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Surface-grafting polymers: from chemistry to
organic electronics
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Surface-grafting polymers, also known as polymer brushes, have become an important tool for surface

modification or functionalization. The strong covalent bond between the polymer brushes and the surface

endow polymer brushes with several unique characteristics: precise control of surface property by the

grafting process, better stability, easier patterning and so on. Thus, during the past few decades, surface-

grafting polymers have gradually played an important role in the development of organic electronic

devices, such as OFETs, OLEDs, OPVs, and so on. In this article, we will comprehensively review the

recent progress in surface-grafting polymers, including their formation process and the utilization of

surface-grafting polymers as functional materials of insulators, conductors and semiconductors in versatile

organic electronic devices. Then, we will provide an outlook on the promising future of surface-grafting

polymers in organic electronics.

1. Introduction

With the development of macromolecular surface science, surface-

grafting polymers, also known as polymer brushes, have become

an important approach to modify or functionalize the surface

of materials for performance improvement.1,2 Entering the

21st century, polymer brushes usher in new opportunities with

the development of micro- and nanotechnology, which are

regarded as one of the micro/nano-parts in material interface

engineering.3,4 By controlling the grafting reaction conditions and

the grafting process, more and more functional polymer materials

can be grafted to differentmaterial surfaces.5–9 The characteristics of

the grafting polymer film can be accurately modulated at the micro/

nano-scale by facile physical or chemical methods.10–12 Thus,

surface-grafting technology, a simple and efficient method to

fine-tune physical/chemical properties or functionality for material

interface science, has been rapidly developed in various fields

relating to surface/interface science, such as optoelectronics,13,14

energy,15,16 biomedical science17,18 and so on.

Surface-grafting, as a method of surface modification or

interface engineering, has attracted intensive attention in
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organic electronics due to its unique properties.19 In the past

few decades, to further improve the electronic performance of

devices, numerous surface grafting polymers have been success-

fully used as different components of devices, such as insulating

layer, conductive layer and semiconducting layer.7,15,20–23 With

the rapid development of flexible electronics, surface-grafting

polymers with natural flexibility and ambient stability have a

great potential application value in flexible devices. In general,

compared with other surface processing methods, surface grafting

polymers possess several advantages: (i) tunable surface properties.

Surface grafting is an efficient way to modulate the surface

energy of substrates by grafting various polymers with specific

function.13,24 The thickness of the polymer brush and the

grafting density are controllable via different grafting strategies

and experimental conditions. For instance, in comparison with

the traditional method (spin coating, scraping coating, ink jet

printing and so on), high-density insulating polymer brushes

can help to reduce the leakage current of polymer layer

pinholes.25 Besides, surface grafting is also a feasible method

to improve the charge injection by effectively adjusting

the energy level of the device interface.16,26 (ii) Convenient

patterning. Polymer brushes can be efficiently combined with

high resolution patterning techniques such as photolithography27

and electron beam lithography.11,28–30 (iii) Excellent stability.

The polymer brush is covalently anchored onto the substrate.

The strong covalent bond endows polymer brushes with excellent

stability, including better organic solvent resistance and mechanical

stability against stripping, which is conducive for the produc-

tion of flexible devices.31 (iv) Good compatibility. Polymer

brushes can be grafted onto diverse surfaces and with various

morphologies, even irregular and rough surfaces. Moreover,

compared with their inorganic counterpart, surface-grafting

polymers also demonstrate good compatibility with the organic

active layers of the devices.

With the rapid development of organic electronics, surface-

grafting polymers have served as promising components of a

variety of organic devices, such as OFETs, OLEDs and OPVs,

since a series of advantages mentioned above are helpful to

improve the performance of the organic devices. There are

numerous reports about the applications of surface-grafting

polymers in organic electronics; however, so far, few reviews

have specifically summarized the formation process and the

application of surface-grafting polymers in organic electronics.19,32–34

In this review, we will focus on surface-grafting polymers in
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organic electronics, including the synthesis of surface-grafting

polymers, surface-grafting conducting/dielectric/semiconducting

polymers and their applications in organic electronics, as shown

in Fig. 1.

2. Formation process/chemical
synthesis of surface-grafting polymers.

In terms of the formation process of surface-grafting polymers,

there are various chemical synthetic methods, most of which can

be categorized into two main strategies: ‘‘grafting to’’ and ‘‘grafting

from’’, as shown in Fig. 2. The surface-grafting polymersmentioned

in this article are summarized in Table 1, with the molecular

structure, grafting method and their role in organic electronics

listed in detail. In the ‘‘grafting to’’ strategy, the substrate is firstly

modified with a chemical group and then a preformed polymer is

grafted onto the surface via specific chemical reaction between the

chemical group and the terminal group of the preformed polymer

chain to form a polymer brush.35,36 Notably, in the ‘‘grafting to’’

strategy, no monomer polymerization reaction occurs during the

formation of the polymer brushes and the ‘‘grafting process’’

usually relies on the chemical coupling or condensation reaction

between the end group of the preformed polymer and the

surface group of the substrate. Taking polystyrene (PS) as an

example, there are two different ‘‘grafting to’’ modes to form PS

brushes: (1) condensation reaction between PS with terminal

hydroxyl groups (PS–OH) and SiO2; (2) coupling reaction between

dimethylchlorosilane-end polystyrene (PS–Si(CH3)2Cl) and the

hydroxyl functionalized surface through UV ozone or oxygen

plasma cleaning. These two ‘‘grafting to’’ methods can form

strong covalent bond anchoring points on the substrate. In

addition, there are also several polymers with the end of siloxane

group reacting with hydroxylated substrates by a coupling reac-

tion to form polymer brushes, such as PFS,37 PHIC-b-PTMSM38

and P3HT.39 Hawker et al. first reported the ‘‘grafting to’’

method to control polymer-surface interactions with random

copolymer brushes.40 The end-functionalized copolymers were

end-grafted onto silicon substrates about 5 nanometers thick. It

is a simple and fast strategy to form polymer brushes. However,

it is difficult to obtain high-density polymer brushes using the

‘‘grafting to’’ strategy because previously grafted polymer chains

are inclined to hinder the addition of subsequent chains to the

surface, also known as the steric effect.

