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a b s t r a c t

Molecular doping has become a widely used method to modulate the electric performance of organic

semiconductors (OSC). Highly effective charge transfer during molecular doping is desired to achieve ideal

electrical conductivity. Two types of charge transfer mechanisms are widely accepted in molecular dop-

ing process: integer charge transfer (ICT) and charge transfer complex (CTC). In this review, fundamental

principles of two mechanisms are revisited and the characterization methods are depicted. The key points

for the formation of two mechanisms are highlighted from aspects of molecular structure and process en-

gineering. Then, the strategies to improve the proportion of ICT are discussed. Finally, the challenges and

perspectives for future developments in the molecular doping of polymer semiconductors are provided.

© 2023 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

1. Introduction

Organic semiconductors (OSC), especially conjugated polymers,

have shown promising application in organic optoelectronic and

energy-conversion devices [1,2], such as organic light-emitting

diodes, thin-film transistors, solar cells, and thermoelectric devices,

owing to the advantages of low-cost production, solution proces-

sibility and flexibility. Pristine OSCs have low intrinsic electrical

conductivities. It is essential to improve the electrical performance

by the chemical doping process. In the 1970s, phthalocyanine and

polyacetylene were successfully doped by exposure to halogen va-

pors [3,4]. The electrical conductivity can be increased by several

orders of magnitude [5]. Nevertheless, a strong tendency to dif-

fuse of the halide happens, which strongly impairs both the de-

vice performance and the operation lifetime. To achieve precise

and controllable doping, molecular doping of OSC, by using a small

organic molecule with a conjugated backbone as an acceptor, has

been widely used to control the fermi level of OSC [6–10] and the

contact resistance between interfaces [11–16] in electronic devices.

So far, an in-depth understanding of the interaction between OSC

and dopant to achieve effective doping is still desired.

The low doping efficiency of molecular doping for OSC is a

big limitation to pursuing the high electrical conductivity. To im-

prove the doping efficiency, the traditional methods prefer to in-

crease the dopant concentration. However, the excess of dopants
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destroys the crystal structure of organic semiconductor and intro-

duces traps and scattering sites [17,18]. As a result, the carrier

mobility of doped film will be decreased, and thus the electrical

conductivity is damaged. To avoid disrupting the packing of semi-

conductor upon doping, new doping strategies, such as sequen-

tial doping [19–24], ion-exchange doping [25], and hybrid dop-

ing [26], have been recently developed. On the other hand, the

doping mechanism remains controversial compared with the inor-

ganic counterparts [27]. The simplified understanding about dop-

ing is the charge transfer between a semiconductor and a given

dopant forced by the energy level difference [28–30]. For ex-

ample, poly(3-hexylthiophene) (P3HT), with an ionization poten-

tial (IP) about 5.0 eV, is matched with 2,3,5,6-tetrafluoro-7,7,8,8-

tetracyanoquinodimethane (F4TCNQ) with an electron affinity (EA)

about 5.2 eV, so the electron transfer between P3HT and dopant

is spontaneous. By now, two types of charge transfer mechanisms

are widely accepted (for p-type doping): (1) integer charge trans-

fer (ICT) to form isolated hole and dopant anion; (2) partial charge

transfer to form charge transfer complex (CTC). ICT refers to the

complete charge transfer of an electron between an organic semi-

conductor and a dopant, while the hybridization of organic semi-

conductor and dopants exists in CTC. In general, the formation of

ICT is beneficial to improve the carrier concentration and conse-

quently increase the electrical conductivity. On the contrary, CTC

cannot contribute substantially to the carrier concentration due to

the charge localization.

This review will highlight the mechanism of charge transfer,

with particular focus on the p-type organic semiconductor doped

by F4TCNQ. We will introduce the key factors determining the
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Fig. 1. Basic concept map of (a) ICT and (b) CTC between p-type polymers and

dopants.

charge transfer degree, and then discuss the strategies to improve

the proportion of ICT through materials design principles and dop-

ing techniques as well as future challenges for molecular doping of

polymer semiconductors.

