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Abstract Perovskite solar cells exhibit great potential to

become commercial photovoltaic technology due to their

high power conversion efficiency, low cost, solution pro-

cessability, and facile large-area device manufacture.

Interface engineering plays a significant role to optimize

device performance. For the anode in the inverted devices,

this review introduces the progress on the modification of

poly(3,4-ethylenedioxythiophene): poly(styrene sulfonate)

including chemical structure alteration, physical doping,

and solution treatment. We present the recent advances of

dopant-free hole transport materials widely applied in

mesoporous and conventional devices, outlining their

innovation with novel molecular design concepts toward

promising material properties, and device performance. For

the cathode, various metal oxide and organic electron

transport materials are covered and the different modifi-

cation strategies and related mechanisms are highlighted.

Most importantly, simple synthesis process, inexpen-

sive raw materials and highly reproducible photovoltaic

performance are the main consideration for the design of

all the interface materials. Finally, an outlook and some

suggestions regarding the future interface engineering are

proposed based on the summary of the current develop-

ment status and working mechanism of interface materials.

Keywords Perovskite solar cells; Interface; Hole

transport materials; Electron transport materials;

PEDOT:PSS

1 Introduction

With the development of human civilization, the acquisi-

tion of energy has become an important topic for mankind.

In recent years, with the climate and environmental prob-

lems brought about by the consumption of fossil energy,

people have recognized the importance of researching and

developing new green renewable energy to replace the

fossil energy. Among the many green renewable energy

sources, solar energy has the most development prospects

because of its advantages such as wide distribution, no

geographical restrictions and never running out [1].

At present, the silicon-based solar cells realize the most

extensive commercial production. However, the cumber-

some manufacturing process of silicon-based solar cells has

become the key factors restricting their continued devel-

opment. At the same time, it is a topic to fabricate a variety

of inorganic multicomponent semiconductor thin-film solar

cells. The most representative one of them is the device

based on the III–V compound GaAs [2]. The power con-

version efficiency (PCE) of GaAs-based solar cells realized

28%. In addition, the champion PCE of liquid-phase

organic dye-sensitized solar cells was reported over 13%

[3], but its PCE is difficult to be further improved. Besides,

organic solar cells have attracted much attention because of

their advantages such as low price, simple preparation

process (such as spraying, squeegee) and ultra-thin large-

area flexible devices. Recently, the breakthrough of organic

solar cells based on non-fullerene acceptor achieves a high

PCE of 18.0% [4, 5]. However, the PCE and stability of

organic solar cells are relatively lower compared with those

of inorganic solar cells.

In recent years, the perovskite solar cells (PSCs) have

developed rapidly. In 2009, Tsutomu et al. discovered that
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perovskite has the effect of absorbing sunlight and

employed perovskite to form solar cells successfully

preparing devices with PCE of 3.8% [6]. In the past 10

years, scientists have improved perovskite solar cell devi-

ces, making the PCE of PSCs exceed 25.2% [7]. At the

same time, perovskite materials have shown strong

absorption, high mobility, long carrier life, adjustable band

gap and solution processability, so it has become one of the

most attractive solar cell technologies. In the high-perfor-

mance PSCs, the interface materials played a significant

role in extracting and transporting carriers from the per-

ovskite layer to the electrodes [8]. In this review, we

mainly summarize the interface materials used in PSCs and

discuss the effect of material structure on device

performance.

2 Device structure of perovskite solar cells

In the field of solar cells, the perovskite material usually

refers to the organic–inorganic hybrid perovskite metal

halide ABX3 material, and its structure is shown in Fig. 1a.

A is generally a small-sized organic cation such as

CH3NH
3? (MA) and CH2(NH2)2 (FA); B is generally a

transition metal divalent ion, such as Pb2?. X is a halogen

ion (Cl-, Br-, I-).

PSCs are mainly composed of a transparent conductive

oxide (TCO) substrate, an electron transport layer (ETL), a

perovskite layer, a hole transport layer (HTL) and a counter

electrode (Au, Ag, Al or others). The mesoporous structure

is the most important device structure in the early stage of

the development of PSCs [9]. The composition is

FTO/compact TiO2 layer/mesoporous TiO2 layer/per-

ovskite layer/HTL/Au (Fig. 2a). The second category is a

conventional planar heterojunction n–i–p structure

(Fig. 2b) and an inverted planar heterojunction p–i–n

structure (Fig. 2c). The structure of the conventional n–i–p

device is FTO/compact TiO2 layer/perovskite layer/HTL/

Au or Ag, and that of the inverted p–i–n device is FTO or

ITO/HTL/perovskite layer/ETL/Ag or Al. The fabrication

process of the planar structure device is relatively simple,

while the requirements for the film formation quality and

interface of each layer are relatively high. Recently, PSC

devices with 2D perovskite have been widely investigated

to enhance their stability and performance through tuning

the interface properties between the perovskite layer and

the charge extraction layer [10–12]. Additionally, carbon-

based PSCs are emerging as low-cost stable photovoltaics

and have shown great potential [13].

When a photon with an energy greater than the per-

ovskite bandgap is absorbed by the perovskite materials,

the perovskite light-absorbing material is excited by light

to generate excitons, and the excitons are separated inside

the material and at the interface to form conduction band

electrons and valence band holes. Then, electrons and holes

are injected into the conduction band of the electron

transport material (ETM) and the highest occupied

molecular orbital (HOMO) of the hole transport material

(HTM), respectively. Finally, the electrons and the holes

were collected, thereby forming a complete cycle (Fig. 1b)

[9].

3 Research progress of anode interface materials

The purpose of HTMs in PSCs is to extract and transport

holes at the perovskite/HTM interface. The ideal HTMs

should meet some general requirements to make it more

efficient in PSCs. For example, the HTMs should have a

compatible HOMO energy level with the perovskite

valence band energy level, good stability and superb hole

mobility. Besides, the low cost and convenient synthesis

Fig. 1 a Crystal structure of cubic perovskite with generic chemical formula ABX3. b Schematic representation of charge transfer
processes in perovskite solar cells: Route �—electron injection, Route `—hole injection, Route ´—electron transport and collection,
Route ˆ—charge recombination in interface between ETLs and perovskite, Route ˜—charge recombination between electrons ETLs
and holes in HTLs. Reproduced with permission from Ref. [9]. Copyright 2016 Royal Society of Chemistry
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process of HTMs can make it possible to prepare com-

mercially. Recently, many HTMs have been developed and

incorporated for high-efficiency PSCs. Owing to the length

of the article, inorganic hole transport materials will not be

introduced in details. However, organic HTMs can basi-

cally be divided into three categories: conductive poly-

mers, small-molecule HTMs and organometallic

complexes. Herein, this review will focus on the organic

conductive polymers and organic small-molecule HTMs.

3.1 Conductive polymers—PEDOT-based hole
transport materials

Poly(3,4-ethylenedioxythiophene) (PEDOT) is a thio-

phene-based conductive polymer with the typical proper-

ties of doped conductive materials [14]. In recent years,

PEDOT has received extensive attention in the fields of

organic optoelectronics [15], bioelectronics [16] and elec-

trochemistry [17, 18], owing to the advantages of high

transparency, remarkable thermal stability, tunable con-

ductivity and good film forming [19]. In view of the

molecular structure of PEDOT, the introduction of

ethylenedioxy at the 4-position of the thiophene ring not

only makes the polymer chain more regular and orderly,

but also increases the density of the electron cloud on the

thiophene ring [14]. Meanwhile, the oxidative doping

potential of PEDOT also decreases, and its conductive

doping state is tending toward stability [20, 21]. However,

the main chain of PEDOT with strong p–p stacking is a

sort of rigid conjugated structure, resulting in insolubility

and infusibility under eigenstate [22]. This makes further

processing difficult and limits the applications of PEDOT.

In order to solve the problem of poor solubility in the

PEDOT eigenstate, Bayer creatively used poly(styrene

sulfonate) (PSS) to disperse PEDOT [23]. Generally, a

stable black-blue PEDOT:PSS suspension is obtained by

mixing a certain proportion of 3,4-ethylenedioxythiophene

(EDOT) and PSS under acidic conditions with an oxidizing

agent such as ammonium persulfate. In this system, PSS

acted as a dispersant, and its hydrophilic group allowed

insoluble PEDOT to be stably dispersed in aqueous solu-

tion [21–23]. Additionally, PSS was also an anionic dopant

that maintains charge balance in the PEDOT backbone

forming p-type doped PEDOT:PSS [24, 25]. Moreover, the

PSS also plays as a template which allows the linear

PEDOT to be arranged along with a linear conformation

[26]. It was recognized that the introduction of PSS with

long straight chain and no double-bond structure endowed

the PEDOT:PSS aqueous solution with low cost, easy

processing and high mechanical flexibility, which provided

the basis for being widely used in light-emitting diodes

[27, 28], organic solar cells [29–31] and supercapacitors

[32, 33]. Especially in the device structure of inverted

PSCs, PEDOT:PSS was generally used as an HTM,

offering intrinsic higher conductivity and lower tendency

to crystallize compared with their small-molecule ana-

logues [34]. Furthermore, the performance of PSCs with

PEDOT:PSS has made impressive progress with maximum

PCEs exceeding 22% for state-of-the-art devices [35–39].

However, there were still some limitations in the applica-

tion process with the addition of insulators because the

addition of PSS led to a poor conductivity uniformity.

Based on the discussion above, this review mainly dis-

cusses the physical and modification of PEDOT:PSS that

could effectively improve the performance of PSCs.

