
Submitted by
Philipp Stadler

Submitted at
Institute of Physical
Chemistry

June 2019

JOHANNES KEPLER
UNIVERSITY LINZ
Altenbergerstraße 69
4040 Linz, Österreich
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1 Motivation

The discovery of electrical conductivity and, further, metallic conductivity in poly-

mers has attracted scientists now more than 4 decades [1,2]. The exploration of metal-

like transport in polyacetylene and conductivities up to 105 S cm−1 led to expectation

of transport beyond metals and the possibility of superconducting states [3–9]. However,

the transport in polyacetyelene is highly anisotropic, the polymer is unstable and the

overall performance still far away from the previous expectations.

Today, the research focus shifted towards stable polymer structures and towards achiev-

ing an isotropic metallic transport combined with facile processing and synthesis.

In the past four years I developed such isotropic and metallic conducting polymers.

These base on a simple synthesis and processing methods. My results led to a substan-

tial impact in the field of organic electronics. My central motivation was that conduct-

ing polymers, other than classic inorganic semiconductors, offer an unique structural

tunability. I used this versatility to develop new conducting polymers and I demon-

strated discrete applications in the field of optoelectronics and catalysis. These insights

and findings were published in high-impact journals and I created a new field in or-

ganic electronics and catalysis. The results and performances I achieved show the

competitiveness of conducting polymers to become a sustainable technology. The here

presented habilitation thesis provides an overview of the relevant publications in the

context of the concurrent state-of-the-art. These works demonstrated following central

scientific efforts:

• The development of high-quality conducting polymers with explicit isotropic

metallic state and superior conductivities as compared to the state-of-the-art [10,11].

• The study of the electrical transport mechanisms responsible for the metal-insulator

transition in metallic and semimetallic conducting polymers based on magneto-

conductivity, pressure-dependent magnetoconductivity and the Hall-effect [12–14].

• The spectroscopic investigation and modeling of the optical and optoelectronic

parameters induced by doping in different conjugated or conducting polymer [15,16].
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• The synthesis of a new generation of functional hydrogen-bonded conducting

polymers and the exploration of their electrocatalytic properties [17–19]

I published the summary and conclusions of the habilitation thesis in a young ca-

reer review in Synthetic Metals “Isotropic metallic transport in conducting polymers”,

2019 [20].
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2 Introduction

2.1 State-of-the-art

Conducting polymers combine excellent processability with facile synthesis and

represent a prosperous emerging material class [21–29]. This merits further investiga-

tions to become useful for thermoelectrics, molecular magnetics, bio-electronics and

molecular photo- and electrocatalysts (Figure 1) [18,30–33]. Presently, the central fo-

cus in conducting polymer research is the improvement of the electrical conductivity.

This parameter is decisive for most applications. Substantial improvements have been

achieved in the past decades, however, commonplace conducting polymers are still

limited by disorder and a qualitative progress is required. Concepts to improve the

order, purity, structure and homogeneity have readily led to metallic conduction, but

presently these properties only occurred at low temperatures [2,10,11,34–39]. There exists

a tremendous interest to improve these effects and generate new classes of conducting

polymers that can overcome disorder and establish metallic properties also at ambient

temperatures and pressures. Such metallic conducting polymers represent a powerful

and inexpensive alternative in material research, particularly to replace state-of-the-art

inorganic scarce and noble metals. First early achievements from such metallic poly-

mer structures show their potential as future sustainable technology.
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Figure 1: Optical figure of merit of the conducting polymer poly(3,4-ethylenedioxy- thiophene) (PEDOT)

from Farka et al. [10] demonstrating the broad window of transparency with recently demonstrated conductiv-

ities beyond 4000 S cm−1 and its possible applications as inexpensive transparent electrode in optoelectronic

devices.

2.2 Metallic conduction and disorder

The electrical transport in conducting polymers depends on multiple factors: start-

ing from the quality of the molecules, their arrangement by the processing and post-

treatments, the size and nature of the corresponding anion as well as crystallinity, ho-

mogeneity and purity [38,39]. From the composition character, multiple interactions are

present that involve covalent, ionic and van-der-Waals (intermolecular) bonds. This

creates a complex situation and make polymers prone to disorder, localization and lim-

ited conductivity. In summary, the preponderance of conducting polymers used today

are affected by local and structural amorphism, inhomogeneity, impurities, structural

and molecular defects and, ultimately, thermal disorder [40].

It was shown that reducing the extrinsic disorder factors (namely all except the ther-

mal), conducting polymers can establish a low-temperature isotropic metallic phase.

Such polymers are classified as metallic, however, only nominally, as the metallic phase

occurs only at low temperatures (Figure 2) [10,11,36,41–45]. At ambient temperatures, such

polymers still possess a distinct non-metallic transport. This characteristic ambiguity

relates to the molecular structure of the system, partly also to the quasi 1D-nature

of polymers, as opposed to crystalline systems, induces strong phononic distortions.
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Phononic (or thermal) disorder has strong influence on the weak non-covalent inter-

molecular van-der-Waals bonds and limits the electrical transport. Such distortion can

be only reduced at sufficient low temperature below the intermolecular binding ener-

gies; therefore, the transport in conducting polymers is persistently situated between

insulator and metal, or between thermal activated hopping and classic band transport,

and the phononic effects are molecular-inherent. Only substantial strengthening of the

intermolecular binding can result in a stronger metallic transport. [46]. In view of the

multiple sources of disorder and the ambiguity, transport studies play a central role in

conducting polymer research. Temperature-dependent characterization of the conduc-

tivity, magnetoconductivity and the Hall-effect are necessary to resolve the underlying

transport mechanism and to quantify the magnitude of phononic or extrinsic disorder.

Paired with other structural or spectroscopic measurements, a considerably clear pic-

ture of the transport can be obtained. These insights are necessary to evaluate the real

potential of a system.

In state-of-the-art systems, such as the predominantly used poly(3,4-ethylenedioxy-

thiophene) (PEDOT), intermolecular phonons are well characterized. Best-in-class PE-

DOTs can achieve isotropic metallicity, preconditioned that synthesis and processing

were optimized so that all relevant factors of extrinsic disorder were diminished. Such

almost ideal conducting polymers possess a superior electrical conductivity, a weak

temperature dependence, and, at lower temperatures, a metal-to-insulator transition

(MIT) (Figure 2). The conductivity-temperature profile splits into three regimes: the

insulating regime at ambient temperatures, the critical (or transition) regime close to the

metal transition, and, ultimately, the metallic regime, beyond the MIT. In the insulat-

ing regime, the conductivity decreases by reducing temperature resulting in a negative

temperature coefficient of resistivity (TCR). The decrease is exponential (power law

with the exponent β , equation 1). In ideal case, the exponent β is close to 1/4 (Figure

1b) [47].

σ ∝ T−β (1)

The critical regime represents the gradual transition to the metallic phase, when
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Figure 2: Temperature profile of conductivity (σr) of ideal conducting polymers (without extrinsic disorder):

(a) Inverse temperature plot shows the different regimes (ins. = insulator; trans. = transition; met. = metal

regime). Particularly the low temperature part is at first glance independent. (b) The logarithmic plot of the

relative resistivity (ρr = ρ300 K/ρT ) indicates the exponent β (idealized case is -1/4, indicated as red dashed

line) between room temperature and low temperature, the transition regime deviating from the power law and

the metallic regime with the rise of conductivity. (c) The temperature coefficient of resistivity (TCR) changes

at the metal-insulator transition (MIT) observed in the inverse temperature plot and (d) in the logarithmic

plot with the local conductivity minimum at the MIT (5 K) and subsequent rise of σ as T is further decreased.

Reproduced with permission from [11].
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the exponential dependence is no longer valid. The conductivity is still decreasing

with temperature. The local minimum of the conductivity represents the point of the

actual metal-insulator transition temperature (TMIT ): below, the transport is metallic

i.e. the conductivity increases with decreasing temperature with a positive TCR as

for crystalline metals. The insulating and transition regime can be characterized using

the exponent β. The transition to the metallic state occurs at the local minimum of

conductivity, where the TRC flips from negative to positive (Figure 2). Conducting

polymers without or with minimum extrinsic disorder show such characteristic am-

bivalent transport: The observation of insulating, critical and metallic regime reflects

the strong influence of phonons on the weak molecular interactions. The majority of

conducting polymer used today in devices, however, exhibit only two regimes: insu-

lating and critical, but no metal-insulator transition (i.e. the conductivity minimum).

Such polymers are still governed by extrinsic disorder and classified therfore as quasi-

or semi-metallic.

In order to elucidate the quality of a conducting polymer system, it is necessary to

understand the origins of disorder. It is important to separate extrinsic from phononic

effects. The low-temperature regime and the relative conductivity σr(T ) are useful pa-

rameters, and, combined with spectroscopic measurements, magnetometry or magnetic

field and structural characterization, yield complementary information about the trans-

port. From that, the exact origin of e.g. residual extrinsic disorder and the extent of

phononic distortion can be derived. In the transition and metallic regime, scattering

parameters and mobility provide further information about the intermolecular bind-

ing and the coherence among molecules [48]. In summary, when all relevant factors,

intrinsic and extrinsic, are characterized precisely, it is possible to estimate the exact

potential of a conducting polymer system, e.g. its maximum intrinsic conductivity and,

related to that, its ultimate applicability [46].

Presently, transport studies are often used to qualitatively characterize the extrin-

sic disorder effect, i.e. which factors limit the conductivity. These can be either local

amorphism, substrate and surface effects in thin films, inhomogeneity, but also impu-

rities. In case the extrinsic effects have been diminished, transport studies can be used

to evaluate the intrinsic phononic disorder [11,12,36,41,42,48–50].
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The latter case relates to the few metallic conducting polymers, which show a

metal-insulator transition as described in Figure 2. Such polymers have been judi-

ciously processed, so that there is only a minor or negligible contribution of extrin-

sic disorder. There exists least 3 different systems, namely polypyrrole (PPy), poly-

acetylene (PA), and recently, PEDOT (Figure 4) with an classic MIT. These results are

still rare, but particularly recent results on PEDOT inspired scientific groups to design

pathways to create such isotropic metallic conducting polymers [10,11,36,41,42]. [48,51–53].

Based on these results, it is attractive to further advance the metallic character, partic-

ularly to reduce the effect of phononic distortion. Theory and first experimental results

show that upon reducing the impact of phonons, the metallic character in polymer

is strenghtened e.g. by shifting the metal-insulator transition towards higher temper-

atures. The ultimate goal is to generate metallic systems already at room tempera-

tures. Theoretical description have predicted intrinsic conductivities beyond classic

metals, in case the phononic distortion can be surpassed. However, the desirable sce-

nario of ambient metallic transport requires a much stronger intermolecular binding.

Strategies using mall anions (doping) paired with hydrostatic pressure have been pro-

posed [38,41,42,46,54,55]. Alternative strategies suggested to implement hydrogen bonds

among molecules in order to reinforce stronger intermolecular overlaps [17]. First steps

in this direction are presented in section 2.8. Apart from such prosperous outlooks and

visions, the major focus today lies still on the reduction of the extrinsic disorder ef-

fects, and the demonstration of conducting polymers with metallic phases with overall

high electrical performance. These properties are required for applications. It is fur-

thermore important to combined high conductivity with facile (solvent) processing in

order to generate scalable and industry-relevant technology (Figure 1).
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2.3 Phonons and polarons in conducting polymers

Phonons have been discussed in view of the negative impact on the electric trans-

port. However, phonons in conducting polymers entail characteristic fingerprints such

as a uniquely broad window of optical transparency and, indirectly, a strong thermo-

electric activity [10,15,16,50,56,57]. The doping of conjugated polymers increases not only

the conductivity, but also induces strong electron-phonon coupling. Particularly along

the polymer chain, delocalization is high. The quasi one-dimensionality causes strong

infrared-activated vibrations (IRAVs) apparent in the mid-infrared spectral regime (Fig-

ure 3) [15,16,51,58]. Interestingly, IRAVs are observed in all types of conducting polymers

and they emerge at similar energies characteristically below 150 meV (200 cm−1) [15,49].

The IRAV regime provides an insight of the earlier discussed phonon energies that

ultimately have strong influence on the electrical transport. The exact spectroscopic

elucidation of the IRAV regime and, related to that, the infrared polaronic features are

helpful in order to determine the limits of electrical conductivity, but also to elucidate

the exact optical properties [16]. Studies of different polymers in the fingerprint IRAV

and polaron regime revealed consistent oscillator constants suggesting that the under-

lying intermolecular interactions are very similar for a variety of polymer structures.

This finding is in agreement with earlier discussed transport studies that reported e.g.

similar metal-insulator transition temperatures for different polymers and similar inter-

molecular binding energies [15].
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Figure 3: Phononic distortions in conducting polymers: Below 150 meV strong infrared-activated vibrations

emerge in the mid-infrared spectrum (dielectric function) in metallic conducting polymer. The phononic

distortion reduce the energy of the classic Drude tail in the dielectric function resulting in the broad window

of transparency from UV-visible to the infrared. Reproduced with permission from [10].

2.4 Transport in and close to the metallic regime

Relevant for transport studies is the inverse (or logarithmic) temperature profile of

the relative conductivity (σr) (Figure 2). In the insulating regime, the conductivity

decreases by T−β. The magnitudes of the exponent β represents a measure of the prox-

imity to an ideal case, without extrinsic disorder. Typically, the exponent increases,

when extrinsic disorder is present (equation 1). In ideal polymers, the critical or tran-

sition regime is narrow. At sufficient low temperatures, the metal-insulator transition

occurs.

In summary, metallic conducting polymers should have an exponent β close to 1/4, and

a narrow transition regime with an overall low change in the relative resistivity (ρr).

The local conductivity minimum marks the actual metal-insulator transition (MIT). As

discussed, classic MITs have been reported in the following polymer systems: Polypyr-

role, polyaniline, polyacetylene and, recently, PEDOTs (Figure 4) [10,11,36,41,42]. Inter-

estingly, the local conductivity minima occur consistently at tempertures between 4

to 7 K and point at the discussed relation between the intermolecular binding energy

and the phonon energy (that limits the metal-insulator transition temperature kbTMIT at

low temperatures). Intermolecular binding in conducting polymers is characteristically
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van-der-Waals type and ultimately dependent on the intermolecular radii. Experiments

under hydrostatic pressure demonstrated that the metallic character of polymers, partic-

ularly the transition temperatures, increase under pressure [11,41,54,55]. This observation

is in agreement with theoretical description of the intrinsic conductivity in conducting

polymers [11,59–62].
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Figure 4: Examples of metallic conducting polymers: Polyacetylene doped with iodine (PA:I2, metal-

insulator transition, MIT or conductivity minimum at 4 K), polypyrrole:PF6 (PPy:PF6, MIT at 7 K, other

samples B, C, D are under pressure), poly-(3,4-ethylenedioxythiophene):sulfate (PEDOT:sulfate) and PE-

DOT:triflate, respectively, (MIT at 5 K and 6 K). Reproduced with permission from [11,36,41,42].
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2.5 Magnetoconductivity

Magnetoconductivity (including Hall-effect) is applied to expand transport stud-

ies from conductivity towards the charge carrier mobility and scattering parameters.

For the latter, magnetoconductivity can provide a detailed insight to the intermolecular

coherence, the effective mean-free-path of the charge carriers λmfp and the scattering

mechanism [11–13,13,54,63–66]. Such structural-electronic parameters are necessary in or-

der to quantify the intensity of the intermolecular overlap and the overall order of a

conducting polymer. In disordered conductors, the magnetic field can induce both a

rise and decrease of the conductivity: Negative impact is caused by electron-electron

interactions that are particularly strong in highly-doped semiconductors such as con-

ducting polymers. This effect isalso known as magnetolocalization (Figure 5) [67]. On

top, spin-orbit coupling can decrease the conductivity, but is negligible in carbon mat-

ter. Opposite to the electron-electron interactions, weak localization can induce a quan-

tum magnetoresonance that increases the conductivity at certain magnetic fields [62,65].

Such positive magnetoconductivity relates to a destructive resonance among free elec-

tron wave functions and it indicates a sufficient level of delocalization [68]. Both types

of magnetic interactions, electron-electron and weak localization are additive (equation

2). Non-metallic conducting polymers show only magnetolocalization (negative mag-

netoconductivity), whereas metal-like and metallic conducting polymers must have an

ambiguous magnetoconductivity, particularly at low fields and temperatures (equation

2). Magnetoconductivity is consequently used to determine the proximity of a system

to the metallic state.

∆σ = - 0.041α ·
(

gµB

kB

)2

· γFσ · T−
3
2 · B2+

(
1

12π2

)
·

( e
~

)2
·G0 · B2 ·

(
λmfp

)3
(2)

The negative magnetoconductivity relates to the empiric prefactor γ and the pa-

rameter Fσ (from the Hartee-Fock approximation of the electron-electron interactions),

the diffusion parameter α,the gyromagnetic ratio or g-factor g, Bohr magneton µB, the

Boltzmann constant kB, inverse temperature (with exponent 3
2 ) and magnetic field (with

exponent 2). The positive term is strong at lower fields (Figure 6) and depends on the
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conductance quantum G0, the magnetic field B and the volume of the mean-free-path of

the free charge carriers λ3
mfp, however in relation to the negative magnetoconductivity,

the positive effect can be small (as independent of the base conductivity) and hard to

see (Figure 5 and Figure 6).

2.6 Electron coherence and scattering

The positive magnetoconductivity has been discussed as signature of metallic trans-

port. It relates to the effective electron coherence volume λ3
mfp

[54,65]. As described

in equation 2 and experimentally shown in Figure 6, there exists a low-field regime

where weak localization is dominant and the conductivity rises. At higher fields, the

electron-electron localization becomes dominant again and it reduces the conductivity.

Both effects cause the characteristic ambiguity reported for conducting polymers with

metallic transport. The positive magnetoconductivity can be utilized to quantify mean-

free-path of the free charge carriers λmfp. For this, only the positive term from equation

2 is applied.

∆σpositive = +

(
1

12π2

)
·

( e
~

)2
·G0 · B2 ·

(
λmfp

)3
(3)

Disorder reduces λmfp and, thus, the positive magnetoconductivity effect is insen-

sitive for localized carriers and disappears in non-metallic conducting polymers. The

magnitude of the mean-free path λmfp has to be substantially larger than the molecu-

lar dimensions of the polymer. Best-in-class coherence lengths have been reported for

isotropic metallic PEDOT at up to 50 nm [10,11]. The exact values for the mean-free-path

are derived using equation 3 (slope of the isotherm conductivity versus the magnetic

field at low fields) or, alternatively, using the local maximum magnetoresonance (i.e.

the peak value of the conductivity versus the magnetic field) as reference of the mean-

free-path [10,12,13,54]. For the latter evaluation, it is more convenient to plot the magnetic

penetration depth (or the Landau orbit size, LD) (Figure 6 according to equation 4).

λmfp = LD with LD =

√
~

e · B
(4)
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Figure 5: Negative magnetoconductivity in metallic conducting polymer. (a) The relative magnetoconduc-

tivity (change in per cent) as function of temperature at different temperatures. At low fields almost without

change, the magnetolocalization (decrease of the conductivity) becomes stronger at higher magnetic fields

and lower temperatures. (b) Schematic of the sample specimen: 4-wire probe in parallel direction to probe

ρxx. Reproduced with permission from [10].

The magnitude of λmfp is the average electron coherence or scattering length i.e.

the order and strength of the intermolecular overlap (the electronic bands) of a system.

The power of the magnetoconductivity is that this technique can be applied to a large

number of polymers used today including all quasi-metallic or semimetallic systems.
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Figure 6: Positive magnetoconductivity in metallic conducting polymer. (Left) Zoom in the low-field regime

of the magnetoconductivity reveals the increase of conductivity with the magnetic field showing a peak

maximum. The maximum shifts to higher magnetic fields as the temperature increases. (Right) Plot of the

positive magnetoconductivity using the magnetic penetration depth (the Landau orbit size, LD). The peak

(maximum quantum resonance condition) corresponds to the mean free scattering path λmfp. Reproduced

with permission from [10].

2.7 Weak localization and band mobilities

According to equation 2, the positive magnetoconductivity has no temperature

term. However, in weak localization, it is the mean-free-path λmfp that scales with

temperature, exactly with the exponential relation T−3/4 [63,63,65,67,68]. Such unusual ex-

ponent is characteristic for an inelastic scattering mechanism and has been also found

in other disordered conductors in the critical regime (Figure 7).

At the metal-insulator transition, the inelastic scattering mechanism changes to elastic

scattering. Therefore, the exponent can change indicating elastic scattering, but this

transition is gradual in conducting polymers. Therefore, the temperature dependence

of the positive magnetoconductivity is complex because there exists an coexistence of

inelastic and elastic scattering [11,20].

The analysis of scattering by magnetoconductivity confirms that the metal-insulator

transition is likely a molecular phase transition, where the intermolecular overlap be-

comes larger than the phonon energy. This is the main interpretation from the scat-

tering results, that the metallic state establishes only beyond the phononic limit [69].

Applying hydrostatic pressure can increase the transition temperature by enhancing
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Figure 7: Temperature dependence of the positive magnetoconductivity in metallic conducting polymer.

Linear fit of λmfp vs. T−3/4 indicates an inelastic scattering process at the transition regime of the metallic

polymer in the weak localization regime [63]. Reproduced with permission from [10].
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the intermolecular overlap. Such observations were demonstrated in isotropic metallic

PEDOTs [11].

Complementary to magnetoconductivity, the Hall-effect in conducting polymers

can help to resolve the transport mechanisms, particular the band mobility. Like the

positive magnetoconductivity, the Hall-effect requires sufficient order i.e. electron co-

herence and band-character; metallic polymers possess a Hall-constant that can be mea-

sured classically as for highly-doped crystalline semiconductors and metals at low tem-

peratures. Best-in-class polymers achieve mobilities up to 50 cm2 V−1 s−1 (beyond or

close to the MIT) [10,70]. The situation is more complex above the metal-insulator tran-

sition temperature, since the Hall-effect becomes screened by phononic disorder. One

conclusion is that upon rising disorder, localization becomes dominant and only a few

charge carriers remain band-type. The Hall voltage subsequently decreases strongly

with rising temperature. The decrease is the product of reduced mobility and, on top,

Hall-effect screeing by phononic disorder. The exact evaluation of the Hall-voltage

in the transition and insulating regime is subsequently complex. One has to compen-

sate the Hall screening in order to derive the band mobility. Molecular phase model

were proposed that reconsile the phonon effects in relation to the weak intermolecular

overlap resulting in the weak band character of the transport [48,71,72]. One additional

problem is that the Hall screening can reduce the Hall voltage below the noise level

of usual Hall setups, e.g. below 10−6 V. Recently is was shown that the experimental

limits can be resolved applying an amplified high-sensitivity Hall probing based on an

ac-lockin techniques. Such technique allows to probe the Hall-voltage in semimetallic

and metallic PEDOTs at temperatures between 300 K and 30 K. These experimental pa-

rameters use molecular phase models in order to derive band mobilities (Figure 8) [14].

Such results represent a milestone in magnetotransport, since they proof the weak con-

tribution of band-transport in conducting polymers is present also at room temperature.

They also show that the Hall-effect can be used to derive the corresponding band mobil-

ity. These ac-Hall mobilities were crosschecked using complementary non-destructive

mobility measurements (e.g. terahertz domain spectroscopy). Furthermore, the results

are in agreement with earlier results and interpretations on the relative conductivity

and magnetoconductivity. In summary, all these parameters provide a consistent pic-
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Figure 8: ac-Hall detection. (a) Average Hall-potential (ix between 1 to 10 mA) of various PEDOTs (con-

ductivity at 32 K is 500 S cm−1) as derived from a simple van der Pauw geometry (picture). (b) 2 loops at

100 mHz of repeating magnetic ac-modulated Hall signal output from sinusoidal applied magnetic field B.

(c) Mobility expansion from ac-Hall diminishes misalignment potentials expanding the Hall mobility range

to 10−3 cm2 V−1 s−1. Reproduced with permission from [14].
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ture on the transport in conducting polymers that is situated between localization and

band-type character. The band-character in conducting polymers is weak, unless at

low temperatures, the phononic limit can be surpassed and an isotropic metallic phase

is formed.
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2.8 Functional conducting polymers

The limits of electrical transport, particularly, the effect of disorder have been dis-

cussed in this thesis in detail. Theoretical and experimental results led to the conclusion

that, ultimately, intermolecular binding among the polymer chains has to be increased,

in order to surpass the phononic limits at higher temperatures than reported earlier.

