (b) (i) Sheet resistances
of the PEDOT:PSS electrodes; (ii) morphology of PEDOT:PSS nanoparticles; (iii) energy levels of the device components; and (iv) J–V charac-
teristics of flexible OSCs with PEDOT:PSS and ITO electrodes (active area: 0.04 cm2), and the rigid OSCs fabricated on ITO/glass substrates.
Reproduced with permission.94 Copyright 2021, Springer Nature.
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high-performance fully solution-processed exible OSCs based
on strong acid and super acid-treated PEDOT:PSS FTEs. Table 2
summarizes the photovoltaic characteristics of the ITO-free
exible OSCs based on PEDOT:PSS electrodes and metal elec-
trodes reported recently.
2.2. Shearing technologies for thin lm fabrication

A solution-shearing technology differs from conventional spin-
coating ones and spray-coating ones, and it allows for a kinetic
control over lm morphology, composition and anisotropy via
controlling the blading rate and temperatures of rigid
substrates such as glass and silicon. Bao et al.3 reported
a PEDOT:PSS electrode deposited by solution shearing at 130 °
C. The PEDOT:PSS lms were deposited at 65–85 °C on
a temperature-controlled shearing stage; then, the lms were
placed on a hotplate at 130 °C, followed by dropping methanol
on PEDOT:PSS tops. The solution-sheared PEDOT:PSS lms
were thermally annealed, cooled to room temperature, and
rinsed with methanol. The specic control over deposition
conditions allows for a tunable phase separation and a prefer-
ential PEDOT backbone alignment, thereby leading to a high
conductivity. The solution-sheared electrodes showed more
prominent well-dened bers which were more elongated at
a faster shearing speed of 3.0 mm s−1.

A local segmental chain dynamic is affected by the viscosities
of polar solvents,122 such as methanol, ethylene glycol (EG), and
ethanol (EtOH). For example, the solvation of PSS is sensitive to
the viscosities of the chosen polar solvents. Through adjusting
the PSS solvation and structural rearrangement of PEDOT,
a special shearing treatment using two solvents may induce
This journal is © The Royal Society of Chemistry 2023
PEDOT-rich domain ordering. On the principles, Bao et al.123

proposed a solvent-shearing technology using two solvents
(methanol : EtOH = 1 : 1) that resulted in a highly conductive
PEDOT:PSS electrode. The solvent-sheared PEDOT:PSS lms
were prepared by solution shearing (90 °C and 1.5 mm s−1) and
subsequently treated by the sheared solvents at 90 °C in
ambient air. This shearing deposition induced a larger PEDOT/
PSS ratio, which was attributed to the partial removals of PSS
and the improved p–p stacking of the PEDOTs.

It is suggested that all of the parameters (thickness, unifor-
mity, sheet resistance, and gure of merit) of each solvent-
sheared lm should be rigorously measured for precisely esti-
mating the electrical conductivity. A main consideration is that
the manufacturing processes of solvent-sheared lms are rather
complicated, at least involving solution-shearing, solvent-
shearing, pre- and post-thermal annealing, and submerging in
solvents. Film deposition quality, uniformity and thickness are
sensitive to blading parameters, evaporation rates of solutions
and solvents, ambient air conditions and storage times. In
addition, on the basis of these PEDOT:PSS electrodes with
superior conductivity, highly efficient lab-scale photovoltaic
cells should be realized. The high photovoltaic performances of
the photovoltaic cells not only can verify the reproducibility of
the high-merit transparent electrodes, but also exemplify the
great superiority of the most cutting-edge electrode preparation
methods in terms of raising the charge extraction.
2.3. Layer-by-layer doping treatments

The electrical conductivity of the PEDOT:PSS lms has been
enhanced by the treatments of secondary polar solvents, strong
J. Mater. Chem. A, 2023, 11, 18561–18591 | 18565
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acids, ionic liquids, etc.37–39,73,124,125 Among these methods,
a strong acid treatment has emerged as one of the most effective
methods to boost the lm conductivity. One reason is the large
removal of insulating PSS on the surfaces of the CP lms.
However, it hardly made a large removal of PSS from the whole
PEDOT:PSS matrices, especially from the bottom half of the
matrices. As such, the PEDOT:PSS transparent electrodes tend
to exhibit a limited opto-electrical trade-off with a gure of
merit (FoM) of <80.98

A unique layer-by-layer (LBL) doping not only makes the
large removals of PSS in the whole matrices rather than on the
surfaces, but also induces a better phase-segregated
morphology extruding large-domain aggregates. In 2020, Fan
et al. proposed a unique LBL co-doping method that substan-
tially improved the optical and electrical properties of the
PEDOT:PSS electrodes coated on glass substrates.98 The
PEDOT:PSS electrodes exhibited a record-high FoM of z100,
which was due to (i) the effective doping of the PEDOT:PSS
matrices for a high hole concentration (7.25 × 1021 cm−3) and
hole mobility (3.62 cm2 V−1 s−1), (ii) a large removal of the
insulating sulfonate components in matrices, and (iii) a rened
phase-separated morphology without large-domain aggregates.
On the basis of the LBL-treated PEDOT:PSS electrodes,
a vacuum-free, all-solution and all-air processed OSC yielded
a high PCE of 11.12%. To clearly describe the morphological
evolution and structural rearrangement of the electrodes, the
schematic diagrams of the models were illustrated (Fig. 3a). It
explains why the LBL-treated CP electrodes have the
outstanding optoelectrical properties over the conventional
ones with secondary polar solvent or strong acid treatments.
Generally, with the conventional strong acid treatments, the
lms which consist of small aggregates have many rened
PEDOT-rich nanobrils on the top half. An achievement of
ordered stacking of PEDOT could be induced by the strong acid
treatments.125 Aer the unique LBL doping treatment, more
PEDOT-rich nanobrils are induced from the coiled deforma-
tions to the linear/extended-coil deformations. Besides, it
largely reduced the insulating PSS components in the whole
matrices including the front and rear sides (Fig. 3b). As a result,
the CP electrodes not only yielded the record-high FoM of up to
100 along with s of 4200 S cm−1, but they also showed an
enhanced electrical stability and a much better electrochemical
stability under a cyclic voltammetry testing in anhydrous
dichloromethane while using 0.1 M Bu4NPF6 as an electrolyte.

The limited electrical conductivity of PEDOT:PSS FTEs is
a remaining major challenge of the PEDOT:PSS FTEs at present.
Although many approaches dramatically improve the conduc-
tivity over 4000 S cm−1, such a lm conductivity still lags far
behind the estimated values (13 000 (ref. 121) and 16 600 (ref.
91) S cm−1) of the commercial ITO electrodes sputtered on glass
substrates; furthermore, most of strong acid treatments re-
ported previously were corrosive to underlying metallic nano-
wires and grids. Therefore, novel recipes for strong acid
treatments and other acid-free doping treatments should be
developed to further improve the CP conductivity and such
methods need to be compatible with most of underlying ther-
moplastic substrates and the component transparent electrodes
This journal is © The Royal Society of Chemistry 2023
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Fig. 3 (a) Schematic diagram of morphology of the acid-treated films and LBL-treated films, respectively. (b) Fitted S 2p XPS Spectra of the front
and rear sides of the PEDOT:PSS films: (i) the acid-treated PEDOT:PSS films at spin coating of 1800 rpm; and (ii) the acid and EG co-treated
PEDOT:PSS films at spin coating of 3500 rpm. Reproduced with permission.98 Copyright 2020, Wiley-VCH.
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that consist of the CPs and metal nanowires or grids. The
improvement of the underlying mechanisms of both stability
and exibility enhancements for the photovoltaic cells should
be sought in the future.
3. Fundamental considerations for
PEDOT:PSS HTLs in PSCs

Perovskite solar cells have been on the forefronts of novel
photovoltaics over the past decade.126–129 The perovskites are
a category of compounds with the structure of ABX3, where A is
organic cations including CH3NH3

+ (MA+) and HC(NH2)2
+ (FA+),

B is Pb2+ or Sn2+, and X is a halogen anion such as I−, Br−, and
Cl−. The perovskite layers exhibit excellent optoelectronic
properties such as a wide visible light absorption spectrum,
high absorption coefficient, high charge carrier mobility, low
exciton binding energy, high defect tolerance, and long electron
and hole diffusion length. The current champion of the PSCs
exhibited an inspiring PCE as high as 26.08% (certied 25.73%)
under standard illumination.127 The single-junction PSCs have
two types of structures: conventional ones and inverted ones.
The conventional one involves a bottom ETL of metal-oxides
such as titanium dioxide (TiO2) and tin dioxide (SnO2) coated
onto ITO lms. The inverted one involves a bottom HTL coated
on ITO lms, such as PEDOT:PSS, polybis(4-phenyl)(2,4,6-
trimethylphenyl)amine (PTAA), and poly(3-(4-
This journal is © The Royal Society of Chemistry 2023
methylamincarboxylbutyl)thiophene) (P3CT-N). The inverted
PSC devices have the striking advantage of negligible device
hysteresis; meanwhile, the harsh sintering treatments at high
temperatures can be extruded in the device fabrication.

In the inverted PSCs, a HTL should have a high work func-
tion, good wettability and suitable electrical conductivity as
minimum requirements. The work function of the HTLs can be
conrmed by ultraviolet photoelectron spectra (UPS), 4 = hn +
Ecutoff − EFermi, where Ecutoff and EFermi is the low kinetic energy
cutoff and Fermi level, respectively. A hydrophilic PEDOT:PSS
HTL facilitates the target formation of perovskite crystallinity
consisting of large grains. Owing to an adjustable electrical
conductivity, high work function and high solubility, the
PEDOT:PSS (Clevios™ P VP AI 4083) products are the promising
HTL and HIL materials used to fabricate the currently existing
photovoltaics and LEDs, respectively.