2. The degree of charge transfer in OSC

For p-type doping, ICT process means an electron can be com-

pletely extracted by the dopant acceptor from the conjugated poly-

mer [28], accompanying the generation of a hole on the polymer

backbone and a dopant anion (Fig. 1a). For n-type doping, an elec-

tron transfers occurs from dopants’ highest occupied molecular or-

bital (HOMO) to polymer’s lowest unoccupied molecular orbital

(LUMO), which leads to the formation of an electron on the poly-

mer backbone and a dopant cation. It has been demonstrated that

the ICT process consists of two steps: charge transfer from donor

to acceptor and subsequent dissociation of integer-charge transfer

complex [31]. The first step is dominated by the difference be-

tween HOMO level of donor and LUMO level of acceptor. This step

is negligibly temperature-activated. The second step is controlled

by the thermal activation which is related to the electrostatic

interaction and the local energetic disorder accompanying with

broadened density of states (DOS) and reduced activation energy.

The CTC model was observed in F4TCNQ doped pentaphene [32–

34]. For CTC, the frontier molecular orbitals of dopant and poly-

mer semiconductor are hybridized to form new occupied bond-

ing orbitals and unoccupied antibonding orbitals (Fig. 1b) [35]. The

electron donor (semiconductor) and the acceptor (dopant) are at-

tracted by electrostatic interaction and keep electrically neutral as

a unity. Electrons can sometimes be excited from the HOMO of

the semiconductor to the antibonding state in hybrid state, leav-

ing behind a hole on polymer backbone by the thermal excitation.

In Hückle model [36–38], the energy level of molecular orbitals of

CTC in p-type doping can be expressed as follows (Eq. 1):

ECTC,H/L = Hpoly + Ldop

2
±

√(
Hpoly − Ldop

)2 + 4β2 (1)

where, Hpoly and Ldop denote the HOMO level of polymer and the

LUMO level of dopant; and β is a resonance integral based on in-

termolecular coupling between polymer and dopant. According to

this equation, only increasing the p-dopant EA is not sufficient to

achieve higher doping efficiency. The additional criterion is reduc-

ing the intermolecular resonance integral β .

The charge transfer degree can be characterized and analyzed

by UV-vis-NIR and Fourier transform infrared spectrometer (FTIR).

As shown in Fig. 2, the absorption peaks of dopant anion peak (410

nm, 765 nm and 870 nm) and (bi)polarons (1400-2000 nm) in in-

frared region can be observed in UV-vis-NIR spectra of F4TCNQ

doped P3HT film, which represents the formation of ICT [39–41].

FTIR spectra can be employed to distinguish the degree of charge

transfer (δ) by characterizing the C≡N vibrational peak of F4TCNQ

[42]. According to Mulliken’s theory [43], δ can be calculated by

the following equation (Eq. 2):

δ = 2�ν

ν0

(
1 − ν2

1

ν2
0

)−1

(2)

where, ν0 is the wavenumber of the neutral F4TCNQ, ν1 is the

wavenumber of the F4TCNQ anion, and �ν is the difference value

of wavenumber of the actual peak and the neutral F4TCNQ. The

C≡N vibrational peak appearing in 2194 cm−1 endows δ =1, indi-

cates the existence of F4TCNQ anion, while the vibrational peak in

2207 cm−1 (δ =0.6) means the appearance of CTC (Fig. 2b).

For a doped conjugated polymer, it is more likely to form

ICT than CTC with the dopants tending to insert into the side

chains spaces along the lamellar direction theoretically. Experi-

mentally, both ICT and CTC can be detected in a doped polymer.

For example, both integer and partial charge transfer peaks ap-

pear in the FTIR spectra of F4TCNQ doped P3HT or poly(2,5-bis(3-

tetradecylthiophen-2-yl)thieno[3,2-b]thiophene) PBTTT film [44–

46]. In the process of ICT, the dopants being far from the polymer

backbone results in the negligible disruption of polymer crystal

structure and π-stacking in this microstructure (Fig. 3a) [35,45,47].