The above limitations are overcome by the ‘‘grafting from’’

strategy which has become the first choice for preparing high-

density polymer brushes by surface-initiated polymerization

and in situ reaction.41,42 In the ‘‘grafting from’’ strategy, firstly,

the initiator is strongly anchored on the substrate surface by

specific chemical reactions, such as chemical coupling, con-

densation reaction, etc. Then, with the addition of precursor

solution, polymer chains gradually grow from the surface and

become longer to form high-density polymer brushes.41,43

At present, in organic electronics, there are various grafting

methods which can be classified as ‘‘grafting from’’ strategies:

surface chemical oxidation polymerization (SCOP), surface-

initiated polymerization (SIP) (including surface-initiated atom

transfer radical polymerization (SI-ATRP), surface-initiated ring

opening metathesis polymerization (SI-ROMP), surface-initiated

reversible-addition fragmentation chain transfer (SI-RAFT) poly-

merization, surface-initiated Kumada catalyst-transfer poly-

condensation (SI-KCTP)) and so on.12,44–50 Among these grafting

methods, SI-ATRP is believed to be one of the most widely used

controlled radical polymerization processes over the past two

decades. The reaction mechanism of ATRP involves electron

transfer and atom transfer, in which halogen atoms are trans-

ferred from dormant species to catalysts, generating living

radicals and the metal complexes in the higher oxidation state.

In this article, there are several polymer brushes formed by

SI-ATRP, such as PMMA and PS, as shown in Table 1. SI-ROMP is

usually applied for the polymerization of strained cyclic monomers

by using late transition metal catalysts to synthesize surface-

grafting polymers.51,52 It has the advantages of fast polymerization

rates and mild polymerization conditions at room temperature.

Fig. 1 Summary of different types of surface-grafting polymers.

Fig. 2 The formation strategies of surface-grafting polymers: ‘‘grafting to’’

and ‘‘grafting from’’.
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Table 1 Surface-grafting polymers proposed in this article

Molecular structure Grafting method Role in organic electronic devices Ref.

Grafting from, SCOP
Electrodes in OFETs and circuits;
pressure/gas sensor

7, 22, 27 and 53

Grafting from, SI-ROMP Dielectrics in OFETs 54

Grafting from, SI-ATRP Dielectrics in OFETs 6 and 25

Grafting from, SI-ATRP Dielectrics in OFETs 13

Grafting from, SI-ATRP Dielectrics in OFETs 55

Grafting to Dielectrics in OFETs 37

Grafting to Dielectrics in OFETs 56

Unreported Dielectrics in OFETs 57
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Table 1 (continued )

Molecular structure Grafting method Role in organic electronic devices Ref.

Grafting to Semiconductor in OFETs 58

Grafting from, SI-ATRP Hole transport layer in OPVs 39

Grafting from, SI-KCTP Hole transport layer in OPVs 8

Unreported Semiconductor in OFETs 59

Grafting from, SI-ATRP Hole transport layer in OPVs 15

Grafting from, SI-KCTP Modification layers in spin valve devices 8
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Unlike other SIP methods, SI-RAFT needs additionally a chain

transfer agent (CTA) to regulate the polymerization.34 The common

method is directly grafting the CTA or conventional free radical

initiators on the substrate to provide anchoring points. The radical

transfer occurs in the process of growing chains, so that it can be

well controlled in polymerization. For example, the growth of

poly(N-vinyl-carbazole) PVK brushes on ITO was realized by

anchoring the CTA before electrodeposition and SI-RAFT. It should

be noted that conventional chemical oxidation polymerization can

also be used for surface-grafting polymers by anchoring an initiator

and subsequent oxidative polymerization of monomers. Our group

reported the controllable growth of conductive PPy brushes by

the surface chemical oxidation polymerization (SCOP) method

by using FeCl3 as an oxidant.7,11,22,29,53 Compared with the

‘‘grafting to’’ strategy, the ‘‘grafting from’’ strategy exhibits

several notable advantages which enable it to be widely used

in organic electronics. The density and thickness of the grafted

polymer films can be precisely controlled by tuning the reaction

conditions, including the concentration of the grafting agent,

reaction time, etc.What’s more, the ‘‘grafting from’’ strategy can

achieve accurate patterning via lithographic techniques to pattern

the initiator, which is beneficial for large area manufacture of

devices.13

3. Surface-grafting dielectric polymers
and their applications

Dielectric polymers are important materials to improve the

properties of devices, such as transistors and capacitors, and

the charge storage of memory devices.60–62 Surface-grafting

dielectric polymers have excellent film quality and dielectric

properties for those capacitive devices. Polymer brushes as

insulating layers have many advantages for capacitive devices:

firstly, the polymer brushes reduce the pinhole and leakage

current and improve the dielectric properties of the device

owing to their high grafting density; secondly, high surface

flatness is beneficial to the growth of the subsequent active

layer, while fewer defects are good for carrier transport; what’s

more, polymer brushes usually have high dielectric constants, which

can achieve low-voltage operation and low power consumption.

Recently, some common polymer materials have been studied to

form dielectric polymer brushes, such as PMMA and PS, which

are chemically bonded to the substrate by covalent bonds with

good stability. The excellent insulating properties together with the

merits of polymer brushes enable the dielectric polymer brushes to

be a promising dielectric strategy for organic electronics.

3.1 Dielectrics of OFETs

As far as the OFET is concerned, the dielectric property and

interface engineering directly affect the performance of the

device.63–67 Both ‘‘grafting from’’ and ‘‘grafting to’’ have been

reported for the preparation of the OFET dielectric layer. For

the ‘‘grafting from’’ method, by surface free radical polymeriza-

tion, polymer brushes have fewer pinholes compared to other

coating technologies, owing to the high-grafting density and

weakened steric effect of the polymer chain, which results in

loss leakage for dielectric property. In 2004, Bao et al. first

reported the synthesis and application of surface-grafting poly-

meric dielectric layers for organic film field-effect transistors

using surface-initiated ring-opening metathesis polymerization

(SI-ROMP), which is a ‘‘grafting from’’ method (Fig. 3a).54

By using self-assembled monolayers of thiols, the catalyst is

tethered on the Au gate electrode and SI-ROMP is conducted on

the surface to form polymer dielectric layers of OFETs, which

allows short reaction times, mild reaction conditions and

solution processing. Therefore, bottom-gate top-contact OFETs

are accomplished by depositing organic semiconductors and

source and drain electrodes (Fig. 3b), which display promising

device characteristics of denser films and less leakage.

In 2009, Li et al. reported high-performance and battery

drivable organic single-crystalline transistors with operational

voltages r2.0 V using poly(methyl methacrylate) (PMMA)

dielectric, which is synthesized by grafting a 10 nm PMMA

brush on a silicon substrate via surface-initiated atom-transfer

radical polymerization (SI-ATRP) (Fig. 3c).6 The thickness of the

polymer brush can be easily controlled by tuning the activity of

the catalyst, the reactant concentration and reaction time. The

PMMA brush shows high-quality dielectric property, including

excellent insulating characteristics, large capacitance, smooth

surface and low charge-trapping density. Field-effect transistors

with PMMA brush as the dielectric layer demonstrate excellent

Table 1 (continued )

Molecular structure Grafting method Role in organic electronic devices Ref.

Grafting from, SI-ATRP OLEDs 14
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charge transport properties, as shown in Fig. 3d–g. Sirringhaus

et al. grew PMMA brushes from gold surfaces as gate insulators

for low voltage OFETs with vacuum evaporated pentacene and

solution-processed poly(3-hexylthiophene) semiconductors.21

The device appears to be turned on at an ultra-low gate voltage

of 5 V.