A modied PEDOT:PSS lm can have 4 of 4.7–5.3 eV. A high
4 of the HTLs allows for a formation of ohmic contacts and it is
favorable for hole transport from the perovskite layers to the
transparent electrodes. The work function of the CP HTLs
depends on the PEDOT:sulfonate ratios, electron withdrawing
groups (e.g., –Cl, –F, –Br, –SO3

−) of dopants, PEDOT crystal-
linity, etc. The section provides an overview of signicant
progresses on both modied PEDOT:PSS HTLs and inverted
PSCs. Approaches to tune the properties of the PEDOT:PSS
HTLs are clearly introduced. The underlying mechanisms for
J. Mater. Chem. A, 2023, 11, 18561–18591 | 18567
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enhancement of device-efficiency and some related suggestions
are illustrated as well.
3.1. Sulfonate treatments

Typically, exciton quenching occurs at the interfaces between
PEDOT:PSS (Clevios™ P VP AI 4083) HTLs and halide perovskite
layers, and thus, it delays the device efficiency via a radiative
recombination of charge carriers. Ding's group reported
a PEDOT:PSS (P VP AI 4083) HTL that was treated by the poly-
mer electrolyte of sodium polystyrene sulfonate (PSSNa) to
improve its work function.130 Compared to that of the pristine
one, the work function of the PSSNa-treated PEDOT:PSS HTL
was higher by 0.3 eV, which led to an open circuit voltage (VOC)
of 1.11 V and a PCE of 15.56% (Fig. 4a). Subsequently, Zang's
group employed sodium benzenesulfonate (C6H5SO3Na) to
modify the PEDOT:PSS (P VP AI 4083) HTLs.131 It led to a smooth
surface of the PEDOT:PSS HTLs as well as a better energy level
alignment with the perovskite crystalline layers. Besides, the
C6H5SO3Na treatment raised the hole extraction capacity and it
suppressed charge recombination, thereby increasing the grain
size and crystallinity of the MA0.8FA0.2PbI3−xClx perovskite lms
(Fig. 4b). Consequently, the PCE and VOC of the inverted PSCs
were improved to 19.41% and 1.08 V, respectively, which are
higher than those (PCE: 18.07% and VOC: 1.04 V) of the control
inverted PSCs without the C6H5SO3Na treatment. It should be
also mentioned that sulfonate treatments caused rich sulfonate
components in PEDOT:PSS matrices, presumably resulting in
a stability issue of the PSCs due to the strong intrinsic hygro-
scopicity of the sulfonate components. Therefore, a small
doping content of the sulfonates is critical for an adaptation of
Fig. 4 (a) UPS of PEDOT:PSS and m-PEDOT:PSS films; energy level diag
PEDOT:PSS (1 : 2) as the HTL. Reproduced with permission.130 Copyright 2
active layers deposited on PEDOT:PSS with C6H5SO3Na (9 mg mL−1); and
(0, 3, 9 and 15 mg mL−1). Reproduced with permission.131 Copyright 202

18568 | J. Mater. Chem. A, 2023, 11, 18561–18591
the inverted PSCs based on the PEDOT:PSS HTLs with
promoted stability against humidity and ultraviolet lights.
Besides, with respect to the sulfonate treatments, other
concentrations and small gradients especially between 3 and
15mgmL−1 should be used for the PSC device optimization. We
envision that a similar treatment using the sulfonates (e.g.,
CF3SO3Na) involving electron withdrawing groups may further
raise the work function and morphology of the PEDOT:PSS
HTLs for a better photovoltaic cell.
3.2. Sodium- and cesium salt treatments

To illustrate the signicant effect of the PEDOT:PSS HTL
modications on PSC performances, Hu et al.132 reported an
effective and simple treatment by adding 5 mg mL−1 sodium
chloride (NaCl) into the PEDOT:PSS (P VP AI 4083) aqueous
solutions. The PCE of the inverted PSCs based on the NaCl-
doped HTLs was much higher than that of the control solar
cells with the pristine PEDOT:PSS HTLs (Fig. 5a). Note that the
best PSCs delivered a PCE of up toz18.2% with a ll factor (FF)
as high as 0.800. The high PCE is attributed to two factors as
follows: (i) a raised electrical conductivity and hole extraction of
the NaCl-treated PEDOT:PSS HTLs and (ii) a preferred orienta-
tion along the (001) direction of the uniform perovskite lms on
the NaCl-treated PEDOT:PSS HTLs. Subsequently, Jiang et al.133

developed a similar strategy through doping the PEDOT:PSS
with cesium iodide (CsI). The CsI treatment reduced the voltage
loss and it enabled a high-efficiency inverted PSC based on the
PEDOT:PSS HTLs. CsI materials reacted with the PbI2 materials.
This chemical reaction not only led to a formation of CsPbI3 but
also induced a better interfacial contact for charge-carrier
ram of the PSCs; and J–V curves of the PSCs with PEDOT:PSS or m-
017, Wiley-VCH. (b) Energy level diagram of devices; SEM of perovskite
J–V curves of the devices with the PEDOT:PSS HTLs with C6H5SO3Na
1, Wiley-VCH.

This journal is © The Royal Society of Chemistry 2023
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Fig. 5 (a) (i) PSC architecture; (ii) SEM images of perovskite films deposited on pristine PEDOT:PSS and NaCl-PEDOT:PSS; and (iii) J–V curves of
the PSCs with pristine or NaCl-doped PEDOT:PSS. Reproduced with permission.132 Copyright 2017, American Chemical Society. (b) (i) Cs 3d XPS
binding energy; (ii) energy level diagram of the PSCs and UPS binding energy of PEDOT:PSS films with and without CsI; and (iii) J–V curves of
inverted PSCs processed with PEDOT:PSS containing CsI in different concentrations. Reproduced with permission.133 Copyright 2019, Royal
Society of Chemistry. (c) (i) PSC architecture; (ii) energy level diagram of the PSCs and UPS binding energy of PEDOT:PSS films; and (iii) J–V curves
of the inverted PSCs. Reproduced with permission.134 Copyright 2019, American Chemical Society.

Review Journal of Materials Chemistry A

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

8 
 2

02
3.

 D
ow

nl
oa

de
d 

on
 1

9.
07

.2
02

5 
04

:5
8:

28
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n 
3.

0 
U

np
or

te
d 

L
ic

en
ce

.
View Article Online
transport. The CsI-treated PEDOT:PSS HTLs enabled a better
PSC with a non-radiative voltage loss of 0.287 V, which was
superior to the control device with a non-radiative voltage loss
of 0.375 V. The best inverted PSCs exhibited a small voltage loss,
a high PCE of up to 20.22%, a VOC of 1.084 V and almost no
hysteresis; whereas the control ones with the pristine
PEDOT:PSS HTLs just delivered a PCE of 16.57% (Fig. 5b). In the
future, the effective treatments using CsF, NaF and NaI and
combined treatments using the salts and bases can be devel-
oped to make the PEDOT:PSS HTLs. Through optimizing the
doping concentrations, doping temperatures and processing
times, both high-4 PEDOT:PSS HTLs and high-quality perov-
skite layers have a high probability of achievement for exciton
dissociation and charge-carrier transport, thereby leading to an
improved PCE of the inverted PSCs.

Recently, Song's group added sodium citrate into the
PEDOT:PSS aqueous solutions for PEDOT:PSS HTL prepara-
tion.134 The sodium citrate treatment increased the work function
of the HTLs and itmade the valence band of perovskite absorbers
compatible with the HTLs; besides, upon the sodium citrate
treatments, the grain sizes of the perovskite crystals became
larger when deposited on the PEDOT:PSS HTLs; meanwhile the
perovskite layers were more uniform. On the basis of the sodium
citrate-treated PEDOT:PSS HTLs, the PCE of the CH3NH3PbI3(Cl)-
based PSCs largely increased from 15.05% to 18.39%. The PCE
enhancement originated from a simultaneous increase in VOC,
short-circuit current density (JSC) and FF (Fig. 5c).
This journal is © The Royal Society of Chemistry 2023
3.3. F4-TCNQ treatment

A surface-modication strategy has emerged to raise the work
function and electrical conductivity of the PEDOT:PSS HTLs.
For example, Liu et al.135 investigated the effects of a p-type
dopant 2,3,5,6-tetrauoro-7,7,8,8-tetracyanoquinodimethane
(F4-TCNQ) on the optoelectrical properties of PEDOT:PSS
HTLs and the photovoltaic parameters of inverted PSCs. Aer
adding 0.30 wt% F4-TCNQ into the PEDOT:PSS aqueous solu-
tions, the PEDOT:PSS HTL showed a lower highest occupied
molecular orbital (HOMO) level for a high work function of
5.24 eV, and the lm exhibited an enhanced conductivity of
0.136 S cm−1. Notably, the favorable energy level alignment and
the enhanced conductivity of the F4-TCNQ-doped lms allow an
efficient carrier transport from the perovskite layer to the HTL.
As a result, the inverted PSCs with the 0.30 wt% F4-TCNQ-doped
PEDOT:PSS HTL yielded a PCE of 17.22%, which was much
higher than that (13.30%) of the control PSCs (Fig. 6).