It was generally believed that the significant improve-

ment of PEDOT:PSS conductivity was very important for

its application as the transparent layer of optoelectronic

devices [40]. The conductivity enhancement of PED-

OT:PSS was discovered in 2002 by Kim et al. [41] with the

addition of organic solvents such as dimethyl sulfoxide

(DMSO), dimethyl formamide (DMF) or tetrahydrofuran

(THF). Since then, many methods have been reported to

tune the conductivity of PEDOT:PSS [42–48]. Shi et al.

[19] further summarized that efficient approaches to

improve the electrical conductivity of PEDOT:PSS are

thermal/light/organic solvent/surfactant/salt solution/zwit-

terion/acid or alkali treatment and pH value influences.

Though the electrical conductivity of PEDOT:PSS could

be efficiently enhanced by a couple of methods, it was still

Fig. 2 Most common PSC device architectures: a mesoporous n–i–p structure, b conventional planar n–i–p structure and c inverted
planar p–i–n structure
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a big challenge to clearly understand the intrinsic con-

ductivity mechanism at this stage. Up to now, some

researchers have proposed different mechanisms to explain

the effect of the treatments on the structure of PEDOT:PSS.

In order to fully explore the influence of the molecular

weight of additives on the conductivity of PEDOT:PSS,

Mengistie et al. [49] selected polyethylene glycol (PEG)

and ethylene glycol (EG) with different concentrations and

molecular weights, respectively. This work revealed that

the depletion of PSS on the membrane surface would cause

the conformation of PEDOT to change from a coiled

structure to a linear/extended coil structure, which was

consistent with the atomic force microscope (AFM) phase

diagram. The ionic interaction between PEDOT and PSS

with the addition of PEG or EG would be produced owing

to forming hydrogen bonding with both PSS- and PSSH,

which resulted in better phase separation between PEDOT

and PSS, linear arrangement of PEDOT chains and larger

or more aggregated PEDOT chains on the film surface.

Therefore, due to the linear structure, larger grain size and

lower intergrain hopping, the electrical conductivity of

PEDOT-rich chains was greatly improved. Before that,

Ouyang et al. [50] found that the chain interaction between

the PEDOT chains was enhanced after EG treatment,

which caused the water-soluble PEDOT:PSS became

insoluble. The study further found that the increase in

conductivity was related to the two or more pole groups in

the molecule, which would promote the change of the

resonance structure of the PEDOT chain from a benzoid to

a quinoid structure confirmed by Raman spectroscopic.

Chu et al. proposed a simple and efficient film treatment

method, in which they used methanol with stronger

hydrophilicity and higher dielectric constant to treat

PEDOT:PSS film [51]. The conductivity could be

improved by immersing the film in methanol, dropping a

small amount of methanol on the film or a combination of

the two methods for PEDOT:PSS film treatment, while

mixing methanol in the PEDOT:PSS aqueous solution had

almost no effect on the conductivity. For single-layer

PEDOT:PSS film, the conductivity was increased from 0.3

to 1362 S�cm-1, while maintaining high transmittance.

Rivnay’s group [52] employed synchrotron radiation and

resonant soft X-ray scattering to investigate the multi-scale

microstructure of PEDOT:PSS films in the premise of

PEDOT:PSS films modified with varying amounts of co-

solvent. In this work, the multi-scale morphological chan-

ges caused by the addition of commonly used co-solvents

and successfully built the structure–characteristic rela-

tionship describing the blended conductivity in the proto-

type conducting polymers. Gelbwaser-Klimovsky et al.

[53] proposed that the structure in the PEDOT:PSS film

was very disordered, which would make a great contribu-

tion to the optical and electronic properties. Additionally,

Reyes-Reyes et al. [54] conceived a new doping scheme by

using dimethyl sulfate in the PEDOT:PSS dispersion. After

this treatment, the conductivity of the PEDOT:PSS film

was 1880 times higher than that of the original PED-

OT:PSS. Attractively, DMS enhanced the doping level in

the PEDOT chains replacing some PSS units with SO4
2- in

the film, and this enhancement was mainly produced with a

very low pH of the solution. In addition, Li et al. [55]

introduced non-toxic, low-cost and water-soluble carbon

nanodots (CNDs) into PEDOT:PSS and successfully pre-

pared PEDOT:PSS:CNDs. The PEDOT:PSS doped with

CNDs effectively removed the insulating parts. Therefore,

the conductivity and hole extraction capability of PED-

OT:PSS:CNDs were significantly improved, compared

with the original PEDOT:PSS.

In general, despite the growing number of reports

relating to the conductivity enhancement mechanism of

PEDOT:PSS, it was difficult to put forward an original

model to guide the modification design of PEDOT, limited

by the characterization technique. Also, there were diffi-

culties in understanding the effect of the treatments on the

structure of PEDOT:PSS. It was believed that further

efforts were needed in order to fully understand the law of

conductivity enhancement to create more superior modified

PEDOT:PSS for PSCs.

3.1.1 Modification via doping

The p–i–n inverted plane PSCs with PEDOT:PSS as the

HTL was a popular research topic [56, 57]. Recent studies

have achieved better device performance through the

modification of PEDOT:PSS. Liu et al. [58] introduced

2,3,5,6-tetrafluoro-7,7,8,8-tetracyanoquinodimethane (F4-

TCNQ) dopant into PEDOT:PSS as HTL of PSC devices

for the first time. The doped PEDOT:PSS film showed

enhanced conductivity and achieved lower work function,

and the recombination of charge carriers decreased,

resulting in short-circuit current (JSC) and open-circuit

voltage (VOC) increased simultaneously. Compared with

the reference devices, the optimized devices could realize a

significant increase in PCE from 13.30% to 17.22%. Huang

et al. [59] fabricated DMSO-doped PEDOT:PSS, which

improved absorption, morphology, crystallinity, conduc-

tivity and inhibited interface reorganization. Herein, the

PCE of the PSC devices with SMSO-doped PEDOT:PSS as

the HTL increased by 37%. Besides, Thomas et al. [60]

studied the changes in the morphology and nanostructure

properties of PEDOT:PSS after adding two commonly used

co-solvents DMSO and EG. Wang et al. [61] developed an

inverted silicon nanopyramid surface structure by sequen-

tially processing NaOH and HF/CH3COOH/HNO3 solu-

tions to Si nanowires textured Si wafers. Owing to the

higher junction and contact quality, the PCE of the device
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was enhanced to 9.6%. Kim et al. [62] employed poly-

ethyleneimine (PEI) to modify PEDOT:PSS (PH1000) to

adjust the work function and applied it to the ITO/PED-

OT:PSS/CH3NH3PbI3/PCBM layer. Furthermore, the PEI

treatment of PH1000 reduced the work function from 5.1 to

3.97 eV.

Li’s group fabricated highly efficient planar hetero-

junction PSCs with dopamine (DA) semiquinone radical

modified poly(3,4-ethylenedioxythiophene) polystyrene

sulfonate (PEDOT:PSS) (DA-PEDOT:PSS) as an HTL

[25, 63]. Compared with PEDOT:PSS, DA-PEDOT:PSS

had a higher radical content and a larger perovskite charge

extraction capacity for HTL (Fig. 3a-c). In addition, DA

doping also improved the work function of PEDOT:PSS

and increased the crystallinity of the perovskite film. In

addition, the amino groups and hydroxyl groups in DA

could interact with the uncoordinated Pb atoms on the

surface of perovskite layer to reduce the charge recombi-

nation and improve the charge extraction. Furthermore,

Dong et al. [64] introduced hydroxymethyl (–MeOH)

functional group into ethylenedioxythiophene (EDOT) to

form a hydroxymethylated 3,4-ethylenedioxythiophene

(EDOT-MeOH) monomers and to further polymerize them

to water-soluble poly(hydroxymethylated-3,4-ethylene-

dioxythiophene):polystyrene sulfonate (PEDOT-

MeOH:PSS) to improve PEDOT:PSS with the electronic,

structural and surface morphological properties. Then, this

group found that increasing the amount of iron trioxide

oxidant would simultaneously increase the conductivity

and work function of the PEDOT-MeOH:PSS film, and by

adding EG could effectively enhance the conductivity of

PEDOT-MeOH:PSS film, because hydrogen bonding

between EG and -MeOH groups on PEDOT-MeOH facil-

itated the structural change of PEDOT-MeOH backbone

from the benzoid to quinoid structure and the phase seg-

regation of PEDOT-MeOH and PSS domains.

In order to reduce the influence of the interface barrier,

Zhang et al. [65] treated the surface of PEDOT:PSS with

hydroquinone (HQ), which lowered the hole transport

barrier at the interface, thereby reducing the interface

resistance. The crystal size of the perovskite film grown on

the PEDOT:PSS after the HQ spin coating process was

larger than the crystal size of the perovskite film on the

PEDOT:PSS without the HQ process. These results indi-

cated that HQ-doped PEDOT:PSS improved the crys-

tallinity and crystal quality of the perovskite film grown on

it. Subsequently, this team changed the content (wt%) of

HQ and isopropyl alcohol (IPA) and found that when the

ratio was 0.5 wt%, PCE achieved the maximum value of

14.65%, JSC was 27.07 mA�cm-2, VOC was 0.737 V, and

FF was 73.44%. Recently, adding dopants to PEDOT:PSS

has also become an effective strategy to improve the PCE

of PSCs. Zhao et al. [66] systematically studied the effects

of 3-(cyclohexylamino)-2-hydroxy-1-propanesulfonic acid

(CAPSO) doping PEDOT:PSS and perovskite film perfor-

mance in PSCs. CAPSO zwitterions could significantly

increase the conductivity and improve the wettability of the

PEDOT:PSS layer and the polar perovskite solution,

thereby increasing the PCE of the CH3NH3PbI3-based

device. When the optimal doping concentration of CAPSO

was 15 mg�ml-1, the conductivity measurement showed

that the conductivity of the PEDOT:PSS film doped with

CAPSO has increased by nearly three orders of magnitude,

which was beneficial for effective charge extraction. Above

all, using this method to fabricate high-efficiency PSCs,

compared with the original PEDOT:PSS HTL-based ref-

erence device, the efficiency of the device containing

CAPSO-doped PEDOT:PSS HTL increased by more than

40%. In addition, Xu et al. [67] introduced CuSCN to

modify PEDOT:PSS to fabricate PEDOT:PSS-CuSCN

composite layer as HTL which could significantly enhance

PCE and improve the long-term stability of inverted PSC.