Capacitance is one of the key parameters to evaluate dielectrics.60

The dielectric layer with higher capacitance usually allows for

better charge injection from the electrode to the semiconducting

layer and thus achieves low operational voltage of the devices,

especially for OFETs.21,60,61,68,69 In order to increase the capaci-

tance of the dielectric layer, Li et al. conducted further studies on

a covalently linked PMMA–SiO2 hybrid nanodielectric by grafting

a B10 nm PMMA brush onto the SiO2 surface (Fig. 4a).25

Compared with spin-coated PMMA, the covalently linked brush

PMMA/SiO2 nanodielectric exhibits excellent dielectric charac-

teristics including high capacitance (142 nF cm�2), low leakage

current density (o10�7 A cm�2 at 6 MV cm�1), high breakdown

strength (7 MV cm�1), and good compatibility with organic

semiconductors (Fig. 4b–f). Meanwhile, owing to the strong

covalent bonding force with the SiO2 surface against delamina-

tion, the device exhibited much better operational stability.

Core–shell hybrid materials were also reported to improve the

capacitance of the dielectric layer by grafting polymer brushes

onto the surface of high k nanomaterials. Ashok Maliakal et al.

synthesized a novel core–shell nanocomposite (TiO2–PS) gate

dielectric layer with high capacitance using polystyrene as the

shell and titanium oxide as the core. The phosphonate terminated

polystyrene was firstly synthesized through atom transfer radical

polymerization (ATRP), and the obtained terminated polystyrene

was then grafted to the high capacitance core titanium dioxide

(TiO2) by ligand exchange reaction (Fig. 4g). Owing to the high

dielectric constant of the TiO2 core and the flexibility of the grafted

phosphonate terminated polystyrene, the TiO2–PS nanocomposite

gate dielectric layer exhibits a dielectric constant (k) 3.6 times

higher than that of the single component polystyrene dielectric

layer and good compatibility with the organic active layer of the

OFETs.55 Pentacene thin film transistors with TiO2–PS nano-

composite as the gate dielectric layer demonstrated low thresh-

old voltage (�2 V) and reasonably high mobility (0.18 �

0.03 cm2 V�1 s�1) without any device optimization (Fig. 4h),

suggesting the low trap density and good film growth and

adhesion.

The surface grafting polymer method is also proved to be an

efficient way to modulate surface energy and roughness to

further improve the growth quality and morphology of organic

semiconductors, which is of great significance to the pursuit of

high device performance in organic electronics. For example,

Fig. 3 (a) Construction of the polymer dielectric layer in FETs. (b) Synthetic route for an SI-ROMP polymer dielectric layer on the Au electrode.54

Copyright 2004, American Chemical Society. (c) Schematic diagram of a CuPc single crystalline nanoribbon OFET with PMMA brush dielectric.

(d) Synthetic route for a PMMA brush. (e) SEM image of the CuPc OFET and (f) its output and (g) transfer curves (VDS = 2 V) of the OFET.6 Copyright 2009,

Wiley-VCH.
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Qiu et al. reported the PS brush-modified surface method to

control the crystallinity of inkjet-printed small OSC films and

conducted a comprehensive investigation of the influence of

the polymer brushes’ chain length on the performances of

inkjet-printed devices.13 As shown in Fig. 5a, PS brushes with

different chain lengths were strongly pinned to Si/SiO2 by

surface-initiated atom transfer radical polymerization (SI-ATRP).

The improved compatibility of the PS grafted substrate and the

organic solvent, the strong pinning of the three-phase contact

line and the heterogeneous nucleation crystallization limited the

outward migration of the organic semiconductor ink and led the

ink molecules to crystallize from the margin to the centre, thus

preventing the ‘‘coffee ring’’ effect during the crystallization

process (Fig. 5b). For PS brushes with longer polymer chains,

flake-like crystals with large, uniform morphologies were formed,

which can be attributed to the extension of the polymer chains

into the printed ink and the enhanced crystallization rate at the

contact line receding area (Fig. 5c). Organic thin film transistors

(OTFTs, Fig. 5d) fabricated by printing single dots of TIPS-

pentacene with PS brushes (5.14 nm) exhibit optimal electrical

performances (maverage = 0.35 � 0.23 cm2 V�1 s�1), suggesting that

the surface grafted polymer method provides a route toward

tuning the morphology and quality of the organic active layer

for high-performance organic electronics. Cho et al. also reported

OFETs using PS brushes as an insulating layer with dramatically

improved device performance of higher mobility, on/off ratio and

less leakage, in contrast with conventional dielectric surface

monolayer treatments (HMDS and OTS), which can be ascribed

to the optimized crystalline nanostructure.24

Grafting density is also an important factor that should be

taken into consideration when a surface grafting polymer is

adopted as the insulating layer, especially for bottom gate top

contact transistors. Yang et al. systematically investigated the

impact of the grafting density of the polymer brushes on the

crystallization and morphology of the organic active layer. They

studied grafting densities of different molecular weight (Mw)

PS, finding that high-Mw polymers lead to lower grafting

densities.10 In their work, the SiO2 surface was modified by different

molecular weight (Mw) PS chains with end-functionalized dimethyl-

chlorosilane chemically attached to the surfaces. The density of

the PS chains grafted onto the surface significantly influenced

the assembly of triethylsilylethynyl anthradithiophene (TES-ADT)

molecules on the substrate. As shown in Fig. 6a and b, they

found that the grafted densities of gPS influence the crystal-

lization process of solution-processed TES-ADT molecules in the

following ways: (i) lower grafting densities with longer PS chains

result in a coarse surface with increased roughness (Mw = 8 kDa,

Rq = 0.22 nm; while Mw = 135 kDa, Rq = 1.47 nm) and smaller

Fig. 4 (a and b) Schematic illustration of a surface-grafting PMMA brush on SiO2 as a hybrid nanodielectric for OFETs. (c) Leakage characteristics for

different dielectrics with the structure of Au/dielectric/Si capacitor. Curve a: 9 nm SiO2; curve b: spin-coated PMMA (10 nm) and SiO2 (9 nm); curve c:

surface-grafting PMMA (20 nm); curve d: surface-grafting PMMA (10 nm) and SiO2 (9 nm). (d) Transfer curves of pentacene OFETs with PMMA/SiO2

nanodielectrics. (e) Schematic diagram of distribution of pinhole defect. (f) AFM image of a PMMA brush.25 Copyright 2010, American Chemical Society.