Owing to the strong electron withdrawing capability of the
uorine atoms of F4-TCNQ, it is captured from the PEDOT
materials to increase the number of molecular holes of the poly-
mer matrices. We advise that other p-type molecules involving
uorine atoms, such as 2,2′-(peruoronaphthalene-2,6-diylidene)
dimalononitrile (F6-TCNNQ) and 2,5-tetrauoro-7,7,8,8-
tetracyanoquinodimethane (F2-TCNQ), can be used to modify
the PEDOT:PSS lms for an efficient charge transfer and a high
device efficiency in the future. Besides, it is suggested that
J. Mater. Chem. A, 2023, 11, 18561–18591 | 18569
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Fig. 6 (a) Cross-sectional SEM of each layer with the chemical structures of F4-TCNQ. (b) Dependence of the film conductivity on the doping
concentration. (c) Film transparencies. (d) UPS of the PEDOT:PSS films. (e) J–V curves of the PSCs with the PEDOT:PSS HTLs. Reproduced with
permission.135 Copyright 2017, Royal Society of Chemistry.
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solution-processed metal oxide HTLs such as NiOx and MoO3

have a potential to improve the device efficiency and stability
through using the similar doping treatments mentioned above.
3.4. DMF, EMIC and urea treatments

Dimethylformamide (DMF) treatments can improve the elec-
trical conductivity of the PEDOT:PSS HTLs via reduction of the
Fig. 7 (a) 2DGIWAXSmeasurements of PEDOT:PSS films treated by differ
of the crystallite sizes, stacking distances, and the PEDOT ratios in PEDO
Open-circuit photovoltage-decay measurements. Reproduced with per

18570 | J. Mater. Chem. A, 2023, 11, 18561–18591
Coulomb interactions between PEDOT and PSS. Chen et al.136

employed the DMF-treated PEDOT:PSS HTLs and polymethyl
methacrylate (PMMA)-modied PCBM ETLs to establish
a charge-carrier balance in the p-i-n PSCs. The electrical
conductivity (z10−1 S cm−1) of the DMF-treated PEDOT:PSS
thin lms were higher than that (z10−3 S cm−1) of as-cast thin
lms. The higher conductivity of the PEDOT:PSS lms facili-
tated an interfacial contact between the perovskite layers and
ent solvents. (b) Sector integrals of the 2DGIWAXS data. (c) An overview
T:PSS films treated by different solvents. (d) J–V curves of the PSCs. e
mission.136 Copyright 2016, Wiley-VCH.

This journal is © The Royal Society of Chemistry 2023
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PEDOT:PSS HTLs. As shown in Fig. 7, the PEDOT crystal sizes
varied from 1.30 nm (as-cast ones) to 2.44 nm (DMF-treated
ones), and the large crystal size could be attributed to a diffu-
sion of the organic solvents into PEDOT:PSS matrices and a low
p–p stacking distance of PEDOTs.136,137 The resultant PSCs
yielded a high PCE of 18.72%. An inspiring result is that the VOC
had a slower photovoltage decay than the reference, suggesting
a lower charge-carrier-recombination rate and more balanced
charge-carrier transport.137

In terms of ionic liquid (IL) doping treatments, Zhou et al.138

developed a novel synergistic strategy that uses 1.5 wt% EMIC
(1-ethyl-3-methylimidazolium chloride) ionic liquid to modify
the PEDOT:PSS HTLs. It enables a HTL with an improved
electrical conductivity of up to 200 S cm−1, a relatively low work
function of 5.18 eV and a smooth surface. This doping treat-
ment helps to extent the carrier recombination life time and it
reduces the charge trap density of the perovskites. As a result,
the champion photovoltaic cells showed 20.06% PCE without
hysteresis (Fig. 8).

In order to improve the conductivity as well as work function
of the PEDOT:PSS HTLs, Elbohy et al.139 demonstrated a urea
treatment that effectively tuned the phase-separated
morphology of the PEDOT:PSS HTLs. Aer the urea treat-
ment, the coulombic interaction between the PEDOT and PSS
segments was dramatically decreased and it allowed for a better
phase separation between the conductive PEDOT and the
Fig. 8 (a) Configuration of an inverted PSC device and themolecular stru
films, and electrical conductivities of PEDOT:PSS HTL. (c) J–V curves of
HTL, and the best PSCs with both EMIC-PEDOT:PSS HTL and S-acetylt
Copyright 2019, Elsevier.

This journal is © The Royal Society of Chemistry 2023
insulating PSS regions. As a result, the 5 wt% urea-treated
PEDOT:PSS lms had a nanobril-like morphology; and the
lms showed an electrical conductivity of 12.75 S cm−1. In
contrast, the electrical conductivity was only 0.20 S cm−1 for the
pristine lms. The enhanced conductivity was mainly induced
by the better phase-separated morphology with the rich nano-
brils. Urea also inhibited the counter-ion exchange interaction
between the PEDOT:PSS and perovskites by transforming PSS-H
into PSS-NH4 for a better PSC. The device PCE was increased
from z14.4% to z18.8%.

3.5. Component strategies

It is promising to invent an efficient inverted PSC via employing
a component HTL that consists of PEDOT:PSS (P VP AI 4083),
metal oxides and organic materials (e.g., PTAA).140,141 For
example, Choi et al.140 reported a exible inverted PSC using
PEDOT:PSS (P VP AI 4083) and MoO3 as a component HTL. The
2.0 nm-thick thin layers of MoO3 enabled an efficient hole
doping into graphene electrodes. The PEDOT:PSS and MoO3

components had the suitable energy levels for effective hole
transport. The resultant PSCs showed a PCE ofz16.8% without
visible hysteresis, which was slightly lower than that (z17.3%)
of the control PSCs fabricated on ITO/glass. Next, Zang's
group142 proposed a facile passivation approach that employed
an ultrathin PTAA layer to passivate the interfacial and grain
boundary defects (Fig. 9). This PTAA is sandwiched between the
cture of EMIC. (b) UPS spectra of pristine and EMIC-treated PEDOT:PSS
the PCBM-based PSCs with the pristine and EMIC-treated PEDOT:PSS
hiocholine chloride passivation layer. Reproduced with permission.138

J. Mater. Chem. A, 2023, 11, 18561–18591 | 18571
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Fig. 9 (a) (i) Energy level diagram, and the typical J–V curves of the inverted PSCs, (ii) contact angles of the PEDOT:PSS HTLs modified by PTAA:
0 mg mL−1 (top) and 0.50 mg mL−1 (bottom) and (iii) SEM images of the perovskite films. Reproduced with permission.142 Copyright 2019, Royal
Society of Chemistry. (b) (i) the cross-sectional SEM image of the MAPbI3 inverted PSCs with the P2, (ii) AFM images of perovskite films on various
PEDOT:PSS substrates, and (iii) the PCE distribution of the inverted PSCs. Reproduced with permission.4 Copyright 2022, Wiley-VCH.
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perovskites and the HTLs to suppress interfacial recombination
and accelerate hole transfer. An energy band alignment was
realized by introducing this ultrathin PTAA layer. As a result, the
inverted PSCs yielded a considerably high PCE of 19.04% with
FF of 82.59% and JSC of 21.38 mA cm−2. In the future, the
methodologies of HTLs fabricated from composites of
PEDOT:PSS deserve further rigorous pursuit towards greater
improvement of for an energy band alignment and an intimate
contact at interfaces. The energy band alignment among
transparent electrodes, HTLs and perovskites can suppress the
interfacial recombination and accelerate the hole transfer,
resulting in a high PCE of the inverted PSCs.

Otherwise, Ma et al.143 introduced a triphenylamine-based
small molecule, N,N′-bis-(1-naphthalenyl)-N,N′-bis-phenyl-(1,1-
biphenyl)-4,4′-diamine (NPB), into the inverted PSCs as the
multifunctional buffer layer (Fig. 10). The NPB buffer layer
inserted not only restrains a formation of pin-holes and defects
of the perovskites, but also it reduces the energy level mismatch
between the perovskites and PEDOT:PSS HTLs. As a result, the
devices showed a reduced trap density and a prolonged carrier
18572 | J. Mater. Chem. A, 2023, 11, 18561–18591
lifetime, which led to an increase of the PCE from 15.4% to
18.4% without hysteresis. It should be mentioned that the
inverted PSCs with the NPB/PEDOT:PSS HTLs possessed a rela-
tively long-term stability under ambient air and under UV-light
irradiation, which was attributed to the superior moisture and
UV-light resistance of the NPB layers that shielded the
PEDOT:PSS bottom layers.