This strategy could create a superior generation of fully metallic polymers without

such dominant non-metallic transport in a wide range of temperature [46,69].

Pathways to strengthen the intermolecular binding energies have been suggested,

e.g. applying hydrostatic pressure or using small dopants. The strategy applied in this

thesis sougth to improve the molecular overlap by incorporation of hydrogen bonds

among the polymer chains. Since the hydrogen binding energy is larger than van-der-

Waals bonds, a rigid intermolecular association and, thus, a much stronger intermolec-

ular overlap can be achieved. Consequently, hydrogen-bonded conducting polymers

could have a superior conductivity and a pronounced metallic transport possible even

at ambient temperatures. Intermolecular hydrogen bonds play a central role in bio-

logic matter, however, there are only few conjugated and hydrogen-bonded polymers.

In the field of conducting polymers, hydrogen bonded monomers represent an entirely

new field, since, presently, the materials pool concentrated on the classic placeholders

such as PEDOT. One attractive material that incorporates the required hydrogen bond

functionality (i.e. an alternating sequence of amines and hydroxyl- or keto-groups) is

polydopamine (Figure 9a). The base monomer dopamine can be readily polymerized

similar to the classic structures and leads to the formation of a functional and conduct-

ing polydopamine. However, polydopamine adopts a complex molecular structure: in

contrast to non-functionalized monomers, dopamine offers three functional and reac-

tive groups that, in parallel to the polymerization and doping, react and form a cascade

of intermediates such as dopaminequinone (DAQ), leucodopaminechrome (LDC) and

5,6-dihydroxyindole (DHI) (Figure 9a). Therefore, polydopamine consists of a com-

plex sequence of dopamine and its derivatives (a statistical monomer, Figure 9). The

merit of the system is that it forms a rigid inter- and intramolecular network of hy-

drogen bonds and therefore is chemically very stable and robust against oxidation. It
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Figure 9: Electronic and structural properties of polydopamines mimicking noble metal surfaces. (a) Statis-

tical monomer of two types of functiona polydopamine using X-ray photoelectron and Raman spectroscopy

including the fragmental sequence (DA, dopamine; DAQ, dopaminequinone; LDC, leucodopaminechrome;

DHI, dihydroxyindole) of the structure. (b) The Raman shifts show the differences due to changed function-

alization. (c) The N1s photoelectron peaks reveal the change in the functional sites and the induced shift in

(d) the work functions. The value are similar to various catalytic metals. The standard hydrogen electrode

(SHE) is shown for comparison. The lower work function polydopamine offers similar catalytic properties

as iridium and platinum. Reproduced with permission from [19].
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shows no degratation in acidic and basic environment and other aggressive media. At

the same time, it possesses an electrical conductivity in the order of 1 S cm−1, which is

still low compared to other conducting polymers, but there is a lot of room for improve-

ments. The intimate incorporation of functional groups has another positive side-effect

that can be harnessed for electrocatalysis: The hydrogen-bonds are electrically linked

to the conjugated-conducting backbone. As such, the polydopamine surface shares

some properties with frequently used catalytic metals. It is chemically stable, insol-

uble in water, possesses a high work function and has a high surface density of elec-

trically active functional sites (three functional groups per monomer). These features

make polydopamine a serious contender in various electrocatalytic reactions such as

the hydrogen evolution and CO2 reduction [17–19]. Polydopamines were demonstrated

as excellent non-metallic electrocatalyst materials (Figure 9d). Further developments

are attractive, not only for applications in catalysis, but also with directions on strength-

ening the metallic character to increase the conductivity. This could be a future field to

generate a class of highly-stable and bio-inspired metallic conductors [17–19].
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3 Publications surveyed in this thesis

3.1 Metallic conducting polymers

The publications reflect the systematic and chronologic development and improve-

ment of metallic conducting polymers.

Manuscript 1

P. Stadler*, D. Farka, H. Coskun, E. D. Głowacki, C. Yumusak, L. M. Uiber-

lacker, S. Hild, L. N. Leonat, M. C. Scharber, P. Klapetek, R. Menon, N. S.

Sariciftci, Local order drives the metallic state in PEDOT:PSS, J. Mater. Chem.

C 4 (29) (2016) 6982–6987. doi:10.1039/C6TC02129H.

Contribution

*Corresponding author; Direction of the study, concept and idea and conbribu-

tion to synthesis (film grow), electrical transport and magnetotransport experi-

ments, spectroscopic analyzis, scattering parameter extraction and writing.

Summary

Manuscript 1 demonstrated a shallow semi-metallic state first time demon-

strated by magnetoconductivity in poly(3,4-ethylene dioxythiophene):polystyrene

sulfonate (PEDOT:PSS). These systems has been transferred to a the semimetal-

lic state using solution-casting (self-organization). The superior ordering of the

polymers is shown by a complementary X-ray diffraction study, atomic-force

microscopy and a elaborate conductivity and magnetoconductivity study.
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Manuscript 2

D. Farka, H. Coskun, P. Bauer, D. Roth, B. Bruckner, P. Klapetek, N. S. Sari-

ciftci, P. Stadler*, Increase in electron scattering length in PEDOT:PSS by a tri-

flic acid post-processing, Monatshefte für Chemie - Chemical Monthly 148 (5)

(2017) 871–877. doi:10.1007/s00706-017-1973-1.

Contribution

*Corresponding author; Direction of the study, concept and idea, conbribution

to all (magneto)transport experiments, synthesis and processing, analyzis and

writing.

Summary

Manuscript 2 focused a novel strategy to generate superior conductivity in PE-

DOT:PSS using an post-casting acid treatment. This post-processing led to con-

ductivities of up to 2000 S cm−1, one of the highest conductivites reported for this

system at that time. The transport of this novel conducting polymer system has

been systematically analyzed by magnetoconductivity (scattering parameters).
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Manuscript 3

D. Farka, H. Coskun, J. Gasiorowski, C. Cobet, K. Hingerl, L. M. Uiberlacker,

S. Hild, T. Greunz, D. Stifter, N. S. Sariciftci, R. Menon, W. Schoefberger,

C. C. Mardare, A. W. Hassel, C. Schwarzinger, M. C. Scharber, P. Stadler*,

Anderson-Localization and the Mott-Ioffe-Regel Limit in Glassy-Metallic PE-

DOT, Advanced Electronic Materials (2017) 1700050

doi:10.1002/aelm.201700050.

Contribution

*Corresponding author; Direction of the study, concept and idea, conbribution to

all (magneto)transport experiments, Hall measurements, synthesis and process-

ing, analyzis and writing.

Summary

Manuscript 3 was the first generation of metallic conducting polymers. A new

synthesis for PEDOT was first time proposed using a chemical vapor deposition

process. This led to a superior degree of purity, order and crystallinity and one of

the highest electrical conductivities reported for the same system at 4000 S cm−1.

The system showed an explicit metal-like behavior at low temperatures with clear

signs of a metal-insulator transition. The exact transport parameters, including

scattering length, Hall-voltage and band mobility as well as the relative conduc-

tivity were thoroughly analyzed. To date, this system is one of the most powerful

PEDOT-based conducting polymers compared to the international state-of-the-

art. A superior order was confirmed using aiding structural and spectroscopic

techniques such as a precise analysis of the optical constants from 6.5 eV to

0.2 eV. The optical figure of merit shows a broad window of transparency and

the potential application as transparent conductor is discussed.
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Manuscript 4

D. Farka, A. O. Jones, R. Menon, N. S. Sariciftci, P. Stadler*, Metallic conduc-

tivity beyond the Mott minimum in PEDOT: Sulphate at low temperatures, Syn-

thetic Metals 240 (2018) 59–66. doi:10.1016/j.synthmet.2018.03.015.

Contribution

*Corresponding author; Direction of the study, concept and idea, conbribution

to all (magneto)transport and pressure-transport measurements, synthesis and

processing, film structural characterization using X-ray diffraction and grazing-

incident (small angle) X-ray scattering, analyzis of data and manuscript writing.

Summary

Manuscript 4 is a fundamental study on the low-temperature transport of opti-

mized PEDOT from manuscript 3. This polymer is synthesized as bulk films and

studies under magnetic field and pressure. The complementary structural and

conductivity study reveals an almost ideally-ordered polymer without extrinsic

disorder (amorphism, inhomogeneity, purity). The systems shows a clear metal-

insulator transition at 5 K and possesses an isotropic metallic phase below this

temperature. The isotropic phase can be increased up to 10 K under pressure.

This study also presents detailed scattering parameters based on magnetotrans-

port, particularly at the transition point between metallic and critical phase. The

polymer represents one out of 2-3 conducting polymer systems with an isotropic

metallic phase and the first pressure-dependent study on metallic PEDOTs.
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Manuscript 5

P. Stadler*, L. N. Leonat, R. Menon, H. Coskun, S. van Frank, C. Rankl, M. C.

Scharber, Stable Hall voltages in presence of dynamic quasi-continuum bands

in poly(3,4-ethylene-dioxythiophene), Organic Electronics 65 (2019) 412–418.

doi:10.1016/j.orgel.2018.12.001.

Contribution

*Corresponding author; direction of the study, concept and idea; conbribution

to all ac-Hall-measurements and conductivity measurements, synthesis and pro-

cessing of thin-films, analyzis of terahertz data and writing.

Summary

Manuscript 5 represents a survey study of various highly-conducting semi-

metallic PEDOT systems. These were evaluated by Hall- and conductivity mea-

surements, particularly at room temperatures. The study conveys an novel ad-

vanced ac-lockin Hall measurement technique. The demonstrated accuracy in

probing the Hall voltage and the implementation of a random phase model al-

lowed first time the analysis of the Hall voltage for mobility characterization in

semimetallic PEDOT systems at room temperatures. The mobilities from the

Hall-measurement were compared to Terahertz measurements.
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3.2 Functional conducting polymers

These publications focused the synthesis and characterization (and application) of

conducting polydopamines. These results showed for the first time the synthesis of

bio-inspired functional monomers to conducting and functional polymers.

Manuscript 6

H. Coskun, A. Aljabour, P. De Luna, D. Farka, T. Greunz, D. Stifter, M. Kus,

X. Zheng, M. Liu, A. W. Hassel, W. Schöfberger, E. H. Sargent, N. S. Sari-

ciftci, P. Stadler*, Biofunctionalized conductive polymers enable efficient CO

2 electroreduction, Science Advances 3 (8) (2017) e1700686. doi:10.1126/

sciadv.1700686.

Contribution

*Corresponding author; Direction of the study, concept and idea, conbribution

to all transport studies, spectroscopic characterization, synthesis and process-

ing, electrochemical analysis and electrocatalysis, spectroelectrochemical anal-

ysis and discussion of DFT-results, analyzis of spectroscopic data and writing.

Summary

Manuscript 6 is a publication in a highly-renowned international journal (Sci-

ence Advances) that reported the use of conducting functional polymers as elec-

trocatalysts. The astonishing-high surface activity in catalysis, merit of the func-

tional sites inside the conjugated polymer backbone, offer completely new op-

portunities in the field of electro- and photoelectrocatalysis. The polydopamine

achieved a moderate electrical performance and was able to compete with state-

of-the-art catalytic metals in the field of CO2 electrocatalysis.
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Manuscript 7

H. Coskun, A. Aljabour, L. Uiberlacker, M. Strobel, S. Hild, C. Cobet, D. Farka,

P. Stadler, N. S. Sariciftci, Chemical vapor deposition - based synthesis of con-

ductive polydopamine thin-films, Thin Solid Films 645 (August 2017) (2018)

320–325. doi:10.1016/j.tsf.2017.10.063.

Contribution

Co-author. Direction of the study, concept and idea, conbribution to transport

study, spectroscopic characterization, synthesis and processing, discussion of el-

lipsometry results, analyzis of spectroscopic data and contribution to writing.

Summary

Manuscript 7 is a detailed presentation of the synthesis of conducting poly-

dopamines and the detailed discussion of the relevant electronic, optical and

structural properties. In particular the structural conformation, the hydrogen-

bonded networks inside the structure are elucidated using Raman spectroscopy.
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3.3 Optoelectronic characterization and applications

The optical characterization, particularly the infrared spectroscopic regime, of poly-

mers between the pristine and doped-conducting state are matter of interest. Here, the

fundamental understanding of the phononic interactions is elucidated, but also the op-

tical constants to harness conducting polymers as potential (solution-cast) transparent

electrode in optoelectronic devices.

Manuscript 8

C. Cobet, J. Gasiorowski, R. Menon, K. Hingerl, S. Schlager, M. S. White,

H. Neugebauer, N. S. Sariciftci, P. Stadler*, Influence of molecular designs

on polaronic and vibrational transitions in a conjugated push-pull copolymer,

Scientific Reports 6 (2016) 35096. doi:10.1038/srep35096.

Contribution

*Corresponding author; Direction of the study, concept and idea, conbribution

to in-situ doping experiments, spectroscopic characterization, analyzis of spec-

troscopic data and writing.

Summary

Manuscript 8 is an in-situ spectroscopic doping study of commonplace conju-

gated polymers, with a particular focus on state-of-the-art conjugated backbones

such as the widespread polythiophenes and push-pull co-polymers. The funda-

mentals of polaronic features and the complex and mutual interaction among

and inside the molecules is discussed. Therefore, new in-situ techniques based

on spectrocopic ellipsometry and FTIR are conducted. This work provided the

insight to understand the later discussed phononic distortion on the electrical

transport.
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Manuscript 9

G. Adam, M. Kaltenbrunner, E. D. Głowacki, D. H. Apaydin, M. S. White,

H. Heilbrunner, S. Tombe, P. Stadler, B. Ernecker, C. W. Klampfl, N. S. Sari-

ciftci, M. C. Scharber, Solution processed perovskite solar cells using highly

conductive PEDOT:PSS interfacial layer, Solar Energy Materials and Solar Cells

157 (2016) 318–325. doi:10.1016/j.solmat.2016.05.011

Contribution

Co-author. Spectroscopic analysis and transport measurements of the conducting

polymer used here for perovskite photovoltaic cells. Contribution to the writing.

Summary

In Manuscript 9 the conducting polymer plays a central role to harness its prop-

erties as transparent electrode for perovskite solar cells. The optimized conduct-

ing polymer is shown to equal the performance obtained by inorganic contenders.
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3.4 Book chapter

Manuscript 10

C. Cobet, J. Gasiorowski, D. Farka, P. Stadler, Polarons in Conjugated Poly-

mers, in: K.-J. Hinrichs, Karsten, Eichhorn (Ed.), Ellipsometry of Functional Or-

ganic Surfaces and Films, 2018, pp. 355–387. doi:10.1007/978-3-319-75895.

Contribution

Co-author; discussion and analysis of spectroscopic and transport data, literature

survey and writing.

Summary

Manuscript 10 is a book chapter on polaronic features and the general opti-

cal and electronic properties in the transition regime between conjugated and

conducting polymers. The book chapter provides an general overview on the

emergence of polarons in doped conjugated polymers.

3.5 Review

Manuscript 11

P. Stadler, Isotropic metallic transport in conducting polymers, Synthetic Metals

(2019) early view. doi:10.1016/j.synthmet.2019.06.004.

Contribution

Single author paper (early review).

Summary

Manuscript 11 is a review article about the metallic properties in conducting

polymers. The work discusses the state-of-the-art polymers that achieve a metal-

lic state and the limits and opportunities based on these results.
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4 Manuscripts

4.1 Manuscript 1
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Local order drives the metallic state in
PEDOT:PSS†

Philipp Stadler,*a Dominik Farka,a Halime Coskun,a Eric D. Głowacki,a

Cigdem Yumusak,a Lisa M. Uiberlacker,b Sabine Hild,b Lucia N. Leonat,c

Markus C. Scharber,a Petr Klapetek,d Reghu Menone and N. Serdar Sariciftcia

Weak localization describes a metallic system, where due to the presence of disorder the electrical

transport is governed by inelastic electron relaxation. Therefore the theory defines a threshold of spatial

and of energetic disorder, at which a metal–insulator transition takes place. To achieve a metallic state

in an inherently disordered system such as a conductive polymer, one has to overcome the threshold of

localization. In this work we show that the effective suppression of disorder is possible in solution-

processible poly(3,4-ethylenedioxythiophene)–poly(styrene sulfonate). We grow polymer films under

optimized conditions allowing self-organization in solution. Interestingly, we find the requisite threshold,

at which the system becomes finally metallic. We characterize the transition using a complementary

morphology and magneto-electrical transport study and find coherent electron interactions, which

emerge as soon as local order exceeds the macromolecular dimensions. These insights can be used for

discrete improvement in the electrical performance, in particular for tailoring conductive polymers to

alternative metal-like conductors.

1 Introduction

The generation of an intrinsically metallic conductive polymer
(CP) is one of the primary goals in developing powerful organic
and bio-organic electronics.1–7 However, the question, when a CP
is regarded as metallic, has caused ambiguous discussions.1,2,5,8–10

This relates to the fact that CPs are highly anisotropic – their solid
state structure reflects a mutual interplay of different interactions:
a polymer strain is covalently connected along the chain direction,
while between the adjacent macromolecules stacking forces are
dominant. Finally, conductive polymers also have a strong ionic
character, as in the doped form, (delocalized) carriers on
the polymer chain are counterbalanced by immobile ions.
Furthermore, the polymers themselves are prone to condense
dispersively with alternating amorphous and crystalline regions.
Taking these views into consideration the formation of a

metallic state appears to be strongly dependent on the local
order – accepting the fact that some disorder is inherently
present. This is an important information, as even classic
metals change their electrical transport drastically in the
presence of disorder. The physics are therefore described by
weak localization (WL).11 WL specifies a system in the presence
of disorder, when the electrical transport is governed by inelastic
scattering processes. This translates to a change in the sign of

the temperature coefficient of the conductivity
ds
dT

to a positive

value. At low temperatures, a minimum is reached – Mott’s
minimum conductivity, smin. At this point inelastic and elastic
processes are equally present. In practice, the smin for CPs is
close to T = 0 and therefore experimentally difficult to observe.
We therefore shift our attention to the mean inelastic electron
scattering lengths, which can be measured above smin to obtain
a direct insight of the local order.12–15 With this information it is
possible to resolve the ambiguity of the electrical transport in
conductive polymers. Shedding light on the inelastic scattering
processes allows us to resolve the metal–insulator-transitions
as described by Mott and Anderson.16,17 In this work we
harness the great potential of self-organization in solution
and set up an experimental study to demonstrate finally
the metallic state established by the subsequent local order.
This represents the crucial ingredient needed to drive the
metallic state – even in systems having at first sight a moderate
conductivity at room temperature. The experimental path
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towards the metal–insulator-transition and the fundamental
insight into the electron scattering is presented in detail.

2 Sample growth, measurement
techniques and characteristics

We apply a facile route via supramolecular self-organization in
solution to intrinsically achieve the metallic state in poly(3,4-
ethylenedioxythiophene):polystyrenesulfonate (PEDOT:PSS) with
alternating concentrations of dimethylsulphoxide (DMSO)
and alternating thickness. The films are prepared from the
original commercial dispersion (PH1000, Heraeus) using 4 main
recipes with various intermediate blends: no DMSO (ref),
2% (i.e. 20 ml per ml volume), 5% and 10% DMSO, both spin-
coating and drop-casting. The dispersion is vigorously stirred
at 60 1C overnight. For the thicker films we used drop-
casting with variable volumes of the dispersion (1 ml to 0.1 ml)
dropped on a glass wafer (2.54 � 2.54 cm2), which is dried at
60 1C for 2 h. The as-gained films (1 to 10 mm) are elevated
from the glass and dried once more in an inert atmosphere over
CaH2 at 100 1C. For the thin-films the dispersion is spin-cast
using various recipes to obtain thin-film systems ranging
from 10 nm up to 100 nm. All films are subsequently dried
for 3 days in an inert atmosphere to remove residual DMSO
and water. The free-standing bulk films are cut to rectangular
1.5 � 10 mm2 slices and contacted with gold-patterns in vacuo
as shown in the photograph (Fig. 5D) and mounted on the
cryomagnet system, so that the B-field is perpendicular to the
film plane (Bz). In a similar manner, as cast thin-films on
sapphire are contacted directly by as-deposited gold. We denote
that due to the change in the processing steps between thicker
and thinner films, we find minor thickness-effect on the
electrical performance (see Fig. 1A and B). Finally, the voltage
drop across the inner leads is measured (at Ix = 50 mA) as a
function of T and B-fields. The metallic film picks are char-
acterized further by repeating scans for conductivity and
magneto-conductivity, respectively. Similarly, for the XRD spec-
tra the films are cut into 1 � 1 cm2 squares and analyzed using
a Bruker AXS diffractometer equipped with a CuKa source. For
the atomic force microscopy (AFM), the bulk-films are cut with
a Leica Ultracut microtome and the polished cross-sections are
analyzed using a Asylum Research MFP-3D Stand Alone AFM.
The thin-films are analyzed directly on the surface as grown on
the sapphire substrate.

3 Results and discussion

The casting process for PEDOT:PSS has been investigated
in detail earlier – in particular the co-solvent treatment has
lead to substantial improvements in the conductivities.4,10,18–21

An established pair represents PEDOT:PSS and DMSO as
co-solvent.20,22–24 This is the system of choice in this work.

We start with a number of thin-film PEDOT:PSS recipes
yielding 10 nm thickness and successively increase the width to
access a more and more bulk phase up to 10 mm. In addition

we modify the co-solvent present between 0 and 10% of the
original volume dispersion. Our goal is to attain a detailed
insight of the co-solvent concentration and of the final film
thickness into the resulting conductivities (Fig. 1A). We con-
sistently find excellent electrical performances at DMSO con-
centrations around 5%. Here we achieve peak conductivities of
1000 S cm�1 at a thickness of 55 nm as seen in the map in
Fig. 1A denoted further as (1). The effect is less pronounced at
lower and higher DMSO concentrations, which is in agreement
with previous studies.22,23

When the film thickness expands to a bulk system greater
than 1 mm we see a similar increase of the electrical perfor-
mance on the DMSO concentration. Nonetheless, the bulk-
films achieve a maximum of 490 S cm�1 at 5% DMSO and
8.4 mm respectively (2). So the map in Fig. 1A exhibits a
consistent out-performance of thin-films over bulk films. Other
detailed studied systems are 10% DMSO and 8.4 mm (3) and 2%
DMSO and 8.4 mm (4).

When we repeat the mapping at 1.8 K we obtain a
first insight, where in the map the local order allows the
formation of a metallic state (Fig. 1B). According to Mott’s
minimum conductivity, regions off the metallic regime exhibit
an infinite low conductivity, which is valid for the preponderant
dark regions seen in the 1.8 K map. Regimes in proximity to a
metal–insulator transition (MIT) appear still conductive – they
are found in the same hotspots as at room temperature with an
important changeover: at 1.8 K, the bulk systems outperform
the thin-films. The reason for this lies in the pronounced
temperature-dependence of the thin film conductivities. Meanwhile,
the bulk film conductivities exhibit a moderate temperature-
profile in agreement with weak localization with a flattening as
the temperature approaches 0 (Fig. 1C).

Fig. 1 (A) Room-temperature mapping of PEDOT:PSS conductivities at
different DMSO-concentrations and thicknesses. (B) Repeats the map at
1.8 K. (C) The temperature profiles of the conductivities are significantly
different between bulk and thin-films. The in detail study systems are
highlighted in the map at 55 nm and 5% DMSO (1), 8.4 mm and 5% DMSO
(2), 8.4 mm and 10% DMSO (3) and finally 8.4 mm and 2% DMSO (4).
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In combination, the maps show us the optimum region,
which lies between 2 and 5% DMSO and 8.4 mm layer thickness
(2) and (4). At 5% DMSO and 1.8 K, for example, the bulk-
conductivity (2) exceeds the 55 nm thin-film (1) conductivity by
a factor of nearly 2. This minor temperature-sensitivity points
out that the thickness plays a role in terms of local order – it
relates to the different parameters in the processing and to a
suppressed substrate-effect in the bulk-systems. To support our
findings from the conductivity maps we view the morphologies
by AFM and XRD, in particular in the optimum region (Fig. 2).