(g) Synthetic route for TiO2–PS core–shell nanoparticles. (h) Schematic illustration of a pentacene OFET using 20 mol% TiO2–PS as the gate dielectric.55

Copyright 2005, American Chemical Society.
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water contact angle with increased surface energy. (ii) When the

molecular weight of end-functionalized PS is lower than the

criticalMw, the grafted PS chains on the SiO2 surfaces turned out

to arrange orderly like a brush with an areal density above

0.1 chains nm�2. Grafting polymers with high-Mw gPS chains

tend to form porous pancake structures in which TES-ADT

molecules were easily incorporated as a solute. These results

suggested that low-density gPS layers interfered with the assembly

of TES-ADT molecules, leading to a decrease of crystal grain size

and p-conjugated orientation. As a result, top contacted TES-ADT

OFETs (Fig. 6c–f) with higher density gPS–SiO2 as the dielectric

layer demonstrated higher electrical properties, showing a higher

mobility of 2.1 cm2 V�1 s�1 than the poor electrical property

(mFET = 0.8 cm2 V�1 s�1) of the device fabricated with less densely

packed gPS modified SiO2 as the dielectric layer.

Surface-grafting polymers not only greatly influence the

morphology and crystalline quality of the organic active layer

thereby affecting the electrical property, but also exert an ignorable

impact on the stability of organic devices. For example, in 2014,

Park et al. used polypentafluorostyrene (PFS)-based graftable poly-

mer nanolayers (gPFS) on SiO2 as a double dielectric layer to

enhance the electrical stability of OFETs.37 The gPFS precursor

solution was firstly attained through a para-fluorine-thiol click

reaction between PFS and MPS, and then the gPFS precursor

solution was spin-cast on the silica dielectric surface to form a

30 nm-thick film. Chemical linkage betweenmethoxy groups of the

gPFS and hydroxyl groups of the silica dielectrics formed after

thermal annealing, and the gPFS was consequently successfully

grafted onto the SiO2 dielectrics (Fig. 7a). Both pentacene and

PTCDI-C13 OFETs fabricated with gPFS-treated SiO2 dielectrics

demonstrated higher mobility, negligible hysteresis and outstanding

gate bias stability (DVth = 1.70 V for pentacene, gate bias = �40 V;

DVth = 1.69 V for PTCDI-C13, gate bias = 40 V). Compared with other

dielectric layers (bare SiO2 and perfluorooctyltriethoxysilane-treated

SiO2, i.e. F-SAM), high density gPFS grafted onto the SiO2 surface

could more efficiently cover the surface hydroxy groups, which

act as the interfacial charge traps, and thus lead to outstanding

electrical stability and high device performances (Fig. 7b and c).

Later in 2015, they continued to report a double polymer layer as

the gate dielectric that operates at low voltages by grafting gPFS

onto PVP (Fig. 7d).70 The fluorinated polymer surface with

hydrophobic properties not only reduced the leakage current

and led to higher gate bias stability (Fig. 7e), but also formed

large and flat grain organic semiconductor films.

Besides, high-density PS brushes with short chains have

higher smoothness, which induces large crystal grains of

triethylsilylethynyl anthradithiophene (TES-ADT) favourable

for lateral charge transport.72 The OFETs exhibit an excellent

lower trap density and lower operating voltage (r|5 V|), which

indicates that the crystallinity of semiconductors on the poly-

mer layer can be improved by using polymer brushes with high

interface quality. To understand the role of roughness in the

growth of semiconductor grains, Mingu Han reported a poly-

meric self-assembled monolayer (PSAM) by the ATRP and living

anionic polymerization method.56 The PSAM was prepared by

grafting PHIC rod-like chains and a short sticky PTMSM onto

the substrate surface, which is micropatternable using photo-

chemical cleavage by exposure to UV light. The performance of

P3HT-based OFETs using the PSAM as the dielectric layer was

found to be the same as that of an alkyl SAM.

3.2 Dielectrics of memory devices

Polymer brushes can also be used as electrets in storage

devices. The Zheng group firstly explored the charge storage

Fig. 5 (a) Synthetic route for the PS brush via SI-ATRP. (b) Schematic illustration of droplets inkjet-printed on PS brush surfaces (left) and the possible evaporation

mechanism (right). (c) Drying mechanisms of the assisted development of TIPS-pentacene crystals in short chain and long chain PS brushes, respectively.

(d) Schematic diagram and optical micrograph (light) of a TIPS-pentacene OTFT, and the corresponding transport curves (right).13 Copyright 2016, Wiley-VCH.
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properties of SI-ATRP grafted poly(methyl methacrylate) (PMMA)

brushes.71 The device structure is illustrated in Fig. 8a. PMMA

brushes were prepared on the Au-coated n-doped Si substrate as

electrets to fabricate nanometre scale patterns and the device

could be charged both positively and negatively by using con-

ductive atomic force microscope lithography and conductive

microcontact printing (Fig. 8b–f). They also studied the charge

stability of PMMA brushes in organic solvents and the trapped

charges in PMMA brushes were found to be durable in common

organic solvents like hexane and toluene. Compared with bulk

PMMA thin films, PMMA brush electrets have the advantages of

uniformity and charge stability in organic solvents. OFET-based

nonvolatile memories employing the PS-brush as electrets were

also reported (Fig. 8g).57 Since the PS-brush is strongly covalently

bonded to the surface, the memory device, especially the semi-

conducting layer, can be fabricated by a solution method, thus

tuning the memory characteristics by adjusting the conforma-

tion of the semiconducting molecules of the organic active layer.

The OFET-based memory device with N2200: TIPS-PEN blend

demonstrated excellent programming and erasing capability

with a high ratio of ON/OFF current of about 107, a large memory

window of 55 V and long retention time approaching 10 years

(Fig. 8h and i).

4. Surface-grafting conductors and
their applications

Because of their unique features including good compatibility

with organic materials, low cost, solution preparation, and high

transparency, conductive polymers are considered as a promising

candidate electrode material to replace metal electrodes.

So far, several highly conductive polymers have been studied,

including polyacetylene, poly(p-phenylene ethylene), polypyrrole,

polythiophene and polyaniline. Different from the traditional

conductive polymer film spreading on the substrate by inter-

molecular forces, surface-grafting conductive polymers bonding

to the substrate surface by strong covalent bonds are endowed

with the following advantages: (1) because of the strong force of

the covalent bond between the conducting polymer brushes and

the substrate, it is not easy for the grafted polymers to be peeled

off from the substrate, which is beneficial to the mechanical

stability of flexible devices; (2) the patterning of conductive

polymer based organic circuits and electrodes can be easily

achieved by in situ polymerization and selective growth, which

is a critical factor to achieve patterns of organic electrodes

and integrated circuits. Recently, these conductive polymer

brushes have been applied in various electronic devices, such

Fig. 6 Schematic diagram of gPS chain conformation effects on the self-assembly of TES-ADT (a) on a concentrated polymer brush and (b) on porous

polymeric pancake layers. (c) Schematic diagram of TES-ADT OFETs. (d and e) Transfer curves and (f) output curves at different Mw gPS layers.10

Copyright 2014, American Chemical Society.
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as field-effect transistors, light-emitting diodes, circuits and sensors,

advancing the development of organic electronics, especially for the

practical application of all-organic flexible electronics.