PEDOT:PSS-CuSCN composite film has lower acidity and

higher work function, which is beneficial to the improve-

ment and stability of charge extraction efficiency. At the

same time, the HTL modified by CuSCN could also pro-

mote the crystallization of the perovskite film, resulting in

an increase in the grain size and a decrease in the boundary.

Finally, the PEDOT:PSS-CuSCN-based PSCs achieved

Fig. 3 a DA-PEDOT:PSS:DA semiquinone radicals; b photovoltaic performance of PSCs with PEDOT:PSS and DA-PEDOT:PSS;
c long-term stability of unencapsulated PSCs. Reproduced with permission from Ref. [63]. Copyright 2018 John Wiley and Sons
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higher PCEs of 15.3%, which is 16% higher than that of the

control device.

3.1.2 Modification via changing chemical structure

Although PEDOT:PSS has been developing for nearly

30 years acting as one of the most famous traditional

HTMs in photovoltaic devices, in fact, there still existed a

lot of drawbacks for PEDOT:PSS due to its relatively low

work function (4.8–5.1 eV). Besides, the ultra-high

molecular weight and linear structure of the dopant PSS

induced a partial bonding of PSS with PEDOT, greatly

reducing the structural and electrical homogeneity of

PEDOT:PSS system. Hence, it was necessary to hunt for

the novel dispersants of PEDOT in order to optimize the

performance of PSCs.

Li et al. grafted alkali lignin (AL) with sulfonated

formaldehyde acetone condensate (SAF) to obtain sul-

fonated formaldehyde acetone–lignin (GSL). PEDOT:GSL

was used as an HTL for PSCs for the first time, and its PCE

was higher than that of PEDOT:PSS devices (Fig. 4)

[68–70]. Furthermore, the PEDOT:LS-based PSC showed

a higher long-term stability compared with the PED-

OT:PSS reference device due to the excellent waterproof-

ness of hole extraction layer [71]. In this article, the

covalent bonding between LS and PEDOT during the

oxidation polymerization process could improve the

homogeneity of PEDOT:LS, and the cross-linking between

LSs with the heating process could result in a dense film

with excellent waterproofness. More importantly, the

unencapsulated PEDOT:LS-based devices showed higher

long-term stability not only in N2 but also in air than those

of the unencapsulated PEDOT:PSS-based devices. After

158 h, the PEDOT:LS-based device retained more than

96.1% of its original PCE, whereas the PEDOT:PSS-based

device retained about 90.7% of its original PCEs. Fur-

thermore, Huang et al. [72] introduced DA into PEDOT:LS

to adjust the work function. This work pointed out that the

alkalinity of DA would reduce the acidity and

hydrophilicity of PEDOT:LS, and the inherent cross-link-

ing between LS, DA and PEDOT might produce water

resistance, which was important for enhancing the dura-

bility of PSC devices (Fig. 5a–c). Additionally, the VOC

value of PSCs based on PDA:PEDOT:LS was 1.02 V;

therefore, PCE of the devices was enhanced. At the same

time, the acidity of PDA:PEDOT:LS was reduced, so the

devices realized excellent water resistance and lower

hydrophilicity.

Yu et al. [73, 74] employed the second-generation

water-reducing agent sulfoacetone formaldehyde conden-

sate (SAF) instead of PSS to fabricate a new HTM

(PEDOT:SAF). PEDOT:SAF had lower acidity and higher

work function, which could reduce the UV degradation of

the perovskite layer. In addition, compared with commer-

cial PEDOT:PSS, PEDOT:SAF was easy to be prepared

and low in cost. Besides, it had great dispersion stability in

aqueous solutions, good film-forming properties and higher

electrical conductivity. Therefore, PSCs with the new

PEDOT:SAF as the HEL have achieved excellent perfor-

mance, with a high PCE of 14.05%. Especially in terms of

equipment stability, after nearly a month of storage, PSCs

based on PEDOT:SAF retained 83.2% of PCE, while PSCs

based on PEDOT:PSS retained only 57.4% of its initial

value (Fig. 5d–f). Besides, Li et al. reported a new water-

Fig. 4 a Schematic of PEDOT:GSLs; b energy level diagram of PSC and cross-sectional SEM image; c steady-state PL spectroscopy
of 1 ITO/PEDOT:PSS/PEDOT:GSL/perovskite, 2 ITO/PEDOT:GSL/perovskite and 3 ITO/PEDOT:PSS/perovskite; d current density–
voltage characteristics of PSC with bilayer HTLs; e electron spin resonance spectra of GSL and GSL/perovskite. Reproduced with
permission from Ref. [68]. Copyright 2017 John Wiley and Sons
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soluble sulfobutylated phenol formaldehyde resin with

flexible alkyl sulfonic acid groups, which was served as

semiconductive dopant because of the stable oxidation

state with radical [70].

Li et al. [75] fabricated PEDOT:MNSF by a one-step

oxidation method using a branched dispersant, methyl-

naphthalene sulfonate formaldehyde condensate (MNSF).

Compared with PEDOT:PSS, PEDOT:MNSF had very low

electrical conductivity, but it had the advantages of high

work function and good electrical conductivity uniformity

(Fig. 6). It exhibited high performance in inverted

CH3NH3PbIxCl3-x-based PSCs. This work pointed out that

the dopant PSS with the ultra-high molecular weight and

the linear structure was only partially combined with

PEDOT, which greatly reduced the structural uniformity of

the PEDOT:PSS film, verified by X-ray photoelectron

spectroscopy (XPS). Additionally, The PEDOT:PSS and

PEDOT:MNSF were compared by phase separation

experiments and conductive atomic force microscopy (c-

AFM). The results proved that the excessive and insulated

PSS in PEDOT:PSS had a great influence on the uniformity

of the film’s conductivity. There was still high performance

for PEDOT:MNSF with very low conductivity because of

good structural uniformity and conductivity uniformity.

Based on the above, the successful applications in

exploring novel dispersant of PEDOT encouraged us to

study additional types of dispersants and its further appli-

cation in organic electronics.

3.2 Small-molecule hole transport materials

In 2012, Kim et al. [76] used solid organic HTM

2,20,7,70-tetrakis-(N,N-di-4-methoxyphenyl amino)-9,90-
spirobifluorene (Spiro-OMeTAD) to replace liquid as the

electrolyte. The all-solid-state perovskite solar cell was

manufactured for the first time, and its cross-sectional SEM

image is shown in Fig. 7. The use of solid HTMs increased

the efficiency of PSCs to 9.8%, while avoiding the

decomposition of light-absorbing materials in polar sol-

vents and improving the stability of the cells. Spiro-

OMeTAD has since become the most representative small-

molecule HTM (SM-HTM) in PSCs. However, Spiro-

OMeTAD also had many shortcomings, such as complex

synthesis process, difficult passivation and harsh reaction

conditions leading to expensive cost, and low hole mobil-

ity, relying on dopants such as

Fig. 5 Cyclic voltammograms of sample films with 0.1 mol�L-1 Bu4NPF6 in CH2Cl2 solution: a PEDOT:PSS; b PEDOT:LS;
c PDA:PEDOT:LS, and the mechanism for the change of the work function for PDA:PEDOT:LS d PCE and e VOC; f change trend for
VOC and PCE of champion devices; g stability characteristics of PSCs with PEDOT:PSS and PDA:PEDOT:LS as HTL. Reproduced
with permission from Ref. [72]. Copyright 2017 Royal Society of Chemistry. h Chemical structure of PEDOT:SAF; i UVabsorbing effect
of HEL with PEDOT:SAF toward perovskite layer; j stability characteristics of PSCs with PEDOT:PSS and PEDOT:SAF as HEL.
Reproduced with permission from Ref. [73]. Copyright 2017 Elsevier
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bistrifluoromethanesulfonimide lithium salt (Li-TFSI) to

increase its hole migration rate. Importantly, devices added

with dopants tend to absorb moisture in the atmosphere and

cause performance degradation. These shortcomings

restricted its large-scale application in PSCs. Therefore, it

was of great significance to develop novel SM-HTMs with

simple synthesis, low cost and high hole mobility to

replace Spiro-OMeTAD.