These aforementioned modication treatments and
component strategies signicantly improve the PCEs of the
inverted PSCs. Table 3 summarizes the photovoltaic character-
istics of the inverted PSCs based on the PEDOT:PSS HTLs re-
ported recently. In the future, a higher charge-carrier mobility
and a better balance between hole mobility (mh) and electron
mobility (me) are highly derisible for the development of highly
efficient and stable inverted PSCs; and we envision that the
high-performance photovoltaic cells will be realized by the
pathways, e.g., HTL and ETL co-modications, a perovskite
passivation, an insertion of insulating ultrathin layers (e.g.,
PMMA and Al2O3), etc. Finally, an ideal PEDOT:PSS HTL needs
to stabilize its electronic structure, electrical conductivity, work
This journal is © The Royal Society of Chemistry 2023
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Fig. 10 (a) (i) Energy level diagram and molecular structure of NPB; (ii) UPS of the PEDOT:PSS HTLs; and (iii) energy level alignment diagrams at
PEDOT:PSS/MAPbI3 and PEDOT:PSS/NPB/MAPbI3 interfaces. (b) (i) J–V curves of the inverted PSCs; (ii) extracted lifetime of the injected carriers
versus photovoltage; and (iii) electrical impedance spectroscopy spectra. Reproduced with permission.143 Copyright 2022, Elsevier.
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function and morphology, which are indeed very critical to the
operation stability of the photovoltaic cells as well as an inti-
mate contact with the perovskite layers on tops.
4. Perovskite photodetectors with
PEDOT:PSS

Photodetectors probe various optical signals from background
radiation and then convert them to various electrical signals.
The devices have a promising application in high-speed optical
communication and high-resolution imaging.144 Halide perov-
skite materials have received much research interest in photo-
detector elds, owing to their excellent optoelectronic
properties of appropriate direct bandgaps, high light absorp-
tion coefficients and long carrier transport lengths.144–146 Halide
perovskite photodetectors have three types: photoconductors,
photodiodes and phototransistors.146–150 This section focuses on
the perovskite-based photodetectors with the PEDOT:PSS thin
lms. It illustrates the key roles of the PEDOT:PSS on the device
performances. Finally, suggestions are provided for potentially
guiding the development of future photodetectors based on
PEDOT:PSS.
4.1. Phototransistors with Perovskite/PEDOT:PSS
heterojunctions

Organolead halide perovskites suffer from low gains in
comparison with phototransistors based on other functional
materials. Moreover, a detectable wavelength region is limited
by a bandgap issue of the perovskites. Yan's group demon-
strated a broadband phototransistor with MAPbI3−xClx/
This journal is © The Royal Society of Chemistry 2023
PEDOT:PSS (Clevios™ PH500) heterojunctions.151 Under light
illumination, excitons were generated in the MAPbI3−xClx
matrices. Then, the holes diffused into the PEDOT:PSS layer
because of an decreased energy; while the electrons accumu-
lated in the MAPbI3−xClx lms since the conduction band of the
MAPbI3−xClx materials was lower than the lowest unoccupied
molecular orbital (LUMO) level of the PEDOT:PSS materials.
Most of the channel currents originate from the hole transport
in the PEDOT:PSS thin layers. The currents across the perov-
skite layers are extremely small. It is supposed that the DMF
from the perovskite solutions indeed improves the electrical
conductivity of the PEDOT:PSS lms, leading to a high hole
mobility and an effective hole transport in PEDOT:PSS matrices.
The PD devices showed a high responsivity (R) of 109 A W−1 and
a specic detectivity (D*) of 1014 Jones in spectral response
ranges of 350–1100 nm at 0.5 V operating bias. In such an
innovative phototransistor, the photo-generated electrons are
not necessarily mobile in the perovskite lms. Thus, a high R in
the near infrared (NIR) region could be achieved.

The spectral response range of typical MAPbI3-based PDs is
generally limited owing to the relatively wide optical bandgap.
The perovskite materials with smaller optical bandgaps can be
realized by the blends of halogen ions, the blends of Sn and Pb,
Cs-doped FAPbI3, etc.145–157 It should be mentioned that the
leads in the perovskite materials can potentially cause severe
human health and environmental problems, hampering
a practical application of the PDs. Yan's group demonstrated
a photodetector with a tin-based perovskite/PEDOT:PSS
(Clevios™ PH500) vertical heterojunction (Fig. 11).157 The
FASnI3/PEDOT:PSS device showed a broadband photo-response
from NIR to UV, a high responsivity of 2.6 × 106 A W−1, gain of
J. Mater. Chem. A, 2023, 11, 18561–18591 | 18573
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4.7 × 106 and specic detectivity of 3.2 × 1012 Jones. The high
responsivity was attributed to the long carrier lifetime and
strong light absorption of the perovskites and the strong photo-
gating effect. The photo-gating effect stemmed from the
perovskite/PEDOT:PSS vertical heterojunction. In the future,
through adjusting the LUMO or Fermi levels of the PEDOT:PSS
thin lms and raising the hole mobility, the perovskite PD
performances could be potentially further enhanced due to
a raised capability of charge separation and hole transport.
4.2. X-ray detectors with PEDOT:PSS HTLs

X-ray detectors have applications in the structural determina-
tions of crystals, noninvasive imaging, security inspection,
medical radiography, and nuclear power stations.158 Perovskites
can detect the ultraviolet-visible-near infrared (UV-vis-NIR)
photons and the high-energy X-rays and g-rays. The heave
atoms of Pb, I and Br dominate the high-energy photon
absorption; then, the high-energy photons with a strong pene-
trating capability enable a carrier generation across the crystals.
According to a f Z4/E3, the atomic number (Z) determines the
attenuation coefficient (a), where E is the photon energy. To
ensure an efficient charge collection of the detector, it requires
a large charge carrier mobility (m) − charge carrier lifetime (s)
product, a high resistivity and a low charge trap density.159

Heiss's group previously proposed a concept of applying
MAPbI3 semiconductors for the X-rays detection.160 The MAPbI3
photoconductors with the PEDOT:PSS HTLs showed an almost
ideal photo-response in the NIR to vis ranges, a fast response
time and a high absorption cross-section for X-rays owing to the
heavy Pb and I atoms. Notably, a high-quality MAPbBr3 layer was
also deposited on hydrophobic PTAA instead of the PEDOT:PSS
HTLs.161 Recently, the PEDOT:PSS HTLs were used to fabricate
broadband photodetectors with a component active layer that
consists of CH3NH3PbI3 and CuInSe2 quantum dots (CISe QDs)
(Fig. 12a).162 The component active layer absorbs radiation,
generates the electron–hole pairs, and then transports the holes
from the perovskites and CISe QDs to the HTLs due to gradient
energy alignment.162 The HOMO level of the PEDOT:PSS is
slightly shallower than the valence band position of the CISe
QDs, which is energetically favorable for holes transfer and
extraction. The photodetector delivered a broadband response
from the UV to the NIR. Notably, the perovskites showed an
optical response from the UV to vis regions, while the CISe QDs
provided a light response in the NIR regions. The best photo-
detector exhibited a responsivity of 193 mA W−1 at 580 nm and
>20 mA W−1 in the NIR region of 800–1000 nm. The device had
a D* of >7.0 × 1012 Jones in the vis and 7.7 × 1011 Jones in the
NIR with a transient response time of 277 ns. In a previous
literature,163 the CuInSe2 QDs and PEDOT:PSS emerged as
a hybrid HTL of the perovskite photodetectors (Fig. 12b). The
CuInSe2 QDs increased the HTL wettability for a better growth of
perovskite crystals. Additionally, the QDs blocked the electron
transfer from perovskites to PEDOT:PSS.163 The resultant devices
with the CuInSe2 QDs and PEDOT:PSS hybrid HTLs showed
a photoresponsivity of 240 mA W−1 at 580 nm and a maximum
detectivity of 1.02 × 1013 Jones at 580 nm.
This journal is © The Royal Society of Chemistry 2023

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d3ta03213b


Fig. 12 (a) (i) Architecture structure, cross-sectional SEM image and energy band diagram of the PDs. (ii) Responsivity and specific detectivity
spectra at 0 V bias voltage. Reproduced with permission.162 Copyright 2020, Wiley-VCH. (b) Responsivity (i) and specific detectivity (ii) of the
devices with the hybrid HTL and PEDOT:PSS HTL, respectively, at 0 V bias voltage. Reproduced with permission.163 Copyright 2018, American
Chemical Society.

Fig. 11 (a) Architecture structure of the PDs, energy band diagram, and cross-sectional SEM image of (a) FASnI3/PEDOT:PSS bilayer coated on
SiO2/Si. Scale bar: 300 nm. (b) (i) Photo-current vs. drain voltage; (ii) average responsivity vs. drain voltage under various intensity of light.
Wavelength: 685 nm; and (iii) normalized spectral responsivity and gain of the PD. Reproduced with permission.157 Copyright 2020, American
Chemical Society.
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However, optoelectronics with organic functional layers
generally suffered from a stability concern. In 2022, Fan et al.
proposed a silver bis(triuoromethanesulfonyl)imide (AgTFSI)
treatment that was used to chemically dope the PEDOT:PSS
HILs.91 AgTFSI acts as an effective p-dopant for a high charge
concentration. It improved the work function and surface
potential of the PEDOT:PSS HILs for an interface energy band
alignment. The colloidal red QD-LEDs not only yielded a high
external quantum efficiency but also exhibited an excellent
This journal is © The Royal Society of Chemistry 2023
operation stability in ambient air with a T95 (time for the device
brightness to decrease to 95% of its initial brightness) of 4160
hours at an initial brightness of 1000 cd m−2. It is envisioned
that similar ionic liquid salt-doping strategies have a great
potential to promote the stability of the photodetectors based
on the PEDOT:PSS HTLs. In addition, PEDOT:PSS HTLs can be
used to fabricate ber-shaped photodetectors constructed by
vertical organic-inorganic heterostructures of zinc oxide/poly(3-
hexylthiophene) (P3HT).38 To achieve rapid hole transport, the
J. Mater. Chem. A, 2023, 11, 18561–18591 | 18575
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Fig. 13 (a) (i) Device architecture, (ii) transmittance spectra of the PEDOT:PPS electrodes, and (iii) responsivities and detectivities of flexible
devices versus wavelength. (b) Responsivities and detectivities versus bending degree at a bias of −1 V and the device photographs under
a bending angle of 0°, 30°, 60°, and 90°, respectively. Reproduced with permission.165 Copyright 2020, Wiley-VCH.
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surface of vertical ZnO/P3HT heterostructure was covered with
the thin PEDOT:PSS layer, and the device showed a high
responsivity of 156 mA W−1, high specic detectivity of 0.74 ×

109 Jones, and a short response/recovery time of <40 ms under
zero bias for 365 nm light illumination (32.5 mW cm−2). Other
ber-shaped perovskite PDs can be realized in light of the work
based on vertical organic-inorganic heterostructures.38
4.3. Flexible photodetectors with PEDOT:PSS transparent
electrodes

ITO lms are the most commonly used transparent electrodes for
various electronics owning to their high optical transparencies
(about 90% transparency in the visible region) and low sheet
resistances (10–30 U sq−1). However, the ITO transparent elec-
trodes are brittle and expensive, making them unsuitable for
exible electronics. Moreover, the ITO lms have a weak trans-
mittance in IR regions,164 which are unsuitable to the PDs with
broadband detection as a exible transparent electrode. In addi-
tion, the solution-processed PEDOT:PSS electrodes have the
advantages of high optoelectrical characteristics and good exi-
bility over those of the ITO coated onto thermoplastics substrates.