4.1 Surface-grafting polymers as electrodes and circuits

Several surface-grafting polymers with high electrical conductivity

that are used as electrodes have been reported, such as PPy, PANI

and PEDOT:PSS. Surface-grafting polymers have been directly

used as electrodes in the fabrication of devices and circuits

because of their good conductivity and compatibility with other

organic semiconductors. In view of the above advantages, our

group mainly focused on PPy brushes as electrodes in OFETs and

circuits. We firstly developed patterning methods of the PPy

electrode by depositing Al as the protective layer and in situ SCOP,

as shown in Fig. 9a.22 The methods for grafting PPy are as follows:

firstly, PET or silicon substrates with a silicon oxide layer

are treated to form hydroxyl groups; secondly, surface grafting

coupling reaction takes place on the substrates using Py-silane

(a silane-coupling agent); finally, PPy brushes are formed on the

surface by the in situ SCOP method. The resulting PPy thin films

and patterned PPy wires exhibit conductivity in the same range of

50–100 S cm�1, which is sufficient to drive the OFETs. To test the

practical application of PPy as electrodes for organic transistors

and circuits, we further fabricated OFETs and circuits adopting

the surface-grafted polymer PPy as electrodes (Fig. 9b–c).7,22 It is

known that charge injection/collection efficiency directly affects

the mobility of a device.73,74 The PPy-bottom contacted device has

considerably higher mobility than the Au-bottom contacted

device, and comparable mobility to that of the Au-top contacted

device. The OFETs of PPy electrodes show excellent electrical

Fig. 7 (a) Representative molecular structure of OFETs based on gPFS and F-SAM. (b) Transfer curves of pentacene OFETs in N2 (black line) and ambient

conditions with a relative humidity of 75% (red line) and (c) the resultant mFET values.
37 Copyright 2014, American Chemical Society. (d) Schematic diagram

of TES-ADT OFET based on gPFS and cPVP dielectric layers and (e) transfer characteristics.70 Copyright 2015, Royal Society of Chemistry.
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performance, including good compatibility with the organic active

layer, excellent conductivity and good applicability in solution

processable and flexible devices. Under a low operating voltage

(10 V), flexible p-type (pentacene) and n-type (PDI-8CN2) OFETs

both show good field-effect property. The efficient charge injection

by the PPy electrode is due to the almost no contact resistance

effect between the electrode and the semiconducting layer.

Remarkably, the PPy electrodes also exhibited outstanding high

transparency and flexibility, which is expected to be applied in

flexible devices.6 We further monitored shelf life stability for the

pentacene and PDI-8CN2 transistors over 50–120 days, respectively.

By comparing the degradation and stability of organic transistors

with PPy electrodes and gold electrodes, respectively, we found that

organic transistors with PPy electrodes showed better stability,

while the devices with gold electrodes endure the degradation

effect.

Complementary inverters were also constructed with the

pure PPy electrodes, exhibiting good stability, compatibility

and long-term storage conditions. Fig. 9d shows the schematic

illustration of the inverter consisting of an n-type transistor

(PDI-8CN2) as a driver and a p-type transistor (pentacene) as

load. Under 2–10 V, the inverter has a large signal gain of 10–30,

Fig. 8 (a) PMMA brushes as an electret.71 (b) The surface potential–bias voltage curve. (c) AFM image of charge patterned PMMA brushes. (d–f) KFM

images of trapped charges patterned in PMMA brushes with different thickness (d: 80 nm, e: 30 nm, f: 20 nm). Copyright 2013, Wiley-VCH. (g) Schematic

illustration of a nonvolatile organic memory device based on the charge-trapping capability of the PS-brush.57 (h) The program and erase switching

characteristics of transfer curves of the memories. (i) The memory ratio and memory window of the device. Copyright 2019, American Chemical Society.
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a sharp switching with rail-to-rail output swings, and a very

large noise margin. In addition, because high-resolution patterning

technology is very important for patterned electrodes and circuits,

our group further developed a higher resolution patterningmethod

to pattern PPy electrodes and circuits by combining lithography

technology.27 By using this method, electrodes and circuits are

accurately and easily fabricated. The obtained organic comple-

mentary inverters show a low operation voltage of 8 V, a high

gain of 6–17, and low power consumption. The strategy of

polymer brush electrodes opens up a new door to improve

the overall performances of the device, including mobility,

compatibility and stability, indicating the great potential of

surface grafting polymers in organic electronics.

Ouyang et al. reported PEDOT grafting onto indium tin

oxide (ITO) by an electrografting method,77 which is also an

efficient approach to fabricate conducting polymers.78–80 The

electrografting PEDOT demonstrates good conductivity and

greatly enhanced PEDOT adhesion. The good mechanical prop-

erties lay the foundation for the subsequent construction of

flexible devices. Oxidative chemical vapor deposition (oCVD) is

another method to deposit the PEDOT film and other polymer

brushes on substrates by step-growth polymerization.75,81 In

combination with the oCVD technique, Gleason et al. reported

high-resolution patterning (60 nm feature sizes) of grafted

PEDOT by lift-off photolithography and e-beam lithography, as

shown in Fig. 10a and b.28 By the one-step oCVD process, covalent

grafting can be formed between PEDOT and the substrates

containing aromatic functionalities, such as polystyrene (PS)

and polycarbonate (PC). Fig. 10c and d show patterned and

grafted PEDOT interdigital electrodes on flexible polyethylene-

terephthalate (PET) substrates. Compared to the ungrafted

PEDOT on PET substrates, grafted PEDOT displays greatly

enhanced adhesion. Stretchable circuits are indispensable

components of flexible devices, especially in organic electronics,

microfluidics and biomedical devices. A stretchable hydrogel–

elastomer hybrid and hydrogel circuit with extremely robust

interfaces are reported by crosslinking and grafting method, as

shown in Fig. 10e and f.76 A LED was driven to light up by using

the conductive patterned hydrogel circuit even in the case of

severe deformation. The electrical resistance remains almost the

same when the elastomer is stretched 3.5 times after 100 cycles

(Fig. 10g).

4.2 Sensors

Surface-grafting conducting polymers also have potential applica-

tion in fabricating sensors as conductive or active layers, including

physical sensors (e.g. pressure sensors), chemical sensors (e.g. gas

sensors), etc. It should be noted that surface-grafting polymers can

endure long-term operation and cyclic testing of sensors due to

their natural flexibility and compatibility with flexible substrates for

wearable devices, which is crucial for wearable electronic devices.

Thus, owing to the outstanding stability and high conductivity,

conductive polymer brushes are very suitable for the fabrication of

flexible sensors and other flexible devices.