It was found that the dopants still prefer to reside in the lamellar

region even if its size is larger than polymer lamellar spacing [48].

For example, dodecaborane (DDB) based dopant with size of 2 nm

is larger than the lamellar distance of P3HT. The dopant prefers

to insert into the lamellar structure and form ICT. However, the

branched side chains of P3EHT may force the dopant F4TCNQ to

insert into the π-π stacking, leading to a charge transfer complex

[49]. Stanfield et al. reported that thermal annealing could con-

vert CTC to ICT [50], indicating that the CTC phase is not ther-

modynamically preferred. The molecular dynamics simulation of

Fig. 2. (a) The UV-vis-NIR of F4TCNQ doped P3HT and (b) FTIR of the C≡N vibrational peak of neutral F4TCNQ and F4TCNQ anion in F4TCNQ doped P3HT. Copied with

permission [41]. Copyright 2018, the Royal Society of Chemistry.
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Fig. 3. (a) The dopant F4TCNQ prefers to insert into the side chains of polymer in

ICT. (b) The dopant F4TCNQ is coplanar with polymer backbone in CTC.

F4TCNQ doped P3HT shows that the barrier energy for insertion

of a dopant molecular into polymer is lower for formation of ICT

than that for CTC. Besides, density functional theory (DFT) calcula-

tion implies that ICT is the thermodynamically preferred in conju-

gated polymer because the entropic cost of forming ICT is positive,

while it is negative for CTC [51]. Moreover, the process of CTC is

infrequent in doped polymers, as it needs change on the configu-

ration or microstructure. For example, the distance between π-π
stacking and lamellar space of polymer decrease with the increase

of CTC proportion. Combining X-ray absorption near edge structure

(XANES) analysis and DFT calculation, several local conformations

of CTCs in F4TCNQ doped P3HT was observed. The dominant con-

formation of F4TCNQ was no longer a planar configuration but the

C≡N bents to the polymer backbone due to the electron contribu-

tion of P3HT [52].

Experimentally, CTC is preferentially observed in organic small

molecules [53]. Different from the microstructure of ICT, the

dopants insert into the π-stacking of host molecule backbone.

Therefore, π-π interaction occurs between dopants and the host

molecule in CTC (Fig. 3b). Several reports have shown that CTC

is beneficial to form ordered microstructure and even crystals

[40,41,45]. It is found that when CTC occurs in F4TCNQ doped

quaterthiophene (4T), a new crystalline phase will be formed in

which 4T and F4TCNQ show a coplanar π-stacking, with a fish-

bone arrangement [54]. In addition, the face-to-face conformation

in CTC makes the change in length of carbon-carbon bonds along

the backbones of CTC in oligomer less than ICT, by calculating

PCPDT-BT’s oligomers with different lengths doped by three differ-

ent dopants [55]. Interestingly, CTCs are thought to induce J-type

aggregation and thus contribute to the generation of ICT [56].

3. Effect of charge transfer degree on electrical properties

Obviously, the electrical conductivity (σ =neμ) of the doped

semiconductors is intimately related to the process of charge trans-

fer, because only the free carriers can contribute to the car-

rier concentration (n) and the microstructures of charge-transfer

species have a remarkable influence on the carrier mobility (μ)

[57]. Several studies have demonstrated that the conductivity of

films with ICT species is much higher than those films with

CTC species, as the former ones generate abundant (bi)polarons

and have less disruption to the microstructure [40,50]. For in-

stance, Pingel et al. found that over a half of dopant molecules

were ionized to form ICT in F4TCNQ doped P3HT [28]. Although

only 5% of charge carrier pairs are totally dissociated into free

carriers and contribute to the charge transport due to the low

dielectric constant of P3HT, the conductivity can be increased

by 2-3 orders of magnitude due to the generation of ICT [41].