Fig. 6 a Schematic diagram of naphthalene sulfonate formaldehyde condensate (NSF) superplasticizer participated in reinforced
concrete; b device architecture of inverted PSCs with PEDOT:MNSF-1:6; c current–voltage curves of inverted PSC devices F and G;
d schematic of molecular packing and arrangement of PEDOT:MNSF-1:6; diagrams of samples in DMSO:H2O (V/V of 1:4) drying in air
atmosphere at room temperature (photographed using a JC2000C1 static contact angle instrument): e image of pristine samples drop
cast onto glass substrates and f image of completely dried sample films; g image of border of completely dried sample films; h XPS
S2p spectra acquired at positions III and IV in f (RT/D meaning PEDOT to dopant mass ratios); c-AFM images of sample films spin-
coated on ITO after annealing at 120 �C for 15 min: i topography and j corresponding current map of PEDOT:MNSF-1:6 film, with bias
voltage of 1 V. Reproduced with permission from Ref. [75]. Copyright 2017 John Wiley and Sons

Fig. 7 Solid-state device and its cross-sectional meso-structure: a real solid-state device; b cross-sectional structure of device;
c cross-sectional SEM image of device; d active layer–underlayer–FTO interfacial junction structure. Reproduced with permission
from Ref. [76], Copyright 2012 Springer Nature
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Because of the advantages of simple synthesis, easy

purification, low production cost, diversity of molecular

structure, solution processing and compatible with flexible

equipment, SM-HTMs had become the focus of research-

ers. Furthermore, triphenylamine (TPA)/diphenylamine

(DPA)-based compounds are the most popular SM-HTMs

in PSCs. In this review, the recent researches on SM-HTMs

for high-efficiency PSCs are introduced. All photovoltaic

parameters of SM-HTM based on PSCs are listed in

Table 1 [8, 77–88], and their chemical structures are shown

in Fig. 8. In order to pursue cost-effective and excellent

performance HTMs, various groups have designed novel

small molecule-based materials with different concepts.

In order to adjust HOMO levels, Zhang et al. [77]

synthesized a series of D-A-D HTMs with quinoxaline as

the core. Among these materials, TQ2 has an appropriate

HOMO level, and the champion PCE of PSCs with TQ2

was 19.62%, which surpassed that of devices with Spiro-

OMeTAD under the same conditions. Through photolu-

minescence quenching and electrical measurements, it was

found that the structural change of the quinoxaline core

substituent from phenyl (TQ1) to thienyl (TQ2) not only

shortened the hole extraction time (16.6 vs. 3.4 ns), but

also improved hole mobility (9.45 9 10-5 cm2�V-1�s-1 vs.

2.29 9 10-4 cm2�V-1�s-1) and electrical conductivity

(6.58 9 10-5 S�cm-1 vs. 9.19 9 10-4 S�cm-1). Single-

crystal analysis showed that the thiophene substituent in

TQ2 would cause strong intermolecular S–S and S–p
interactions, thereby reducing the intermolecular distance

and increasing the hole hopping channel, which was ben-

eficial to the charge transport in the HTL. In a large-area

device of 1.02 cm2, TQ2 was further preliminary scaled up

and tested, and the results showed an efficiency of 18.50%.

Besides, Zhang et al. [78] synthesized a series of HTMs

based on phenothiazine core, and devices with Z30 as the

HTM have achieved a high PCE of 19.17%. This was

because Z30 had good solubility, sufficiently high hole

mobility and an appropriate HOMO level. More impor-

tantly, compared to Z28 and Z29, the Z30-based devices

aging for 1008 h in the dark at 40% relative humidity in the

ambient air showed better performance when immersed in

continuous sunlight for 600 h without packaging stability.

Before that, Xue et al. [89] fabricated a series of phenol

core HTMs with ultra-wide bandgap and excellent film-

forming properties called TCP-OH and TCP-OC8 (Fig. 9).

Compared with TCP-OC8, TCP-OH showed a higher glass

Table 1 Photovoltaic parameters of PSCs with small molecule hole transport materials

HTM Device structure Hole mobility/
(cm2�V-1�s-1)

HOMO/
eV

VOC/
V

JSC/
(mA�cm-2)

FF/% PCE/
%

Refs.

DTB-FL FTO/SnO2/perovskite/HTM/MoO3/
Ag

3.94 9 10-3 - 5.47 1.14 23.80 79.10 21.50 [8]

TQ2 FTO/cp-TiO2/mp-TiO2/perovskite/
HTM/Au

2.29 9 10-4 - 5.30 1.12 22.09 77.67 19.62 [77]

Z30 FTO/cp-TiO2/mp-TiO2/perovskite/
HTM/Au

6.70 9 10-5 - 5.27 1.11 23.53 73.00 19.17 [78]

YN2 FTO/cp-TiO2/mp-TiO2/perovskite/
HTM/Au

9.65 9 10-4 - 5.40 1.11 23.15 75.00 19.27 [79]

YN3 FTO/cp-TiO2/mp-TiO2/perovskite/
HTM/Au

2.25 9 10-4 - 5.31 1.12 22.43 75.00 18.84 [80]

MPA-BTTI Ag/C60 ? BCP/perovskite/HTM/
ITO

2.20 9 10-4 - 5.32 1.12 23.23 81.40 21.17 [81]

TPA-ANT-
TPA

FTO/cp-TiO2/mp-TiO2/perovskite/
HTM/Ag

2.60 9 10-4 - 5.41 1.03 21.07 79.60 17.50 [82]

TPA-BPFN-
TPA

FTO/cp-TiO2/mp-TiO2/perovskite/
HTM/Ag

2.90 9 10-4 - 5.47 1.04 22.70 78.00 18.40 [83]

DTP-C6Th Au/HTM/perovskite/SnO2/C60-
SAM/FTO

4.18 9 10-4 - 4.87 1.16 22.76 79.90 21.04 [84]

DFH Ag/C60 ? BCP/perovskite/HTM/
ITO

*1.00 9 10-3 - 5.40 1.09 22.70 83.00 20.06 [85]

TPE-S Ag/ZnO/PCBM/perovskite/HTM/
ITO

1.20 9 10-5 - 5.29 1.13 23.30 79.70 21.00 [86]

TXTX-
OMeDPA

FTO/TiO2/FA perovskite/HTM/Au 9.50 9 10-4 – 4.79 1.15 24.78 78.00 22.20 [87]

K-DHP-1 FTO/cp-TiO2/mp-TiO2/perovskite/
HTM/Au

2.98 9 10-4 - 5.33 1.09 23.96 78.60 20.52 [88]
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transition temperature, better matching band arrangement

and higher hole mobility. The synthesis route of TCP-OH

and TCP-OC8 was very simple, and they are one of the first

small molecules without methoxy groups. The photovoltaic

performances of TCP-OH-based devices have achieved the

highest record at the time. Recently, Li et al. proposed a

new dopant-free HTM named DTB-FL with a D–A–p–A–
D molecular design [8]. The donor (D) unit based on

4-methoxy-N-(4-methoxyphenyl)-N-phenylaniline has

been considered as the efficient terminal group in HTM.

The acceptor (A) unit based on benzothiadiazole features

structural planarity, benefiting to the enhanced inter-

molecular stacking. A 9,9-dialkylfluorene unit with weak

electron-donating strength was selected as the middle p-
bridge; such modification not only could ensure good sol-

ubility and film formation properties of the molecules,

electronically, but also extended the overall p-conjugation
length of the molecule and deepened its HOMO energy

level. Meanwhile, the 2,7-substitution on 9,9-dialkylfluo-

rene core contributed to a more linear conjugated structure

of HTM, which might feature better material properties in

contrast to the twisted one created by the 3,6-substitution.

This work showed that the PSCs based on undoped DTB-

FL HTM were outperformed those based on DT-BT and

doped Spiro HTMs exhibited a champion PCE of 21.5%

with negligible photocurrent hysteresis, which was among

the highest performance for MA-free PSCs based on

dopant-free molecular HTM.

Xu et al. [79] synthesized a new HTM named YN2

which contained TPA as the donor and thieno[3,4-b]pyr-

azine (TP) unit as the acceptor. Compared with YN1 whose

acceptor is benzothiadiazole (BT) unit, YN2 showed better

hole extraction ability, higher hole mobility and smoother

interface. The PCE of the PSC devices with YN2 as the

HTM achieved 19.27%, which was better than the PCE of

the PSCs made with Spiro-OMeTAD (17.80%), while the

PCE of the PSCs with YN1 as the HTM was much lower at

16.03%. This result indicated that the photoelectric per-

formance of D–A–D HTM could be fine-tuned by intro-

ducing various electron-withdrawing groups. In addition,

This team fabricated a new HTM named YN3 with

cyclopenta[hi]aceanthrylene as the acceptor [80]. They

hoped to employ cyclopenta[hi]aceanthrylene’s large pla-

nar aromatic p-conjugation structure to form p–p interac-

tions between molecules, thereby improving the ordered

morphology of the solid film. The (FAPbI3)0.85(-

MAPbBr3)0.15 PSC devices based on YN3 as a dopant-free

HTM had a very impressive PCE of 18.84% with a low

hysteresis, which was higher than the doped Spiro-OMe-

TAD-based reference device (18.41%) under the same

working conditions. The PCE of the CsPbI2Br solar cell

based on YN3 HTM was 12.05%, exceeding the cell with a

PCE of 11.51% based on the reference Spiro-OMeTAD.