Fig. 9 (a) Schematic patterning process and molecular structure of surface-grafting PPY. (b) Schematic diagram of the OFET and molecular structure of

organic semiconductors. (c) Output and transfer curves of the pentacene OFET. (d) Inverters with patterned PPY electrodes and their gain

characteristics.22 Copyright 2012, Wiley-VCH.

Materials Chemistry Frontiers Review

P
u
b
li

s
h
e
d
 o

n
 0

2
 D

e
c
e
m

b
e
r 

2
0
1
9
. 
D

o
w

n
lo

a
d
e
d
 o

n
 8

/2
0
/2

0
2
2
 1

0
:5

0
:5

6
 A

M
. 

View Article Online

https://doi.org/10.1039/c9qm00450e


This journal is©The Royal Society of Chemistry and the Chinese Chemical Society 2020 Mater. Chem. Front., 2020, 4, 692--714 | 705

Recently, our group reported an ultra-high sensitivity pressure

sensor to detect tiny pressure with a microstructured conducting

polymer brush.53 Using the previously reported surface grafting

PPy method, PPy brushes were grafted onto PDMS with pyramidal

microstructure to form a 3D conductive network, which well

retains the original shape of PDMS, as shown in Fig. 11a and b.

With a short-channel coplanar device structure and sharp micro-

structure, the pressure sensor shows both ultrahigh sensitivity

(near to 2000 kPa�1) and an ultralow detection limit (0.075 Pa),

which can distinguish the complicated ringtone of a mobile

phone (about 2–20 Pa) and a scrap of tissue paper (about 1 Pa),

and can even switch on the LED with an ultralow pressure of 7 Pa,

as shown in Fig. 11c and d. Besides, the PPy conducting network

keeps outstanding stability and reliability after 15000 cycles by

100 Pa pressure because of strong interface adhesion with the

PDMS surface by covalent bonds. These results suggest that

conducting surface-grafting polymers play unique roles in flexible

sensors.

In addition, Chi et al. reported high-density surface-grafted

PPy conducting-polymer nanostructures with a high resolution

of 100 nm prepared by nanoimprint lithography, surface grafting

strategy and a lift-off process (Fig. 11e).11 The fabricating process

of the nanostructure and the nanowire array morphology are

displayed in Fig. 11f and g, respectively. Gold pads were depos-

ited on 300 nm wide PPy nanowire arrays by shadow mask

evaporation to construct nanosensors. The nanosensors indeed

exhibit relatively excellent sensing properties, showing strong

real-time response to a 240 ppm NH3 stream with a higher

sensitivity than that of the 5 mm microwire arrays. These results

demonstrate that appropriate nanostructures help to improve

Fig. 10 (a) Grafted and (b) ungrafted PEDOT by conventional lift-off photolithography of patterns on Si wafer. (c) Patterned oCVD PEDOT on the PET

substrate. (d) 60 nm line pattern of oCVD PEDOT on the PET substrate by electron beam lithography.28,75 Copyright 2007, Wiley-VCH. (e) Schematic

illustration of the hydrogel–elastomer hybrid with robust interfaces after ultraviolet irradiation. (f) The 901 peeling test on hydrogel–elastomer hybrids.

(g) Schematic illustration of the stretchable hydrogel circuit board patterned on the elastomer. (h) LED light-up test by the hydrogel circuit and its

electrical resistance tests after 100 cycles of stretch to 3.5 times.76 Copyright 2016, Nature Publishing Group.
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the performance of sensors based on the surface-grafted

polymers.

4.3 Other device applications of surface grafting conducting

polymers

Except for the applications in OFETs, circuits and sensors,

surface grafting conducting polymers have also exhibited great

potential in other device applications, especially in stretchable

organic electronics, including skin-like electronic devices,

artificial muscles and other flexible organic electronic devices.

Guo et al. fabricated PEDOT:PSS/grafted-PDMS electrodes for

all-organic stretchable skin-like electronics.82 The PEDOT:PSS

film strongly interacts with the PMAAc-PDMS substrate by

hydrogen bonds, owing to grafting poly(methacrylic acid)

(PMAAc) with hydroxyl groups on a PDMS surface (Fig. 12a–c).

The stretchable electrode shows a small sheet resistance and

negligible change at 100% tensile strain over 10 000 cycles due to

the PMAAc grafted on a pre-stretching substrate forming a

structure with deep folds and wrinkles. A capacitive pressure

sensor based on this stretchable electrode exhibits high perfor-

mance, with a maximum sensitivity of 7.00 kPa�1 and high

stability under stretches to 30% (Fig. 12d). The high interfacial

adhesion and pre-stretching structure lead to very good electrical

performances for the electrode and pressure sensor.

5. Surface-grafting semiconducting
polymers and their applications

Recent years have witnessed rapid developments of polymeric

semiconductors, including the increase of charge transporting

property in OFETs,83,84 the higher power conversion efficiency

in organic photovoltaics (OPVs),85,86 the enhanced lumines-

cence in organic light-emitting diodes (OLEDs),87,88 and so on.

The processes of charge injection and transport, exciton recom-

bination and separation are the core issues to determine the

performances of organic electronic devices. These processes

depend not only on the organic active layer, but also on the

interface of the device. Compared with the common semicon-

ducting polymers, the strong covalent bond to the surface

endows surface-grafting semiconducting polymers with unique

advantages. Firstly, polymer brushes are valuable tools to

precisely control the morphology of organic active layers at

the micro/nano-scale by fine tuning the grafting process (grafting

molecules, grafting reactions, grafting density, etc.). Secondly,

semiconducting polymer brushes directly bonded onto the sur-

face of the insulating layer as a semiconductor layer in OFETs or

onto the electrodes of OPVs and OLEDs are helpful for the charge

injection/transport of these devices, resulting in optimized device

performances. In addition, due to the strong covalent interaction

Fig. 11 (a) Schematic illustration of the fabrication process of PPy and the structure of the coplanar pressure sensor. (b) Photograph of the pressure

sensor and the SEM image of PPy/PDMS micropyramids. (c) Step like current response under pressures of 0, 11.5, 37.9, 111.9, and 172 Pa. (d) The detection

limit test of current characteristics. The inset is a photograph of the pressure sensor.53 Copyright 2018, American Chemical Society. (e) Schematic

illustration of the fabrication process of PPy nanostructures. (f) AFM image of 300 nm wide PPy nanowires and (g) the real-time response of a NH3

sensor.11 Copyright 2006, Wiley-VCH.
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of the surface-grafting semiconductors with the substrate,

surface-grafting polymers usually have very good solvent resis-

tance without considering the orthogonal solvent, and thus are

suitable for the solution process and other printing technology to

fabricate large area devices.