For the bulk films we plot the XRD spectra at no (ref), 2% (4)
and 5% DMSO (2). A sharpened profile in terms of crystallinity
correlates with the presence of DMSO during growth.25,26

(Fig. 2E). In general the increase of the electrical conductivity
from Fig. 1A is reflected in a pronounced signal, which under-
lines the higher degree of crystallinity. The discrete peak
originating from the p-stacking of PEDOT emerges at 25 deg.
It is overlapped by the broad response of the PSS halo with a
maximum at 20 deg. The spectral shaping through DMSO
consequently supports our argument of improved crystallization
in the presence of DMSO valid for both components, PEDOT and
PSS, respectively. To clarify, we present a comparison of PEDOT
and regio-regular poly(-3-hexylthiophene) (rr-P3HT) grown under
similar conditions in the ESI.† A supplementary view of the
morphological changes induced by DMSO is outlined by atomic
force microscopy (AFM). As shown in the phase images in
Fig. 2A–D we find different grain sizes at each representative
(conductivity) area (marked as a white rectangular frame) from
the conductivity map (Fig. 2E). Fig. 2D depicts the thin-film
phase image revealing a randomized distribution of structured
domains with different grain sizes. This is reminiscent to
the bulk-film without DMSO, where polydispersity is detected
again. Obviously, the presence of small amounts of DMSO (2%)
and thicker films (4) improves the homogeneity a lot as shown
in Fig. 2B, where the grains of the structure become smaller.
To achieve a growing grain size and a homogeneous dispersion

the concentration has to be further increased to 5% (2), where
we find the point of merit in terms of conductivity, crystallinity
and morphology in the bulk-films. We denote that we derive the
bulk-film morphology from cross-sectional scans in order to
allow a meaningful comparison between bulk and thin-film
morphologies.

The morphology response of the different conductivity-
stages reveals the importance of long-range order plus the role
of dispersivity seen in growing ordered domains of similar size,
which explains the improved electrical performance at low-T.

Back in Fig. 1 we outline the positive temperature coefficient
ds
dT

with finite conductivity as T approaches 0 best seen in (4),

(1) and (2). This behaviour corresponds to weak localization. To
resolve the low-T regime, we use the derivative of the conduc-

tivity in the logarithmic scale
dðlnsÞ
dðlnTÞ further denoted as W.27

The metallic character is expressed by the slope and magni-
tude of W(T). As seen in Fig. 3 the system without DMSO (ref)
shows a constant W with quantities greater than 1 (insulating
regime). In contrast, (4), (1) and (2) deviate�W(T) is not constant.
In particular, at low temperature it illustrates that on which side
of the MIT the system is situated. In the case of bulk 5% DMSO
(2), the slope of W(T) becomes positive indicating a metallic state
(Fig. 3B). We denote that in particular the thin-film response
from (1) shows a clear non-metallic fingerprint at low-T, which
we assign to the role of dispersivity.

The proximity of the metallic state can be tested by applying
a high magnetic field perpendicular to the substrate plane
(Bz = 9 T). The field induces localization and quenches the metallic
state as shown in Fig. 3. A substantial change in W(T) by B is
therefore seen below 10 K. ThereW splits up into a critical-metallic

Fig. 2 In panels (A–C) the cross-sectional morphologies by AFM of no
DMSO (ref), (4) and (2) are shown. In (D) the morphology of (1) by AFM is
depicted (surface scan). (E) Conductivity map at 1.8 K. The XRD-spectra in
(F) highlight the improved crystallinity in (4) and (2) as compared to (ref) by
increasing the DMSO concentration during film-growth.

Fig. 3 (A) Highlights the exponent of the power-law dependence
dln

dln

s
T

(W),

in particular at low temperatures (Tr 10 K) and high magnetic field (B = 9 T).
While the first sample (no DMSO) (ref) operates beyond the transition line at
W = 1, we see a shift towards a metal in (1), (2) and (4) and high B-field
localization resulting in a negative magnetoconductivity.
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(B = 0 T) and non-metallic regime (B = 9 T). This is true for both
(4) and (2) (only for the bulk systems), where a shallow metallic
behaviour is observed at T below 10 K.

So far, we have created a system with sufficient local order.
We prove the metallic behaviour in the bulk samples between
1.8 K and 10 K seen by W(T) in Fig. 3B. In addition we
demonstrate that a high magnetic fields can disrupt the local
order of a metallic state, in particular at low temperatures.

When we take the view to the lower B-field, interestingly we
find a concomitantly stimulating effect on the metallic char-
acter in our samples of merit (2 and 4). In contrast to Fig. 3
low B-fields enhance the conductivity. A detailed view of the

magnetoconductivity
DsB
s0

as a function of B shows this positive

contribution (Fig. 4).
We observe the conductivity increasing up to 4% of the

original value. It is followed by a significant decrease to the
negative as the field is increased. The negative effect is damped
at high temperatures, where the turn to the negative is indi-
cated at high B and not seen at all at temperatures above 6 K.
One explanation for magnetic stimulation relates to a electro-
magnetic resonance, earlier found in systems defined by weak
localization: In fact, the stimulation reflects an interaction
among the electron wave functions, as soon as the inelastic
mean free path of electrons le and the Landau orbit size LD.

28–30

become comparable.

LD � le with LD ¼
ffiffiffiffiffiffiffiffiffi
�h

e � B

r
(1)

Eqn (1) depicts the relation of LD (or B) and of le (Fig. 4).
At 1.8 K, for example, the DsB-value increases up to 1 T (2),

before it collapses to the negative by increasing B (Fig. 4C and D).
The peak maximum of DsB corresponds to the amplitude of the
local order or le, respectively. It can be consequently read out by
plotting LD instead of B. A similar but right-shifted profile is
observed at 3.85 K. At higher temperatures the stimulations
do not collapse meaning that le exceeds the maximum field at
Bmax = 9 T or LD = 8.1 nm according to eqn (1), as le decreases below
the maximum magnetic field as we increase the temperature.
Positive magnetoconductivity has been reported solely in combi-
nation with metallic samples – it reveals a coherence among
electron wave functions and B.28,30–37 In our case this is sup-
ported by the morphology study (homogeneous domains of
similar size, Fig. 3). Other theories assign the stimulating
magneto-effect to the spin–orbit coupling. However, in organic
matter these effects can be neglected.11 We use the coherent
electron interactions as a direct consequence of long-range order
inside the polymer. To quantitatively evaluate the magneto-
conductivity, we derive concrete values for le statistical para-
meters to visualize the local order. Kawabata has posted a
relation between magnetoconductivity and the relaxation time
(hence the mean free path le).

28 We can derive the magnitude
by plotting + sB versus B2 according to

DsMC ¼ þð4pÞ � e
2

h2
� G0 � le3 � ðBÞ2 (2)

using the elemental charge e and the Plank constant h and the

conductance quantum G0 ¼
2e2

h
. The corresponding Fig. 5

shows the temperature-variant slopes and the accompanying
linear fits for each temperature. In the best case in (2) the
electron coherence quantitatively translates to a scattering

Fig. 4 (A) 2% (4) and (B) 5% DMSO-cast (2) PEDOT:PSS systems reflect the
interplay between positive and negative magnetoconductivity (MC) at low
T. For each T the positive effects dominate first at low B followed by a
flip to the negative by increasing B (at 1.8 K, 3.85 K and 5.9 K). At higher T
(7.95 and 10.0 K) the MC is only positive. We denote that the negative
effect is more pronounced in the critical sample. In (C) and (D) we expand
the positive side and show the semicircular development of each MC
with B. In the metallic sample (1) we depict its MC as a function of the
Landau orbit size LD in addition to show the interference under resonance
conditions, when the mean inelastic scattering length le and LD are of
similar dimension (inset).

Fig. 5 (A and B) Depict the linear dependence of the magnetoconduc-
tivity DsB and B2 at low fields in the samples of merit (2) and (4). The slope
(linear fit) is proportional to the mean inelastic scattering length le.
(C) Shows the T-dependence of le. For inelastic scattering an exponent
of �3

4 is typical. This is only the case in the metallic 5% DMSO sample (2).
(D) Depicts the sample (free-standing PEDOT:PSS film with 4 Au leads)
ready for loading into the cryomagnet.
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length of 35.5 nm at 1.8 K. This value exceeds the macromole-
cular dimensions and explains the metallic fingerprint of the
system. We summarized all relevant parameters in Table 1.
With the T(�

3
4) vs. le plot in Fig. 5C we include the temperature-

dependence with the exponent 0.75 typical for inelastic
scattering.29 The dimensions of le are exponentially decreasing
by increasing the temperature – as we go off the metallic regime,
we observe a deviation as visible in the critically transition
regime in (4).

4 Conclusions

We underline here the value of magnetoconductivity to display
local order, which is crucial to establish a metallic state in a
conductive polymer. The order can be surfaced by the coherent
transport and represents a strong argument for achieving a
metallic state. We show that it is possible to improve on the
electrical performance, when the morphology becomes homo-
geneous and locally ordered. This is demonstrated by expanding
the sample’s dimension towards a bulk-phase and by allowing
self-organization. Thus our strategy can be a model system for
various CP-systems to strengthen their electrical transport prop-
erties towards an intrinsically-metallic, alternative conductor.
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Abstract A stringent limitation in many optoelectronic

devices, such as solar cells and light emitting diodes, is the

intrinsic need for a transparent electrode. Uniting relevant

aspects, indium tin oxide (ITO) is often the material of

choice, however, alternatives are sought and being in par-

ticular found in conductive polymers. In this work, we

present a novel doping strategy to arrive at highly con-

ducting polymeric material based on poly-3,4-

ethylenedioxythiophene (PEDOT). Based on commercial

high conductivity PEDOT:PSS (Clevios PH 1000), and a

post processing with aqueous triflic acid delivers a material

that is both transparent and of low resistivity

(5.23 9 10-4 X cm). Furthermore, this material retains its

conductive character over a large temperature range, indi-

cating metallic behaviour. This is further supported by

positive magnetoconductance effects at low temperatures

(1.8–10 K) and extended mean free paths of the conduction

electrons are observed—evidencing for a metallic state in

this polymer.

Graphical abstract

Keywords Transparent conductive electrodes �
Conductive metallic polymers � Anderson localization �
Mott–Ioffe–Regel limit � Infrared transparency

Introduction

In recent years, the rise of consumer electronics with liquid

crystal displays, organic light emitting diode (OLED)-

based displays [1], OLED-based home lighting [2], and the

introduction of concepts such as photovoltaic windows [3]

led to a dramatic increase in demand for transparent elec-

trode materials. This demand led to a substantial price-

increase of the current state-of-the-art material, indium-

doped tinoxide (ITO) [4].

An alternative to inorganic oxides for transparent elec-

trodes can be found in organic, conductive polymers. The

primary advantage of organic polymers lies in their reli-

ance on organic synthesis, opening a limitless multitude of

possible structures, virtually only limited by the research-

ers’ fantasy. Chemically or electrochemically doping of an

organic, conjugated polymer then delivers a conducting

material from a semiconducting (or even insulating)
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starting system. This doping process, however, introduces

disorder into the system—as opposed to inorganic semi-

conductors, where doping process replaces atoms. Organic

molecules and counterions need to move inside the film,

introducing disorder and thereby quenching the materials

metallic properties [5–7].

In recent years, doped poly-3,4-ethylenedioxythiophene

(PEDOT) has become the material of choice in the industry

among the transparent, organic conductors, and many

researchers have combined their efforts in its development

[8–13]. To date, the commercially available doped PEDOT

polymer combines both, good conductivity and trans-

parency, it has found use in various types of devices and

applications [14–19].

In this publication, we present a method to increase the

conductivity of commercially available PEDOT:PSS by

counter-ion exchange. Based on commercial Clevios

PH1000 (high conductivity PEDOT:polystyrene sulfonate),

a comparison between the conductivity of the material

arrived at by spin-coating the dispersion as is (referred to as

PEDOT:PSS), with addition of DMSO (5% by volume;

PEDOT:PSS*), and with additional processing by triflic

acid (PEDOT:TA) exposure will be comparatively pre-

sented. Furthermore, we investigated the correlation

between PEDOT-content and resistivity in aforementioned

systems. The enhanced metallic character of PEDOT:TA

made magnetotransport measurements possible at low

temperatures.

Results and discussion

Relying solely on solution processing, the herein presented

films were spin-coated on top of glass or sapphire (1110)

substrates. The schematics of film preparation can be found

in Fig. 1. In this study, we compared three materials based

on commercial PEDOT:PSS (Clevios PH1000): plain

PEDOT:PSS (obtained from untreated dispersion), PED-

OT:PSS* (obtained from a dispersion with 5% DMSO

content), and PEDOT:TA (the latter substance treated with

excess of equimolar, aqueous triflic acid, neutralized by

rinsing with excess 18 MX cm water). As the exposure to

triflic acid leads to dramatic decrease in film thickness,

multiple-layers of PEDOT were spin-coated to achieve

films of thicknesses similar to other materials.

To compare resistivity, a number of versions of PEDOT

were processed on top of sapphire samples containing

previously deposited electrodes (Cr/Au, 8 nm/80 nm,

respectively) in van-der-Pauw and four-in-line geometries.

In this way, artefacts originating from geometric effects

were minimized. A thorough resistivity-scan over a wide

range of temperatures was performed. The results can be

found in Fig. 2a.

As expected, samples obtained from spin-coating the as-

is dispersion showed a strongly expressed dependence on

temperature (PEDOT:PSS), the films becoming virtually

insulating upon cooling. This points towards a purely,

temperature-activated process requiring a high activation

energy of 8.6 meV. The DMSO-treated samples (PED-

OT:PSS*) showed substantially better resistivity

dependence on temperature, albeit overshadowed by the

performance of PEDOT:TA.

The dynamics during spin-coating deposition are quite

complex, since varying turning speeds and tuning the

DMSO concentration effect substantially different film

properties. One role we attribute to DMSO is the

improvement of the morphology of the resulting PED-

OT:PSS films by acting as a co-solvent. The second

contribution is the improvement of film purity as shown by

RBS results. This is true regarding the stoichiometry

between conducting polymer and doping agent as well as

for the removal of other impurities (see Supplementary

Material Figs. 1 and 2, respectively).

Since DMSO is a good solvent (polar and aprotic) it

dissolved impurities and excess PSS, leaving behind a

1:1 ratio of PEDOT:PSS with diminished impurities (see

Supplementary Material Figs. 1 and 2, respectively).

With decreasing temperature, PEDOT:PSS* electron-

transport properties worsened by a full order of magni-

tude. This hints to a metallic behaviour within this

material, and can be seen as low resistivity at low tem-

peratures rather unusual for a conductive polymer—

probably due to the advantageous effects of DMSO

mentioned above [20, 21].

Fig. 1 Preparation of PEDOT:

triflate films via solution

processing
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Strikingly, the material receiving triflic acid-treatment

still showed even lower resistivities at temperatures below

2 K, namely 1.4 9 10-3 X cm—a more than fivefold

improvement over PEDOT:PSS*. This overall low resis-

tivity of PEDOT:TA and good retention of performance

over a large temperature range indicate enhanced order

within the film meaning that the disorder introduced during

the anion-exchange is comparably small, its adverse effects

by far outweighed by the positive ones. This picture,

however, does not include the possibility of a correlation

between enhanced electro-transport and the amount of

conductive material within the film.

To be able to exclude the possibility of a sole ‘‘con-

centration effect’’ of conductor versus counterion [21], the

content of PEDOT (by molecular %) within the sample was

investigated using Rutherford Backscattering (RBS, see SI

for original data). From that, the PEDOT-content within

the film was derived. The results of the comparison are

shown in Fig. 2b.

The results clearly indicate a partial dependence of

PEDOT content. As expected, a large excess of PSS in

PEDOT:PSS correlated well with its electrical performance

at room temperature. Truly, an increased amount of

PEDOT within the triflate-treated films was found, over

PEDOT:PSS*. A 20% increase in content of conducting

material over PEDOT:PSS* within the thin-films resulted

in a de facto halving of the resistivity at room temperature.

To further strengthen the argument of order over

‘‘concentration’’, Atomic Force Microscopy (AFM) was

performed on PEDOT:PSS* (Fig. 3b) and PEDOT:TA

(Fig. 3c). It appeared that the global order within the film

remained similar, yet smoother films with fewer depres-

sions were obtained. In Fig. 3d and e, we compare the same

films via Transmission Electron Microscopy (TEM). Also

there, an increase of order in the form of a more uniform

distribution of moieties within the film can be observed

after acid-treatment.

However, no global connectivity was observed in either

case—even worse, a picture of many separate grains was

observed. Hence, it seemed feasible, that the increased

conductivity is indeed mainly caused by the elevated

PEDOT-content.

As PEDOT:TA already showed metallic fingerprints in

the form of a rather low and flat resistivity-temperature

profile we looked for magnetoresistance behaviour at low

temperatures, typical for metals. As such effects are expected

to be most pronounced at low temperatures, scans at 1.8, 3.8,

5.9, 7.9, and 10 K were performed at fields ranging between

0 and 9 T (see Fig. 4a). At the lowest two temperatures, 1.8

and 3.8 K, the described effect is best visible. At first, a

negative magnetoresistance can be observed at lower fields

(up to 0.74 and 3.4 T, respectively).

On the contrary, upon trespassing this threshold, posi-

tive magnetoresistance was observed as the metallic

behaviour was disordered by the field. Having both con-

tributions is a hallmark of metallic polymers. From that, it

is possible to calculate the Landau orbit size, LD, which

corresponds to the magnetic penetration depth. In that way,

the electron scattering length, ke, can be derived (Eq. 1).

LD ¼ ke LD ¼
ffiffiffiffiffiffiffiffiffi

�h

e � B

r

ð1Þ

For the obtained fields, the corresponding electron

scattering length at 1.8 K corresponds to 58.4 nm and to

27.2 nm for 3.9 K. These are truly astonishing findings for

a conducting polymer, especially in comparison with

Fig. 2 a Comparison of resistivity profiles of PEDOT derivatives

over a temperature range between 300 and 1.8 K. Note the dramatic

decrease in PEDOT:PSS. A heavy reliance on thermally activated

transport is required. b Correlation of PEDOT-content and

conductivity aforementioned PEDOT derivatives. An exponential

drop in resistivity (on a log-scale) with the content of conducting

material within the film can be observed
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values reported earlier for PEDOT:PSS* [7]. As high

PEDOT-content alone does not explain this effect local

order of the polymer appears to be improved to explain

such behaviour.

As the measurement of magnetoconductivity was pos-

sible, we were further interested, to see the difference

between the resistivity profile when exposed to a strong

magnetic field (9 T) and none (0 T). The results of such a

measurement can be plotted in the so-called W-plot,

reported by Zabdrodskii and Zinojeva [22]. Here, log T is

plotted versus the negative value of the first derivative of

resistivity after temperature, helping to visualize the type

of transport of the material of question.

W ¼ � dlnq
dlnT

� �

ð2Þ

W is used to expand the low-T transition regime between

critically metallic behaviour DW
DT � const:

� �

and actually

metallic (W\ 0). The log–log plot in Fig. 4b exactly

shows such a trend in PEDOT:TA, i.e. W exponentially

Fig. 3 a Counterion exchange mechanism. b AFM image of

PEDOT:PSS* on a 500 9 500 nm area compared to PEDOT:TA on

the same scale. c Note the decrease in roughness as fewer voids are

left within the film, corresponding to enhanced electro-transport

properties. d, e Comparison of TEM images of these films. A more

uniform distribution of moieties within the film can be observed,

correlating well with the AFM results
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approaches 0 with decreasing temperature characteristic for

Anderson transitions in (metallic) conductive polymers.

As one can clearly see, at the absence of a magnetic

field, the material clearly behaves as a glassy metal, getting

closer to a metallic behaviour with decreasing temperature.

This would indicate that order is induced with cooling the

sample, supporting metallic transport modes. Repeating the

same experiment at a high field (9 T), a different behaviour

is observed. When cooling the sample, a flat profile for

W versus T is observed, this means that the metallic fea-

tures are disrupted by the strong external magnetic field.

All those effects are strong indications for a metallic state

in this polymer, which was achieved by anion exchange

and solution processing.

Conclusion

Three different solution-processed, PEDOT-based con-

ducting materials were compared for their resistivity. In the

case of PEDOT:TA (triflate), a flat temperature profile of

resistivity down to 1.8 K is observed, indicating metallic

behaviour. A correlation between the materials content of

conducting polymer and the resistivity was observed.

Structural film-analysis via AFM and SEM indicated no

global order within the film. Rough and globally disordered

films were obtained upon treatment with triflic acid. Those

films, however, showed a positive magnetoresistance,

typical for metals. Also, at low temperatures (1.8 and

3.9 K), tremendous values for mean free path of electrons

conducted by PEDOT:TA were found, ranging in the

hundreds of Angstroms implying local order within the

material. This was further supported by the results of the

W-plots, where the metallic properties were quenched by

applying a strong magnetic field, implying a metallic state.

Experimental

Substrate preparation

Sapphire (polished, 1110) and glass (for AFM measure-

ments) substrates were used as substrates for all

experiments. For cleaning, a four-step washing procedure

(15 min steps) by consecutive sonication in different sol-

vents was conducted: acetone (technical grade, room

temperature), 2-propanol (50 �C), Hellmanex detergent

(70 �C), and deionized water (room temperature). The

electrical contacts were deposited using PVD through the

van-der-Pauw and four-in-line mask (8 nm Cr/80 nm Au),

respectively.

Conductive polymer deposition

All samples were prepared using spin-coating. PED-

OT:PSS thin-films were achieved by spin-coating of

commercial Clevios PH1000 (a dispersion) as obtained

from the manufacturer (Heraeus) on top of the respective

substrate. PEDOT:PSS* and PEDOT:TA thin-films were

both prepared in the following way: 5% DMSO (v/v) was

added to dispersions of Clevios PH1000 (by the Heraeus

company), freshly before spin-coating. For all spin-coating

steps the same recipe was used (recipe: 10 rps, 2 s ramp,

30 s spinning; 100 rps, 2 s ramp, 30 s spinning).

To achieve PEDOT:TA, the prepared sample was

exposed to an excess of an equimolar solution of triflic acid

Fig. 4 a Magnetoconductivity of PEDOT:TA. The minima 0.74 and

3.4 T correspond to mean free electron paths of 58.4 and 27.2 nm.

b Zabrodskii diagrams of PEDOT:TA. The so-called W-plot describes

a change from an Anderson insulator to a glassy metal [22]. The

application of a magnetic field of 9 T at 1.8 K effects a disturbance

within the materials way of conduction, thus leading destroying the

metallic properties within the material
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in water for 1 min followed by three consecutive steps of

exposure to an excess 18 MX cm water. After exposure,

the samples were dried by spin-coating using the same

recipe as mentioned above. For conductivity measure-

ments, the active area of the samples measured was

protected by drop-casting PMMA (in anhydrous toluene)

on top of the measured area. Coating was performed on top

of sapphire substrates and microscopy glass slides. For

TEM measurements, the same procedure was applied on

top of a copper-grid.

Film characterization

AFM data were obtained using Dimension Icon SPM from

Bruker in ScanAsyst regime which is an intermittent con-

tact measurement procedure suitable for soft samples.

Scanasyst-Air probes were used, with nominal probe radius

in range of 2–12 nm. Scanning speed was approximately

0.2 Hz (for individual fast scan axis profiles). All TEM

measurements were done using a JEOL JEM-2011. The

samples (PEDOT:PSS* and PEDOT:TA) were deposited

on top of a copper grid as described above. All pictures

shown in this publication were obtained using the same

focus and a voltage of 100 kV.

Rutherford backscattering spectrometry (RBS) mea-

surements were performed at the Department of Atomic

Physics and Surface Science (JKU) using the AN-700 van

de Graaff accelerator in a HV chamber (base pressure in

the 10-7 mbar range), which is equipped with two semi-

conductor surface barrier (SSB) detectors: a LN2-cooled

high resolution detector [23] situated at 150.1� in Cornell

geometry (FWHM *3 keV), and a standard SSB detector

of larger solid angle in 154.6� in IBM geometry. Energy

spectra of the PEDOT:PSS samples on Si were recorded

using 200 keV D? ions and normal incidence of the ion

beam, for the PEDOT:PSS samples on sapphire 220 keV

D? ions and an angle of incidence of 60� were used to

optimize depth resolution. To avoid charging effects due to

sapphire substrate, prior to the RBS measurements the

samples were coated with a thin gold layer. The experi-

mental spectra were evaluated employing the SIMNRA

simulation software [24]; the uncertainty of the final

compositions is *10–20% with higher values for the

samples on sapphire substrates.