Most of carriers are localized due to Coulombic interactions be-

tween polymer chains and dopant anions in the p-type dop-

ing process [29,58]. Increasing the difference between the HOMO

level of polymers and the LUMO level of dopants is an efficient

way to improve the conductivity, as the difference is the driving

force for charge transfer [59]. For example, the HOMO level of

PBDTDTBTF-1, PBDTDTBTF-2, and PBDTDTBTF-3 is -5.33, -5.37, and

Fig. 4. The relationship between the proportion of CTC/ICT and conductivity in

F4TCNQ doped P3HT. Reproduced with permission [42]. Copyright 2019, Ameri-

can Chemical Society. Reproduced with permission [50]. Copyright 2021, American

Chemical Society.

-5.41 eV, respectively. As a result, the conductivity of PBDTDTBTF-1

is higher than that of PBDTDTBTF-2 and PBDTDTBTF-3 if doped by

the same dopant [60].

Since the energy of hybrid orbitals in CTC is several tens of eV

which is much higher than the ionization potential of polymer,

only a small fraction of CTC can be ionized, resulting in a low

doping efficiency [61]. Therefore, carriers in CTC are localized and

bound to the complexes so that they scarcely contribute to the

conductivity [41,50]. Nevertheless, P3HT film doped by F4TCNQ va-

por shows an order of magnitude higher conductivity than that of

solution-doped film, which can be ascribed to the fact that dopants

enter into the side chain region to generate ICT with less disrup-

tion to the original microstructure [13,51].

The conductivity of F4TCNQ doped P3HT with the varied ratio

of CTC/ICT by altering doping time or doping method is summa-

rized in Fig. 4. The ratio of CTC/ICT is obtained from the peak area

proportion in the FTIR. Under the same doping concentration, the

conductivity shows a downward trend with the increase of CTC

content, by blending doping [42] or sequential doping [50] method.

The decrease in conductivity is attributed to the reduction of car-

rier concentration caused by the generation of CTCs [62]. There-

fore, great efforts have been given to get complete ICT rather than

CTC to pursue the high conductivity. Recently, it has been demon-

strated that the existence of CTC is beneficial to charge transport.

CTC species in amorphous regions in the film can act as bridges

for carrier migration [16,50] to improve the carrier mobility and

stabilize the electrical performance. For example, F4TCNQ doped

PBTTT film with a moderate (∼33%) proportion of CTC does not

show any degradation of conductivity for 60 min at 100 °C, while

the film containing a low proportion of CTC exhibits a dramati-

cally reduced conductivity. Ratcliff et al. have reported that ICT can

be transferred into CTC due to the lower stability of the former

one under inert dark conditions or dark ambient environment, and

thus conductivity obviously decreases [42]. Generally, the forma-

tion of ICT is more desired for the improvement of electrical per-

formance than the generation of CTC. Therefore, efforts to achieve

the increase of the proportion of ICT are still required.

4. Strategies for complete charge transfer

The main factors determining the degree of charge transfer

are the chemical structure (energy level) and film microstructure.

To achieve complete charge transfer in doped polymers, effective

strategies via polymer structure modification, microstructure opti-

mization and ion-exchange doping have been proposed.
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4.1. Structure design to control the degree of the charge transfer

The energy level of polymers can be controlled by structure de-

sign, including backbone modification and side chain engineering.