In the molecular design engineering of SM-HTMs, the

electron acceptor unit was also used as the core. Guo et al.

designed and synthesized two SM-HTMs, called MPA-BTI

and MPA-BTTI, using imide-functionalized fusion units as

Fig. 8 Molecular structures of small-molecule hole transport materials
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the core (Fig. 10) [81]. In this molecule, the imide-based

fusion thiophene unit was the acceptor unit, and TPA units

were the donors. The high planarity of the cores could

achieve great intermolecular p–p stacking, which facili-

tated charge transfer. At the same time, due to insufficient

coordination between the S atom of HTM and the Pb2? of

the perovskite material, the carbonyl group provided HTM

with a strong defect passivation ability, and the alkylation

on the N atom increased the solubility of the molecule,

which was believed to provide excellent photovoltaic per-

formance. Besides, MPA-BTTI realized a smoother and

more homogeneous surface with a root-mean-square

roughness (Rq) of 0.44 nm compared to MPA-BTI with a

Rq of 0.96 nm. Thereby, there were better contact inter-

faces on HTL/perovskite and HTL/electrodes. The glass

transition temperature (Tg) values of MPA-BTI and MPA-

BTTI were 86 and 256 �C, respectively, which provided

highly enhanced device stability of MPA-BTTI-based

devices. MPA-BTI exhibited typical J-aggregation in solid

state, while MPA-BTTI adopted H-aggregation due to the

extended p-system. Consequently, MPA-BTTI realized

more effective charge transport and higher hole mobility,

compared with MPA-BTI. Moreover, the devices with

MPA-BTTI achieved a champion PCE of 21.17%.

In some cases, sulfur atoms were introduced to replace

the conventionally used oxygen atoms, because sulfur

atoms could passivate the defects of perovskite more

effectively by coordinating Pb2? vacancies. Jiang et al.

[86] fabricated a new SM-HTM called TPE-S based on

tetraphenylethylene (TPE). When used as a dopant-free

HTM in the inverted all-inorganic CsPbI2Br PSCs, the

chlorobenzene solution containing TPE-S could be directly

processed on the ITO substrate at room temperature with-

out any post-treatment. The optimized all-inorganic device

achieved the best PCE value of 15.4% and has a signifi-

cantly stabilized power output of * 14.3% within 650 s.

To demonstrate the versatility of this HTM, this work also

produced a hybrid inverted PSC with a TPE-S layer, which

achieved a remarkable PCE of 21.0%, close to the record of

inverted PSCs (21.6%). Furthermore, Zheng et al. [87]

fabricated a new HTM named TXTX-OMeDPA by com-

bining thioxanthenothioxanthene (TXTX) and bis(4-

Fig. 9 a Diagram of energy level for each layer in PSC device; b cross-sectional SEM image of a representative device; c synthetic
route of TCP-OH and TCP-OC8; d cyclic voltammograms of TCP-OH, TCP-OC8 and Spiro-OMeTAD in dichloromethane solution;
e UV–Vis absorption spectra of TCP-OH, TCP-OC8 and Spiro-OMeTAD in dichloromethane; f J–V curves of champion devices.
Reproduced with permission from Ref. [89]. Copyright 2017 Elsevier
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methoxyphenyl)amine. TXTX-OMeDPA film was inferred

to have a lateral correlation length of 280 nm, which was

larger than that of 105 nm for Spiro-OMeTAD. Besides,

the average hole mobility of the TXTX-OMeDPA film was

9.5 9 10-4 cm2�V-1�s-1, which was more than five times

higher than 1.8 9 10-4 cm2�V-1�s-1 of Spiro-OMeTAD.

TXTX-OMeDPA-based PSCs had the characteristics of

reduced transportation resistance and expanded interfacial

composite resistance, and achieved a notable efficiency of

over 22% under AM 1.5 G conditions. The morphological

durability of the TXTX-OMeDPA-based film optimized

the PSCs with high stability in the aging conditions of both

under dark storage at 60 �C and operation under light-

soaking at 60 �C.
Pham et al. [82] introduced the cheap anthanthrone dye

as a precursor and 1,2-dihydroacenaphthylene (ACE)

functional group as the end group for the first time to obtain

two HTMs (ACE-ANT-ACE and TPA-ANT-TPA). Under

standard illumination (AM 1.5 G and 100 mW�cm-2), the

average PCEs of devices using ACE-ANT-ACE and TPA-

ANT-TPA as HTMs reached 11.4% and 16%, respectively.

Interestingly, these PCEs of devices based on TPA-ANT-

TPA without any dopant under similar operating conditions

were comparable to doped Spiro-OMeTAD devices. In

addition, after 20 h in the surrounding environment (room

temperature, 58% humidity), the PCE of the unsealed

Spiro-OMeTAD-based device retained 2% of its initial

value, while the PCE of TPA-ANT-TPA still retained 80%

of its initial value. In addition, this team further replaced

the core with an electron-deficient biphenyl-fumaronitrile

(BPFN) unit to synthesize a novel HTM 2,3-bis(40-(bis(4-
methoxyphenyl)amino)-[1,10-biphenyl]-4-yl)fumaronitrile

(TPA-BPFN-TPA) [83]. Interestingly, the low light per-

formance of undoped TPA-BPFN-TPA-based solar cells

also showed significantly improved PCEs of 30.01% and

20.1% over doped Spiro-OMeTAD PSCs’ 22.7% and 10%

at 1000 lx and 200 lx illumination, respectively.

Besides, Yin et al. [84] successfully designed and syn-

thesized a small-molecule DTP-C6Th based on a simple

dithia[3,2-b:20,30-d]pyrrole core as an HTM. DTP-C6Th

exhibited an appropriate energy level, high hole mobility

and high hole extraction efficiency to achieve an efficient

and stable PSC. By adding an ultra-thin polymethyl

methacrylate passivation layer and appropriately adjusting

the composition of the perovskite absorption layer, the

optimized PCE of the dopant-free HTM was 21.04%, and

the devices showed significantly improved long-term sta-

bility. More importantly, the calculation cost of DTP-C6Th

Fig. 10 a Schematic diagram of molecular design principles and corresponding chemical structures; b J–V characteristics; c PCE
evolution at 80 �C in dark. Reproduced with permission from Ref. [81]. Copyright 2019 John Wiley and Sons
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laboratory synthesis was estimated to be * 30 $�g-1,

which is only one-third of Spiro-OMeTAD. In order to

obtain the HTM as cheap and efficient as possible, Cao

et al. [85] reported a novel HTM N2,N2,N7,N7-tetra-p-

tolylspiro[fluorene-9,20-[1,3dioxolane]-2,7-diamine (DFH)

at a cost of * 3 $�g-1 (Fig. 11). The PCE of the PSC

devices could be doubled by annealing the amorphous DFH

film to a temperature between Tg and temperature of cold

crystallization (Tcc) to promote dimerization and a small

amount of crystallization. The best performance device was

obtained by annealing of DFH film at 135 �C. The

annealed DFH film quenched[95% of the baseline pho-

toluminescence of the perovskite, indicating that the band

arrangement permitted efficient extraction of holes from

the perovskite layer. The time resolution of perovskite

photoluminescence showed that the annealed DFH

extracted 99% of the holes within 20 ns. With annealing at

135 �C, devices containing DFH displayed a very high FF

value and achieved an excellent PCE of 20.6%. which were

the highest efficiency for dopant-free fluorene-derived

HTMs. These simple and inexpensive dopant-free HTMs

make high-performance commercial PSCs possible in the

future.

9,10-dihydrophenanthrene (DHP) was a rigid conju-

gated unit, and its two phenyl rings were arranged in an

approximately planar conformation. This skeleton was

similar to fluorene and just like the methylene group of

fluorenyl, the two sp3-hybridized carbon atoms in DHP

could be used as potential sites for further modification to

improve thermal stability and solubility and to fine-tune

energy levels. For the first time, Dong et al. [88] introduced

DHP to fabricate a new type of small-molecule HTM

named K-DHP-1 in the photovoltaic field. In this work,

bis(4-methoxyphenyl)amine was chosen as the end-cap-

ping substituent to achieve an energy level equivalent to

H-Spiro-OMeTAD and Spiro-OMeTAD, and a bridged

ketal motif was used as the connection. K-DHP-1 was

ready to synthesize, was low in cost (* 11.88 $�g-1) and

had good thermal stability. Besides, PSCs prepared based

on doped K-DHP-1 achieved an impressive PCE of 20.52%

Fig. 11 a Molecular structure of DFH with ethylene and Spiro carbon atoms of cyclic 1,3-dioxolane group highlighted in red and blue,
respectively; b propensity of CH…O interactions between DFH molecules illustrated by a ball-and-stick model derived from X-ray
crystallographic data, Spiro carbon and carbon atoms on ethylene group highlighted in blue and red, respectively; c powder XRD
patterns of DFH before and after thermal crystallization (black) and GIXD traces of 150 nm spin-coated DFH thin films before and after
annealing at 150 �C (blue). d Cross-sectional SEM image of an inverted (p–i–n) PSC with DFH as HTM; e J–V curves of PSCs with
DFH annealed at different temperatures; f current–voltage traces of champion device in forward and reverse directions. Reproduced
with permission from Ref. [85]. Copyright 2019 Royal Society of Chemistry
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and a photovoltage of 1.09 V. Therefore, this work

revealed the huge potential of DHP building blocks to

further develop low-cost and high-efficiency HTM for

PSCs.

4 Research progress of cathode interface
materials

With the rapid development of PSCs, scientists have

gradually realized that not only the perovskite layer and the

HTL were important factors that affect the performance of

the device, but it was also crucial to choose the appropriate

ETL. For effective PSCs, the ETL should have good

energy level matching to achieve effective charge transfer

and hole blocking, high electron mobility to ensure fast

electron transport, and high stability and low cost.