The PMMA-covered PEDOTs were contacted using

indium solder and loaded to the magnetotransport system

(DynaCool PPMS, QuantumDesign and Lakeshore 8040

series, respectively). The electrical resistivity qxx was

characterized as function of temperature between 300 and

1.8 K. A reproduction in the Lakeshore system between

300 and 10 K was done using the van-der-Pauw electrode-

geometry. In the Dynacool system, magnetoresistance

measurements were conducted at fields between 0 and 9 T

for following temperatures: 1.8, 3.8, 5.9, 7.9, and 10 K.
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14. Bandodkar AJ, Nuñez-Flores R, Jia W, Wang J (2015) Adv Mater

27:3060

15. Okuzaki H, Suzuki H, Ito T (2009) Synth Met 159:2233

16. Lang U, Rust P, Dual J (2008) Microelectron Eng 85:1050

17. Kaltenbrunner M, Adam G, Głowacki ED, Drack M, Schwödi-
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23. Geretschläger M (1983) Nucl Instrum Methods Phys Res 204:479

24. Mayer M (1999) AIP Conf Proc 475:541

Increase in electron scattering length in PEDOT:PSS by a triflic acid post-processing 877

123

62



4.3 Manuscript 3

63



COMMUNICATION

1700050  (1 of 8) © 2017 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

www.advelectronicmat.de

Anderson-Localization and the Mott–Ioffe–Regel Limit in 
Glassy-Metallic PEDOT

Dominik Farka, Halime Coskun, Jacek Gasiorowski, Christoph Cobet, Kurt Hingerl,  
Lisa Maria Uiberlacker, Sabine Hild, Theresia Greunz, David Stifter,  
Niyazi Serdar Sariciftci, Reghu Menon, Wolfgang Schoefberger, Cezarina Cela Mardare, 
Achim Walter Hassel, Clemens Schwarzinger, Markus Clark Scharber,  
and Philipp Stadler*

DOI: 10.1002/aelm.201700050

There exists a tremendous interest in 
metallic polymers as they combine facile 
processing, high conductivity and trans-
parency. However, to date no straightfor-
ward method has been found to engineer 
a system that unites high doping and 
high order.[1–6] The apparent conflict lies 
in the nature of doping of a conducting 
polymer, which occurs through a distinct 
mechanism compared to inorganic semi-
conductors. Severe lattice distortions arise 
in the doping of conducting polymers as 
a result of the penetration of ions into 
the system. Consequently, the solid-state 
order becomes disrupted—it transforms 
from a former homogeneous organic van-
der-Waals crystal into a disordered salt. To 
form a substantial degree of order, growth 
methods have to consider the effect of ion 
penetration.[7–16]

Small molecular systems have the 
advantage that they can be dissolved in 
polar solvents. Thus they can be grown in 
the doped form as a salt dissolved from 

Conductive polymers represent a rare case in which free-carrier absorption 
is shifted to the far-infrared—an attractive advantage in light of the require-
ment of highly transparent conductors across the visible and near-infrared. 
Unfortunately, prior approaches to doping these polymers—imperative for 
high conductance—have consistently led to strong localization arising from 
fluctuating band alignment among polymer chains. Here, this study over-
comes this problem of doping-induced Anderson localization for the first time 
in polymers by developing a new conductive polymer synthesis strategy. This 
study achieves polymerization and doping simultaneously, thereby using an 
alternative nonmetal oxidant and thereby avoiding the introduction of excess 
energy that normally arises from exergonic polymerization. The resulting 
conductive polymer is the first to provide electron coherence in a metallic 
polymer thin film. The conductivity reaches a remarkable 3300 S cm−1 at 1.8 K 
and the mean electron scattering length a record 330 Å. This enhancement 
drives the glassy metal transition in the vicinity of the Mott–Ioffe–Regel (MIR) 
limit. The new metallic polymer achieves 10−2 Ω−1 figure of merit, making it 
a contender for transparent conductive contacts previously only accessible 
using inorganics. The new material offers a uniquely broad transparency 
window spanning the UV to the mid-infrared.
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solution. Such Fabre–Bechgaard salts have created an entire 
field of synthetic metals and superconductors.[17–20] In poly-
mers, however, the macromolecular nature hampers the forma-
tion of a thermodynamic solution.[19] Consequently, conductive 
thin films are generated by two-step processes (first casting, 
then doping).[17–37] Such methods effectively disturb the order 
and thus result in an Anderson insulator rather than a metallic 
conductor.

Oxidative chemical vapor deposition (o-CVD) is a quasi-1-
step technique, where doping and polymerization are com-
bined.[38] State-of-the-art processes rely on vigorous reactants 
such as metal chlorides (FeCl3, SbCl5). Although the produc-
tion of high-performance polymers has been demonstrated, 
overoxidation leads to severe structural distortions.[39,40] Here 
we develop a new process that achieves superior metallic prop-
erties but overcomes the prior reliance on lattice-disrupting 
metal dopants. The o-CVD is performed at ambient pressure 
and uses nitrogen as carrier gas, which is saturated with the 
monomer ethylene-(3,4-dioxythiophene) (EDOT). In the reactor 
zone the vapor is contacted with gaseous sulfuric acid to con-
dense as oxidatively polymerized and p-doped polyethylene-(3,4-
dioxythiophene):sulfate (PEDOT:sulfate) on the substrate. The 
bluish, air-stable, and semitransparent thin film precipitates as 
homogeneous layer on the substrate. We are in particular inter-
ested in the magnetoelectric and the optoelectronic properties 
and the structural composition, which we present in detail in 
this work. We find striking results such as a temperature-coef-
ficient typical for glassy metals close to the Mott–Ioffe–Regel 
(MIR) limit.[41–43] We observe the Hall effect and calculate the 
mean inelastic scattering path of charge carriers. Furthermore, 
we present the optical dielectric function and resolve the chem-
ical composition. The hallmark of the PEDOT:sulfate prepared 
by o-CVD with sulfuric acid is the excellent electrical perfor-
mance manifested by metallic fingerprints such as the positive 
magnetoconductivity. All these findings indicate that the new 
and facile synthesis route for PEDOT leads to an outstanding 
degree of order and purity inside the polymer with the conse-
quence of a metallic nature beyond Anderson localization.

We choose two common chemicals EDOT and sulfuric acid 
in order to synthesize PEDOT:sulfate by o-CVD. The advantage 
of using EDOT is in particular its low oxidation potential, which 
can be easily overcome by sulfuric acid as oxidizing agent. By 
balancing the concentration and reaction, and deposition tem-
perature we pursue an immediate, selective polymerization 
and avoid harsh conditions, which lead to overoxidation. With 
this we generate high-quality, semitransparent thin films of 
PEDOT:sulfate using a simple o-CVD-setup, where the quasi-1-
step polymerization and doping reaction (Figure 1) takes place. 
The optimum temperature found to react EDOT readily with the 
vaporized sulfuric acid is 200 °C. We achieve the reaction condi-
tions by preheating the saturated nitrogen carrier gas. The sub-
sequent evaporation of sulfuric acid and immediate polymeriza-
tion- and oxidation-reaction takes place at ambient pressure.

For comparison, we generate several reference PEDOT-
systems, which originate from the classic solution-based 
processing routes based on the commercially available 
PEDOT:polystyrene sulfonate (PEDOT:PSS) dispersions. One 
straightforward route processes PEDOT:PSS with additives (i.e., 
DMSO, further denoted as PEDOT:PSS*) to reach a conductivity  

value of 1000 S cm−1. To obtain a similar reference system 
such as PEDOT:sulfate, we substitute the PSS polyanion. 
Therefore we treat as-deposited PEDOT:PSS with aqueous 
triflic acid (equimolar aqueous solution) further denoted as 
PEDOT:triflate.[6] This system serves as a solution-derived refer-
ence PEDOT-system having a similar composition but different 
processing origin as o-CVD grown PEDOT:sulfate.[3,44]

Similar to solution-based PEDOT:PSS, o-CVD yields homo
geneous coverage on top of various substrates. Measurements of 
the surface morphology of films grown on glass (Figure 1b) show 
a uniform film with an average RMS-smoothness of 4.5 nm. 
PEDOT-fingerprint structural information is furthermore identi-
fied by ATR-FTIR, solid-state NMR and MALDI-MS, and high-
resolution X-ray photoelectron spectroscopy (XPS). These studies 
(in detail discussed in the Supporting Information) include the 
reconstruction of the ratio between a monomer unit and sulfate 
at approximately (2.8):1, signature interaction in shifts in the 13C 
NMR, and the molar mass distribution at 10–12 EDOT units 
(median value) as well as characteristic interband absorptions 
(polarons) and infrared-activated vibrations (IRAVs).

X-ray diffraction pattern on 150 nm thin films confirm the 
crystallinity of PEDOT:sulfate by the (020) reflection (finger-
print for PEDOT-stacks) appearing pronounced at 25.5 2θ (3.5 Å 
stacking distance) (Figure 2). Similar features in PEDOT:triflate 
and PEDOT:PSS(*) (without and with annealing) have not been 
observed.

The intense peak (020) in the diffractogram relates to the 
excellent electrical performance of PEDOT:sulfate (outper-
forming all solution-derived systems across the entire tem-
perature range between 300 and 1.8 K) (Figure 1c). It exhibits 
a room temperature conductivity as great as 4050 S cm−1 
(PEDOT:triflate: 2100 S cm−1, PEDOT:PSS* 1000 S cm−1, 
and PEDOT:PSS 7 S cm−1), which changes slightly across the 
studied temperature range. At 1.8 K in the proximity of T→0 
the magnitude of the conductivity displays the crucial role of 
disorder: As-cast PEDOT:PSS follows an Arrhenius-type tem-
perature-activated transport and has practically 0 conductivity 
(Figure 1d). Additive-assisted PEDOT:PSS* has a finite con-
ductivity—but a factor 10 lower as compared to room tempera-
ture. PEDOT:triflate performs similarly having an overall better 
performance but similar drop by a factor of 3. We used similar 
thicknesses to remain in a 3D bulk regime for meaningful 
comparison of these different kinds of PEDOT thin films.

In addition we include the resistivity versus absolute tempera-
ture ρT (Figure 1e). Thereby, PEDOT:triflate and PEDOT:sulfate 
display significantly the transition from a Anderson insulator to a 
glassy metal. ρT in PEDOT:sulfate remains T-independent at low-
T, which is characteristic for a glassy metal and similarly observed 
in alloys such as Al33Ti67. In contrast, ρT in PEDOT:triflate 
increases severely below 10 K. Furthermore, the magnitude of 
in PEDOT:sulfate (247 µΩ cm−1) is close to the Mooij correla-
tion or the MIR limit, which define the border between glassy 
and crystalline metals. Besides overcoming Anderson localiza-
tion in PEDOT:sulfate, we create a conductive polymer criti-
cally close to a crystalline metal. The origin of Mooij correlation 
is still a mystery today, and so is the fact that the temperature 
coefficient of the resistivity can be negative in the apparently 
metallic regime approaching the Anderson transition (denoted 
here as glassy metal).[41] The material synthesized here is of a very  
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different nature from those studied by Mooij and Tsuei, yet 
it seems to present the same universal physics driven by the 
Anderson phenomenon.[43] As such the enhancements clearly 
point to local order established by sulfuric-acid based o-CVD. We 
reach a magnitude as great as 3304 S cm−1 at 1.8 K, which is a 
retention of 81% as compared to 300 K and a 30-fold increase in 
conductivity over widely used PEDOT:PSS*. In Anderson localiza-
tion the conductivity changes are evaluated using the logarithmic 

temperature coefficient d ln
d ln

W
T

ρ= −  (Figure 3). The analysis 

provides the discrimination of the transport mechanisms, in  
particular distinguishing between the critical regime of the 

metal-insulator transition (WT is constant) and the glassy metallic 
regime beyond Anderson localization and before MIR-limit 
(WT ≪ 1 and positive sign; WT decreases with decreasing T). 
Beyond the MIR-limit WT has a negative sign as for a crystalline 
metal.[45–48] The glassy metallic regime indicated by the slope of 
WT (Figure 3a) is found for PEDOT:sulfate and, less-pronounced, 
for solution-derived PEDOT:triflate. Comparable electrical perfor-
mances in conductive polymers have previously been observed 
in stretch-oriented, doped polyacetylene and poly-p-phenylene
vinylene.[5,8,10–12,15,16,45–49] In addition we check the impact of a 
strong magnetic field (B = 9 T). This allows us to switch between 
metallic and critical regime (magnetolocalization). In both cases, 
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Figure 1.  a) The o-CVD technique is depicted including the proposed reaction scheme of the synthesis. b) A typical surface topography of o-CVD 
grown PEDOT:sulfate thin film showing an RMS roughness of 4.5 nm. c) ρT-plot highlighting the flat T-profile of PEDOT:sulfate in particular at 
low temperatures. Quantitatively, the solution-based reference systems (PEDOT:PSS, PEDOT:PSS*, and PEDOT:triflate) exhibit lower performances.  
d) Schematic displaying the role of disorder on σT→0. e) MIR describes a critical resistivity (150 µΩ cm), at which the sign of the T-coefficient of 
resistivity d

dT

ρ  in a metal changes (glassy to crystalline). PEDOT:sulfate is situated close to the Mott–Ioffe–Regel (MIR) limit behaving similar to glassy 

metal alloys such as Al33Ti67.
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the magnetoeffect is consistently pronounced, as the emergence 
of B disrupts the metallic state seen in the constant and increased 
WT -profile at 9 T. Magnetoconductivity (MC) sensitizes in par-
ticular the electron scattering mechanisms. Their mean free path 
reflects directly the degree of local order established in PEDOT. 
We apply a classic four-probe specimen (Figure 3c) to charac-
terize the ambiguous impact of the magnetic field.[1,5,8,10–12,15,16,49] 
While high fields consistently reduce the conductivity  
by magnetolocalization, lower magnetic fields improve the  

conductivity. Such interplay is a hallmark of metallic polymers 
exhibiting a constructive and a destructive MC-part (Figure 3d).

The destructive-negative MC is described according to 

4 TB BTσ ( )∆ ∝ ≥ 	 (1)

Its power/magnitude is reflected in the slope of ΔσT versus 
B0.5 (Figure S9, Supporting Information) and correlates with 
temperature T and the proximity to the metallic state (brief 
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Figure 3.  a) WT-values σ−
T

dln

dln
 reflect the T-dependency according to Anderson-localization (weak localization). Beyond the metal-insulator transition, 

WT has a positive slope (=2.4) and quantitatively approximates 0. At B = 9 T and low-T the WT-values split due to magnetolocalization. PEDOT:sulfate 
has superior metallic fingerprints (quantity of WT) as compared to the reference system (solution-based PEDOT:triflate). In (b), the magnetoconduc-
tivity (MC) of PEDOT:sulfate at five temperatures is depicted. The interference between positive (low-field) and negative (high-field) MC is shown. 
c) Schematic of the four-probe specimen used to characterize MCs. In (d), a zoom into the constructive MC owing to the resonance between elec-
trons and B. e) The corresponding plot of the Landau orbit size LD (magnetic penetration depth) and MC is used for determining the mean free path 
of electrons (LD ∼ λε) at maximum resonance. f) The linear dependence of λε versus T−3/4 is characteristic for weak-localization (inelastic scattering 
dominates the electrical transport).

Figure 2.  a) XRD on single crystalline sapphire shows the diffractograms of PEDOT:sulfate and of reference PEDOT:PSS (as-cast and annealed to 
100 °C). We confirm the fingerprint peak at 25.6 2θ as observed from thin films (150 nm) on glass. The reference solution-cast PEDOT thin films are 
amorphous. b) (020) feature zoom of diffractogram showing details in relation to substrate (sapphire) and PEDOT:PSS* and annealed PEDOT:PSS* 
shows the feature at 25.5 2θ (corresponds to a stacking distance of 3.5 Å).
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description in Supporting Information). At  
10 K in the more critical regime the destruc-
tive effect is subsequently weaker (<0.5% at 9 
T), while at 1.8 K (metallic regime) the conduc-
tivity decreases by 5% at 9 T.

The constructive-positive MC appears at 
lower magnetic fields (B < 4 T) and allows us 
to evaluate the mean free path (Figure 3e). 
It displays directly the electron-relaxation 
becoming resonant with the magnetic field 
B.[48,50–53] The magnetic stimulus thereby 
drives a rise of the conductivity (Figure 3d). 
The magnetic field can be reformulated as 
magnetic penetration depth (the Landau 
orbit size LD, Equation (2)) to read out the 
mean free path of scattered electrons λε 
at the peak maximum at resonance condi-
tion (Figure 3e). This is possible due to the 
extended scattering length found in aniso-
tropic matter with inelastic processes domi-
nating the transport. We denote that spin-
orbit coupling effects play an insignificant 
role in the present system 



L L
e B

D Dλ≈ =
⋅ε

�
(2)

In PEDOT:sulfate such resonance is seen 
between 1 and 6 T translating to 80 and 400 Å, 
respectively. Within the temperature window 
of 10 to 1.8 K the electrical transport is consequently coherent 
(Figure 3f) indicated by the fit of λε versus T−3/4 characteristic 
for electrical transport dominated by inelastic relaxation.[1,50]

In addition, we characterize the Hall effect using the van-der-
Pauw geometry (Figure 4b). We observe the Hall potential UHall 
linearly arising within the coherent regime below 10 K as func-
tion of B (except for the part with B exceeding 8 T in the low 
temperature regime at 1.8 and 2.85 K, where destructive-nega-
tive MC disrupts the metallic phase) (Figure 4a). For evaluating 
the mobility from UHall (and from conductivity) we include a sta-
tistical-mechanical approach of degenerate metals. This is nec-
essary in PEDOT:sulfate (and generally noncrystalline solids), 
since disorder effects can disrupt the wave functions of holes 
so that regular drift equations are not valid. Proper Hall models 
have to include the random energy distribution emerging from 
topological disorder.[47,54,55] Based on drift evaluations 

σ µ= = =−( )Drift H
1

Hall Hen R en U R
I B

d
xx

� ��

�
(3)

with e the electrical charge, n the carrier concentration, μDrift the 
drift mobility, RH the Hall constant, Ixx (current), and d (layer 
thickness), we refer to Friedman, who proposes a random phase 
model (RPM), in particular for calculating the Hall conductivity 
in highly doped semiconductors such as PEDOT:sulfate.[56] RPM 
is applicable, when λε exceeds molecular dimensions as demon-
strated for the low-T regime. There we observe UHall arising at 
significant magnitude (i.e., 0.1–1 mV at B = 5 T) scaling (lin-
early) with the mean inelastic scattering lengths λε (or tem-
perature) (Figure 4d). Further rising of T (e.g., above 10 K)  

reduces UHall below 10 µV (the noise limit of the cryo-magneto-
electric setup). We explain such behavior by localization effects 
becoming dominant at higher T when conductivity is governed 
by hopping meaning that kBT becomes greater than the band 
width WB (i.e., for thermal activation). With decreasing T below 
10 K hopping is effectively suppressed and conduction occurs 
in the band at EF. To visualize these different transport regimes 
we use a semilogarithmic ln σ versus T−1 plot that reveals a 
T-independent (metallic) part below 10 K and the T-linear (hop-
ping) part above 10 K (Figure S8, Supporting Information). The 
latter allows us to estimate the band width WB (i.e., the activa-
tion energy) of charge carriers in PEDOT:sulfate 

σ
σ

( )= − ≈ − =ln 1 meV
300K

B

B
B

W

k T
W E ET

C F

�
(4)

These insights are particularly useful in RPM in order to 
evaluate Hall potentials correctly. Accordingly, drift and Hall 
mobilities relate by the fraction of kBT over WB as followed 

4 4
11.3

Hall
B

B
Drift Drift

k T

W

Tµ µ µ= =
	

(5)

We apply Equation (5) in combination with Equation (3) and 
now obtain constant carrier concentrations n, Hall mobilities 
μHall (and conductivities) in the coherent (metallic) regime 
(40 cm2 V−1 s−1 for μHall and 10% free carriers per monomer 
PEDOT:sulfate) (Figure 4c). Note, we use the stoichiometric 
factor of 2.8 from XPS analysis (Figure S3, Supporting 
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Figure 4.  a) The Hall effect here shown as Hall voltage UHall arising linearly with B in 
PEDOT:sulfate at low-T in the metallic regime. b) Schematic of a van-der-Pauw specimen used 
to extract the Hall potential in eight possible geometries. c) In combination with the conduc-
tivity (i.e., 3305 S cm−1 at 1.8 K) the charge carrier mobility (and doping degree per monomer 
unit) of holes are calculated for the metallic regime below 10 K using Friedman´s random phase 
model.[56] d) The magnitude of the Hall potential UHall (here for B at 5 T) scales linearly with 
the magnitude of hole coherence (here quantified as λε). Lower mean free path leads to less 
pronounced metallic behavior (and lower Hall potential).
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Information). A detailed discussion of RPM and its applica-
tion to PEDOT:sulfate is presented in the Supporting Informa-
tion. In summary, we find that Hall effect in combination with 
MC yields congruent results pointing at the metallic transport 
mechanisms in the low-T regime in PEDOT:sulfate. For over-
view we sum up all the relevant parameters in Table 1.

Finally, we explore the optical properties of PEDOT:sulfate 
thin films to examine the transparency of PEDOT:sulfate 
(Figure 5). Our main interest is focused on the optical con-
stants of PEDOT:sulfate between mid-IR (0.055 eV) and UV-
part (6.5 eV). Therefore we use angle-resolved spectroscopic 
ellipsometry to generate the dielectric function ε1(ω) and ε2(ω) 
(Figure 5a). Typically for conductive polymers is the deviation 

from the Drude model seen in the finger-
print mid-IR region dominated by IRAVs 
and electronic ingap polaron transitions. The 
main band-gap transition of PEDOT appears 
at 2.4 eV. We denote that the model used is 
Kramers–Kronig relation consistent. Differ-
ently to oxide-based transparent conductors 
the absence of a discrete plasma frequency in 
the investigated spectral region—we report on 
a consistently positive ε1(ω) upon the IRAVs—
results in transparency throughout the entire 
spectrum. Consequently, the transmission of 

30 nm PEDOT:sulfate thin film is reasonably transparent from 
UV to mid-infrared. Though PEDOT:sulfate has residual absorp-
tion especially in its intrinsic band gap region (Figure 5b), this 
effect is compensated with its transparency in the low-energy IR. 
We visualize the electro-optical performance in the complemen-
tary figure of merit according to Haacke (Figure 5c).[57]

The quantitiy Φ = σd.TR10 from PEDOT:sulfate (TR is trans-
mission) compared to convenient PEDOT:PSS* and to indium 
tin oxide (ITO), Table 2 highlights the unique properties of 
transparency and conductivity over a large spectral regime. In 
summary, our complementary magnetoelectric and optoelec-
tronic study on PEDOT:sulfate provides strong arguments to 
consider this material as serious alternative for a transparent 
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Table 1.  Electrical parameters of PEDOT:sulfate at low-T.

σ  
[S cm−1]

σr  
ref. σ300K

a)
(eRH)−1  
[cm−3]

nfree
b)  

[%PEDOT:sulfate]
μHall  

[cm2 V−1 s−1]
Dμνc)  

[cm2 s−1]
λε  
[Å]

1.8 K

3305 0.81 5.1⋅10+20 9.5 40.8 0.0063 335

10 K

3336 0.82 5.3⋅10+20 10 39.2 0.0338 155

a)σ300K is 4050 S cm−1; b)nfree is (hole) carrier per PEDOT:sulfate monomer unit in %; c)Dμν is the diffusion 
constant (Einstein diffusion).

Figure 5.  a) The dielectric function (experiment and model) of PEDOT:sulfate between UV- and mid-IR regime reveals the fingerprint electronic 
(polarons) and vibronic (IRAV) transitions. b) The latter non-Drude behavior is particularly displayed in the transmission (30 nm thin film on glass) 
including reference values for PEDOT:PSS. Different to ITO (plasma frequency at 0.8 eV), the window of transparency in PEDOT:sulfate is extended 
to the mid-infrared. c) This advantage is highlighted in the figure of merit (according to Haacke, 90% transparency) pointing at the improvements of 
PEDOT:sulfate as compared to PEDOT:PSS* and as compared to ITO when considering the expanded infrared-window.
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metallic conductor, which offers in addition the advantage of a 
straightforward, facile processing all potentially interesting for 
industrial large-area applications.