Thus, the driving force for charge transfer between polymer and

dopant can be adjusted to improve the doping efficiency and con-

trol the proportion of ICT and CTC. David et al. have found that

the larger the discrepancy between the HOMO of donor and the

LUMO of acceptor, the higher possibility of complete charge trans-

fer. Even double doping (two charges can transfer) can be achieved

by further raising the HOMO level [63]. For example, the energy

difference between P(a2T-TT) (-4.9 eV) and F4TCNQ (-5.2 eV) is

only enough to transfer one electron while the HOMO level of

P(g42T-TT) (-4.5 eV) is higher enough to transfer two electrons to

F4TCNQ, leading to a doping efficiency reaching 172%. Moreover,

the substitution of Se for S in thiophene can slightly increase the

HOMO level owing to the large overlap between Se and conju-

gated backbones. Introducing the electron-donating groups to side

chains, such as amino, alkoxy, hydroxy group, is another strategy

to raise the HOMO level. For example, the HOMO levels of Pg32T-

TT, Pg32T-OTz and P2TS-OTz are -4.46 eV, -4.65 eV, and -5.13 eV,

respectively, due to the existence of the alkoxy side chains in

Pg32T-TT, Pg32T-OTz. The degree of charge transfer of three poly-

mers gradually decreases when doped by F4TCNQ and CTC occurs

in P2TS-OTz. Moreover, the insertion of one S or O atom in the

side chain can also raise the HOMO level. For instance, the HOMO

level of PBTTT-8O (-4.95 eV) is slightly higher than that of PBTTT-

C12 (-5.10 eV). Thus, a stronger polymer-dopant interaction and a

higher doping efficiency is obtained in the former one doped by

hexafluoro-tetracyanonaphthoquinodimethane (F6TCNNQ) [64].

Besides the direct effect on energy level of polymers, struc-

ture design can also affect the interaction between polymer and

dopant and then influence the degree of charge transfer. Due to

the presence of the delocalized π electron, conjugated polymer

typically with a rigid backbone and a planar structure facilitates

intense staking and the formation of crystal domains. It was dis-

covered that higher content of ICT can be obtained by replacing S

atom in thiophene with Se or Te. The low rotational degrees of se-

lenophene or tellurophene backbone prevents the intercalation of

F4TCNQ in π-stacking of polymer [40]. The structure of side chain

not only influences the solubility of polymers [65]. Besides, the

side chain modulation, including the length, branched or linear, the

density along the backbone, plays an important role in microstruc-

ture [66]. Comin et al. found that polymers with linear alkyl chain

tend to create ICT and generate high conductivity, as shown in

Fig. 5 [44]. However, it is easier to form CTCs rather than ICT for

branch alkyl side chains, due to the steric hindrance of bulky side

chains. For example, compared with F4TCNQ doped P3HT film in

which F4TCNQ inserts into the side chains, the coplanar π-π stack-

ing is formed in F4TCNQ doped poly(3-(2′-ethyl)hexylthiophene)
(P3EHT) [49]. To verify the synergistic effect of backbone and side

chain on the degree of charge transfer, our group designed a series

of polymers, such as Pg32T-OTz, PB2T-OTz, P2T-OTz, and P2TS-OTz

(Fig. 6) [16]. It is demonstrated that copolymerization of weak ac-

ceptor and strong donor combined with nonpolar (alkoxy) and po-

lar (ethylene glycol) side chain can effectively improve conductivity

to 550 S/cm because of ICT formation via the dopants inserting in

side chains region, while CTC act as a charge transport bridge in

amorphous region. In addition, the packing of polymer Pg32T-OTz

transfers from face-on to edge-on orientation to form ordered mi-

crostructure so that carrier concentration and mobility are simul-

taneously improved.

The molecular weight related to the number of the repeat units

is also an important factor to affect the degree of charge transfer.

Liu et al. have systematically studied the charge transfer behavior

of different length of oligothiophenes and found that the fraction

Fig. 5. The relationship between linear alkyl side chain, charge transfer mechanism

and conductivity based on available experimental data for PBTTT and P3HT. Copied

with permission [44]. Copyright 2022, the Royal Society of Chemistry.

Fig. 6. Schematic illustration of charge transfer in F4TCNQ doped Pg32T-OTz film.

Reproduced with permission [16]. Copyright 2021, Wiley-VCH GmbH.

of ICT increases with the length of oligothiophenes. And the olig-

othiophene critical length for ICT is suggested to be 10 thiophene

units [42,67].

Besides, it has been accepted that the structure of dopants is

also a critical factor to affect the degree of charge transfer. The

LUMO level of dopant related to its structure affects the driving

force of charge transfer [43,54] and the size of dopants also in-

fluence the microstructure of film. Coulomb interaction between

polymer and dopant plays an important role in carrier dissociation.