5.1 Surface-grafting semiconducting polymers in OFETs

Surface-grafting semiconducting polymers are constructed directly

on the insulating layer as the semiconducting active layer, which

provides a new method for the preparation of OFETs. However,

there are only a few reports about them, which may be due to the

difficulties in fabricating high performance OFETs based on

semiconducting polymer brushes. Besides, the relationship

between the covalent bond and the conjugated structure of the

surface-grafting semiconducting polymer may directly affect the

transportation of charge carriers.

Gopalan et al. directly grafted end-functionalized poly(3-hexy-

lthiophene) (P3HT) on an oxide substrate to fabricate bottom-

contact FETs, as shown in Fig. 13a.58 Based on Cu(I)-catalyzed

Huisgen 1,3-dipolar cycloaddition, P3HT chains directly anchor

on the SiO2 substrate with an azide self-assembly monolayer

(SAM). The results show that click chemistry is an efficient method

to get high grafting densities of about 0.5 chain per nm2 under

mild conditions. The hole mobility of P3HT brushes in bottom-

contact OFETs is 5� 10�5 cm2 V�1 s�1, which is comparable to the

hole mobility in OFETs with monolayer P3HT by the dip-coating

method. Besides, the P3HT brushes can be extended to ZnO2 to

form a heterogeneous structure. But the mobility is less than

several orders of magnitude compared to the P3HT film by spin

coating. In order to achieve higher mobility for further application,

it is necessary to tune the grafting density of polymer brushes.

Thelakkat et al. have demonstrated that an ultrathin and high

density self-assembled P3HT monolayer was immobilized on the

surface (3–4 nm) by click chemistry.59 In Fig. 13b, the P3HT-alkyne

with high molecular weight (Mn, MALDI = 11400 g mol�1) was

grafted onto surface anchored azide groups to form high density

P3HT brushes by a CuAAC click reaction, which is beneficial to

lateral charge transport along the p–p stacked direction. The SAM-

based OFETs with an ultrathin surface-grafting P3HT exhibited the

highest mobility up to 1.8 � 10�3 cm2 V�1 s�1 after removal of

chloroform solvent (Fig. 13c–e). This is the highest value among the

reported polymeric SAMFET and P3HT brush devices.

Carter et al. reported solvent-impervious, conjugated semi-

conducting polymers directly photografted onto the dielectric

layer and retained their original optoelectronic properties in

OFETs.9 The surface grafting semiconducting polymers of vinyl-

functionalized poly(fluorene) derivatives bonded onto surfaces

containing free surface thiol groups by the highly efficient

thiol–ene chemistry (Fig. 14a). End-chain grafted poly-(fluor-

ene)s can achieve higher grafting densities than their side-chain

grafted polymers, which is beneficial to more brush-like surface

conformation. For comparison, three different bottom gate/top

contact OFETs (bulk pPF film spun on thiol-functionalized SiO2,

OTS modified SiO2 and surface grafted pPF film) were fabricated

(Fig. 14b). As shown in Fig. 14c, the transfer performance of the

surface grafted pPF film is comparable to that of OTS treatment,

Fig. 12 (a) Schematic diagram of the fabrication of PEDOT:PSS/grafted-PDMS stretchable electrodes. (b) Molecular structures and interface of the

electrodes. (c) SEM images of the stretchable electrode and (d) its resistance test under strain ranging from 0 to 100%. (e) Schematic diagram of the

capacitive pressure sensor. (f) Normalized change in capacitance as a function of pressure over 0–10 kPa of the sensor (a maximum sensitivity

of 7.00 kPa�1). The inset is the signal under 0.3 Pa. (g) Capacitance signal over 1000 stretching cycles to 30% strain.82 Copyright 2019, American

Chemical Society.
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offering a possible alternative to traditional OTS surface modifica-

tions in thin film transistors.

5.2 Surface-grafting semiconducting polymers in photovoltaic

devices

Solar energy is a new and renewable energy that is theoretically

inexhaustible by constant solar radiation on our earth. Photo-

voltaic devices can convert solar energy into electrical energy by

the photovoltaic effect. Silicon-based photovoltaic devices, such

as solar cells, have been used in power generation; however,

there are some disadvantages including high cost, complicated

production process, pollution problems and so on.86,89 Recently,

polymeric photovoltaic devices are attracting researchers’ inter-

est owing to their flexibility, solution processability and low cost.

Surface-grafted polymers as an interface engineering tool are

also used to improve the performances of polymer photovoltaic

devices bymodifying the interface or fine-tuning the morphology

of active layers. The first example of functional semiconducting

polymer brushes in photovoltaic devices was reported by

Huck et al.39 They present the fabrication of poly(triphenyl-

amine acrylate) (PTPAA) brush/nanocrystal composite diodes

by SI-ATRP (Fig. 15a). The heterojunction photovoltaic diodes

with PTPAA brushes and self-organization of CdSe nanocrystals

show quantum efficiencies of up to 50% (Fig. 15b). This is

because dense grafting sites can lead to vertically aligned

nature for the polymer brushes, which can improve charge

transport efficiency through clear pathways to the electrode.

Furthermore, they went on to report PTPAA brushes on the

PEDOT/PSS surface, which also exhibited a higher current

density which was three orders of magnitude higher than that

of the same polymer film obtained by spin-coating.90 The above

results demonstrate that controlled vertical morphology or high

grafting density of polymer brushes is essential to improve the

charge transport efficiency.

Fig. 13 (a) Synthetic scheme of poly(3-hexylthiophene) brushes and the bottom-contact FET.58 Copyright 2010, Royal Society of Chemistry.

(b) Synthetic scheme of the P3HT monolayer on the substrate. (c) Structure of a SAM-based organic field-effect transistor and (d) output and

(e) transfer curves of the grafted SAM dried from chloroform.59 Copyright 2018, American Chemical Society.
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More importantly, surface-grafting polymers could serve as a

transporting layer to promote charge transport via grafting

polymer brushes onto corresponding electrodes. For photo-

voltaic devices, PEDOT:PSS is often used to modify the anode

ITO surface as a hole transport layer for collection and trans-

port of holes. However, PEDOT:PSS is detrimental to the

stability of the devices since acidic and hygroscopic PEDOT:PSS

usually leads to corrosion of the ITO anode and oxidation of

low-work-function metals.91 Polymer brushes are expected to

replace PEDOT:PSS as a hole transport layer to avoid the

disadvantages described above. You et al. reported surface-

bound P3MT layers as the hole transporting layer on the ITO

electrode by using surface-initiated Kumada catalyst-transfer

polycondensation (SI-KCTP) (Fig. 15c). Because the P3MT is very

stably immobilized on the ITO electrode, the solution-processed

bulk heterojunction polymer solar cells based on doped P3MT:ITO

can achieve an efficiency higher than 5% (Fig. 15d).8 Electro-

chemically crosslinked surface-grafted poly(N-vinylcarbazole)

(PVK) brushes as a hole transporting layer on ITO have been

demonstrated by surface-initiated reversible-addition fragmenta-

tion chain transfer (SI-RAFT) polymerization.15 Maria Celeste

Tria used an electrodeposited chain transfer agent (CTA) as the

macroprecursor which provided a selective anchoring point to

grow polymer brushes. The PVK brush based OPVs have long-

term stability against acid dopants and oxygen compared with

the PEDOT:PSS based standard OPVs. Song et al. reported that

the surface-grafting hyper-branched polymer of aziridine

(SGHPA) was employed to modify the work function of ITO to

inverted polymer solar cells (PSCs), as shown in Fig. 15e and f.16

The work function of the ITO electrode has been greatly reduced,

which leads to higher power conversion efficiency (PCE) and

improved stability.