Recently, Gong's group demonstrated a room-temperature
solution-processed exible photodetector with a spectral
response from 300 to 2600 nm,165 as shown in Fig. 13. The exible
photodetector possessed a vertical device structure incorporating
a perovskite/PbSe QD photoactive layer and a PEDOT:PSS trans-
parent electrode. The PEDOT:PSS electrode was treated by 100 mL
of formamidinium iodide (FAI) solutions (dimethylformamide as
solvents). Aer the FAI treatment, the conductivity of the elec-
trode was raised to 1275 S cm−1. By means of a trap-assisted
18576 | J. Mater. Chem. A, 2023, 11, 18561–18591
photomultiplication effect, the perovskite/PbSe photoactive
layer showed a spectral response to the IR region and an
improved photocurrent density in the Vis and IR regions. Under
an external bias of −1.0 V, the exible photodetectors exhibited
over 230 mA W−1 responsivity, over 1011 cm Hz1/2 W−1 photo-
detectivity from 300 to 2600 nm and 70 dB linear dynamic ranges.

The electrical conductivity of the FAI-treated PEDOT:PSS
transparent electrodes is over 1000 S cm−1.165 However, the
electrical conductivity and optical transmittance of the
PEDOT:PSS lms are not high enough for effective charge
collections. We advise that the strong acid-treated PEDOT:PSS
electrodes serve as a exible transparent electrode of the PDs,
because of the dramatical raise of the electrical conductivity over
4000 S cm−1 and a large removal of sulfonates for both higher
transparency and better stability. Although most of strong acid
treatments are certainly detrimental to the underlying thermo-
plastic substrates and the treatments causedmany acid residuals
on PEDOT:PSS surfaces, the gentle acid treatments at low
temperature developed recently by Fan et al.94,99 have solved the
corrosion issues. In the as-proposed gentle treatments, extremely
low-concentration (0.1–0.8 M) strong acid/superacid aqueous
solutions are used. Especially, the doping temperature is as low
as 20–50 °C. In addition, alcohol solvents are employed to soak
and more fully wash off the residual acids.
5. Thermoelectric devices based on
PEDOT:PSS and its components

The thermoelectric properties of a given material are usually
evaluated by the dimensionless gure of merit (ZT), ZT = S2sT/
This journal is © The Royal Society of Chemistry 2023
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k, where S is the Seebeck coefficient, s is the conductivity, T is
the absolute temperature and k is the thermal conductivity. Ss2

is dened as the power factor (PF). Because of the high
conductivity, the PEDOT:PSS materials can exhibit high ther-
moelectric properties. In comparison with the conventional
thermoelectric materials that are inorganic semimetals or
semiconductors, thermoelectric polymers like PEDOT:PSS have
the unique merits including low intrinsic thermal conductivity,
low cost, no or low toxicity, and high mechanical exibility.166,167

Both high electrical conductivity and Seebeck coefficient are
required for employment in thermoelectric devices.

The electrical conductivity of PEDOT:PSS can be greatly
enhanced through secondary doping particularly the post acid
treatment. Fan et al. carried out the secondary doping of
PEDOT:PSS with a DMF solution of an inorganic salt like ZnCl2,
CuCl2, InCl3, LiCl, NiCl2 or NaI.168 This can enhance the
conductivity from 0.2 to >1400 S cm−1 and the Seebeck coefficient
from 14–16 to 26.1 mV K−1. The power factor is thus enhanced to
98.2 mW m−1 K−2. The thermoelectric properties of PEDOT:PSS
can be further enhanced when a solution with DMF and thionyl
chloride (SOCl2), respectively. For example, Zhang et al. used
methylammonium iodide (MAI) solutions in co-solvents of
80 vol% DMF-20 vol% water for the secondary doping of
PEDOT:PSS.169 It can enhance the conductivity to 1830 S cm−1

and Seebeck coefficient to 28 mV K−1. The corresponding PF was
144 mW m−1 K−2. In 2021, Fan and co-workers demonstrated
a exible TE based on >99 wt% SOCl2-treated PEDOT:PSS elec-
trodes.96 The simple SOCl2 treatment enabled a homogeneous
Fig. 14 (a) AFM of the films, that are, (i) as-cast, (ii) H2SO4-treated, and (iii
mm. (b) (i) Seebeck coefficients and conductivities, and (ii) power factors o
films were treated with 1 M H2SO4 for three times and sequentially with N
the NaOH treatment. Reproduced with permission.170 Copyright 2017, W

This journal is © The Royal Society of Chemistry 2023
and smooth PEDOT:PSS lm with a conductivity of 2230 S cm−1,
a Seebeck coefficient of 22.8 mV K−1, and a high work function of
4.89 eV. The exible TEs yielded a PF of 115.9 mWm−1 K−2, which
was higher than that (91.3–104.0 mW m−1 K−2) of the four kinds
of the rigid PEDOT:PSS TEs with acid and NaOH multistep
treatments. Although secondary doping can signicantly
enhance the conductivity, it hardly affects the Seebeck coeffi-
cient. For example, although a post treatment with H2SO4 led to
a conductivity of higher than 3100 S cm−1, the Seebeck coefficient
was only 16.5 mV K−1 and the power factor was 84 mWm−1 K−2.170

Both conductivity and Seebeck coefficient indeed depend on
the charge carrier density or doping level of the conducting
polymers. Dedoping is feasible way to visibly increase the See-
beck coefficient although the conductivity is decreased.171

PEDOT:PSS can be dedoped with a reducing agent or base. Fan
et al. reported the sequential treatments with H2SO4 and NaOH
to increase the thermoelectric properties of PEDOT:PSS.170 As
shown in Fig. 14, the NaOH treatment partially dedoped the
PEDOT:PSS lms. Hence, it increases the Seebeck coefficient
and lower the electrical conductivity. At the optimal power
factor of 334 mW m−1 K−2, the conductivity was 2170 S cm−1,
and Seebeck coefficient was 39.2 mV K−1.

Apart from chemical or electrochemical dedoping, dedoping
of PEDOT:PSS can occur by light-induced electron transfer
between a n-type ller and PEDOT:PSS. Yue et al. found that the
exposure of PEDOT:PSS/TiO2 composites to UV light did
increase the Seebeck coefficient from 23.5 to 94.3 mV K−1.172

TiO2 can absorb UV light, and the excited electrons can transfer
) H2SO4 and 0.5 M NaOH-treated PEDOT:PSS films. Scale bar: 2 mm× 2
f the PEDOT:PSS films with the NaOH concentration. The PEDOT:PSS
aOH solution. The NaOH concentration at 0 refers to the films without
iley-VCH.
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from TiO2 to PEDOT:PSS and thus dedope PEDOT:PSS. This is
different from the light effect on the Seebeck coefficient of
thermoelectric materials. Light exposure hardly affects the
Seebeck coefficient of materials with high thermoelectric
properties, while it decreases instead of increasing the Seebeck
coefficient of some materials with low thermoelectric proper-
ties. They called the light-induced increase in the Seebeck
coefficient as photo-enhanced Seebeck effect. This was also
observed on the composites of PEDOT:PSS with two-
dimensional potassium poly-(heptazine imide) (KPHI).173
Fig. 15 (a) Changes of the Seebeck coefficient and power factor the of
PEDOT:PSS by the ferroelectric BaTiO3 nanoparticles (blue dots). The bl
BaTiO3 nanoparticles and the hole transport, respectively. The charge
regions) under a temperature gradient. Reproduced with permission.178

Fig. 16 (a) SEM of the MXene/PEDOT:PSS composites with a different
coefficient and electrical conductivity of the composites as a function of t
interface at the different MXene loadings. Reproduced with permission.1

18578 | J. Mater. Chem. A, 2023, 11, 18561–18591
Although dedoping can increase the Seebeck efficient, it is at
the sacrice of the conductivity. A remedy to improve the See-
beck coefficient but not remarkably lower the conductivity is
energy ltering. Energy ltering has been reported in polymer
and inorganic composites.167 Its principle is related to the
internal electric eld at the interface between the electronic
matrix and llers with different Fermi levels. Because the
internal electric eld can block the accumulation of charge
carriers with low energy at the hot or cold end, it can increase
the mean energy (EJ) of the accumulated charge carriers. Thus,
PEDOT:PSS/BaTiO3 films. (b) Schematic diagram of energy filtering of
ue and red arrows are for the spontaneous electric polarization in the
carriers migrate from the hot end (red regions) to the cold end (blue
Copyright 2021, Royal Society of Chemistry.