Prior reports of conductive polymers have referred to the 
potential for metallic transport; however, practical objections 
such disadvantageous processing and doping-related localiza-
tion have led to disorder-governed systems finally limiting con-
ductivity. We sought to overcome this limits by a quasi-1-step 
deposition technique, which we adapted from inorganic semi-
conductors. Our o-CVD grown PEDOT:sulfate opens various 
new prospects. Based on enhancement of the local order it 
assesses the metallic regime offering high conductivity as shown 
by low temperatures studies on the Hall effect and magneto-
electronic interactions. PEDOT-based conducting polymers are 
commonly used materials in transistors, electrodes, and related 
optoelectronic devices. In view of the growing interest, our work 
has substantial impact, as we push the system closer to the MIR 
limit with keeping its optical transparency. These insights open 
prospects toward highly conducting polymers based on facile, 
quasi-1-step processing technique. The new materials offer the 
possibility of low-cost transparent conductive materials of par-
ticular interest to the display- and solar industries.

Experimental Section
For the low-T measurements, sapphire with Cr/Au contacts was 
used. For optical and spectroscopic measurements, glass served as 
substrate. They were cleaned using ultrasonic bath 15 min each in 
acetone, isopropyl alcohol, Hellmanex-detergent (Hellma, 70 °C),  
and deionized water. The metal-contacts were deposited using 
physical vapor deposition (PVD) through a van-der-Pauw and a four-
in-line contact-mask, respectively (Figure 3c, Figure 4b). In order 
to apply o-CVD for PEDOT:sulfate, following protocol was used. In 
a tube furnace (Carbolite company, glass tube length: 45 cm, tube 
thickness inside: 2.4 cm), the substrates were loaded onto a glass 
holder (Figure 1c), and inserted at the end of the tube (at 40–43 cm). 
1 mL of sulfuric acid (97%) is mixed with 1 g of sodium sulfate and 
loaded into the middle of the tube (20–25 cm). The exhaust gas was 
flushed through a potassium hydroxide solution to capture residual 
acid-fumes. Before starting the reaction, the tube was flushed with 
pure N2 gas at 200 °C at 0.083 m3 h−1. Then the carrier gas (N2) 
was bubbled through a reservoir of EDOT to start the reaction. This 
time was designated as reaction start. Depending on flow rate and 
reaction time, films of different thickness were achieved. An example 
for possible reaction times and corresponding thickness can be found 
in Table 2 (see the Supporting Information). To stop the reaction, the 
tube was retrieved from the furnace but kept under N2-flow in order 
to cool the samples before exposure to air. After cooling to room 
temperature, the samples were removed from the tube and washed 
with isopropyl alcohol.

The samples were stored under inert conditions to avoid humidity. 
Before electrical characterization, the samples were sealed by drop casting 
a poly(methyl metacrylate) (PMMA) film on top of the active area. For 
testing magnetoconductivity, van-der-Pauw geometry and four-probe 
structured patterned substrates were used with consistently 140–155 nm  
thin films. For comparison, films of PEDOT:triflate, PEDOT:PSS (and 
PEDOT:PSS*, respectively) were processed using following recipe: PH1000 
(Clevios) dispersion (as-is, PEDOT:PSS and mixed with 5% DMSO, 
PEDOT:PSS*) were spin-coated to thin films using the following recipe: 
10 rps, 2 s ramp, 30 s spinning; 100 rps, 2 s ramp, 30 s spinning. For the 
PEDOT:triflate, PEDOT:PSS was cast to a thin film and in a second step 
exposed to excess triflic acid (1:1 molar in water) for 1 min and washed  
3 times with 18 MΩ cm water. The resulting solution-based thin films had 
a comparative thickness of 140 nm (similar to the oCVD-processed thin 
films). These films were characterized by variable-angle spectroscopic 
ellipsometry (VASE, Wollam M-2000 with rotating compensator 
ellipsometer) and modeled using ωVASE program. For fitting Gaussian 
oscillators have been used, the IR part was fitted by a Tauc-Lorentz 
dielectric function. All of these model functions were Kramers–Kronig 
consistent. Atomic force microscopy (AFM) was performed using an 
Asylum Research MFP-3D Stand Alone AFM. For XPS (Theta Probe from 
Thermo Fisher Scientific with monochromatic AlKα X-ray source), glass 
substrates were covered with Cr/Au (Cr 8 nm, Au 100 nm) prior PEDOT-
deposition (spin coating at 100 rps, 100 s). XPS surveys as well as high-
resolution spectra of the C1s, O1s, S2p peaks were acquired from films 
with a nominal thickness of 20 nm. The S2p peaks were used to calculate 
the stoichiometry between PEDOT and PSS or sulfate, respectively. 
The S2p response from the thiophene ring and the PSS or sulfate was 
distinctively different (Δ = 4 eV), while the S2p signals from sulfonate 
and sulfate were practically identical. Solid-state nuclear magnetic 
resonance (NMR) measurements were taken on a Bruker AvanceIII 
500 MHz spectrometer equipped with a cross-polarization magic-angle 
spinning (MAS) probe. 13C MAS spectra were recorded at 125 MHz at 
a spinning rate of 17 kHz at a temperature of 298 K. For matrix-assisted 
laser desorption/ionization–mass spectrometry (MALDI-MS) samples 
were prepared by intensive mixing with an 100-fold excess of dithranol 
(1,8,9-Anthracenetriol) in an agate mortar and transferring an aliquot with 
a spatula onto a ground steel target. The mass spectra were recorded 
on a Bruker Autoflex III Smartbeam in linear mode with a scan range 
from 1000 to 4000 m/z. For each measurement, 2500–3500 individual 
spectra were averaged and baseline corrected. All X-ray diffraction (XRD) 
measurements were performed using Philips Pro X’Pert system working 
in Bragg-Bretano geometry with CuKα radiation. ATR-FTIR (attenuated 
total reflection - Fourier transform infrared) spectral measurements were 
performed using a Bruker IFS66/S spectrophotometer. The exact spectral 
measurements were conducted on ATR-ZnSe crystals (parallelepipeds 
1 × 1 cm2) in the near- and mid-IR spectral regime. For the electrical 
measurements, the van-der-Pauw method was used to detect the Hall 
potential. For the magnetoconductivity, classic four-in-line probe contacts 
were used. The PMMA-covered PEDOTs were contacted using indium 
solder and loaded to the magnetotransport system (DynaCool PPMS, 
QuantumDesign). The electrical resistivity (thus conductivity) ρxx and ρxy 
were characterized as function of temperature and magnetic field between 
300 and 1.8 K and 0 to 9 T, respectively.

Supporting Information
Supporting Information is available from the Wiley Online Library or 
from the author.
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Table 2.  Optoelectrical parameters of PEDOT:sulfate, PEDOT:PSS*, 
PEDOT (FeCl3), and indium tin oxide (ITO).

Electrode Processing/
treatment

σDC  
[S cm−1]

ΦFOM,550nm  
[Ω−1]

ΦFOM,1800nm  
[Ω−1]

ITO Sputtering 5600 0.03 N/A

PEDOT:sulfate o-CVD (H2SO4) 4050 0.003 0.01

PEDOT:PSS* Spin coat, DMSO 1000 0.0025 0.0004

PEDOT (FeCl3)[37] o-CVD (FeCl3) 3700 N/A N/A
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A B S T R A C T

Elastic scattering mechanisms dominate the charge transport in crystalline metals, resulting in a characteristic
increase in conductivity at low temperatures. However, disorder – arising, for example, from alloying – can
hamper transport and lead to decreased coherence among scattered electrons (i.e. inelastic scattering). This is
typically the situation in non-crystalline metals. Likewise, conductive polymers are particularly prone to defect
states with decreased carrier mobility (i.e. electrical conductivity).

We present the first report of conduction in the elastic scattering regime in conductive polymers without the
detrimental effect on conductivity. As in a crystalline metal, conductivity increases upon cooling. More speci-
fically, we observed a minimum conductivity in free-standing metallic PEDOT:sulphate at around 4 K. The
polymer chains, which form crystallites of around 800 Å in size, exhibit an extraordinary degree of spatial and
energetic order. We show that increasing pressure enabled us to shift the minimum upwards, thus achieving
metallic conductivity at up to 10 K with a calculated mean-free path of around 250 Å. These results underline the
existence of true metallic states in conductive polymers at low temperatures.

1. Introduction

Recent years have seen great advances in organic polymeric con-
ductors. Novel materials of high purity and with low levels of disorder
exhibit very high conductivities (> 5000 S cm−1) [1–3]. Nevertheless,
the question remains of how to bridge the gap to true metallic con-
ductivity, that is, how to achieve a positive temperature coefficient of
resistance (TCR) as is typical of classical metals [4–9]. Conductive
polymers (CPs) are different from metals, particularly in their inherent
quasi-one-dimensional nature, which makes them especially prone to
disorder. However, there are also similarities, for example, to alloys and
amorphous metals [10–12], in which- unlike crystalline metals- con-
ductivity does not increase with decreasing temperature [13,14].

Building on the theory of Anderson and Mott, we hypothesized that
weak localization is directly linked to disorder in the system. The next
step in the development of conductive polymers therefore consists of
overcoming the critical density of states g* to make the transition to a
metallic and – potentially – in the longer term to a superconductive
system [15–21].

Fornari et al [22]. arrived at a similar conclusion, claiming that only
two distinct parameters influence conductivity: the activation energy of

electrical transport (which is given by the chemical structure of the
molecule) and disorder. Hence, to achieve high conductivity, not only
the choice of molecule is crucial, but, even more so, its processing into
thin films.

Based on these conclusions, we decided to investigate the con-
ductive material poly(3,4-ethylenedioxythiophene) (PEDOT), which is
known for its structural advantages and mass production worldwide,
and processed it in a novel way to minimize disorder during thin-film
deposition and doping.

In this work, we investigate films of PEDOT:sulphate deposited via
oxidative Chemical Vapour Deposition (oCVD). A previous publication
reported that, due to an extraordinary degree of structural order, this
material exhibits the hallmarks of a glassy metal [23]. Here, we present
a study of bulk properties with the aim to eliminate effects related to
the substrate.

We applied high pressures to compress the molecules in the van-der-
Waals crystal, further suppress disorder, and thus to facilitate carrier
transport [24–26] between polymer chains. Our assumption was that
we could bridge the phenomenological gap between metals and con-
ductive polymers by promoting diffusive electron motion and thus in-
creasing the overlap between wavefunctions.
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Pressurizing the bulk specimen (∼1000 nm) removes minor im-
perfections in the polycrystalline material, as it causes structural re-
arrangements that minimize disorder and thus narrow the distribution
of states in the material [24,27].

A second effect of pressurization (which also applies to highly or-
dered systems, such as ours) is that increased packaging density pro-
motes electron transport both between polymer chains and between
crystal grains (see Fig. 1). This boosts the material’s electrical perfor-
mance, as diffusive electron transport is further enhanced. Hence, im-
proved coherence among scattered charge carriers – as in a classical
metallic conductor – is expected.

Due to the correlation between disorder and electrical performance
mentioned above, structural characterization was paramount in this
study. If conductivity depends mainly on local order, achieving crys-
tallinity is critical to reach the metallic state. Hence, we conducted X-
ray studies including specular X-Ray Diffraction (XRD) and X-Ray
Reflectivity (XRR) to determine structural order in tandem with
(magneto-)conductivity. We identified a strong relationship between
the observed conductivity and structural order, and found single crys-
tallites of sizes hitherto unreported in conductive polymers. Our find-
ings are supported by results from Transmission Electron Microscopy
(TEM).

1.1. Background and theory

Although inorganic (semi-)conductors differ intrinsically from their
organic counterparts, many concepts, such as Anderson localization,
have been accepted to be valid for both [28–33].

We characterized the structural properties of PEDOT:sulphate by
XRR and XRD. In XRR, through observation of the position of the cri-
tical angle of total external reflection αc, the electron density can be
calculated from the formula

=α δ2C (1)

where δ is the refractive index decrement used to calculate the re-
fractive index n in the equation

= − +n δ ic1 (2)

and

= ⎛
⎝

⎞
⎠

∙δ λ
π r ρ2 e e

2

(3)

where δ is the absorption index, λ the wavelength of the incident ra-
diation, re the classical electron radius, and ρe the electron density.

Crystallite sizes in the films can be estimated from the full width at
half maximum (FWHM, β) of the peaks observed in the XRD spectra. To
this end, the Scherrer formula is applied:

= ∙
∙τ β cosθ

0.9 λ
(4)

where τ is the average crystallite size, λ is the wavelength of the in-
cident radiation, β is the FWHM of a selected Bragg peak, and θ is half
of the scattering angle 2 θ. Unless further corrections are applied, the
result obtained from this calculation presents the minimum crystal size
to be expected.

Once the degree of disorder in the material under study is known,
the electrical properties must be characterized. In conductive polymers,
crucial questions to be answered typically concern the metal-insulator
transition (MIT; specifically, on which side of it the material is located),
the dimensionality of the conductor with respect to carrier transport,
and the electron scattering processes involved [34–38].

A particularly useful tool for visualizing the MIT of an electrical
conductor is the W- or Zabrodskiii-plot [30], in which the dimension-
less parameter W is plotted against temperature, corresponding to Eq.
(5).

= −W
d lnρ
d lnT (5)

In such a plot, W (or, more precisely, its slope) allows distinguishing
between a temperature-activated process in the critical regime of the
MIT (WT constant), a glassy metal just shy of the Mott-Ioffe-Regel (MIR)
limit [39–42] ( ≪W 1T and ∝W TT ), and a crystalline metal when the
MIR limit is reached ( <W 0T and ∝W T ).

Beyond the temperature of the MIT, the correlation lengths of car-
riers become particularly interesting. A charge carrier’s correlation
length depends on various factors such as phonon-electron interactions,
impurity scattering, and electron-electron interactions. These scattering
processes are expected to change in character when lower temperatures
are reached [43,44].

Fig. 1. Illustration of the effects of pressurizing PEDOT:sulphate. Without pressure (upper), structural order is already present, but the distances between the polymer
chains are large, which results in a broader density of states. A metallic state (the g*-limit) is reached, but applying hydrostatic pressure may improve the material’s
performance (lower). Rising hydrostatic pressure induces denser packing, thus increasing the overlap between the wave functions of the polymer chains. This leads in
turn to equalization of the hypothetical Bloch equations, and to electrons becoming able to move freely within the material as the mobility edge is transcended. It is
highly likely that crystallites interact with their surroundings in a similar way.
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In conductive polymers (i.e. in disordered systems), these effects
have been well described by Kaiser et al [13,45,46]. When carriers
move through a disordered conductor, two scenarios will occur: at low
temperatures elastic scattering processes will dominate, while at high
temperatures inelastic scattering processes will. As in the case of the
former (almost) no energy exchange between phonons and electrons
occurs, the mobility of the carriers is dependent only on their intrinsic
energy: localization occurs even on shallow traps and conductivity is
thus low. In the case of the latter, exchange of energy between the
“lattice” and the electrons occurs (emission or absorption of a phonon),
helping the delocalization of carriers: conductivity is thus expected to
rise, i.e. a negative temperature coefficient of resistivity (TCR) will be
observed. This process is often referred to as weak localization.

The effects on conductivity are thus on the contrary of what is ex-
pected from a metal, where a positive TCR, i.e. an increase in con-
ductivity upon cooling is expected. Concerning phonon scattering, an
exponential dependence on temperature T is expected when ≪ θD, the
Debye temperature, while a linear dependence is expected at ∼T θD
[44].

Electron-scattering mechanisms can best be monitored by per-
forming magnetoconductivity (MC) measurements. Varying the mag-
netic field at a fixed temperature affects a material’s conductivity. In
highly disordered conductive polymers, typically only magnetolocali-
zation (i.e., a decrease in σ vs. B) can be observed [47,48]. As the
magnetic field is ramped, carriers become increasingly localized due to
electron-electron interactions. In the rare case of metallic conductive
polymers, however, an interplay between magnetolocalization and
magnetoconductivity can be observed. Weak magnetic fields result in a
resonance effect with the free carriers (due to weak localization), thus
increasing the conductivity observed. At higher temperatures, this ef-
fect is thought to originate from weak localization. At high fields, weak
localization is suppressed by electron-electron interactions increasingly
resulting in magnetolocalization [23,34,37]. (Supporting Information,
Fig. S1)

These positive and negative MCs are proportional to H2 and H1/2,
respectively (Supporting Information, Fig. S2 and S3) [34].

If both localization and delocalization are present, the magnetic
field can be reformulated to the magnetic penetration depth or the
Landau orbit size LD:

=
∙

L h
e BD (6)

The resulting maximum then corresponds to the mean free path of
charge carriers, ≈L λD e, as the resonance condition is fulfilled.

A charge carrier’s correlation length corresponds to various factors,
such as phonon-electron interactions and electron-electron interactions.
These processes, also referred to as scattering, is expected to change in
character when lower temperatures are reached [7,13,43]. In a con-
ductive polymer in the critical regime, a charge carrier is subject to
inelastic scattering processes, and thus an inverse relationship between
temperature and mean free path is expected. In the metallic regime,
however, carriers are subject to elastic scattering processes, which al-
lows scattering against the direction of carrier movement. At the
transition from critical to metallic regime, a drop in the mean free path
of carriers is therefore expected.

2. Experimental

Prepared by oCVD, all PEDOT:sulphate films were grown on glass
and sapphire substrates. The synthesis is described in full detail else-
where [23]. The growth time for micrometer-thick films was de-
termined to be 1 hour for a 3 L/min carrier gas flow. Using a clean
wooden toothpick to remove the film from the glass surface, we ob-
tained mechanically stable, free-standing films.

For the samples used in XRD and XRR measurements, proportionally

shorter growth times and flow rates of 1 L/min were used in order to
obtain thin films with thicknesses of approximately 10 and 43 nm.
Sapphire (0000) substrates served as carrier substrates.

Specular XRD and XRR data were collected on a PANalytical EMP-
YREAN diffractometer using Cu Kα radiation (λ=1.54 Å). On the pri-
mary side, a parallel beam was generated using a multilayer X-ray
mirror. On the secondary side, an anti-scatter slit and a Soller slit with a
spacing of 0.02 rad were used with a PANalytical PIXcel3D detector.

All conductivity measurements were performed using a Quantum
Design-Dynacool PPMS system and the necessary (CuBe) pressure cell.
This special alloys interaction with magnetic fields is minimal, allowing
magneto-transport measurements. The sample is introduced to the cell
in a pressurization-medium-filled teflon-cap and screwed shut. In order
to apply a pressure load, a hydraulic press acting on a pressurization pin
exerts pressure on the cells inside. Hence, the screwing cap can be
further tightened, allowing measurements at elevated load pressures.
(Fig. S4, SI)

For conductivity measurements, free-standing films of
PEDOT:sulphate were mounted on a 4-probe sample board (4 in-line
gold contacts, 1 mm separation) and inserted into the pressure cell.
Daphne 7373 oil was used as pressurization medium. Silver paste was
used to contact sample and sample board. This was sufficient to
maintain stable contact over the whole temperature range
(1.85–300 K). Magnetic fields of 0 to 9 T were applied at pressure loads
of 0, 0.42, 1.28, 2.13, and 2.56 GPa.

All TEM measurements were performed using a JEOL JEM-2011.
The bulk film was transferred to a copper grid as described above. All
images presented in this publication were obtained using the same
focus and a voltage of 100 kV.

3. Results and discussion

Since we hypothesized that excellent structural properties are a
prerequisite for metallic transport properties, we decided to determine
the structural aspects first. Both reflectivity and diffraction X-ray stu-
dies of films with a nominal thickness of ∼ 43 nm (see Fig. 2) were
conducted to investigate material parameters electron density, crys-
tallite size, and preferred orientation with respect to the substrate. For
this purpose, thin films of PEDOT:sulphate were grown on sapphire
substrates.By means of XRR measurements, we first investigated the
electron density in PEDOT:sulphate films (see Fig. 2a). In the mea-
surement of PEDOT:sulphate, two critical angles of total external re-
flection (αc) were observed. The critical angle of the substrate, the
larger of the two in Fig. 2a, was determined by measuring the sapphire
substrate alone and indicates – as expected – a higher electron density
of the substrate compared to the film. The first critical angle then
corresponds to the film and was observed at 0.195° in 2ϴ. From this
value the electron density of the PEDOT:sulphate film can be calculated
as 543 nm−3 [23].

Additionally, the XRR measurements give information about film
roughness. The steep decrease in intensity at angles above the critical
angle and the absence of Kiessig fringes suggest a relatively rough film.

In specular XRD measurements probing the out-of-plane film
structure (see Fig. 2b), we observed three sharp Bragg peaks corre-
sponding to the PEDOT:sulphate film at 2ϴ angles of 6.59, 19.80, and
23.74°, which correspond to d-spacings of 1.341, 0.448, and 0.375 nm,
respectively. No further peaks from the film were observed at higher 2ϴ
angles. The other peaks visible in the XRD measurement of the film can
be assigned to the sapphire substrate. The small number of peaks from
the film suggests a preferred orientation of the crystallites with respect
to the substrate; the positions of the peaks imply that the first and third
peaks belong to the same peak series (e.g. the 001 and 003 reflections),
where the peaks at 6.59° and 19.80° are respectively the first -order and
the third-order reflection of the same series. This is a further indication
that there is a strongly preferred orientation of the crystallites within
the thin film. Since only few peaks are observed that correspond to the
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PEDOT:sulphate film no conclusions can be drawn about the crystal
structure within the thin film, which - to the best of our knowledge- has
not yet been published.

Based on the d-spacings observed, some information regarding the
packing of the polymer chains can be made; a possible packing motif is
shown in Fig. 2c. A layer spacing of 1.341 nm suggests that the majority
of the polymer chains are standing upright on the substrate surface, as
this d-spacing is of the same order of magnitude as the polymer chain
length, accounting for the first two Bragg peaks. As specular XRD
probes only the crystal structure perpendicular to the substrate, it yields
no information about the in-plane crystal structure (parallel to the
substrate surface). The Bragg peak at 23.74° (d =0.375 nm) could
correspond to a π-π interaction between neighbouring polymer chains.
That this peak was observed in the out-of-plane direction means that
polymer chains may also lie flat-on the substrate surface. Therefore, the
polymer chains probably lie in two different orientations with respect to
the substrate: one in which they stand upright (represented by the
spacing of 1.341 nm and the higher order reflection) and a second in
which they lie flat on the substrate surface such that the direction of the
π-π interaction is in the out-of-plane direction (based on the d-spacing
of 0.375 nm).

The specular XRD measurement can also provide information about
approximate crystallite size in the out-of-plane direction. The FWHM of
the first peak (2θ=6.59°) suggests a crystallite size of ∼ 80 nm per-
pendicular to the substrate surface, which dwarfs PEDOT crystallite
sizes hitherto reported. Such a result highlights the high degree of order
present in the films and explains the origin of the roughness en-
countered in XRR. In thin-films, a structure of islands (∼ 80 nm) sig-
nificantly larger than the nominal film thickness connected by thinner
film areas (∼ 43 nm) is present. Note that for the electrical measure-
ments in this study the situation differed, as thick films (∼ 1000 nm)
exceeding the crystallite size were investigated. This structure of con-
nected crystallites accords well with results obtained for other con-
ductive polymers, but with an extraordinary degree of structural order

[49–51]. In our case, these islands are essentially single crystalline
grains; the XRD data available do not allow any conclusions to be
drawn about the lateral crystallite size.

To gain a better understanding of the overall crystallite size, we
performed TEM experiments and found crystallite sizes of up to 50 nm
in thick films (see Fig. 2d, SI Fig. S5 which accords well with the results
from XRD

At ambient pressure, the films exhibited a flat conductivity profile,
retaining 52% of their room-temperature value even at low tempera-
tures, specifically 2100 S cm−1 at 1.85 K (see Fig. 3a). In general, the
conductivity plots in Fig. 3a indicate that two types of transport occur:
temperature-independent band transport resembling that in a crystal-
line metal at low temperatures and temperature-activated transport
resembling that in a disordered metal at elevated temperatures.