For example, the polaron concentration in P3HT doped by F4TCNQ

is larger than that of doped by 7,7,8,8 tetracyanoquinodimethane

(TCNQ) due to the LUMO level of TCNQ is much higher than the

HOMO of P3HT and the DOS has no overlaps [62,68]. P3HT doped

by DDB-based dopants with low-lying LUMO level shows stronger

polaron absorption than that of F4TCNQ-doped P3HT [48]. Gabriele

et al. have found that the EA of F4TCNQ is sensitive to the position

of dopant in the polymer network. EA of F4TCNQ is higher when it

inserts in the alkyl chain region than that of in the π-conjugated

backbone region, resulting in the formation of a large proportion of

ICT [44]. Furthermore, it was found that the presence of dipole in

dopant is also a considerable factor to affect the oxidization abil-

ity of dopants [62]. The ionization ratio and carrier concentration

of 2-fluoro-7,7,8,8-tetracyanoquinodimethane (FTCNQ)-doped P3HT

are far larger than the calculated values. It was proved that the

DOS of FTCNQ is broadened due to the permanent dipole in FTCNQ

molecule. That indicates the asymmetrical polar dopants are pre-
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Fig. 7. The relationship between doping concentration and the ratio of CTC/ICT

in F4TCNQ doped PTAA, rr-P3HT and rra-P3HT. Reproduced with permission [56].

Copyright 2021, American Chemical Society. Reproduced with permission [69].

Copyright 2018, American Chemical Society.

ferred to achieve more ICT. Therefore, using a substituted boron

cluster as dopants leads P3HT to achieve a doping efficiency of

about 100% due to a core-localized electron density [29].

4.2. Effect of microstructure on the degree of charge transfer

Optimization the microstructure by altering temperature, sol-

vent, and doping method has been an effective way to control the

degree of charge transfer.

Different local conformations of polymers upon doping have a

significant impact on the charge transfer mechanism [41,54,69]. It

was wildly accepted that ordered microstructure is inclined to pro-

duce ICT, while disordered microstructure will promote the forma-

tion of CTC. For instance, it is found that the proportion of CTC

in rra-P3HT is much higher than that of rr-P3HT, because the dis-

ordered microstructure in the former film. Therefore, maintain-

ing the ordered packing of polymers after doping is crucial for

the formation of ICT. That means the low dopant concentration

is needed to improve the degree of the charge transfer [16,54].

For example, if the doping concentration of F4TCNQ is less than

5%, ICT is the main mode of charge transfer in doped P3HT and

poly[bis(4-phenyl) (2,4,6-trimethyl-phenyl)amine] (PTAA) (Fig. 7).

With the increase of doping concentration, the proportion of CTC

increases, and the conductivity decreases. Therefore, reducing the

doping concentration of the disordered polymers can suppress the

content of CTC and raise the proportion of ICT, thus increasing the

doping efficiency [56,69].

Thermal annealing allows the rearrangement of conjugated

backbone [70], which becomes a possible way to control the de-

gree of the charge transfer. For example, the lamellar and π-

stacking distance of P3HT linearly increase with increasing the sub-

strate temperature [45,71], accompanying with dopant diffusion

into the side chain and then the degree of charge transfer can

be improved. The dopant moves from the π-stacking into the side

chain region and CTC transforms into ICT after heating at 80 °C for

1 min. These results illustrate that the appropriate thermal anneal-

ing temperature and time can effectively reduce the proportion of

CTC. Nevertheless, the high temperature probably causes the de-

doping of the film due to the sublimation of the dopants. For ex-

ample, it is found that the proportion of ICT decreases in F4TCNQ

doped P3HT and PBTTT annealed at 70-120 °C for 20 min [45].