MXene loadings: (i) 12.5 wt%, (ii) 33 wt% and (iii) 67 wt%. (b) Seebeck
he MXene loading. (c) Schematic illustration for the MXene/PEDOT:PSS
79 Copyright 2020, American Chemical Society.

This journal is © The Royal Society of Chemistry 2023
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the Seebeck coefficient is increased, since it depends to EJ and
the Fermi level (EF), S = (EF − EJ)/T.

Energy ltering has been used to improve the thermoelectric
properties of PEDOT:PSS. For example, Bi2Te3, which serves as
a popular inorganic thermoelectric material, was added into
PEDOT:PSS.174 Electron transfer occurs between Bi2Te3 and
PEDOT:PSS because of their different Fermi levels. It induces
the energy ltering for the charge carriers in PEDOT:PSS and
thus increases the Seebeck coefficient. Carbon nanotubes
(CNTs) were also studied as the llers of PEDOT:PSS, and this
can induce energy ltering and thus increase the Seebeck
coefficient.175–177 Recently, Li et al. reported that ferroelectric
BaTiO3 nanoparticles could induce energy ltering and thus
increased the Seebeck coefficient of PEDOT:PSS from 23.8 to
40.7 mV K−1.178 The energy ltering is ascribed to the scattering
of charge carriers with low energy by the spontaneous electric
polarization of BaTiO3 (Fig. 15).

PEDOT:PSS is a p-type thermoelectric polymer. Energy
ltering can be induced by forming the composites of
PEDOT:PSS and n-type llers. Guan et al. investigated the ther-
moelectric properties of PEDOT:PSS and MXene (Ti3C2Tx). The
MXene is a n-type 2D material.179 As shown in Fig. 16, the See-
beck coefficient of the PEDOT:PSS/MXene components is greatly
enhanced from 23 to 57.3 mV K−1 by the MXene at the loading
below 33 wt%. Correspondingly, the power factor is increased
from 44.1 to 155 mW m−1 K−2. The high thermoelectric perfor-
mances are attributed to the energy ltering to the electric eld at
the interface between MXene to PEDOT:PSS due to the electron
transfer. However, the Seebeck coefficient decreases with the
increase of the MXene loading when the MXene loading exceeds
33 wt%. It should be mentioned that the MXene, as a n-type TE
material, can decrease the Seebeck coefficient.

Ouyang et al. also observed energy ltering for TE materials
coated with a secondary material arising from the scattering of
the charge carriers at the surface of the PEDOT:PSS thin lms.180

Energy ltering occurs when the secondary layer is an ionic
material or a material with a high intrinsic dipole moment.
Under temperature gradient, ions can accumulate at the cold
end, the so-called Soret effect.181 Fan et al. observed that coating
an ionic liquid layer can greatly increase the Seebeck coefficient
of PEDOT:PSS to 70 mV K−1 while only slightly lower its
conductivity.182 Inspiringly, the highest power factor is 754 mW
m−1 K−2 for thermoelectric polymers. The surface energy
ltering occurred when the PEDOT:PSS thin lm is covered with
a layer of quasi-solid ionic liquid gel183 or a layer of poly-
electrolyte.184 Table 4 summarizes the electrical conductivity,
Seebeck coefficient and power factor of the thermoelectric
devices based on PEDOT:PSS and its components.
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6. Stretchable PEDOT:PSS
conductors

Stretchable electronics, such as strain sensors, stretchable
OSCs/PSCs, organic LEDs/quantum dot LEDs and TEs, are
regarded as among the next-generation ubiquitous electronics.
Such stretchable devices typically rely on the most commonly
This journal is © The Royal Society of Chemistry 2023 J. Mater. Chem. A, 2023, 11, 18561–18591 | 18579
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used stretchable conductors, namely PEDOT:PSS.185–187 Except
a good stretchability required by strain sensors, the stretchable
conductors should be of high sensitivity to each mechanical
deformation, e.g., bending, twisting, and tensile strains; while
for a optoelectronic device such as photovoltaic cells and LEDs,
the stretchable conductors serve as a stretchable transparent
electrode that should have high optoelectrical properties and
good durability against cyclic stretching-relaxing and long-term
loading. Recently, novel methodologies have been proposed to
realize the high-performance stretchable devices based on the
PEDOT:PSS.
6.1. Strain sensors

Strain sensors require a key stretchable conductor that affords
mechanical deformations for at least 104 cycles while still
maintaining an initial conductivity in a relaxing status and
show a high sensitivity. The sensitivity is known as gauge factor
(GF). GF = (DR/Ro)/3, where DR/Ro is the normalized change in
Fig. 17 (a) (i) Optical micrograph of the polyacrylonitrile grids fabricated b
(ii) relative resistance changes versus tensile strains of the strain sensors ba
flat- and patterned PDMS substrates with d= 150 mmduring the first strain
of the sensors under 3 = 20%, and (ii) temperature changes versus strains
Wiley-VCH.

18580 | J. Mater. Chem. A, 2023, 11, 18561–18591
electrical resistance, and 3 is the tensile strain of strain sensors.
PEDOT:PSS is regarded as the most promising stretchable
polymer conductor in epidermal- and implantable sensors, and
the PEDOT:PSS-based strain sensors had been widely employed
as electronic skins, health monitors, articial intelligence, food
fermentation monitors, etc.188–192

Fan et al. introduced a highly conductive, stretchable and
large-size (4.7 cm × 4.7 cm) PEDOT:PSS lm.105 The lm was
embedded into PDMS elastomers. The strain sensors showed
a high sensitivity of 22 at 20% strain. In 2018, Fan et al. also
demonstrated a strain sensor with a sandwich structure of
poly(vinyl) alcohol (PVA)–PEDOT:PSS blends/conductive
PEDOT:PSS/PDMS.103 The devices exhibited a high sensitivity
of 110 at 30% strain and stable responses in both stretching–
relaxing and long-term loading tests. However, the sensing
strains (#30%) were not high enough for strain sensors. In
2020, He's group made a breakthrough in sensing range and
reliability of the strain sensors (Fig. 17).193 They reported
a stretchable strain sensor consisting of Ag nanowires (NWs)
y near-field electrospinning with a spacing distance (d) of 150 mm, and
sed on the flat and patterned electrodes. (b) Stress distributions of both
ing process. (c) (i) Relative resistance changes versus times (1–16000 s)
for the strain sensors. Reproduced with permission.193 Copyright 2020,

This journal is © The Royal Society of Chemistry 2023
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and PEDOT:PSS patterned micro-structures. Owing to the
micro-structure design of PEDOT:PSS, strong adhesion between
PEDOT:PSS and its underlying layers and superior conductivity
of Ag NWs, the devices showed a sensitivity of 10.2, a wide
sensing range (0–100%), a high reliability for >2000 cycles, and
distinct temperature response (31–35 °C). Recently, Xu et al.
reported free-standing self-powered temperature-strain dual
sensors based on PEDOT:PSS/carbon nanocoils (CNCs)–PVA
composite lms via a simple drop casting.194 The Seebeck
coefficient of the PEDOT:PSS/CNC lms was 19 mV K−1. This
PEDOT:PSS material supplied the thermoelectric powers to
detect the temperatures and strains. Under a constant temper-
ature gradient of 30 K, strains from 1% to 10% were detected
without any external power supply. The composite lms with an
array have detected effectively the temperatures of the human's
ngers and the motions of the wrist.

Monitoring food processing helps to achieve high quality
and high productivity of the food products. In 2021, Ouyang
et al. demonstrated a strain sensor with biocompatible blends
of an intrinsically conducting polymer for real-time monitoring
of starch-based food processing (Fig. 18).86 It monitored the
fermentation, steaming, storage and refreshing processed of
the food preparation in real time. During fermentation, the
volume expansion of the dough with PEDOT:PSS and starches
led to an increased resistance; and then the dough volume
expanded to the maximum volume that corresponded to the
largest resistance. When the resistance becomes stable, the
fermentation was nished. The breads with starches and
PEDOT:PSS monitored the storage, because volume variation
and crevice generation during storage induced a change of the
Fig. 18 (a) (i) Molecular structure of starch and photographs of a starc
PEDOT:PSS dough showing a volume expansion in the fermentation. (iii) R
Linitial = 1.5 cm. (b) (i) Photographs of the setup and a starch/PEDOT bread
the steaming process. Rinitial = 75 kU, Vinitial = 1.5 cm3. (iii) Real-time temp
Copyright 2021, Wiley-VCH.

This journal is © The Royal Society of Chemistry 2023
resistances. In the future, it will be revolutionary to invent the
multifunctional strain sensors because of the broad applica-
tions in human/machine interaction, electronic skins, food
production and safety, and wearable sensing electronics.

6.2. Stretchable photovoltaic cells

ITO is an undesirable electrode material in stretchable solar
cells owing to its brittleness and low conductivity in a exing
test. Wrinkled and stretchable solar cells were previously real-
ized through spin-coating a PEDOT:PSS transparent electrode
on pre-strained PDMS elastomeric substrates195 or transferring
a solar cell foil on pre-strained elastomeric substrates.196,197

PDMS is one of the most commonly used elastomer substrates
in stretchable electronics. However, the PDMS stamps become
mechanically robust and tough when stored long-term in
ambient air, besides, plenty of large wrinkles and cracks
appeared in cyclic stretching-relaxing tests. Therefore, the usage
of a so and durable elastomer as PDMS alternatives is critical
for the PEDOT:PSS electrodes and the integrated stretchable
devices.