Further, compared to thin films, a new and important feature ap-
peared in these measurements: a minimum in the conductivity value at
3.9 K (Fig. 3b), which corresponds to the minimum conductivity ex-
pected when the Fermi level approaches the mobility edge. This in-
crease in conductivity is clearly attributed to the enhanced coherence in
transport as electron-phonon scattering becomes weaker, and is a
hallmark of the MIT (see Fig. 3c). Pressurizing the sample to 0.42 GPa
shifted the minimum to 7.2 K. Upon gradual increase in pressure to
2.56 GPa, a further shift to 9.6 K was observed. At the same time, the
material retained more of its room-temperature electron-transport
properties at when pressurized, gradually approaching the flatter con-
tour behaviour encountered in thin films, while the metallic minimum
in conductivity became more pronounced (see Fig. 3d). This behaviour
indicates an increasingly metallic character: increasing pressure im-
proves the overlap between the wavefunctions of individual polymer
chains and crystallite grains. We conclude that this effect is not caused
by the samples Joule heating overcoming the systems cooling power.
(see SI)

We were interested in observing the effects of a magnetic field on
the transport properties. As both the minimum in conductivity and the

Fig. 2. Specular X-ray reflectivity and
diffraction measurements. (a) Specular
X-ray reflectivity curves of
PEDOT:sulphate on sapphire (0000)
and of pristine substrate. The critical
angles αc of both film and substrate are
indicated. (b) Specular X-ray diffraction
measurements of PEDOT:sulphate on
sapphire compared with a measure-
ment of the substrate alone. Peaks
arising from the PEDOT:sulphate film
are marked. (c) Schematic of the pro-
posed packing in PEDOT:sulphate films.
(d) TEM of a PEDOT:sulphate crystal-
lite grain. The corresponding crystal
diffraction pattern can be found in the
SI (Fig. S2).
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Fig. 3. Conductivity of PEDOT:sulphate
free-standing films at various pressures
at between 1.85 and 300 K. (a)
Conductivity plotted against inverse
temperature. The conductivity is com-
prised of two contributions: a tem-
perature-activated transport term,
which gradually diminishes with
cooling, and a flat part corresponding
to a metallic type of carrier transport.
(b) Conductivity plotted against tem-
perature. Note that the minimum in
conductivity is found at temperatures
below 10 K and shifts towards higher
temperatures with increasing pressure,
which points to a positive correlation
between pressure and metallic char-
acter in PEDOT:sulphate. (c)
Temperature at minimum conductivity
under various pressures. The positive
influence of higher pressure seems to
approach a maximum to which Tmin can
be shifted. (d) Conductivity at 1.85 K
for various pressures. As in the case of
minimum conductivity, the positive ef-
fect of the applied pressure saturates.

Fig. 4. Magnetoconductivity of
PEDOT:sulphate at various tempera-
tures and magnetic fields. (a)
Magnetoconductivity (MC) change in
percent at ambient pressures at tem-
peratures between 1.85 and 10 K. (b)
Enlarged version of Fig. 3a. The turning
points at which destructive MC begins
to dominate as a consequence of the
strong magnetic field are clearly visible
and manifest as a maximum. At higher
temperatures, this maximum shifts to
higher magnetic fields, as more energy
is required to induce magnetolocaliza-
tion. The positive effect was strongest
at 8 K. (c) MC at 2.56 GPa pressure ap-
plied between 1.85 and 25 K (step size
2.31 K). (d) Enlarged version of Fig. 3c.
The positive effect of the magnetic field
on conductivity scales directly with
temperature. As expected, a shift of the
maximum to higher fields at higher
temperatures was observed. Note that
at temperatures above 20 K only posi-
tive MC was observed.
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improved transport properties at higher pressures pointed to a material
on the metallic side of the MIT, the question arose of how a magnetic
field influences conductivity. In the case of a material on the metallic
side of the MIT, interplay between positive and negative MC is to be
expected. (see Fig. 4)

Subjecting the free-standing film to magnetic fields of 0–9 T at low
temperatures resulted in the expected interplay (see Fig. 4a). The effect
of magnetolocalization (i.e. negative MC) was most pronounced at 9 T
and 1.8 K with a conductivity decrease of 5.8%. Higher temperatures,
however, shifted the onset of magneto-localization to higher fields, with
the positive MC becoming the dominant contribution (see Fig. 4b). This
was most pronounced at a magnetic field of 2 T at 8 K, which resulted in
a conductivity increase of 0.05%. Note that positive MC depends on B2,
whereas magnetolocalization shows a dependence on B1/2 (for details
see Figs. S2a and S3a, SI).

Upon pressurization, inter-grain and inter-chain transport im-
proved, and the positive MC was further enhanced (see Fig. 4c). This is
reflected by the maximum in MC shifting to higher magnetic fields with
increasing temperature; at temperatures above 10 K, it was no longer
possible to induce magnetolocalization (with the equipment available).
Note that, upon exceeding 20 K, the positive MC effect was found to
exceed 0.25% - an impressive value for a CP (see Fig. 4d) [52,53]. An
evaluation of the magnitude of magnetolocalization can be found in the
Supporting Information (see S2b and S3b, SI). Positive and destructive
MCs showed the same relations to B as in the equivalent unpressurized
setting.

We relied on MC to investigate the scattering mechanisms in the
material, correlating them to metallic transport properties.

To this end, we reformulated the magnetic field strength B into the
Landau orbit size LD (Eq. (6); Fig. 5). At the maximum, the highest
resonance between the magnetic field and the wave functions of the
delocalized carriers is observed. This, we conclude, corresponds to the
mean free path of electrons.

The results at ambient pressure (see Fig. 5a) indicate a hybrid
scattering mechanism in PEDOT:sulphate films at minimum con-
ductivity. While at temperatures of up to 3.9 K, a single resonance peak
with a maximum scattering length of up to 49 nm (at 1.85 K) was found,
the scattering length gradually decreased with temperature. At tem-
peratures above 6 K, the maximum split, and a shoulder that indicates
the coexistence of two scattering mechanisms appeared. We assume
that this is caused by the difference in scattering within the crystallites
and at the grain boundary. Higher temperatures diminish the two-phase
resonance, thus enhancing that of shorter scattering length. We con-
clude that a phase transition from crystalline metallic to glassy metallic
occurs in the two-phase regime, which is in agreement with the con-
clusions drawn from conductivity scans.

The coexistence of multiple resonances can be better understood
when observing the MCs at elevated pressures (see Fig. 5b). Clearly
resolved single peaks were observed when the elevated pressure fully
masked the temperature effect (as previously observed), which supports
our previous claim that increasing pressure increases the overlap be-
tween crystallite grains, thus favouring diffusive transport. Under
pressure, the metallic phase established at higher temperatures, re-
sulting in a scattering length of close to 40 nm, while the resonance
value decreased gradually and arrived at 23 nm at 10 K. This is re-
miniscent of scattering theory stating that a transition from inelastic to
elastic scattering leads to lower mean free paths as scattering becomes
more coherent.

For better visualization, the collective results at different pressures
applied are summarized in Fig. 5c and d. In general, higher tempera-
tures resulted in shorter scattering lengths. When the sample was
pressurized, a distinct change in behaviour was also clearly visible. The
effect of increasing the pressure load saturated when approaching
higher temperatures. Note that, irrespective of the level of pressure
applied, scattering length approached a similar value with rising tem-
peratures (see Fig. 5c).

Fig. 5. Scattering lengths of free charge
carriers at various pressures. (a)
Landau orbit size or mean free path of
carriers at various temperatures and
ambient pressure. The maximum cor-
responds to a resonance of the magnetic
field with conductivity. Note the
shoulder above 6 K indicating a twin-
resonance energy. This suggests the co-
existence of elastic and inelastic scat-
tering processes in the material. (b)
Landau orbit size at various tempera-
tures. The mean free path of carriers
decreases with temperature. In contrast
to the ambient pressure measurements,
a single peak was observed, indicating
the absence of a transition between
scattering mechanisms. This trend was
observed for any pressures applied
(Supporting information, Fig. S7). (c)
Correlation between mean free path of
carriers and temperature. A common
trend can be observed: higher tem-
peratures correlate with a decrease in
mean free path. This trend, however, is
more pronounced in non-pressurized
samples, as is to be expected. If pres-
surized, the mean free path decreases,
approaching a value independent of
pressure. (d) Correlation of mean free
path of carriers with load pressure. For

all pressures, at 1.85 K, elastic scattering and a linear decrease in mean free path can be observed. At higher temperatures, however, an interplay of two effects is
visible: longer scattering lengths are increased by improved overlap between polymer chains and decreased by the transition from inelastic to elastic scattering. As
the former effect saturates with pressure, an overall decrease in scattering length results.
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After an initial increase in mean free path upon pressurization
(0.42 GPa), the effect of higher pressures on scattering length became
limited (see Fig. 5d). This is a consequence of two competing phe-
nomena occurring at the same time. On one hand, pressure improves
the overlap between the polymer chains’ wave functions, which in-
creases conductivity and thus coherence among scattered electrons (see
Figs. Figs. 2c and Figure 5d or SI Fig. S6). This “masks” the transition
from inelastic to elastic scattering, where the improvement of the
overlap is strongest. On the other hand, as scattering becomes in-
creasingly elastic and the overlap approaches its optimum, the mean
free path decreases in the expected way.

At 1.85 K, however, a decrease was observed regardless of the
pressure applied, as the material was already on the metallic side of the
MIT; elevated pressures immediately resulted in a drop in coherence
length.

Finally, the data obtained from MC measurements allowed us to
study the MIT in greater detail. We visualized the transitions between
the various transport states in PEDOT:sulphate in the form of
Zabrodskii- or W-plots (see Fig. 6). The effect of a strong magnetic field
on the MIT was also investigated.

In the W-plots, measurements at ambient and elevated load pres-
sures are quite distinct. In the absence of a magnetic field, the W-value
of both decreases gradually upon cooling of the sample, as is to be
expected of a glassy metal [23,34,52]. At some point, however, a
transition towards the crystalline metal occurs as the W-value becomes
negative. This happens when the sample’s intrinsic conductivity starts
to increase upon cooling, just as expected of a structurally ordered
metal.

Upon applying a magnetic field of 9 T, the metallic properties be-
come quenched in both cases, and the material enters a quasi-critical
regime. Further cooling, however, gradually restores the behaviour of a
glassy metal, as the destructive effects of the magnetic field are over-
come.

The results constitute direct proof of our hypothesis that by sig-
nificantly suppressing disorder, metallic properties can be induced in a
polymeric conductor (see Fig. 1). The phenomenological gap (i.e.
reaching a positive TCR) between inorganic and organic electrical
conductors has been bridged, which shows that it is indeed possible to
reach metallic properties in the absence of an elementary metal.

4. Conclusions

In bulk films of PEDOT:sulphate, charge carrier transport akin to

that of a crystalline metal occurs due to a high degree of order.
Hydrostatic pressure-induced shifts of the minimum conductivity σmin

show that anisotropic systems show transition from (weak) localization
to metallic transport.

A look at magnetoconductivity reveals that the metallic regime
exists readily at low temperatures. In particular, we observed a
minimum at 3.9 K in highly crystalline CP samples. Furthermore, we
have demonstrated that the crystalline-metallic regime can be ex-
panded by elevated pressures, the effect saturating for higher pressures.
Even relatively small pressures show significant effect. By raising the
pressure to an extreme of 2.56 GPa, the MIT occurs already at 10 K,
which represents a paradigm shift in conductive polymers.

Thus, we have confirmed that the metallic state depends on struc-
tural order and is well achievable in CP's. Expanding the metallic phase
towards room temperature becomes thus the primary goal. We expect
that achieving this in p-doped conductors will require chemically novel,
yet simple, organic conductive materials.
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A B S T R A C T

Topological and thermal disorder complicate the mobility characterization in poly(3,4-ethylenedioxythiophene)
systems and presently leaves the exact transport mechanisms not fully understood. Here we show that ac-Hall
measured by lock-in amplifier is able to resolve the Hall voltage in semimetallic polymers between room tem-
perature and 32 K. These results are evaluated using an organic random phase model. This accounts for the role
of tail states and, particularly, for thermal disorder of molecular semiconductors. We report band mobilities up
to 3.7 cm2 V−1 s−1 in semimetallic polymers occurring in delocalized bands that originate from significant
electron coherence across the polymer chains.

1. Introduction

In crystalline semiconductors the Hall-effect represents the method
to derive the charge carrier mobility. However, in disordered, emerging
semiconductors it is rarely applied, because the band continuum be-
comes disrupted with the consequence of significantly decreased charge
carrier mobilities and, hence, reduced Hall voltages [1–6]. These effects
are amplified in molecular semiconductors, because on top of topolo-
gical disorder, thermal disorder plays major role [7–15]. The related
phonon-dynamics cause a significant stronger disorder screening of the
Hall voltages as compared to inorganic systems and, subsequently,
makes Hall characterization elaborate. For inorganic systems such as
highly-doped silicon, there exist theoretical transport models that relate
mainly the topological effects on the transverse Lorenz forces: we refer
here to Friedman, who proposed such compensation in his random
phase model (RPM) [1–4,16]. However, for disordered molecular
semiconductors the phase model requires adaptions, in particular the
relation of localization and doping. An organic phase model reconciling
molecular dynamics had been suggested by Yi et al. [8]. It bases on the
assumption that the transverse Lorentz forces are practically compen-
sated by hopping carriers and that only the band carriers contribute to
the Hall-effect. This leads to a significant reduced Hall voltage i.e. Hall
voltage screening, which has to be considered in mobility calculation.

The classic hypothesis of quasi-band continuum (coherent band-like
transport) was here adapted for molecular systems to allow the ex-
traction of mobilities in the presence of dynamic disorder. We con-
cluded that at moderate disorder the residual band widths would be
larger than the random disorder potentials fluctuations emerging from
thermal and topological disorder. This would yield ultimately transport
with persistent band contribution and stable Hall voltages (Fig. 1).

Our main assumption was that such situation is established in
semimetallic conducting polymers - a class of molecular semiconductor,
where the electrical conductivities are in the range of 1000 S cm−1.
These systems possess a metal-insulator transition at lower tempera-
tures [17–26], so there exists evidence of a band contribution to the
transport.

We demonstrate the characterization and evaluation of the screened
Hall effect in commonplace, semimetallic poly(3,4-ethylene-dioxythio-
phenes) (PEDOTs) with the help of the organic phase model and as such
we derive band mobilities from the Hall voltages. The study includes a
complementary terahertz (THz) spectroscopy mobility characterization
[27,28] for the system with the highest conductivity showing a similar
mobility. We discuss the effect of long-range electron coherence among
the polymer chains and the subsequent semimetallic transport proper-
ties (Anderson localization) with stable Hall voltages as result order
from optimized solvent processing and post-processing treatments
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[21–26,29–31].
Our Hall study includes three representative semimetallic PEDOT

systems. In all these PEDOTs we are able to measure finite Hall-vol-
tages. To probe these, we advanced the experimental setting using
magnetic lock-in amplification (i.e. an ac-magnetic field Bac combined
with an electrical dc measurement, further denoted as ac-Hall). This
technique expands the noise limit to 10−7 V in a van der Pauw Hall-
specimen. Our experimental precision allowed us to measure consistent
stable Hall voltages in the range of 10−6 V, which were then evaluated
by the organic phase model between 32 and 300 K. In the best PEDOT,
we calculate band mobilities of up to 3.7 cm2 V−1 s−1 [32–36] and
these values are in agreement results from the contactless THz spec-
troscopy. We demonstrated that the hypothesis of quasi-band con-
tinuum can be utilized for the Hall effect in semimetallic polymers,
where despite of the dynamic disorder, significant electron coherence
resulted in stable Hall voltages and comparatively significant mobilities
[37–40].

2. Results and discussion

As the diffusive band transport is significantly affected by dynamic
disorder effects, the measurement of reduced Hall voltages (VH) and its
interpretation is often regarded as a challenging task. In this work we
resolved the experimental and theoretical difficulties for the class of
conducting polymers. We demonstrated that in semimetallic systems a
consistent Hall voltage exists, which were evaluated by an organic
phase model. We elucidated additive and acid-treated PEDOT-systems,
which were applied as transparent electrodes and thermoelectric layers
earlier. In general, latest advancements boosted the electrical con-
ductivities of PEDOT-composites to metal-like regimes. These results
relied on precise solvent processing and post-treatment steps and con-
ductivities as high as 5000 S cm−1 and beyond have been achieved.
Although these conductivity values are of impressive magnitude, the
Hall-effect was not extensively studied [41–43].

We refer to processing strategies which utilized high boiling point
polar co-solvents to obtain long-range order. Such additives were
combined with spin-coating, blade-coating and printing and led typi-
cally to semimetallic transport. One common additive is dimethylsulf-
oxide (DMSO). DMSO-based formulations of PEDOT:PSS were matter of
extensive studies, one of which is presented in the supplementary in-
formation (SI). In addition, we elucidated an alternative post-proces-
sing treatment with trifluoromethylsulfonic acid (TfOH). Exposure to
the strong acid removes the polystyrenesulfonate anion (PSS−) leading
to the class of PSS-free PEDOT-systems (here subsequently called
PEDOT:TfO with a conductivity of approx. 2000 S cm−1 and semi-
metallic transport behaviour). Both the DMSO and TfOH-treatments led
to high electrical performance – ideal to conduct the combined trans-
port and Hall-survey [44,45] (Table 1).

For the complementary temperature-dependent electrical con-
ductivity σ(T) and Hall voltage VH(T) we used 4-point probe and/or van
der Pauw configurations between 300 K and 2 K (Fig. 2). As earlier
reported we observed a transition regime between localization and
delocalization (weak localization). The overlap was apparent at ap-
proximately 10 K ± 3 K, where the system is dominated either by
temperature-activated Arrhenius-type transport (equation (1)) or by
metal-like and rather T-independent transport (following Mott's the-
orem) [46]. We focussed the overlap regime at higher T and determine
the activation energies EA for each system from a log σ vs. T−1 plot
(Table 2). The values reported here were in agreement with earlier
findings. They correspond to the effective band width (EA≈WB) of the
quasi-band structure [16,46].

WB can be used as estimate for the degree of disorder and the dis-
tribution between band and hopping carriers. The value also corre-
sponds to the extent of a quasi-continuum i.e. the energy offset within
the band between Fermi energy EF and mobility edge EC. (Fig. 2c and
d).
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E E
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W E Eln 1 whenT
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B
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Among the investigated systems, WB was lowest in PEDOT:TfO at
0.76 meV (in agreement with the higher conductivities), while in
PEDOT:PSS(*) it increases to 0.86 meV and 1.11meV, respectively
(Table 2). In a next step, we probed the probe the Hall voltage in
parallel for all systems as function of temperature (Fig. 3). Therefore we
patterned a PEDOT cloverleaf from a mastered substrate and process
the polymer directly to a van der Pauw (vdP) specimen resulting in a
symmetry factor close to unity. Across the edges we applied a 1mA dc-
current ix constantly (note that all PEDOT-systems are electrically stable
up to 10mA under day-long high-current stress tests) (Fig. 3a). On top,
a magnetic ac-field 0.625 T root mean square (RMS) amplitude (Bac)
was sinusoidally modulated at a frequency of 100mHz to generate the
ac-Hall voltage that was read out through a lock-in amplifier (Fig. 3b).
The technique improves the signal-to-noise ratio and the noise limit of
the setup through effective Faraday and misalignment compensation so
that the Hall mobilities μH of down to 10−3 cm2 V−1 s−1 can be mea-
sured (Fig. 3c).

For example, we present the PEDOT:PSS* system (1) at 32 K: A Hall

Fig. 1. (a) The change of the band structure upon increase of disorder leads to full disruption of the continuum as schematically proposed by (c). (b) Intermediate
state of a quasi-band continuum is the existence of adjacently ordered domains inside a moderately disordered system.

Table 1
PEDOT-systems for the Hall study covering state-of-the-art treatment strategies
and conductivities.

System treatment impact Anion σ300K/ S cm−1

1 PEDOT:PSS 10% DMSO co-solvent additive PSS− 640
2 PEDOT:PSS* 5% DMSO co-solvent additive PSS− 997
3 PEDOT:TfO TfOH solid-state, post-casting TfO- 1987
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voltage as large as 1.3 . 10−6 V was generated at 1mA dc-current and at
modulated magnetic field with maximum amplitude at 0.91 T at
100mHz. The Hall voltages increases linearly with increasing ix be-
tween 1 and 10mA (Fig. 3a).

The ac-Hall measurement was performed across all temperatures
between 300 K and 32 K. Below 32 K, the ac-modulation has not been
accessible because of Eddy current heating of the substrate holder
(Fig. 4). All samples showed a Hall voltage range between 0.3 . 10−6 V
up to 6.0 . 10−6 V at 1mA. The absolute resistance of the specimen was
in the range between 200 and 20Ω. The sample thickness corresponded
to typical dimensions used in applications ranging between 30 nm and
60 nm. The ac-modulation included a statistical evaluation – we re-
ported a standard deviation for VH at 1% for 100 repetitions. The
measurement time expands to about 1 h per point with 100 repetitions
at 100mHz frequency.

From the data we derived the Hall constants RH and the product of
the Hall constant and conductivity i.e. the measured mobility μ
(Table 3). The Hall parameters are comparable only the thickness is
different. The RH(T) shows an inverse profile as compared to that of
σ(T) (Fig. 4). This result reflects the ambiguity of the transport in

polymers depicting the overlap of metallic and non-metallic transport
mechanisms and the contribution of thermal-activation at higher Ts.
Consequently the product σRH(T) is constant and its magnitude corre-
lates to the electrical performances of the PEDOT-systems with PED-
OT:TfO showing the highest (see Table 4).

The observations on RH(T) were in agreement with the organic
phase model through (topological and thermal) disorder in molecular
systems. Direct consequence is the comparatively low VH and, subse-
quently, low RH values (situated here at 10−4 cm3 C−1, as compared to
approximately 10+2 in p-Si, from ac-Hall demonstrated in the SI). The
product σ.RH(T) i.e. the measured mobilities i.e. σRH are far below the
intrinsic band mobility, as suggested by the electrical conductivity va-
lues and their corresponding metal-like low-temperature behaviour.

Obviously, there exists a strong discrepancy between the band mo-
bility μband and hopping mobility μhopping in the polymers as result of
probing conditions and disorder i.e. thermal effects, anisotropy and
hole-hole interaction. We utilized now the organic phase model to es-
timate the band mobility μ. Therefore we used the ratio β between
μhopping and μband, as well as the factor γ as the distribution of deloca-
lized carriers upon temperature with g as the degeneration factor and
the activation energy EA or band width WB. In case of 3 dimensions g is
equal to 6 (equation (2)). Such evaluations are also suggested in in-
organic, disordered systems, where the μ.B product is significantly
below unity (e.g. 1.10−5 for the here studied PEDOTs at 0.625 T Bac and
measured μ around 0.1 and below) [47–49].

⋅ ≪ = ≪ = − ⋅ = ≪− −( )μ B
μ
μ
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n
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band

total

E
kT1 A

(2)

Fig. 2. Determination of band widthWB from σ –T plots (a) Semilog σ –T of various PEDOT-systems showing finite conductivity as T approaches 0 (inset: linear plot of
σ –T below 10 K). (b) Schematic of the shallow transport regime at EF close to EC in PEDOT-systems. (c) Expanded plot for comparison: Note the slope (indicated as
linear fits) at high-T are proportional to the band width WB. (d) Schematic of band width WB∼ EC - EF in the vicinity of the metal-insulator transition regime
(Anderson localization).

Table 2
Energies (band widths) as derived from log σ vs. T−1 plots (Fig. 2b).

System slope/ K WB/ meV σ300K/ S cm−1 σ2K/ S cm−1

1 PEDOT:PSS 12.9 1.11 640 120
2 PEDOT:PSS* 10.0 0.86 997 130
3 PEDOT:TfO 8.9 0.76 1987 690
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To compensate now the effect of Hall voltage screening, it was
suggested by Li et al. [8] in their organic phase model that the band
mobility μband can be estimated by inserting the correction factors β and
γ: accordingly, only band carriers contribute to the Hall voltage, but
they represent a minority in the Arrhenius regime above 10 K. We re-
conciled the disorder screening and the subsequent underestimation of
the band mobility by assuming lower hopping than band mobility (β
< < 1) and, similarly, a low band contribution of the carriers (γ in the
range of 10−4, as calculated from equation (2)). This intermediate band
contribution scenario led to a situation, where the band mobility was
much higher than the measured Hall mobility μ in the weak B-field
regime at moderate disorder, where the transverse electric fields Ey are
low as compared to the longitudinal Ex (equation (3)).
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− +
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− +
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2
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For our case of semimetallic polymers we employed the inter-
mediate hopping contribution regime assuming a weak band-like

character and calculate γ(T) using the band widths from the con-
ductivity temperature profile (WB= EA) (equation (2)).