Besides, the choice of solvent during dissolving the polymer

is another approach to improve the proportion of ICT. For exam-

ple, blending chloroform with dichloromethane to dissolve P3HT

can minimize chain movement so that dopants easily enter into

Fig. 8. (a) Solution-phase deposition and 2D GIWAXS images of P3HT solution

doped F4TCNQ film. (b) Vapor-phase deposition and 2D GIWAXS images of P3HT

vapor doped F4TCNQ film. Copied with permission [71]. Copyright 2018, American

Chemical Society.

the side chain region to form ICT instead entering into π-stacking

layers to form CTC [50]. Moreover, different doping methods also

significantly affect the degree of charge transfer. Studies have re-

vealed that less structure damage is induced in F4TCNQ vapor-

doped P3HT films than the films prepared by mixing the polymer

and dopant into a single solution (Fig. 8) [71], hence the higher the

proportion of ICT is obtained in the former films [51].

4.3. Improved the doping efficiency by ion-exchange doping

The ion-exchange doping is first proposed by Shun Watan-

abe [72] to achieve higher efficient molecular doping. In the

ion-exchange doping, the charge transfer occurs between con-

jugated polymer PBTTT and molecular dopants F4TCNQ. Then

the F4TCNQ radical anions are replaced by anions of the ionic

liquid. The transfer efficiency of F4TCNQ anions to ionic liq-

uid anions is up to 98%, indicating the improved doping effi-

ciency. Moreover, the ion-exchange doping efficiency is correlated

to the strength of the ionic interaction, which is similar with

the molecular doping process. More precisely, the low electro-

static surface potential of anion is needed. Although the conduc-

tivity is weakly dependent on the size of counterion [73], us-

ing a large polymer cation can reduce the diffusion of cation

into solid film [74]. The selection of polymer for ionic exchange

also has a great influence in the doping efficiency. For example,

the D-A polymer poly[3-(2,2-bithien-5-yl)-2,5-bis(2-hexyldecyl)-

2,5-dihydropyrrolo-[3,4-c]pyrrole-1,4-dione-6,5-diyl] (PDPP-2T) has

achieved higher doping level than that of P3HT by ion-exchange

doping by using FeCl3 as dopant and TFSI− as ionic liquid an-

ion [75]. In the ion-exchange doping, only integer charge transfer

is considered and the redox potential limitation can be overcome

[76]. In addition, the ordered microstructure can be maintained af-

ter ion-exchange doping due to the primary dopant anions are ex-

changed by the anions of ionic liquid which insert into the lamel-

lar position. Thus, the increased ion intercalation and the polaron

delocalization leads to the backbone planarization [77,78].

5. Summary and outlooks

As the chemical doping has become a widely used strategy to

adjust the electrical performance of film devices, a fundamental

and in-depth understanding of the charge transfer mechanism be-
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Fig. 9. Strategies and prospects for high-conductivity polymers.

tween OSC and dopant is essential. Although two kinds of mecha-

nisms, ICT and CTC, have been proposed and widely accepted, the

relationships between the charge transfer degree and the chemi-

cal structures, the molecular conformations and doping method-

ologies are still ambiguous. This review summarizes the basic char-

acters of two mechanisms, discusses the key factors to affect the

charge transfer degree, and finally introduces the strategies to in-

crease the proportion of ICT through rational materials design and

proper doping techniques.

There are still problems need to be developed. On one hand,

how to improve doping efficiency and convert the localized charges

into free carriers by precisely controlling charge transfer process

remain big challenges. From the view of the materials structure,

the design principle for ICT formation is not clear. How the con-

formation and relative position of polymer semiconductor and the

dopants in solid state determine the number of the free carriers

derived from ICT is still unknown. On the other hand, the charge

transport mechanism related to the charge transfer is less reported

so far. The holes seem to be trapped even for ICT species in which

the Coulomb interaction plays a key role or not. Since appreciable

dielectric constant screens mutual interaction in inorganic semi-

conductors, the dielectric constant of the OSC may be another fac-

tor need to be considered for the effective separation of holes and

the corresponding anions.

Despite the existence of the forementioned challenges, the re-

search about doping mechanism has been given intensive attention

now as doping approaches have widely used in electronic devices.

It can be foreseen that significant progress will be achieved with

the help of a better understanding of molecular-structure relation-

ship (Fig. 9), the advances of organic synthesis, and the better com-

prehension of the relevant transport physics.
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