Chen et al. demonstrated a stretchable OSC based on
PEDOT:PSS transparent electrodes.198 The PEDOT:PSS aqueous
solutions, which contained 5 vol% DMSO and 10 vol% of Zonyl
uorosurfactant, were stirred overnight prior to use. Then, the
PEDOT:PSS electrodes were coated on elastomeric substrates of
PDMS and 3M VHB 4905 tape (3M tape), respectively. This 3M
tape involving modied acrylic molecules did have a high
elasticity and viscoelasticity with a large impact force absorp-
tion, and the tape provided a weather resistance. On the basis of
the structure of 3M tapes/PEDOT:PSS electrodes/PTB7:PC71BM/
h bread involving PEDOT:PSS and as-cast starch breads. (ii) A starch/
esistance variation versus length variation of the dough. Rinitial= 78 kU,
. (ii) Resistance (R/Rinitial) and volume (V/Vinitial) changes of the dough in
eratures of the dough during steaming. Reproduced with permission.86
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eutecticgallium–indium (EGaIn), the stretchable OSCs showed
a PCE of 5.2% under illumination of AM1.5 solar simulator
(Fig. 19). This PCE is 30% higher than that of the stretchable
devices fabricated onto pre-strained PDMS substrates. The
raised PCE is due to the favorable surface status of the
Fig. 19 (a) (i) Illustration of the fabrication process of stretchable OSCs
PEDOT:PSS, (3) spin-coating of active layers, and (4) removal of the glas
characterization system. (b) (i) J–V curves of the stretchable OSCs fabrica
before and after stretching at 20% strain for 50 cycles. Reproduced with

Fig. 20 (a) (i) Stretchable OSC structure, (ii) photographs, and (iii) molecu
with 20 wt% of PAs of differentMWs, (ii) J–V curves of the stretchable OSC
of the stretchable devices in the flexing tests. Reproduced with permiss

18582 | J. Mater. Chem. A, 2023, 11, 18561–18591
PEDOT:PSS/3M tapes with small and dense wrinkles that can
provide a better interface for the deposition of active layers.
Besides, the OSCs had an excellent mechanical stability,
maintaining 80% of its original PCE at 20% strain for 50 cycles.
Despite the moderate PCE (5.2%) of the stretchable devices, the
((1) pre-strain and attachment to glass substrates, (2) spin-coating of
s and relaxation of the pre-strain), and (ii) images of the solar cell and
ted on PDMS and 3M tapes, and (ii) J–V curves of the stretchable OSCs
permission.198 Copyright 2017, Elsevier.

lar structures of the PA additives. (b) (i) Stress–strain curves of PM6:Y7
s as functions of PAs with differentMW, and (iii) normalized PCE curves

ion.199 Copyright 2022, Wiley-VCH.

This journal is © The Royal Society of Chemistry 2023
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PCE will be improved further via increasing the electrode
conductivity, inserting a buffer layer, and using more efficient
ternary active layers.

Organic solar cells (OSCs) can be made as an intrinsically
stretchable power source via PEDOT:PSS electrode and HTL
modications and a blending strategy of active layers. In 2022,
Lee et al. demonstrated an intrinsically stretchable OSC that
exhibited a high PCE and excellent stretchability (Fig. 20).199 The
device conguration is illustrated as follows: thermoplastic
polyurethane (PU) substrates/modied PEDOT:PSS (PH1000)
electrodes/modied PEDOT:PSS (P VP AI 4083) HTLs/active
layers/PNDIT-F3N-Br/EGaIn. 5 vol% dimethyl sulfoxide
(DMSO) was used to increase the electrical conductivity of the
PH1000 electrodes; 2 vol% polyethylene glycol (PEG) was
employed to prolong the elongation of the PH1000 electrodes;
and 0.5 vol% Zonyl uorosurfactant FS-300 was blended to
improve the surface wettability of the P VP AI 4083 HTLs. The
mechanically robust active layers were constructed via the
addition of a high-molecular weight (MW: 408 kg mol−1) poly-
mer acceptor (PA) to PM6:Y7 active layers. Because the long PA
chains served as molecular bridges between different domains
and dissipated mechanical stresses for charge transport, high-
MW PA addition could boost the stretchability and PCE of the
photovoltaic cells with 20 wt% PA. The stretchable solar cells
yielded a high PCE of 11.7% and the devices retained 84% of the
initial PCE in a cyclic stretching-releasing test for 100 cycles at
15% strain.

A stretchable active layer of OSCs was also obtained recently
via usage of a polymer donor (PBB1-Cl) as the third compo-
nent.200 It regulated the morphology and molecular accumula-
tion of PM6:Y6-Bo-4Cl active layers. Aer the addition of 20%
PBB1-Cl, the tensile strength and elongation at the break of
the ternary blend layers increased from 2.00 to 9.12 N and from
5.83% to 26.86%, respectively. The long elongation is attributed
to a formation of a better intertwined and ordered intermolec-
ular stacking in the ternary blends. Li's group compared the
mechanical properties of several representative active layers of
organic solar cells.201,202 Among the active layers, the
PM6:PC60BM lms had the maximum crack-onset strain of
4.58% and the highest toughness of 169.47 J cm−3.201 We
envision that the PM6:PC60BM active layers which were blended
with a third component are suitable to fabricate more efficient
andmechanically robust OSCs based on stretchable PEDOT:PSS
electrodes. There is a high probability that this ternary active
layer blend will allow for the creation of stretchable photovol-
taic cells that can show a high PCE of over 15% along with
a large tensile strain over 25%.
6.3. Intrinsically stretchable PLEDs

A wrinkled conguration of optoelectronics is not considered to
be intrinsically stretchable. Intrinsically stretchable optoelec-
tronics require that all of the components (underlying
substrates, photoactive layers, both electrodes sandwiched the
active layers, and buffer layers) are intrinsically stretchable.
Such unprecedented devices on skin-like underlying substrates
should be highly so, intrinsically stretchable and highly
This journal is © The Royal Society of Chemistry 2023
efficient.203–207 Intrinsically stretchable polymer materials have
the promise of good strain tolerance.208,209 However, it has been
very challenging to invent these kinds of intrinsically stretch-
able solar cells and LEDs with considerably high efficiency.

Inspiringly, Bao's group recently demonstrated a stretchable
all-polymer LED that comprised a stretchable anode of
PEDOT:PSS blended with polyrotaxane (PR) and a hole injection
layer of PEDOT:PSS/Triton X (8 nm).210 This PR is a cross-linking
agent and it forms from PEG and a-cyclodextrin (a-CD), exhib-
iting free movement of the cyclic a-CD along the linear
PEG.211,212 A resultant three-dimensional (3D) network was
prepared with the PR agents.213 Here, the anode (150 nm) was
spin-coated on a so substrate of PVDF-HFP (100 mm), and
a stretchable light-emitting layer of Super Yellow (SY) with
polyurethane was innovatively employed. The resultant all-
polymer-based LED yielded a high brightness of 7450 cd m−2,
current efficiency of 5.3 cd A−1, and stretchability of up to 100%
strain. The work showed an advancement towards high-
performance intrinsically stretchable LEDs, and it improved
visual human–electronic interfaces for stretchable displays.

However, doping treatments and engineering strategies to
making elastic and durable transparent electrodes are emergent
and signicant for the development of the intrinsically
stretchable optoelectronics. Brightness, current efficiency,
tensile strains, durability and operation lifetimes should be
raised further in the next-generation LEDs. Besides, the device
durability should be investigated in at least 104 stretching-
relaxing tests at a strain no lower than 30% and long-time
(e.g., 5 min) loading tests for a true adaptation of the lighting
and display products.
6.4. Stretchable thermoelectrics

The development of stretchable and power-supply systems has
the advantages of lightweight, wearability, self-sustaining and
high compatibility with human skins.5,97,214–218 However, the
usage of as-cast PEDOT:PSS lms is currently constrained by
their intrinsic small elongation of <2.0%. An elastomer
blending strategy was commonly used to raise the mechanical
property, while DMSO and ionic liquids were generally
employed to raise the electrical conductivity of the PEDOT:PSS
materials.

In 2018, Taroni et al. showed a tough and processable self-
standing lm based on PEDOT:PSS and commercial elasto-
meric polyurethane (Lycra) blends.219 The PEDOT:PSS (Clevios
PH1000) was freeze dried, and then dispersed into DMSO fol-
lowed by a probing sonication. An unprecedented strain at
break of 700 ± 150% was reached for the TEs with a blend
containing 90 wt% Lycra. Aer EG bath, the thermoelectric
lms showed an electrical conductivity of 79 S cm−1 and a See-
beck coefficient of 16 mV K−1. Subsequently, in 2020, Ouyang
et al.84 prepared a stretchable and transparent ionogel with high
thermoelectric properties via a drop-casting method (Fig. 21).
The ionogels made of waterborne polyurethane (WPU) and 1-
ethyl-3-methylimidazolium dicyanamide (EMIM:DCA). The
ionogels with 40 wt% EMIM:DCA possessed a superior
stretchability of up to 156%, a low tensile strength of 0.6 MPa,
J. Mater. Chem. A, 2023, 11, 18561–18591 | 18583
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and a low Young's modulus of 0.6 MPa. The stretchable ionogels
exhibited a high ionic thermovoltage of 34.5 mV K−1 along with
a high ionic conductivity of 8.4 mS cm−1.