= − + = ⋅γ γ γβ β μ T μ γ T( ) ( ) ( )band
2 (4)

We use the re-formulated equation to derive β (equation (5)),

= +−β
γ

1 11

(5)

and subsequently the corrected ntotal and μband across the measured
temperature regime (300–32 K). (Fig. 5). We show the organic phase
model yields the volumetric carrier concentration ntotal (Fig. 5a). The
calculated μband shows the weak band-like temperature profile i.e. it
decreases with temperature (Fig. 5b) and the band-character correlates
with the magnitude of the conductivity i.e. most pronounced for PED-
OT:TfO. We found that the organic phase model delivers reasonable
values for the PEDOT-systems: The Hall voltage corresponds to a cal-
culated ntotal below the maximum doping ratio limited by the polymer's
mass density, molar mass and maximum 1 dopant per monomers,
3.1.10+21 cm−3 maximum). The profile of nf(T) indicates that at low
temperatures the doping ratios saturate at the maximum limit. Hence,
the transport is ultimately approaching the band regime. This is in
agreement with earlier results at low temperatures in semimetallic
PEDOT:TfO [20]. In order to confirm the band mobility, we included an
alternative measurement of the transport parameters by Terahertz
(THz) spectroscopy for PEDOT:TfO. The results yield slightly higher
mobilities (3.1 cm2 V−1 s−1). The corresponding analysis and fre-
quency-dependent conductivity is presented in the SI.

For PEDOT:TfO the maximum μc found is 3.7 cm2 V−1 s−1, whereas
in PEDOT:PSS(*) μband are lower between 1.0 and 0.5 cm2 V−1 s−1,
respectively. The temperature profiles for conductivity, mobility and
carrier concentration suggest weak band contribution at higher tem-
peratures, while at lower temperatures the band regime dominates.
This follows the theory of weak localization i.e. there exists an overlap
regimes between localized and delocalized transport and a transition
regime around 10 K.

The magnitudes of μband are comparatively high in view of results on
similar molecular semiconductors. Our results show that polymers
possess a systematic degree of structural order. This had been reflected
by their superior electrical performances and by our findings on the
Hall-effect, which are in agreement with the literature discussing the

Fig. 3. ac-Hall detection (a) Average Hall-potential (ix between 1 and 10mA) of
typical PEDOT:PSS (conductivity at 32 K is 500 S cm−1) as derived from a
simple van der Pauw geometry (picture). (b) 2 loops at 100mHz of repeating
magnetic ac-modulated Hall signal output (in μV) from sinusoidal applied
magnetic field B. (c) Mobility expansion from ac-Hall diminishes misalignment
potentials expanding the Hall mobility range to 10−3 cm2 V−1 s−1.

Fig. 4. (a) Experimental Hall-constant RH vs. temperature reveals the quenched Hall voltage at the order of RH at 10−4 cm3 C−1 (i.e. the corresponding Hall voltage is
10−6 V). The RH depends on the temperature reciprocal to the conductivity σ. (b) The measured mobility μ= σ.RH is thus constant.

Table 3
Hall parameters at room temperature (300 K).

System dfilm/ nm (ac-)B-field/ T ix/ A RH/ cm3 C−1

1 PEDOT:PSS 61 0.625 10–3 5.5 . 10−5

2 PEDOT:PSS* 54 0.625 10–3 7.9 . 10−5

3 PEDOT:TfO 30 0.625 10–3 1.0 . 10−4
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extent of order in PEDOT-systems by electron coherence among the
polymer chains [29].

3. Conclusion

The impact of disorder on the Hall-effect has frequently been dis-
cussed for organic semiconductors. Here, we explored the transport in
semimetallic conducting polymers and apply an organic phase model
described earlier. This regards the role of dynamic disorder on the ex-
perimentally observed Hall-voltage screening through strong hopping
contribution. We observed a stable Hall voltage from semimetallic
conducting polymers and we could utilize these experimental results to
derive temperature-dependent band mobilities and carrier concentra-
tions. The organic phase model yields comparatively high mobilities, in
particular for the PEDOT:TfO system. This was in agreement with in
parallel performed THz mobility characterization. We explained the
magnitude of the charge carrier mobility by the electron coherence.
Analogous conclusions have been reported in semimetallic polymers
from magnetometric experiments. Our results can be adopted for re-
lated emerging and disordered semiconductors such as perovskites
polymorphs or nanocrystalline solids and it shows a path to interpret
the Hall-effect of conducting polymers.

4. Methods

4.1. ac-Hall specimen fabrication

To obtain the van der Pauw cloverleaf (Figs. 3a), 1× 1 cm sapphire
substrates were previously cleaned in water (and detergent), then
rinsed thoroughly with distilled water and with isopropylic alcohol.
After drying with nitrogen, the substrates were treated for 5min in
oxygen plasma. Using a shadow mask, we evaporated 50 nm of tetra-
tetracontane (TTC, Sigma Aldrich) to define the four contact arms at the
edge of the cloverleaf. Then the samples were exposed to an trichloro
(1H,1H,2H,2H-perfluorooctyl)silane (FOS) rich atmosphere inside a
Petri dish to cover the surface around the TTC layer (negative of the
final structure). After few minutes, the samples were taken outside and
TTC and excess fluoroalkylsilane was removed by washing with toluene
and acetone to expose a FOS-free cloverleaf structure in the centre of
the substrate. On these patterned substrates, different formulations of

PEDOT:PSS (PH1000, Heraeus Inc., stock solution specific addition of
DMSO, 5–10 %volume), were spun in two consecutive stages of 25 rounds
per second (rps) (2s second ramp, 10s duration) and 100 rps (2 s ramp,
10 s duration) followed by thermal treatment in inert atmosphere at
120 °C for 10min, resulting in layers with 50–70 nm thickness. The
post-processing using TfOH is directly performed after spin-coating
(exposure of with trifluoromethansulfonic acid, Sigma Aldrich 97%, 1:1
molar in water, 10min plus washing with water, repeating 3 times). To
assure proper contacts, 4 supporting gold electrode arms (140 nm) were
evaporated to touch the cloverleaf-edges at 3.6 . 10−6 mbar at a rate of
0.1–0.3 nm s−1.

4.2. ac-Hall measurements

For ac-Hall the as-patterned thin films are bonded to the electrical
setup and transferred to the cryogenic magneto-system. The samples
are then left overnight in He-atmosphere at 300 K for drying. After that,
the specimens were characterized using resistivity and ac-Hall char-
acterization (in a LakeShore Hall Measurement System 8400 and
Quantum Design DynaCool PPMS). We applied temperature loops
starting from 2 K and scanned up to 300 K for the resistivity. The ac-Hall
technique could be applied from 32 K up to 300 K. The magnetic field is
swept between 0 and 0.91T (with a room mean square field Bac of
0.625T) at 100mHz. This leads to a dc-voltage for the resistivity and an
ac-voltage for the Hall signal. We apply consistently 1mA dc-current
across the sample specimen using the van der Pauw geometry. These
measurements are repeated at higher current up to 10mA (current
stressing). We exclude degradation effect from local heating. The film
thickness is determined by DekTak (Bruker) in the probing space area
after the cryogenic measurement cycles.

TEM measurements are performed using a grid substrate mounted
on the sapphire substrate to imitate identical surrounding as for the
transport measurements. PEDOT-systems are then cast as described
above. We denote in the present resolution, we did not find changes in
the structrure between PEDOT:PSS (10% DMSO treated) and
PEDOT:PSS* (5% DMSO treated). Indeed we find changes in the
structure between TfOH-treated and PEDOT:PSS*. All room tempera-
ture conductivity measurements and thickness measurements for the
DMSO-treatment map have been recorded using a 4-probe setup for the
conductivities and DekTak (Bruker) to measure the thickness values.

Table 4
Hall parameters at room temperature (300 K).

System μband at 300 K/ cm2 V−1 s−1 ntotal at 300 K/ cm−3 μband at 32 K/ cm2 V−1 s−1 ntotal at 32 K/ cm−3

1 PEDOT:PSS 0.5 8.0.10+20 0.15 3.1.10+21

2 PEDOT:PSS* 1.0 4.3.10+20 0.33 2.0.10+21

3 PEDOT:TfO 3.7 2.3.10+20 1.03 1.3.10+21

Fig. 5. Organic phase model applied to PEDOTs to evaluate the Hall-effect in the presence of dynamic disorder. (a) The band mobilities (μband) decrease with
temperature, while in (b) the free carrier concentration increases at lower temperatures (less contribution from trapping, phonons).
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For the entire map, approximately 40 samples have been investigated.

4.3. Terahertz spectroscopy

Terahertz (THz) spectroscopy is a non-contact and non-destructive
method that can locally follow carrier dynamics on timescales of pico-
to nanoseconds. In THz spectroscopy the electric field is directly re-
corded and as such both the amplitude and phase are extracted. We
measured a PEDOT:TfO film (thickness 262 nm) an insulating glass
substrate and determined the complex-valued conductivity according
to:

⎜ ⎟⎜ ⎟= ⎛
⎝

+ ⎞
⎠
⎛
⎝
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σ ω N
Z d

E ω
E ω
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samp0

where Nsub is the complex refractive index of the substrate, z0 the free
space impedance, dfilm the thickness of the PEDOT:TfO, ω the radial
frequency of the THz field and Esub and Esamp the Fourier transforms of
the THz electric field transmitted through the substrate and the sample,
respectively [27].

The THz setup allowed us to estimate the average conductivity σDC
(σTHz)= 1582 S cm−1 between 0.1 and 1.1 THz, value which given the
high plasma frequency and scattering rate (estimated at
ωP = 3.99.10 + 15Hz and Γ= 9.1.10+14 Hz, respectively) corre-
sponds to the DC conductivity [28]. This leads to a mobility of
μThz= 3.1 cm2 V−1 s−1.

Competing interest

The authors declare no competing interests.

Author contributions

P. S. designed and directed the study. P.S. contributed to all ex-
periments. P.S. H.C. and L.N.L. designed the film growth process and
carried out the experimental work and corresponding analytical mea-
surements. Hall- and conductivity measurements were carried out by
L.N.L. and P.S. S.V.F, H.C. and C.R. conducted the THz spectroscopy.
P.S. and M.C.S. carried out the modelling and the relevant calculations.
M.C.S., R.M. and P.S. analysed the data. P.S. wrote the manuscript. All
authors commented on the paper.

Acknowledgements

P.S. and R.M. are grateful to OeAD Austria (WTZ, IN10/2015) for
financial support. P.S. acknowledges the financial support of the
Austrian Science Foundation (FWF I3822-N37, “Nachhaltige Katalyse”).
The authors thank Dominik Farka and N. Serdar Sariciftci for fruitful
discussions. This project was supported by the strategic economic- and
research program "Innovative Upper Austria 2020" of the province of
Upper Austria.

Appendix A. Supplementary data

Supplementary data to this article can be found online at https://
doi.org/10.1016/j.orgel.2018.12.001.

References

[1] D. Emin, The sign of the Hall effect in hopping conduction, Philos. Mag. A 35 (1977)
1189–1198, https://doi.org/10.1080/14786437708232944.

[2] J.W. Orton, M.J. Powell, The Hall effect in polycrystalline and powdered semi-
conductors, Rep. Prog. Phys. 43 (1980) 1263 http://stacks.iop.org/0034-4885/43/
i=11/a=001.

[3] L. Friedman, N.F. Mott, The Hall effect near the metal-insulator transition, J. Non-
Cryst. Solids 7 (1972) 103–108, https://doi.org/10.1016/0022-3093(72)90021-X.

[4] L. Friedman, Hall conductivity of amorphous semiconductors in the random phase
model, J. Non-Cryst. Solids 6 (1971) 329–341, https://doi.org/10.1016/0022-

3093(71)90024-X.
[5] R. Kubo, Statistical-mechanical theory of irreversible processes. I. General theory

and simple applications to magnetic and conduction problems, J. Phys. Soc. Japan.
12 (1957) 570–586, https://doi.org/10.1143/JPSJ.12.570.

[6] B. Lee, Y. Chen, D. Fu, H.T. Yi, K. Czelen, H. Najafov, V. Podzorov, Trap healing and
ultralow-noise Hall effect at the surface of organic semiconductors, Nat. Mater. 12
(2013) 1125–1129, https://doi.org/10.1038/nmat3781.

[7] Y. Chen, H.T. Yi, V. Podzorov, High-resolution ac measurements of the Hall effect in
organic field-effect transistors, Phys. Rev. Appl. 5 (2016) 034008, https://doi.org/
10.1103/PhysRevApplied.5.034008.

[8] H.T. Yi, Y.N. Gartstein, V. Podzorov, Charge Carrier coherence and Hall effect in
organic semiconductors, Sci. Rep. 6 (2016) 23650, https://doi.org/10.1038/
srep23650.

[9] R. Fujimoto, S. Watanabe, Y. Yamashita, J. Tsurumi, H. Matsui, T. Kushida,
C. Mitsui, H.T. Yi, V. Podzorov, J. Takeya, Control of molecular doping in con-
jugated polymers by thermal annealing, Org. Electron. 47 (2017) 139–146, https://
doi.org/10.1016/j.orgel.2017.05.019.

[10] J. Takeya, K. Tsukagoshi, Y. Aoyagi, T. Takenobu, Y. Iwasa, Hall effect of quasi-hole
gas in organic single-crystal transistors, Jpn. J. Appl. Phys. 44 (2005) L1393–L1396,
https://doi.org/10.1143/JJAP.44.L1393.

[11] N. Karl, Charge Carrier transport in organic semiconductors, Synth. Met. 133–134
(2003) 649–657, https://doi.org/10.1016/S0379-6779(02)00398-3.

[12] K. Imaeda, Y. Yamashita, Y. Li, T. Mori, H. Inokuchi, M. Sano, Hall-effect ob-
servation in the new organic semiconductor bis(1,2,5-thiadiazolo)-p-quinobis(1,3-
dithiole)(BTQBT), J. Mater. Chem. 2 (1992) 115, https://doi.org/10.1039/
jm9920200115.

[13] J. Takeya, J. Kato, K. Hara, M. Yamagishi, R. Hirahara, K. Yamada, Y. Nakazawa,
S. Ikehata, K. Tsukagoshi, Y. Aoyagi, T. Takenobu, Y. Iwasa, In-Crystal and surface
charge transport of electric-field-induced carriers in organic single-crystal semi-
conductors, Phys. Rev. Lett. 98 (2007) 196804, https://doi.org/10.1103/
PhysRevLett.98.196804.

[14] J.-F. Chang, T. Sakanoue, Y. Olivier, T. Uemura, M.-B. Dufourg-Madec, S.G. Yeates,
J. Cornil, J. Takeya, A. Troisi, H. Sirringhaus, Hall-effect measurements probing the
degree of charge-Carrier delocalization in solution-processed crystalline molecular
semiconductors, Phys. Rev. Lett. 107 (2011) 066601, https://doi.org/10.1103/
PhysRevLett.107.066601.

[15] V. Podzorov, E. Menard, J.A. Rogers, M.E. Gershenson, Hall effect in the accumu-
lation layers on the surface of organic semiconductors, Phys. Rev. Lett. 95 (2005)
226601, https://doi.org/10.1103/PhysRevLett.95.226601.

[16] N.F. Mott, Metal-insulator Transitions, Taylor & Francis LTD, 1974.
[17] C. Cobet, J. Gasiorowski, D. Farka, P. Stadler, Polarons in conjugated polymers, in:

K.-J. Hinrichs, Eichhorn Karsten (Eds.), Ellipsom. Funct. Org. Surfaces Film, 2018,
pp. 355–387, , https://doi.org/10.1007/978-3-319-75895-4_16.

[18] F. Dominik, A.O.F. Jones, R. Menon, N.S. Sariciftci, P. Stadler, Metallic conductivity
beyond the Mott minimum in PEDOT: sulphate at low temperatures, Synth. Met.
240 (2018) 59–66, https://doi.org/10.1016/j.synthmet.2018.03.015.

[19] D. Farka, H. Coskun, P. Bauer, D. Roth, B. Bruckner, P. Klapetek, N.S. Sariciftci,
P. Stadler, Increase in electron scattering length in PEDOT:PSS by a triflic acid post-
processing, Monatshefte Für Chemie - Chem. Mon. 148 (2017) 871–877, https://
doi.org/10.1007/s00706-017-1973-1.

[20] D. Farka, H. Coskun, J. Gasiorowski, C. Cobet, K. Hingerl, L.M. Uiberlacker, S. Hild,
T. Greunz, D. Stifter, N.S. Sariciftci, R. Menon, W. Schoefberger, C.C. Mardare,
A.W. Hassel, C. Schwarzinger, M.C. Scharber, P. Stadler, Anderson-localization and
the mott-ioffe-regel limit in glassy-metallic PEDOT, Adv. Electron. Mater (2017)
1700050, https://doi.org/10.1002/aelm.201700050.

[21] P. Stadler, D. Farka, H. Coskun, E.D. Głowacki, C. Yumusak, L.M. Uiberlacker,
S. Hild, L.N. Leonat, M.C. Scharber, P. Klapetek, R. Menon, N.S. Sariciftci, Local
order drives the metallic state in PEDOT:PSS, J. Mater. Chem. C. 4 (2016)
6982–6987, https://doi.org/10.1039/C6TC02129H.

[22] S.D. Kang, G.J. Snyder, Charge-transport model for conducting polymers, Nat.
Mater. 16 (2017) 252–257, https://doi.org/10.1038/nmat4784.

[23] A. Hamidi-Sakr, L. Biniek, J.-L. Bantignies, D. Maurin, L. Herrmann, N. Leclerc,
P. Lévêque, V. Vijayakumar, N. Zimmermann, M. Brinkmann, A versatile method to
fabricate highly in-plane aligned conducting polymer films with anisotropic charge
transport and thermoelectric properties: the key role of alkyl side chain layers on
the doping mechanism, Adv. Funct. Mater. 27 (2017) 1700173, https://doi.org/10.
1002/adfm.201700173.

[24] M.N. Gueye, A. Carella, N. Massonnet, E. Yvenou, S. Brenet, J. Faure-Vincent,
S. Pouget, F. Rieutord, H. Okuno, A. Benayad, R. Demadrille, J.-P. Simonato,
Structure and dopant engineering in PEDOT thin films: practical tools for a dramatic
conductivity enhancement, Chem. Mater. 28 (2016) 3462–3468, https://doi.org/
10.1021/acs.chemmater.6b01035.

[25] J. Rivnay, S. Inal, B.A. Collins, M. Sessolo, E. Stavrinidou, X. Strakosas, C. Tassone,
D.M. Delongchamp, G.G. Malliaras, Structural control of mixed ionic and electronic
transport in conducting polymers, Nat. Commun. 7 (2016) 11287, https://doi.org/
10.1038/ncomms11287.

[26] B.J. Worfolk, S.C. Andrews, S. Park, J. Reinspach, N. Liu, M.F. Toney,
S.C.B. Mannsfeld, Z. Bao, Ultrahigh electrical conductivity in solution-sheared
polymeric transparent films, Proc. Natl. Acad. Sci. Unit. States Am. 112 (2015)
14138–14143, https://doi.org/10.1073/pnas.1509958112.

[27] B.G. Alberding, P.A. DeSario, C.R. So, A.D. Dunkelberger, D.R. Rolison,
J.C. Owrutsky, E.J. Heilweil, Static and time-resolved terahertz measurements of
photoconductivity in solution-deposited ruthenium dioxide nanofilms, J. Phys.
Chem. C 121 (2017) 4037–4044, https://doi.org/10.1021/acs.jpcc.6b12382.

[28] R. Ulbricht, E. Hendry, J. Shan, T.F. Heinz, M. Bonn, Carrier dynamics in semi-
conductors studied with time-resolved terahertz spectroscopy, Rev. Mod. Phys. 83

P. Stadler et al. Organic Electronics 65 (2019) 412–418

417

87



(2011) 543–586, https://doi.org/10.1103/RevModPhys.83.543.
[29] K. Kang, S. Watanabe, K. Broch, A. Sepe, A. Brown, I. Nasrallah, M. Nikolka, Z. Fei,

M. Heeney, D. Matsumoto, K. Marumoto, H. Tanaka, S. Kuroda, H. Sirringhaus, 2D
coherent charge transport in highly ordered conducting polymers doped by solid
state diffusion, Nat. Mater. 15 (2016) 896–902, https://doi.org/10.1038/
nmat4634.

[30] T.-R. Chou, S.-H. Chen, Y.-T. Chiang, Y.-T. Lin, C.-Y. Chao, Highly conductive
PEDOT:PSS films by post-treatment with dimethyl sulfoxide for ITO-free liquid
crystal display, J. Mater. Chem. C. 3 (2015) 3760–3766, https://doi.org/10.1039/
C5TC00276A.

[31] A. Ugur, F. Katmis, M. Li, L. Wu, Y. Zhu, K.K. Varanasi, K.K. Gleason, Low-
Dimensional conduction mechanisms in highly conductive and transparent con-
jugated polymers, Adv. Mater. 27 (2015) 4604–4610, https://doi.org/10.1002/
adma.201502340.

[32] O.J. Sandberg, M. Nyman, S. Dahlström, S. Sandén, B. Törngren, J.-H. Smått,
R. Österbacka, On the validity of MIS-CELIV for mobility determination in organic
thin-film devices, Appl. Phys. Lett. 110 (2017) 153504, https://doi.org/10.1063/1.
4980101.

[33] O.J. Sandberg, Effect of the depletion layer capacitance on the mobility determi-
nation using transient current extraction of doping-induced charge carriers, J.
Photon. Energy 8 (2018) 1, https://doi.org/10.1117/1.JPE.8.032208.

[34] M. Nyman, O.J. Sandberg, S. Dahlström, D. Spoltore, C. Körner, Y. Zhang,
S. Barlow, S.R. Marder, K. Leo, K. Vandewal, R. Österbacka, Doping-induced Carrier
profiles in organic semiconductors determined from capacitive extraction-current
transients, Sci. Rep. 7 (2017) 5397, https://doi.org/10.1038/s41598-017-05499-3.

[35] Y. Du, X. Cui, L. Li, H. Tian, W.-X. Yu, Z.-X. Zhou, Dielectric properties of DMSO-
doped-PEDOT:PSS at THz frequencies, Phys. Status Solidi 255 (2018) 1700547,
https://doi.org/10.1002/pssb.201700547.

[36] M. Yamashita, C. Otani, H. Okuzaki, M. Shimizu, Nondestructive measurement of
Carrier mobility in conductive polymer PEDOT:PSS using Terahertz and infrared
spectroscopy, XXXth URSI Gen. Assem. Sci. Symp. IEEE, 2011, pp. 1–4, , https://
doi.org/10.1109/URSIGASS.2011.6050616 2011.

[37] G. Bergmann, Weak localization in thin films, Phys. Rep. 107 (1984) 1–58, https://
doi.org/10.1016/0370-1573(84)90103-0.

[38] P.A. Lee, T.V. Ramakrishnan, Disordered electronic systems, Rev. Mod. Phys. 57
(1985) 287–337, https://doi.org/10.1103/RevModPhys.57.287.

[39] V. D'Innocenzo, A. Luzio, H. Abdalla, S. Fabiano, M.A. Loi, D. Natali, A. Petrozza,

M. Kemerink, M. Caironi, Two-dimensional charge transport in molecularly ordered
polymer field-effect transistors, J. Mater. Chem. C. 4 (2016) 11135–11142, https://
doi.org/10.1039/C6TC03897B.

[40] Y. Chen, H.T. Yi, X. Wu, R. Haroldson, Y.N. Gartstein, Y.I. Rodionov, K.S. Tikhonov,
A. Zakhidov, X.-Y. Zhu, V. Podzorov, Extended Carrier lifetimes and diffusion in
hybrid perovskites revealed by Hall effect and photoconductivity measurements,
Nat. Commun. 7 (2016) 12253, https://doi.org/10.1038/ncomms12253.

[41] E. Helgren, K. Penney, M. Diefenbach, M. Longnickel, M. Wainwright, E. Walker,
S. Al-Azzawi, H. Erhahon, J. Singley, Electrodynamics of the conducting polymer
polyaniline on the insulating side of the metal-insulator transition, Phys. Rev. B 95
(2017) 125202, https://doi.org/10.1103/PhysRevB.95.125202.

[42] E. Jin Bae, Y. Hun Kang, K.-S. Jang, S. Yun Cho, Enhancement of thermoelectric
properties of PEDOT:PSS and tellurium-PEDOT:PSS hybrid composites by simple
chemical treatment, Sci. Rep. 6 (2016) 18805, https://doi.org/10.1038/srep18805.

[43] A. Malti, J. Edberg, H. Granberg, Z.U. Khan, J.W. Andreasen, X. Liu, D. Zhao,
H. Zhang, Y. Yao, J.W. Brill, I. Engquist, M. Fahlman, L. Wågberg, X. Crispin,
M. Berggren, An organic mixed ion-electron conductor for power electronics, Adv.
Sci. 3 (2016), https://doi.org/10.1002/advs.201500305 n/a-n/a.