For PSCs with p–i–n structure, the ETMs were mainly

organic materials, such as graphene, fullerene, BCP and

their derivatives. The advantage of organic ETMs was that

they could be easily processed in solution at low temper-

ature, but their poor environmental stability and poor light

stability limited their commercial development. For n–i–p-

type PSCs, metal oxides were the most common choice for

their ETM. PSC device using mesoporous TiO2 as the

ETM was fabricated in 2009 for the first time. So far, TiO2

was still the first choice as ETM for PSCs. However, sci-

entists have gradually realized some shortcomings of TiO2,

such as insufficient electron mobility, and the surface

adsorption of oxygen and ultraviolet light. These short-

comings were likely to affect the long-term stability of PSC

devices and limit the further improvement of device effi-

ciency. At the same time, there were some other metal

oxides often used as ETM, such as ZnO [90] and SnO2

[91]. Besides, scientists developed a method to synthesize

perovskite films containing monolithic-like grains with

microsize through in situ deposition of octadecylamine-

functionalized single-walled carbon nanotubes onto the

surface of the perovskite layer, which could enhance the

stability of the devices [92]. Herein, we will discuss the

recent research progress of metal oxides and organic

materials as ETMs for PSCs.

4.1 Inorganic electron transport materials

Because of its suitable conduction band (CB) energy level,

wider bandgap, longer electron lifetime and lower manu-

facturing cost, TiO2 was usually employed as the ETL for

planar PSCs. Generally, in order to obtain a high-perfor-

mance PSCs, anatase-phase or rutile-phase TiO2 film was

preferred, but high-quality TiO2 film needed to be sintered

above 450 �C [93]. However, high-temperature sintering

often made the device manufacturing process more

complicated and the cost more expensive, thus limiting its

wide application. Therefore, acquiring efficient PSCs

through processing TiO2 at low temperatures became very

attractive. There were now atomic layer deposition (ALD)

[94], DC magnetron sputtering [95] and chemical bath

deposition (CBD) methods [96] that enable the preparation

of TiO2 at low temperatures. However, ALD and DC

magnetron sputtering were expensive and difficult to

evolve. Moreover, there were many trap states in the TiO2

films deposited by CBD, and the relatively high density of

the electron trap states below the CB of TiO2 had a great

influence on charge transport by producing excessive

charge accumulation at the interface of TiO2 and per-

ovskite [97, 98], which in turn influenced the efficiency and

stability of PSCs [99]. Therefore, nanocrystalline TiO2

treated at low temperature was introduced via a CBD

method at 70 �C and an excellent PCE was obtained [100].

In addition, graphene nanocomposites and TiO2 nanopar-

ticles were used for ETLs treated at low temperature in

PSCs, and a remarkable PCE of 15.6% has been achieved

[101]. Recently, Zhou et al. [102] introduced photoacti-

vated transition metal dihalide quantum dots (TMDCs

QDs, MoS2 and MoSe2) to enhance low-temperature pro-

cessed TiO2 ETL for all-inorganic CsPbBr3 PSCs without

HTL and precious metal electrode. Different kinds of low-

temperature processed ETLs such as TiO2 [103], ZnO [90],

WOx [96], SnO2 [92] and fullerene derivatives [104] were

already reported.

4.1.1 Modification via doping

Doping of TiO2 was one of the most effective methods to

reduce inappropriate charge accumulation in PSCs, ensure

effective interface electron injection and improve the CB

level of the TiO2 layer. Appropriate substitution of Y3?,

Al3?, Sn4?, Nb5? and Mg2? has been introduced to

improved properties of TiO2 for PSCs. Sn
4? was success-

fully incorporated into the TiO2 lattice without forming a

second phase.

Compared with the original TiO2, Sn-doped TiO2 was

more efficient in the extraction and transport of photo-

generated electrons, showing a lower density of trap states

and higher electrical conductivity. Owing to the increase in

carrier transfer speed and charge collection efficiency, a

higher JSC was successfully obtained, resulting in a higher

fill factor (FF) and better PCE [105]. Furthermore, the

demonstration of morphology and topographic images was

studied by observing the surface morphology of various Sn/

TiO2 layers through multi-functional FE-SEM and AFM. It

was discovered that TiO2 with the Sn doping would slightly

change the RMS roughness. When the doping level up to

1.0 mol%, the surface morphology became smoother and it

might be more suitable for manufacturing efficient PSCs
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(Fig. 12) [106]. Large-scale TiO2 and Nb-doped TiO2

could be deposited as ETL for PSCs by low-temperature

CBD method. Nb-doped TiO2 exhibited better conductivity

and mobility and reduced the density of trap states,

resulting in reduced electron recombination, enhanced

electron transport and increased PSC stability. PSCs with

Nb-doped TiO2 showed great stability, maintaining 90% of

its initial value in the air over 1200 h and had better

thermal stability than PSC with pure TiO2 [107]. In addi-

tion, a new method steam-annealing (SA) was introduced

into the TiO2 ETL doping process, and a highly crystalline

Nb-TiO2 thin film was successfully prepared. By changing

the concentration of Nb doping, their CB level reduced

lower. At the same time, due to the high JSC value of about

25 mA�cm-2, the PCEs of devices achieved the highest

value of 21.3% without a loss of VOC [108].

Al-dopedTiO2 effectively reduced the trap position inside

the crystal, which led to a wider bandgap. Secondly, the Al-

doped TiO2 layer exhibited a smooth surface morphology,

which affected the formation of a highly crystalline upper

photosensitive layer and reduced the interface recombina-

tion between the active layer and the electron extraction layer

[109]. The decrease in the trap-filling limit voltage (VTFL) of

the TiO2 dense layer indicated that the trap density of the

Ru:TiO2 film was lower than that of the original TiO2 film.

PSCs based on 1 mol% Ru:TiO2 exhibited a suitable band

gap, low resistivity and high carrier density. Compared with

the undoped TiO2, doping with Ru enhanced the transfer of

charge of the dense layer/mesoporous layer interface,

thereby reducing the hysteresis of the devices. The PCE of

the Ru-doped compact TiO2 film-based PSCs increased from

13.42% to 15.7% [110]. Attractively, Ni-doped TiO2

improved the conductivity and carriermobility, aswell as the

positive shift of the Fermi level, and achieved the best PCEs

of carbon-based PSCs from 15.82% to 17.46% [111]. As for

other metal oxides ETL, Halvani et al. [112] fabricated a

series of SnO2 ESL via low-temperature, solution-processed

CBD method without using spin coating. When the amount

of Nb was optimally doped (5%), the PCEs of devices

deposited only by CBD were increased from 19.0% to

20.1%. More importantly, under Nb-doped, the FF of the

devices significantly increased, mostly observed in the series

resistance, and this result was reproducible. Here, we show a

summary of the device performance of ETLs with different

substitutions in Table 2 [105–112].

4.1.2 Modification via changing of chemical structure

It is well known that there were many types of TiO2

crystals. Studies have shown that rutile TiO2 had higher

electrical conductivity, faster electron transport, better

interface contact with the perovskite layer and lower defect

density. These factors promoted the extraction and col-

lection of charges and reduce carrier recombination. As a

result, a 20.9% champion PCE and a large VOC of 1.17 V

were obtained on devices with RT-ETL, which was sig-

nificantly higher than devices with anatase TiO2 [113].

Besides, TiCl4 treatment for compact TiO2 was used to

enhance the photovoltaic performance of PSCs. TiO2 layer

with an appropriate TiCl4 treatment provided a smooth

Fig. 12 a Schematic diagram of devices; b J–V characteristics of PSCs based on various Sn/TiO2 EEL; c correlation between
photovoltaic characteristics (VOC, JSC, FF and PCE) and Sn doping concentration; d PL spectra and e transient TRPL plots of device
with structure of CH3NH3PbI3-xClx/(Sn/TiO2)/FTO. Reproduced with permission from Ref. [106]. Copyright 2020 Elsevier
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surface fully covering the conductive electrode and

improved the interface contact between the electron

extraction layer and the active layer [114]. In order to

further explore the effect of TiCl4 treatment on the TiO2

layer, Shahvaranfard et al. [115] modified the TiO2 rutile

nanorods by TiCl4 treatment combined with PC61BM sin-

gle-layer deposition. The TiCl4 and PC61BM treatments

were expected to affect the charge extraction on the entire

TiO2 ETL/perovskite interface. Through several sets of

control experiments, this work confirmed the benefits of

using nanorod (NR) arrays as nanostructured ETLs and

confirmed the synergistic effects produced by surface

modification of TiO2 NPs. The dual modification of TiO2

NR ETL was combined with TiCl4 treatment and subse-

quent deposition of PC61BM. After double modification,

the greatest improvement in equipment performance was

observed. This improvement showed a significant depen-

dence on the concentration of TiCl4, especially when the

TiO2 NRs were treated with 100 9 10-3 mol�L-1 TiCl4
solution. Under optimized conditions, these devices could

provide excellent photovoltaic parameters, with VOC up to

1.09 V, JSC improvement of 22.8 mA�cm-2, FF improve-

ment of 74% and average PCE of 17.9% (Fig. 13).

Besides, DA was introduced to modify the TiO2 layer to

passivate its surface. After DA capping treatment, the

oxygen vacancies in TiO2 nanoparticles were effectively

passivated and the deep trap states on the surface were

alleviated [116]. At the same time, due to the strong

adhesion function of DA itself, the interface between TiO2

and the perovskite film was improved by greatly sup-

pressing the charge recombination loss. The introduction of

DA had strong electron donor ability and interface cross-

linking, which was conducive to charge transfer and

transfer charge accumulation between the TiO2/perovskite

interface. Most importantly, the amino group in DA could

passivate uncoordinated Pb atoms and reduced the Pb–I/Br

anti-site defects on the perovskite interface. It could

effectively fill in the trap status. As expected, DA-encap-

sulated TiO2 ETL could effectively improve the PCE of

PSCs. Compared with the control device, devices dealing

with DA achieved the highest PCE of 20.93%, and the

hysteresis was negligible. In addition, the UV stability of

the unencapsulated devices was significantly improved

compared to the control device with pure TiO2. After 400 h

of irradiation, the PCE of the devices based on pure TiO2

dropped to almost zero. On the contrary, after 1200 h of

continuous full daylight without any UV filter, the device

based on DA-terminated TiO2 retained almost 80% of its

initial performance (Fig. 14).