In 2021, Wen et al. realized a stretchable TE ber that
consisted of PEDOT:PSS and WPU and ionic liquids of 1-ethyl-
3-methylimidazolium tricyanomethanide (EMIM TCM) via
using one-step wet-spinning approach (Fig. 22).220 In the
Fig. 22 (a) (i) Schematic diagram of the wet-spinning fabrication of PEDO
blended with EMIM:TCM at relaxing and stretching states; and (iii) molecu
(i) Seebeck coefficient (ii) and PF (iii) of the PEDOT:PSS fiber and the com
0.125, 0.25, 0.375, 0.5, 0.625 and 0.75 mN, respectively. Reproduced wi

Fig. 21 (a) Schematic diagram of device operation, and chemical struct
WPU film and WPU/EMIM:DCA ionogels; and (ii) profiles of thermovolt
EMIM:DCA loading. Reproduced with permission.84 Copyright 2020, Wil

18584 | J. Mater. Chem. A, 2023, 11, 18561–18591
PEDOT:PSS/WPU composite bers, WPU not only acts as an
elastomeric matrix, but also it has a template effect on (i)
improving the packing order and (ii) increasing the linearity of
the PEDOT chains during wet-spinning. 10 wt% EMIM TCM
composites were added to the PEDOT:PSS aqueous solution
to raise the electrical conductivity. The composite bers
showed a desirable wearable merit and a power factor of
T:PSS/WPU composite fibers; (ii) photographs of the composite fibers
lar structure of EMIM:TCM. (b) Dependences of electrical conductivity
posite fibers under different tensile loading with the tensile forces of 0,
th permission.220 Copyright 2021, Elsevier.

ures of WPU and EMIM:DCA. (b) (i) Stress–strain characteristics of the
age and ionic conductivity of WPU/EMIM:DCA ionogels with various
ey-VCH.

This journal is © The Royal Society of Chemistry 2023
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Fig. 23 Schematic diagrams of the methods that adjust the film characteristics and properties and lead to the key roles played in the various
optoelectronic, thermoelectric, and flexible and stretchable devices.
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26.1 mW m K−2. The resultant PEDOT:PSS/WPU composite
bers not only possessed a good intrinsic stretchability with
an elongation-at-break of >30%, but they also exhibited an
excellent performance stability and self-recoverability in cyclic
stretching tests.

In the future, we suggest that metal ionic liquids (MIL) with
TFSI− groups, strong acids, and bases are used to balance the
electrical conductivity, Seebeck coefficient and operation
stability of the TE bers. The reasons are obvious, such as the
superior conductivity of the strong acid-treated PEDOT:PSS
lms,94,99 a potentially high stability of the devices based on the
MIL-treated PEDOT:PSS lms,91 and the dedoping effect
induced by the bases (e.g., NaOH170). Notably, the strong acid
doping should be suitable to the composite bers through
substantially reducing the doping temperatures and dopant
concentrations. This gentle acid approach can avoid a chemical
corrosion of strong acids to most of underlying plastic
substrates and the elastomers involving WPU. Therefore,
a highly thermoelectric, stable and stretchable TE based on
PEDOT:PSS can be realized and it's promising for wearable and
portable energy supply.
This journal is © The Royal Society of Chemistry 2023
7. Conclusion and outlook

State-of-the-art approaches and methodologies were reviewed
and proposed to raise the optoelectrical properties, work func-
tion, thermoelectric properties, stretchability, wettability and
stability of the PEDOT:PSS lms and stretchable conductors. As
displayed in Fig. 23, the latest innovative methods include: (i)
CF3SO3H doping, HClO4 doping, solution shearing, solvent
shearing, and layer-by-layer treatments for the electrode prep-
arations; (ii) sulfonate, sodium salt, cesium salt, F4-TCNQ,
DMF, ionic liquids and urea treatments and component strat-
egies using NPB, PTAA, PANI-phenoxazine and MoO3 for the
HTL preparations; (iii) secondary solvent treatments, strong
acid doping, SClO2 doping, energy-ltering methodologies, n-
type TE composites and dedoping for the TE layer realiza-
tions; (iv) somaterial blending, underlying substrate selection
methodologies, and ionogel formulation for the stretchable
conductor realizations; and (v) elastomeric blends and freeze
drying for the stretchable TE fabrications. There has been much
intensive research and signicant progress on optoelectronics
and thermoelectrics with the multifunctional PEDOT:PSS
J. Mater. Chem. A, 2023, 11, 18561–18591 | 18585
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materials. Nevertheless, there are still major challenges and
shortcomings to overcome that have negative impact on the
development of related devices fabricated from PEDOT:PSS-
based materials. Many insightful suggestions for success
towards such necessary achievements are provided below.

First, these modication treatments and lm-deposition-
processing approaches not only raise the electrical conduc-
tivity, work function, stretchability, and wettability of the resul-
tant PEDOT:PSS lms, but perovskite layers fabricated on top of
these lms are also induced into the formation of large grain
sizes, less defects, and overall higher crystallinity. It is advised
that both modication treatments and processing approaches
for PEDOT:PSS lms should be organically combined, meaning
that both modication methods and processing approaches
should be universal and suitable to various kinds of devices
towards higher performance. Additionally, a combined treat-
ment has a higher probability of further promoting charge
transfer into PEDOT:PSS matrices while synergistically
improving lm properties. Thus, it is believed that such will pave
an avenue to enhance the performances and prolong the oper-
ational lifetimes of corresponding solar cells, LEDs, PPDs, TEs,
strain sensors, and exible and stretchable electronics.

Then, there are several concerns that should be openly
considered with regards to electrode fabrication and imple-
mentation. (i) There is currently no route to obtain PEDOT:PSS
electrodes with a high enough conductivity comparable to those
of commercial ITO electrodes or Ag nanowire electrodes. It has
been found that a better morphology with rened PEDOT-rich
nanoparticles and nanobrils can largely improve the electrical
conductivity.94 Thus, new methods to improve lm morphology
as well crystallinity should be continuously pursued. (ii) There
are few studies that formulate links between PEDOT:PSS lm
overall stability and related device performance. Overall
PEDOT:PSS stability includes electrical, electrochemical, work
function, structural, andmorphological stability against ambient
air, UV light, and relatively high temperatures. Although
PEDOT:PSS can exhibit a raised stability and a good conductivity,
they aren't optimal for high-performance electronic devices. In
order to make stabilized PEDOT:PSS lms; PEDOT crystallinity,
electronic structure, PEDOT/PSS ratio, molecular interactions,
surface hydrophobicity, and interfacial adhesion should be
considered together and optimized concurrently. (iii) Micro-
patterned PEDOT:PSS lms (or PEDOT:PSS pixels) are desirable
for broad applications in solar cells, high-resolution micro-
displays, touch sensors, and exible and stretchable elec-
tronics. Advanced photolithography and plasma-etching tech-
niques will be required for future realization of micro-patterned
lms and high-resolution PEDOT:PSS pixels.

Next, sulfonate groups, dopant molecules, and metal ion
dopants can potentially migrate towards, diffuse into, and
potentially poison other active components of PSC devices,
leading to detrimental reactions and poor photovoltaic perfor-
mance. Indeed, the underlying mechanisms of device-
performance degradation and failure modes are somewhat
ambiguous. In order to improve the photovoltaic performance,
one method is to use unique dopants involving uorochlorine
polar molecular bonds and hydrophilic groups. The use of these
18586 | J. Mater. Chem. A, 2023, 11, 18561–18591
dopants has the advantages of improving the work function of
the PEDOT:PSS thin lms, inducing more seamless contact at
interfaces, reducing the sulfonate levels in matrices, and
inducing higher crystallinity of subsequent perovskite layers. It
will also induce shorter charge transport times and higher
charge carrier lifetimes for these PSCs. Another method is to
employ an interfacial shield with a chemically stable metal
oxide layer (e.g., MoO3, NiOx, or Al2O3). Such shielding treat-
ments using inert metal oxides is also favorable for improving
charge-carrier transport and hole extraction.

Finally, an improved encapsulation is critical to promote the
stability of these optoelectronic devices. The PEDOT:PSS
material is intrinsically sensitive to moisture and oxygen, which
can degrade its optoelectrical properties over time. It is chal-
lenging to fully avoid the permeation of water and oxygen from
ambient air into devices. Researchers explored different strat-
egies to improve the stability of the optoelectronic devices via
using self-encapsulating nucleation layers221 and plasma-
enhanced molecular layer deposition,222 to ensure long-term
functionality and reliability of these devices. Besides, two-
dimensional materials such as graphene and Ti3C2 (MXene)
can restrain the penetration of water and oxygen into devices.
Thus, a blend of standard packaging materials with such two-
dimensional materials has a high probability of improving
device stability. Another possibility is to employ an encapsula-
tion lm, e.g., an organic lm sandwiched with a stable metal
oxide lm (SiNx, SiO2, SiO1−xNx, Al2O3, or ZrO2), which is one of
the best options for device packaging. These metal oxide lms
are usually prepared through using low-temperature plasma
enhanced chemical vapor deposition or atomic layer deposi-
tion. Notably, for curved devices, an inorganic-organic-
inorganic (IOI) encapsulation lm with a total of 8 to 10 mm
thickness is suggested; whereas, for exible and stretchable
devices, an IOI encapsulation layer with a total of 1 to 2 mm
thickness is advised for employment. Indeed, these packaging
materials and encapsulation technologies are critical for an
adaptation of curved, exible, and stretchable optoelectronics
and thermoelectrics. It is hoped that by means of the afore-
mentioned methods, scientists and engineers can collaborate
together for a brighter future of these OSCs, PSCs, LEDs, PPDs,
TEs, touch sensors, and exible and stretchable devices based
on PEDOT:PSS materials.
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