5.3 Surface-grafting semiconducting polymers in OLEDs

OLEDs have attracted worldwide attention in displays and

solid-state lighting due to their self-luminous nature, high

Fig. 14 (a) Synthetic scheme of the surface grafted pPF film. (b) Schematic diagram of pPF OFETs using spun on thiol-functionalized, OTS-treated and

photo grafted Si/SiO2 and their transfer curves.9 Copyright 2014, American Chemical Society.
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brightness, high contrast, no backlight source, light weight, low

voltage, wide angle of view and easy processing.92–94 However,

solution-based processes are major challenges for OLED

arrays.95–97 Hawker et al. reported a novel Ir(III) photocatalyst

to grow patterned emissive polymer brushes (Fig. 16a–c).14 The

iridium centre plays key roles as a photocatalyst to initiate

polymerization of the brush and then as a phosphorescent

dopant. The semiconducting methacrylate-based brushes on

ITO provided emission spanning the visible spectrum from

blue to red (Fig. 16d–f).

The structure of an OLED is single-layer or multi-layer

organic materials sandwiched between two electrodes. Electrons

and holes are injected from the two electrodes, which combine

to produce excitons and emit light under an electric field.

Similar to OPV devices, the carrier injection efficiency of the

OLED electrode is very important for the performance of the

device. Several grafting polymers have been used to modify

the OLED electrode to improve charge injection and stability.

Advincula et al. reported a functional electrode by grafting PVK

brushes onto the conducting transparent ITO electrode using the

surface-initiated polymerization approach.98 The PVK brushes

act as a hole transporting layer improving the uniformity of the

films and the hole-transport properties of the ITO electrode. It is

worth mentioning that a poly(cyanofluorene-alt-phenylenevinylene)

(PCNPV) electroluminescent polymer layer can be spin-cast on

the PVK brushes without dissolution problems. Ronny Neumann

reported blue-green LEDs from poly(phenylenevinylene) (PPV)

grafted with poly(ethylene imine) (PEI) to provide better con-

jugated polymer–electrode interfaces, which show significantly

improved lifetimes and coordination of transition metals.99

Additionally, complexation of transition or lanthanide metal

ions extends the device lifetime and reduces aggregation by

separating PPV backbones.

5.4 Other applications

Besides the above devices, surface-grafting semiconducting

polymers can also be used in other devices in organic electronics,

such as organic spin valves and memory devices. Chen et al.

reported solution-processable poly(N-vinylcarbazole) covalently

grafted MoS2 nanosheets (MoS2–PVK) to fabricate novel nonvolatile

rewritable memory devices.100 After annealing of the MoS2–PVK

film, crystallization of PVK was increased, which induced a more

efficient intramolecular charge transfer effect between PVK and

MoS2. The polymer–MoS2 hybrid memory devices exhibit a high

ON/OFF ratio (3 � 104) and a low turn-on voltage (�1.31 V). Abdus

Salam Sarkar et al. synthesized a chemically stable polymer–MoS2
heterojunction by semiconducting polymer assisted chemical exfo-

liation. The polymer grafted MoS2 shows a strong photovoltaic

effect and a bipolar resistive switching effect. Polymer brushes are

also used as surfacemodification layers in spin valve devices. It is of

great significance to precisely control the interfacial resistance

between the electrode and the organic active layer, since the

interfacial resistance can directly influence the spin injection and

transport and consequently exert great impacts on the magnetore-

sistance (MR) response. Nguyen et al. reported grafted p-conjugated

poly(3-methylthiophene) brushes on the La0.67Sr0.33MnO3 (LSMO)

electrode by surface-initiated Kumada transfer polycondensation

(SI-KCTP), which is the first example to fabricate OSVs with

covalently immobilized polymer brushes.101 The LSMO/brush

interfacial resistance can be controlled by tuning the covalent

Fig. 15 (a) Schematic illustration of the CdSe nanocrystal infiltrated PTPAA brush photovoltaic device. (b) Photovoltaic action spectra for a CdSe

nanocrystal infiltrated PTPAA brush device (open diamonds) and for a PTPAA/CdSe nanocrystal blend device 1 : 8 by weight (solid circles), with external

quantum efficiency (dotted lines) and internal quantum efficiency (solid lines).2,39 Copyright 2005, American Chemical Society. (c) Schematic illustration

of poly(3-methylthiophene) as a hole transport layer in solar cells and (d) characteristic J–V curves.8 Copyright 2012, American Chemical Society.

(e) Covalent surface grafting of aziridine in polymer solar cells and (f) energy level diagram.16 Copyright 2014, Wiley-VCH.
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attachment as well as the brush morphology. Compared with

the spin cast poly(3-hexylthiophene) films, the OSVs fabricated

with p-conjugated polymer brushes exhibited a stronger MR

effect with lower temperature dependence, which might be

attributed to the surface-grafting induced improved spinterface

and spin transport.

6. Conclusions and perspectives

Owing to their unique characteristics, surface grafting polymers

or polymer brushes are gradually playing important roles in

organic electronics. Owing to the strong covalent bond connec-

tion between the surface and the polymer, surface-grafting

polymers show excellent mechanical stability and solvent resis-

tance, which is beneficial for the subsequent construction

of organic electronic devices, especially for mass production

of large area flexible electronic applications. Polymers with

specific chemical groups may also be introduced to the surface

by surface-grafting to achieve targeted function, such as tuning

the morphology of the active layer, enhancing the dielectric

property, improving the charge injection, etc. It is all these

merits which allow surface-grafting polymers to be used in

versatile devices in the field of electronics.

In this article, we have comprehensively reviewed the

recent progress in polymer brushes, including the preparation

methods to fabricate polymer brushes and the utilization of

surface-grafting polymers as functional materials of insulators,

conductors and semiconductors in versatile organic electronic

devices. At present, with the increasing demand for wearable

devices, flexible electronics has become a research hotspot

all over the world. The advantages of polymer brushes in

flexible devices are expected to be further developed in flexible

electronics and other fields. It is our expectation that increasing

numbers of surface-grafting polymers and production techni-

ques are introduced into the field of organic electronics and

finally advance the development of practical applications of

this field.
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