SnO2 was a promising substitute for TiO2 as the ETM.

But devices with SnO2 still existed the hysteresis problem.

To solve the hysteresis and improve the performance of

devices, Liu et al. [117] employed the common and cheap

inorganic compound ammonium chloride (NH4Cl) to

assimilate into commercial SnO2 hydrocolloid dispersions

and found that NH4Cl induced coagulation of SnO2

Table 2 Summary of device performances of ETL doping with
different additives

ETLs modified with
substitution

VOC/
V

JSC/
(mA�cm-2)

FF/
%

PCE/
%

Refs.

Sn–TiO2 1.10 21.53 72.7 17.20 [105]

Sn–TiO2 1.01 21.90 73.1 15.20 [106]

Nb–TiO2 1.10 22.86 76.5 19.23 [107]

Nb–TiO2 1.11 23.50 76.0 20.00 [108]

Al–TiO2 0.96 19.23 69.0 12.52 [109]

Ru–TiO2 0.99 21.91 72.1 15.70 [110]

Ni–TiO2 1.07 22.41 72.6 17.46 [111]

Nb–SnO2 1.16 22.77 74.7 20.47 [112]

Fig. 13 a Cross-sectional SEM image of devices with TiO2 modified by different methods; b current density–voltage characteristics of
champion devices with different modifications for ETL; c PCE for devices constructed from A: pristine NRs, B: NRs treated with
100 9 10-3 m TiCl4, C: NR coated with PC61BM, D: NR/50 9 10-3 m TiCl4/PC61BM, E: NR/100 9 10-3 m TiCl4/PC61BM and F: NR/
200 9 10-3 m TiCl4/PC61BM. Reproduced with permission from Ref. [115]. Copyright 2020 John Wiley and Sons
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colloids, increased electron mobility and acquired a suit-

able CB energy level to adapt to perovskite layer. In

addition, the introduction of NH4? and Cl- at the ETL/

perovskite interface could optimize the ETL/perovskite

interface by suppressing the formation of deep defects. Due

to improved charge transport and reduced charge recom-

bination, devices based on NH4Cl-modified SnO2 could

achieve an excellent PCE of 21.38%, which was better than

the PCE (18.71%) of devices based on original SnO2. At

the same time, the hysteresis was negligible and the sta-

bility of devices was greatly improved. Furthermore, Chen

et al. [118] introduced a new type of multifunctional

4-methylimidazole acetic acid hydrochloride (ImAcHCl)

chemical connector into SnO2 ETL. This linking agent

could form a chemical bridge between SnO2 and perovskite

with ester bonds. And the imidazolium cation in ImAcHCl

interacts electrostatically with the iodide anion in the per-

ovskite. After ImAcHCl modification, the conductivity of

the SnO2 film was improved, which might help promote the

interface electron transfer. Additionally, the ImAcHCl

layer at the SnO2/perovskite interface could effectively

passivate the parasitic defects generated by imidazolium

cations or Cl- in the perovskite, thereby inhibiting the non-

radiative recombination of the interface and finally

improving the VOC. By using multifunctional ImAcHCl

chemical linker in between SnO2 and perovskite, a PCE of

21% was achieved with long-term stability maintaining

94% of initial PCE after 35 days.

4.2 Organic electron transport materials

In order to obtain excellent performance ETMs for PSCs,

various groups have designed organic molecule-based

materials through appropriate molecular design. All

molecular structures of organic ETMs for PSCs are shown

in Fig. 15.

The perovskite/ETM interface played a significant role

in the planar PSCs, which was related to the electron

extraction process, hysteresis and device stability. Full-

erene could passivate the trap states on the surface and

grain boundaries of the perovskite film. It significantly

suppressed the current–voltage hysteresis and increased the

PCE of PSCs [119]. In order to adjust the Fermi level of

C60 and increase the conductivity, Ueno et al. [120]

introduced a method of doping C60 with Li? without

causing crystal distortion. C60 and Li@C60 were mixed and

then spin-coated on an ITO substrate to prepare a

C60:Li@C60 hybrid film. Under a suitable doping concen-

tration condition, the PCE of the PSC devices became

optimal. Wang et al. [121] employed polar carboxyl-ter-

minated fulleropyrrolidine (C60 pyrrolidine tris-acid,

CPTA) and PbI2 to successfully fabricate a new ETL

CPTA:PbI2. PSC devices based on CPTA:PbI2 ETL have

reduced non-radiative defect density and had a superior FF

of more than 80%. Besides, in order to improve the effect

of oxygen vacancies and structural defects in the TiO2

layer on the recombination loss, Ranjan et al. [122] added a

layer of PC60BM as a buffer layer between the perovskite

layer and c-TiO2. After the device was adjusted, the quality

of the interface between the constituent layers was

improved. Thereby, the PCE of devices increased by about

40% after 50 h. Additionally, before 150 h, the charge

transfer in the devices was great. After 50 h, due to the

degradation of the perovskite layer at the perovskite/

PC60BM interface, the main reason for the degradation of

the device performance was the recombination of charges.

Furthermore, Li et al. [123] proposed to employ ultra-thin

[6,6]-phenyl-C61-butyric acid methylester (PC61BM) as a

buffer layer between the perovskite layer and the C60 layer

to improve the interface. The pinholes of the rough surface

perovskite film were repaired and smoothed by the ultra-

thin PC61BM, and the surface traps were also eliminated.

Finally, the PCE of PSCs reached 20.07%, and the PSCs

processed by ultra-thin PC61BM had better stability.

Bathocuproine (BCP) buffer layer was commonly used

for PSCs to achieve high performance. Chen et al. [124]

Fig. 14 a Schematic of DA function on TiO2/perovskite layer interface; b normalized PCE change of devices with TiO2 and DA-
capped TiO2 as ETLs under continuous full-sun illumination in nitrogen atmosphere. Reproduced with permission from Ref. [116],
Copyright 2019 Elsevier
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adjusted the thickness of the BCP film, and the PSC

devices prepared with an optimal thickness of 5 nm suc-

cessfully achieved a high PCE of 17.9%. Furthermore,

Yang et al. [125] developed a PSC device with high PCE

and good photostability with bathophenanthroline (Bphen,

4,7-diphenyl-1,10-phenanthroline) as ETL. The embedding

of the Bphen layer effectively promoted the shunt resis-

tances (Rsh), leading to the increase of VOC, FF and PCE,

and promoted the charge transfer. Most importantly, the

Bphen layer greatly promoted the stability of the device by

avoiding the catalytic effect of TiO2 on the decomposition

of the perovskite film.

Liu et al. [126] developed a series of semiconductors

based on ITIC-like small molecules IT-4X, whose differ-

ence was the introduction of different substituents. When

the substituent was methyl, the novel semiconductor was

called IT-4 M. More importantly, a champion PCE of

17.65% was achieved by devices based on IT-4 M as ETL,

which was higher than that of the devices with PCBM

under the same conditions. In addition, due to the superior

hydrophobicity, all PSCs with IT-4X ETL showed higher

long-term stability under environmental conditions than the

reference devices (Fig. 16a–c). Hu et al. [127] fabricated a

novel Spiro ring-based ETM called SFS-4F. The S atoms in

the parent Spiro ring could interact with the Pb in the

perovskite layer and led to effective surface trap passiva-

tion. The rigid coplanar structure of the molecule could

prevent rotation disorder and reduced recombination

energy, thereby enhancing carrier mobility. More impor-

tantly, the PSC devices with SPS-4F as ETM showed a

remarkable PCE of up to 20.31% and a high VOC of about

1.15 eV (Fig. 16d–f).

In recent years, n-type organic semiconductors based on

polyene diimide (PDI) derivatives have unique advantages

such as low mass production costs, strong synthesis ver-

satility, tunable energy levels, good electrochemical sta-

bility and light stability. Miao et al. [128] used perylene

diimides derivative (PDIN) to easily form a high-quality

PDIN film on the perovskite layer while avoiding the

corrosion problem of alcohol solution. The PCE of the

devices with PDIN as the ETL reached 15.28%, which was

much higher than that of the devices with only PC61BM.

Furthermore, Jiang et al. [129] used TPE-PDI4 as ETL to

develop a PSC device with a high PCE of 18.78%. TPE-

PDI4 had better water resistance than PCBM and could

more effectively protect the underlying perovskite layer.

Therefore, devices with ETL based on TPE-PDI4 exhibited

enhanced stability. Besides, Singh et al. [130] developed

the core-twisted ClPDI dye as ETM for high-performance

PSCs. The influence of alkyl substitutions of different sizes

on the molecular arrangement related to photovoltaic per-

formance was systematically studied. ClPDI-C4 with the

shortest alkyl side chain had electron mobility as high as

1.3 9 10-3 cm2�V-1�s-1 and a higher Rrec that inhibited

Fig. 15 Molecular structures of organic electron transport materials
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the photogenerated charge recombination at the perovskite/

ClPDI-C4 interface, which was beneficial to improve JSC
and FF. Therefore, an excellent champion PCE of 17.3%

was achieved by the device based on ClPDI-C4.

Recently, poly[(9,9-dioctyl-2,7-fluorene)-alt-(9,9-bis(30-
(N,N-dimethylamino)propyl)-2,7-fluorene)] (PFN) has

been used as a cathode interface material in perovskite

solar cell devices. There were two different types of side

chains in PFN molecules: hydrophobic alkyl groups and

hydrophilic amine groups. PFN could be used as a cathode

modification layer because it could form a dipole at the

interface of ITO, to reduce the work function of ITO, adjust

the energy level between ITO and the acceptor material

and promote the transport of carriers.

In recent years, Huang’s group has made tremendous

efforts in the application and inherent mechanism of PFN

and its derivative [131–133]. Wang et al. [134] employed

changes in interfacial dipole and interfacial contact angle

during self-assembly to investigate a spontaneous interfa-

cial dipole orientation effect in acetic acid dissolved PFN.

Moreover, PFN was used to modify the surface properties

of Zn2SnO4 thin-film (ZSO/PFN) i-PSCs with the ZSO/

PFN EEL, which exhibited a PCE of 8.44% owing to

improved interfacial contact with the active layer and the

better energy level alignment between the active layer and

electrode. As the amount of PFN doped into the active

layer increased, the PCEs of the devices decreased due to

the increased leakage current, the reduced aggregation of

P3HT and the decreasing phase separation. In the

PTB7:PCBM bulk heterojunction (BHJ) mixture [133],

successful doping of multifunctional conjugated polymer

PFN with terminal amino electron-donating groups would

achieve vertical self-assembly of conjugated PFN mole-

cules after drying. Encouragingly, device performance was

achieved in the one-step coating PFN:BHJ PSC with ITO

as the cathode, which was comparable to that of the two-

step coating PSC.

A solution-processed amino-functionalized copolymer

semiconductor (PFN-2TNDI), in conjunction with a planar

n–i–p heterojunction, exhibited an amazing PCE of similar

to 16% under standard illumination test conditions [135].

Besides, in the p–i–n planar heterojunction organometal

PSCs, PFN-2TDI as ETL enhanced efficiency from 12.9%

to 16.7% compared to PCBM [136]. In this work, the

passivation effect produced by the dative–covalent com-

bination of the Pb atom and the rich-electron nitrogen atom

Fig. 16 a Schematic of inverted PSCs with IT-4X; b absorption spectra of PCBM, IT-4F, IT-4H and IT-4 M films; c J–V curves
measured under forward- and reverse-scan directions. Reproduced with permission from Ref. [126]. Copyright 2019 Royal Society of
Chemistry. d Schematic of inverted PSC devices with SPS-4F; e schematic for passivation effect of SPS-4F on top surface of
perovskite layer; f current density–voltage (J–V) curves of devices with SPS-4F and PC61BM as ETL. Reproduced with permission
from Ref. [127]. Copyright 2019 John Wiley and Sons
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was proposed for the significant enhancement of PSC

performance [137].

Benzobisthiadiazole (BBT) is an important component

of organic conductors, donor–acceptor low-gap polymers

and near-infrared dyes because of its strong electron-

withdrawing properties. Zhu et al. [138] designed and

synthesized a benzobis(thiadiazole)-based small molecule

called B2F and applied such a structure as an efficient

electron extraction material in inverted PSCs (Fig. 17). The

device based on a single B2F layer exhibited a PCE of

12.35%. Further improvement of PCE could be achieved

by using B2F as an interlayer for the perovskite and C60/

BCP as ETL and hole-blocking layers to enhance the

electron extraction and prevent carrier leakage. A cham-

pion PCE of 17.18% was obtained with a VOC of 1.052 V, a

JSC of 20.63 mA�cm-2, and an FF of 79.15%. The good

performance could be attributed to the suitable energy level

of B2F with the perovskite layer. Furthermore, novel small

molecules B2T (Fig. 17) based on benzobis(thiadiazole)

were designed and compared with B2F as ETMs for PSCs

[139]. Both B2T and B2F exhibited an efficient electron

transporting ability because of the high electron affinity of

benzobis(thiadiazole) unit. Devices with B2T and B2F as

ETMs exhibited a PCE over 13% with good reproducibility

and negligible photocurrent hysteresis.

5 Summary and outlook

In summary, the recent development of interface materials

for PSCs is comprehensively reviewed and summarized.

The continuous efforts are still required in order to obtain

high PCE and stability of PSC devices for large-scale

applications of commercialization. We would like to

summarize the latest research progress of anode and

cathode interface materials and provide some outlooks as

following.

For the anode interface, PEDOT:PSS is by far the most

successful conducting polymer which is commercially

available. This review discusses the conductive mechanism

of PEDOT:PSS and its modification with a novel dispersant

to achieve excellent device performance. The development

trend of conductive polymer materials should be mainly in

the following aspects: (a) improving its own conductivity

and stability; (b) enhancing the mechanical properties and

processing capability of the composite material through

chemical doping; and (c) preparing novel types of con-

ductive polymer materials. Besides, in this review, we

mainly emphasized undoped SM-HTMs, which have

excellent solution processing properties and high PCE.

Most high-efficiency SM-HTMs recently reported have a

planar rigid core and contain donor units, which make them

have excellent hole transport and film-forming capabilities.

We could propose the design principles of undoped SM-

HTM as follows: (a) the core with strong interaction force

which will promote the intermolecular interaction between

HTM and perovskite for defect passivation; (b) proper

solubility and solution processability; (c) aligning the

HOMO/LUMO energy level to effectively extract light

holes and block photogenerated electrons; and (d) excellent

thermal/chemical stability.

For the cathode interface materials, we discuss work

dedicated to optimizing ETL and modifying the interface

on the ETL/perovskite layer and the interface on the ETL/

metal electrode. Various ETMs have been developed and

applied in PSCs, including some metal oxides, such as

TiO2, SnO2, and some organic compounds, such as C60,

PC61BM, PDI, ITIC, PFN, BBT and their derivatives. The

proper work function, good electron transfer capability and

low recombination rate at the interface are the important

Fig. 17 a Chemical structure of B2F and B2T; b energy level alignment of materials; and c J–V characteristic curves of devices with
B2T and B2F as ETLs. Reproduced with permission from Ref. [139]. Copyright 2019 Elsevier
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issues to be considered. Through different mechanisms,

these modifications have improved the performance of

PSCs devices and this has become an important topic to

develop high-performance PSCs. The excellent ETMs

usually show several significant characteristics as follow-

ings: (1) excellent solubility in the orthogonal solvent of

the perovskite crystal and tendency to form a smooth sur-

face film, (2) suitable LUMO energy compatible with those

of the perovskite layers to achieve effective electron

extraction, (3) high electron mobility, (4) low cost of

synthesis and (5) thermal/electrochemical stability and

photostability.

In short words, PSCs are ideal candidates for commer-

cial development due to their tunable bandgaps, high PCE

over 25%, large-scale preparation and easy fabrication.

Moreover, perovskite-based tandem solar cells have real-

ized a remarkable record PCE of 29.1%, high VOC, good in-

door performance and covering wide spectra, which enable

them for unique applications in addition to the dominate

common applications in photovoltaic devices when com-

bining with the commercial Si modules [140]. Besides, the

interface materials are considered to be fundamentally

important in further improving PSC performance based on

novel modification [141–144], as well as Spiro-based

derivatives [145, 146] and other potential interface mate-

rials [147, 148]. Therefore, the development of new

interface materials and engineering will still be signifi-

cantly important for the final industrial commercialization

of PSCs.
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Conductive nanostructured materials based on poly-(3, 4--

ethylenedioxythiophene)(PEDOT) and starch/j-carrageenan
for biomedical applications. Carbohydr Polym. 2018;189(9):

304.

[17] Wong A, Santos AM, Silva TA, Fatibello-Filho O. Simulta-

neous determination of isoproterenol, acetaminophen, folic

acid, propranolol and caffeine using a sensor platform based on

carbon black, graphene oxide, copper nanoparticles and

PEDOT: PSS. Talanta. 2018;183(10):329.

[18] Xu G, Jarjes ZA, Desprez V, Kilmartin PA, Travas-Sejdic J.

Sensitive, selective, disposable electrochemical dopamine

sensor based on PEDOT-modified laser scribed graphene.

Biosens Bioelectron. 2018;107(8):184.

[19] Shi H, Liu C, Jiang Q, Xu J. Effective approaches to improve

the electrical conductivity of PEDOT: PSS: a review. Adv

Electron Mater. 2015;1(4):1500017.

[20] Groenendaal L, Zotti G, Aubert PH, Waybright SM, Reynolds

JR. Electrochemistry of poly (3, 4-alkylenedioxythiophene)

derivatives. Adv Mater. 2003;15(11):855.

[21] Groenendaal L, Jonas F, Freitag D, Pielartzik H, Reynolds JR.

Poly (3, 4-ethylenedioxythiophene) and its derivatives: past,

present, and future. Adv Mater. 2000;12(7):481.

[22] Tran-Van F, Garreau S, Louarn G, Froyer G, Chevrot C. Fully

undoped and soluble oligo (3, 4-ethylenedioxythiophene) s:

1Rare Met. (2021) 40(11):2993–3018

Interface materials for perovskite solar cells 3013



spectroscopic study and electrochemical characterization.

J Mater Chem. 2001;11(5):1378.

[23] Jonas F, Heywang G, Schmidtberg W, Heinze J, Dietrich M.

Polythiophenes, process for their preparation and their use. U.

S. Patent 4,959,430. 1990.

[24] Greczynski G, Johansson N, Lögdlund M, Pettersson L, Sala-
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