[44] N. Massonnet, A. Carella, A. de Geyer, J. Faure-Vincent, J.-P. Simonato, Metallic
behaviour of acid doped highly conductive polymers, Chem. Sci. 6 (2015) 412–417,
https://doi.org/10.1039/C4SC02463J.

[45] N. Kim, S. Kee, S.H. Lee, B.H. Lee, Y.H. Kahng, Y.-R. Jo, B.-J. Kim, K. Lee, Highly
conductive PEDOT:PSS nanofibrils induced by solution-processed crystallization,
Adv. Mater. 26 (2014) 2268–2272, https://doi.org/10.1002/adma.201304611.

[46] N.F. Mott, Conduction in non-crystalline systems IX. the minimum metallic con-
ductivity, Philos. Mag. A 26 (1972) 1015–1026, https://doi.org/10.1080/
14786437208226973.

[47] W.C. Mitchel, P.M. Hemenger, Temperature dependence of the Hall factor and the
conductivity mobility in p ‐type silicon, J. Appl. Phys. 53 (1982) 6880–6884,
https://doi.org/10.1063/1.330028.

[48] F. Szmulowicz, Calculation of the mobility and the Hall factor for doped p -type
silicon, Phys. Rev. B 34 (1986) 4031–4047, https://doi.org/10.1103/PhysRevB.34.
4031.

[49] J.F. Lin, S.S. Li, L.C. Linares, K.W. Teng, Theoretical analysis of hall factor and hall
mobility in p-type silicon, Solid State Electron. 24 (1981) 827–833, https://doi.org/
10.1016/0038-1101(81)90098-8.

P. Stadler et al. Organic Electronics 65 (2019) 412–418

418

88



4.6 Manuscript 6

89



ENG INEER ING Copyright © 2017

The Authors, some

rights reserved;

exclusive licensee

American Association

for the Advancement

of Science. No claim to

original U.S. Government

Works. Distributed

under a Creative

Commons Attribution

NonCommercial

License 4.0 (CC BY-NC).

Biofunctionalized conductive polymers enable
efficient CO2 electroreduction
Halime Coskun,1 Abdalaziz Aljabour,1,2 Phil De Luna,3 Dominik Farka,1 Theresia Greunz,4

David Stifter,4 Mahmut Kus,2 Xueli Zheng,5 Min Liu,5 Achim W. Hassel,6 Wolfgang Schöfberger,7

Edward H. Sargent,5 Niyazi Serdar Sariciftci,1 Philipp Stadler1*

Selective electrocatalysts are urgently needed for carbon dioxide (CO2) reduction to replace fossil fuels with
renewable fuels, thereby closing the carbon cycle. To date, noble metals have achieved the best performance in
energy yield and faradaic efficiency and have recently reached impressive electrical-to-chemical power conversion
efficiencies. However, the scarcity of preciousmetalsmakes the search for scalable,metal-free, CO2 reduction reaction
(CO2RR) catalysts all the more important. We report an all-organic, that is, metal-free, electrocatalyst that achieves im-
pressive performance comparable to that of best-in-class Ag electrocatalysts.Wehypothesized that polydopamine—a
conjugated polymer whose structure incorporates hydrogen-bonded motifs found in enzymes—could offer the
combination of efficient electrical conduction, together with rendered active catalytic sites, and potentially thereby
enable CO2RR. Only by developing a vapor-phase polymerization of polydopamine were we able to combine the
needed excellent conductivity with thin film–based processing. We achieve catalytic performance with geometric
current densities of 18 mA cm−2 at 0.21 V overpotential (−0.86 V versus normal hydrogen electrode) for the
electrosynthesis of C1 species (carbonmonoxide and formate) with continuous 16-hour operation at >80% faradaic
efficiency. Our catalyst exhibits lower overpotentials than state-of-the-art formate-selective metal electrocatalysts
(for example, 0.5 V for Agat 18mAcm−1). The results confirm the value of exploiting hydrogen-bonded sequences as
effective catalytic centers for renewable and cost-efficient industrial CO2RR applications.

INTRODUCTION
Electrocatalysis of CO2 has become crucial in generating renewable car-
bon feedstock and synthetic fuels (1–15). Reductive recycling is essential
not only to mitigate anthropogenic climate change but also to use CO2

as a future nonfossil carbon feedstock. The immense expected through-
put of emissions (greater than 30 gigatons of emitted CO2 per annum)
requires superior, inexpensive materials that catalyze the reduction at
high energy efficiency. Reducing overpotentials is therefore one impor-
tant aim to justify the use of renewable energy resources for the energy-
intensive production of CO and related hydrocarbons.

Various (noble) metal electrocatalysts are currently available for
synthesizing fuels and carbon feedstocks at acceptable energy yields
(2, 5–7, 9, 11, 16–19). However, in view of the massive scale-up neces-
sary for industrial use, alternative materials with comparable perform-
ance that do not require rare elements with high socioecological impact
are urgently needed. One way to eliminate metals that are attracting
growing interest is to use renewable and easily recyclable organic electro-
catalysts (13, 20–25). This renewable approach is inspired by nature,
particularly on the activity of enzymes that catalyze CO2 reduction at
high faradaic and energy efficiency.

Increasingly, principles from enzymology are being incorporated
into the design of organic electrocatalysts (21–23). For example, enzyme-
relatedmotifs are highly present in polydopamine (PDA), a bio-derived

system based on eumelanin pigments (26). PDA’s functional richness
(1:1 ratio of hydrogen bond to monomer unit) makes it a catalytic sys-
tem that offers a significant density of potential hydrogen-bonded active
sites (27–40). The catalytic motifs consist of amines and hydroxyl-
carbonyl associated via hydrogen bonds (Fig. 1) (41).Within immediate
proximity, they are coordinated in inter- or intramolecular conforma-
tion and feature a latent nucleophilic sequence that facilitates CO2

binding.
The role of hydrogen bonding and its nucleophilic character has

previously been discussed for electrosynthetic applications, specifical-
ly in the context of the nonpolymeric hydrogen-bonded pigments
quinacridone and epindolidione (23, 42). They were used in catalytic
processes, but at high overpotentials and/or with limited product yields
because hydrogen-bonded pigments have an intrinsically low capability
for electron transport (23, 42). Consequently, the functional sites dangle
and provide poor electrical connection to the carrier electrode showing
poor catalytic reactivity.

Here, we first used density functional theory (DFT) to investigate the
interactions between CO2 and the proposed hydrogen-bonded catalytic
active sites.We found interactions between hydrogen-bonded sites with
latent nucleophilicity and CO2 were energetically favored.

Inspired by these initial calculations hinting at favorable CO2 ener-
getics, we sought to overcome the severe limitations of poor electrical
transport. We found that conductive PDA is an ideal candidate for de-
veloping an effective organic electrocatalytic system when it covers a
nonmetallic carrier electrode (carbon fibers): The conductive chain
on the inside serves as a wire to supply electrons to the peripheral active
sites (Fig. 2). Electrons travel across the entire system as PDA brings
together the carrier electrode, conductive body, and catalytic functional
groups, which makes it a powerful electrocatalyst.

To achieve conductivity, we established charge doping in the
conjugated carrier, which is essential for conductive-conjugated wires
that use the effective surface activity.Note that direct doping is hampered
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because hydrogen-bonded frameworks show high inertness (43). To
realize this, we introduce a more promising path toward creating con-
ductive bodies: oxidative chemical vapor deposition (oCVD). This
method integrates charge doping into the synthesis (polymerization
and doping reaction) and creates persistent conductive-conjugated
materials; this approach has emerged in the context of established con-

ductive polymers such as PEDOT [poly(3,4-ethylenedioxythiophene)]
to providemetal-like conductivities (44, 45).Weused the same concept to
generate, for the first time, conductive PDA and yielded conductivities
of 0.43 S cm−1 without compromising catalysis.

Furthermore, the vapor-phase technique used facilitates ease of deposi-
tion and effective infiltration of large-surface, sponge-type carbon felt (CF).

A B

C D

Fig. 1. Hydrogen bonds as catalytic motifs for CO2 reduction. (A) PDA electrocatalytic wires consisting of a conjugated-conductive body with functional groups on a
carbon-based carrier electrode. (B to D) The functional groups drive the selective reduction of CO2, (B) BEs at this site (DFT calculation) for CO2, (C) two-spot delocalized
amine-carbonyl hydrogen–bonded catalytic center on PDA, and (D) BEs shown as functions of the distances between nitrogen and CO2 (1.99 Å) and oxygen and CO2

(2.11 Å), indicating the most favorable energy-steric conformation.
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Fig. 2. Synthesis of conductive-catalytic PDA. Reaction of dopamine to conductive PDA by contact with sulfuric acid as oxidant during vapor-phase polymerization
involves building blocks such as (i) condensed and oxidized diketoindole, (ii) dopamine, and (iii) oxidized dopamine, yielding the final product with periodically repeating
units of conductive PDA.
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This enabled us to demonstrate metal-free electrocatalysis of CO2 to
COand formate at low overpotentials (210mV) on parwith best-in-class
metal-based or transition metal dichalcogenide–based electrocatalysts
(3, 4, 4–7, 11, 46). Remarkably, our cathodes exhibited no notable
degradation after 16 hours of use.

In particular, the low overpotential paired with significant current
densities (approximately 1.4 mA cm−2 for CO and 16.9 mA cm−2 for
formate) and significant turnover demonstrates the power of conduc-
tive PDA as a renewable electrocatalyst (the formate turnover frequency
is 1.23 hour−1). An investigation of the mechanism responsible for this
effectiveness by in situ spectroscopy showed that the hydrogen-bonded
sites are ideal for catalysis. Their unexpectedly high performance dem-
onstrates an untapped potential for replacing expensivemetals in electro-
catalytic applications in a fully renewable scenario.

RESULTS AND DISCUSSION
We began by using DFT to calculate the binding energies (BEs) for
hydrogen-bonded sites to CO2 on PDA periodic structures. We found
three favored CO2 positions (negative BEs between −0.05 and −0.07 eV)
proximate to the amine hydroxyl-carbonyl proposed catalytic sites (Fig.
1B) (29). The actual CO2 distance between nitrogen and oxygen sites
varies with local optimum BEs found at 1.99 Å for CO2-hydroxyl-
carbonyl and 2.11 Å for CO2-amine slightly favoring the former
(Fig. 1C). We investigated this initial finding—CO2 nucleation over
carbonyl—by in situ spectral investigations as mentioned later.

Motivated by initial calculations on PDA, we developed a novel con-
ductive synthesis. Conventionally, PDA is derived from aqueous dopa-
mine solutions using oxidative polymerization with ambient O2 as a
reagent. The result is a complex organic system—depending on the
exact conditions under which PDA is grown, different structural vari-
eties have been reported (27–30). We transferred the entire established
standard synthesis to the gas phase and found that sulfuric acid offers
sufficient oxidation power to improve polymerization and doping so
that an electrically conducting hydrogen-bonded systemcan be produced
by oCVD (Fig. 2). The resulting polymer forms a polyparaphenylene
(PPP) core with periodically repeating patterns of functional groups.
As shown earlier, the functionalization is based on variable moieties.
We found evidence of (i) indole (condensed secondary amine in an aro-
matic system with oxidized keto functions), (ii) dopamine, and, in the
greatest quantity, (iii) oxidized dopamine (carbonyl function). These
dominated other intermediates, which are compounds thereof. The pre-

cise nature of the repeating unit in the polymer was identified by
detailed spectral investigations (figs. S12 to S16).

Structural investigations revealed characteristic spectral fingerprints
indicative of free charge carriers in the PPP core (Fig. 3A). These are
signature infrared-activated vibrations originating from the strong
electron-phonon coupling due to doping-induced distortions (47, 48).
We also synthesized nonconductive PDA, the spectrumofwhich lacked
these kinds of features. Conductive PDA thin films (typicallywith thick-
nesses between 0.5 and 1 mm) exhibit an average (electrical) dc conduc-
tivity of 0.43 ± 0.1 S cm−1 (Fig. 3B). Additionally, we found distinctive
carbonyl oscillations. These spectral features confirm that vapor-based
synthesis particularly favors type (iii) moieties (that is, carbonyl over
hydroxyl), which play a crucial role in electrocatalysis. We note that
the DFT-calculated BEs of CO2 in between the amine and carbonyl
groups were favorable at −0.05 eV.

Initial experiments in electrocatalysis of conductive PDA thin films
showed significant dependence of the current on theCO2 concentration
within the electrochemical window of reversibility. We examined the
electrochemical parameters thoroughly by defining the applicable
window of electrochemical potential [0 to −1800mV versus normal hy-
drogen electrode (NHE)] using acetonitrile-water solution [1 volume%
water, saturated with N2 and CO2 (0.27 M)] (fig. S1).

These results motivated us to demonstrate more effective CO2 re-
duction reaction (CO2RR) by improving the geometric configuration
(Fig. 4). To this end, we modified the electrochemical setup and used
CF networks as supporting carrier electrodes because they offer a large
surface area (of up to 22,000 m−1) and have negligible catalytic activity
toward CO2. Vapor deposition enabled us to effectively infiltrate the felt
with conductive PDA to generate a homogeneously covered network
formaximumcatalytic activity. The corresponding cyclic voltammograms
and chronoamperometric scans of the working electrode (WE) as gen-
erated show the full performance of our electrocatalyst (Fig. 4A). We
observed reductive currents of up to 110 mA cm−2 at −1560 mV versus
NHE in the presence of CO2. Insights into the fibrous structure were
gained by high-resolution (HR) scanning electron microscopy (SEM)
before and after synthesis for 8 hours (Fig. 4B). SEM images reveal a
structural roughening of the PDA surface after electrosynthesis. For
chronoamperometry, we used an operating potential of −860 mV ver-
sus NHE, where we find the best compromise in terms of faradaic effi-
ciency, current density, and overpotential. We performed experimental
runs for 16 hourswith frequent product cross-checks in parallel (cathode
space only). We found H2, CO, and formate as reaction products. Over

A B

Fig. 3. Fingerprints of free charge carriers in conductive PDA. (A) Mid-infrared spectra of nonconductive PDA and conductive PDA, showing fingerprint spectral
features for free-carrier generation in the conjugated system, confirmed in particular by signature infrared-activated vibrations (IRAVs). Note the strong carbonyl
oscillation, which indicates dominant oxidation of the original hydroxyl groups. (B) The dc electrical conductivity (versus T) was as high as 0.43 S cm−1 at 300 K in
conductive PDA.
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time, we observed a preference for formate, which we attribute to the
accumulation of formate and subsequent changes in the local pH
(semidiscontinuous electrochemical setting) (Fig. 4C). After 16 hours of
operation, the total faradaic efficiencywas almost quantitative (95.8%)
with 12% for the hydrogen evolution reaction and 83.8% for CO2RR
(7.2% for CO and 76.6% for formate) (Fig. 4D). Note that we used
acetonitrile-water (2.65mole percent H2O) to avoid precipitation of car-
bonate and unwanted side reactions in the anode space. The complete
electrochemical system released O2 at the anode and synthesis gas–
formate at the cathode. Hence, the operating potential at −860 mV ver-
sus NHE corresponded to an overpotential (E0

CO;CO2;CH3CN is −650 mV
versus NHE) of as little as 210 mV for CO (and formate) (49). This
result is on a par with state-of-the-art catalysis and shows the potential
of incorporating enzymatic molecular motifs into electrocatalytic
processes. Note that the CO2 origin of electrocatalytic-derived products
is confirmed in a separate experiment [marked 13CO2 in deuterated sol-
vents by nuclear magnetic resonance (NMR); fig. S4].

Insights into the mechanism and the intermediate processes were
gained by in situ spectroelectrochemistry (isSEC) in the fingerprint
regime (Fig. 5). This technique enabled us to explore an exact sequence
of the electrosynthesis (as a function of the applied potential) and
acquire a deeper understanding of why our system favors C1 species
(that is, CO and formate) as dominant products.

The isSEC method allowed us to discriminate between emerging
and fading features on the basis of the spectral signs. Although, for in-

stance, the signal of carbonyl-PDA (keto-carbonyl at 1730 cm−1) pointed
downward (fading) and that of CO2 and carbonyl-amide (1650 and
1635 cm−1) pointed upward (emerging). The detailedmechanism in com-
bination with the spectra suggests that CO2 first attaches to carbonyl-
PDA, as can be seen from its subsequent depletion with increasing CO2

concentration. The final intermediate step involves carbonyl-amide,
which forms after attachment and subsequent reduction. This agrees
with our calculation, which identified the favored position of the oxygen
for initial CO2 attachment. The subsequent reduction via amide ex-
plains the preference for CO and formate and is indicative of the cou-
pling between amino and carbonyl functions via hydrogen bonding.

Active-site enhancement in conductive PDA has the potential to
enable industrial electrosynthesis of C1 carbon feedstocks. Renewable
materials are abundant and readily available in natural bio-derived
materials. They combine two attractive goals: (i) eliminating expensive
(noble) metals and (ii) further reducing overpotentials for superior
energy yields in CO2RR. The latter is a major concern to reduce the
amount of energy that must be dissipated in the form of heat at high
current densities in industrial-scale electrosynthesis. Furthermore, the
approach can be extended to include related enzyme-inspired mo-
lecular structures and change the product yield toward higher hydro-
carbons or use organic electrosynthesis for hydrogen reactions in
fuel cells. Hence, conductive functional materials provide a universal
principle for developing efficient electrodes for energy-related
electrocatalysis.

A

C

D

B

-
-

-
-

Fig. 4. PDA on CF for the electrocatalysis of CO2. (A) Cyclic voltammogram of conductive PDA on a CF electrode (area, 1 cm2) including control scans. The catalytic
activity shows a reductive current in acetonitrile-water purged with CO2. Fc/Fc

+, ferrocene/ferrocenium; QRE, quasi-reference electrode. (B) SEMs of conductive PDA on
CF before and after 8-hour electrocatalysis. (C) Faradaic efficiencies (F.E.) of CO, H2, and formate as functions of time. (D) Sixteen-hour chronoamperometric scans
(potential, −860 mV versus NHE) showing current stability.
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METHODS
oCVD was conducted on fluorine-doped tin oxide (FTO) glass and CF
(10 mm× 10mm) purchased from the SGL Group–The Carbon Com-
pany for electrochemical studies, whereas for low-temperature mea-
surements, sapphire (10 mm × 10 mm × 0.5 mm) purchased from
CrysTec Kristalltechnologie with Cr/Au (8 nm/100 nm) electrodes
was used. The substrates were cleaned in an ultrasonic bath for 15 min
each in acetone, isopropyl alcohol, Hellmanex detergent (Hellma, 70°C),
and deionized water. The metal contacts were deposited by physical
vapor deposition through a 4-inch-line contact mask. Before synthesis,
dopamine hydrochloride (Sigma-Aldrich) was dried overnight in an
oven at 150°C in the presence of CaH2 (95%, Sigma-Aldrich) to remove
any residual water. The reaction was carried out in a tube furnace
(Carbolite; glass tube length, 45 cm; tube diameter, 2.4 cm; reaction tem-
perature, 300°C) under nitrogen atmosphere with a carrier gas flow of
3 liter min−1. Sulfuric acid (95 to 97%, J.T.Baker) and sodium sulfate
(≥99.0%, Sigma-Aldrich) were used as oxidation agents in the synthe-
sis. The reaction time was varied to reach the desired film thickness. A
deposition time of 30 min yielded 50-nm films. For electrical charac-
terization, the samples were stored under inert conditions to avoid hu-
midity and were sealed by drop-casting a poly(methyl methacrylate)
(PMMA) film on the active area.

The PMMA-covered PDA films on sapphire were contacted using
indium solder and loaded to the PPMS DynaCool (Quantum Design).
The electrical conductivity was characterized as a function of tempera-
ture between 300 and 180 K.

We used FTO and CF asWEs. For this purpose, the FTO substrates
were cut into 8-mm × 60-mm pieces and cleaned as described above.
PDAwas then deposited in the tube furnace at 300°C for 1 hour, which
resulted in a film thickness of 100 nm. The procedure for CF was the
same, except that it was kept in a glove box atmosphere before synthesis

to avoid adsorption of oxygen from the air, and the sponges were pre-
treated in the tube furnace at 150°C for 30 min to prevent any moisture
absorption.

To evaluate PDA as an electrocatalyst for CO2 reduction, we con-
ducted electrochemical studies in a standard three-electrode arrange-
ment in an H-cell configuration. A PDA-coated FTO glass slide and/
or CF was used as a WE, Pt as a counter electrode (CE), and Ag/AgCl
as a QRE. All were suspended in a 0.1 M tetrabutylammonium hexa-
fluorophosphate (TBA-PF6) (99.0%, Fluka) in acetonitrile-water (1 vol-
ume%H2O, 0.55M) as the electrolyte solution. This system offers high
CO2 solubility (approximately 0.27 M) (50). The WE and QRE were
placed in one compartment of the H-cell, and the CE in the other
(fig. S2). The compartments were connected by a bridge with a mem-
brane (glass frit, porosity no. 2) in between. The Ag/AgCl QRE was
calibrated against Fc/Fc+ as an internal reference. All results are given
relative to the NHE. The half-wave potential E1/2 for Fc/Fc

+ was found
at +400 mV versus QRE (and +240 mV versus NHE) (fig. S1D).

The electrochemical setup was characterized by systematic imped-
ance analysis using an IVIUM CompactStat (Netherlands). First, the
impedance of the cell (frit-separated H-cell containing acetonitrile +
1 % water, CO2-saturated, 0.1 M TBA-PF6) was measured using two
platinum electrodes. The open circuit potential (OCP) was measured
for 30 s and then the electrochemical impedance spectrumwas recorded
(biased at OCP) in the range from 1 MHz to 1 Hz (perturbation am-
plitude of 10 mV). The high frequency range was dominated by the
resistive behavior of the electrolyte with an absolute impedance of
1.36 kilohm (frequencies, 1MHz to 1 kHz; equal electrode contribution
to impedance due to the full symmetry of the setup). In the next step, the
WE was replaced by a CF electrode without catalyst, and the impedance
was measured using identical parameters. A value of 857 ohm was ob-
tained (frequencies, 1 MHz to 1 kHz). In the next step, a CF electrode

A

B

Fig. 5. Electrochemical activation of amine-carbonyl hydrogen bridge to a nucleophilic center. (A) Initial steps driving CO2RR in conductive PDA: (i)
electrochemical activation of the hydrogen-stabilized carbonyl group, (ii) subsequent formation of a nucleophilic center via the adjacent amine, and (iii) attachment
to CO2 creating an amide. (B) The in situ Fourier transform infrared (FTIR) differential spectra plot the individual initial steps shown above. The negative signs reflect the
depletion of PDA-carbonyl, whereas positive signs correspond to the emergence of new absorptions, that is, CO2-related vibrations (2350 cm−1) and amide-carbonyl
vibrations (1650 and 1635 cm−1). SHE, standard hydrogen electrode.
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loaded with PDA catalyst (CF-PDA) was used in a three-electrode ar-
rangement (as for electrosynthesis; reference is Ag/AgCl QRE). The
branches were characterized individually resulting in values of
907 ohm (Pt-CE against CF-PDA WE) and 741 ohm (QRE against
CF-PDAWE). Note that the amplitude was 1 mV to avoid any deteri-
oration of the QRE. Below 1-kHz phases consistently appeared in the
range from −20° to −40°. Finally, the Pt-CE–CF-PDAWE combination
was characterized using a three-electrode arrangement, in which the
potential at the WE was measured using the reference electrode, and
the current was measured between CE and WE. In this way, the actual
potential drop in the electrolyte(plus frit including all static and kinetic
losses at the CE) is compensated by a correspondingly higher or lower
potential at the CE. Eventually, this system only had a low un-
compensated electrolyte resistance of maximum 65 ohm (1 MHz to
1 kHz) and 129 ohm down (1 kHz to 1 Hz). This last measurement
was performed down to frequencies of 100 mHz, and the phase did
not exceed values of −30°. The pH values of the electrolyte solution
(0.1MTBA-PF6 acetonitrile, CO2-saturated) were obtained in the pres-
ence of various volume%ofwater, and for chronoamperometry, using a
precision pH meter (Hanna Instruments, model pH 211).

We performed electrochemical and electrosynthesis experiments
using a JAISSLE Potentiostat Galvanostat IMP 88 PC. A TRACE Ultra
GasChromatograph equippedwith a thermal conductivity detectorwas
used for analyzing the amount of CO gas produced after electrolysis. All
electrochemical experimentswere carried out in a glove box atmosphere
to avoidmoisture absorption. CO2was introduced to the glove box via a
plastic tube from a bottle that contained 99.995% pure CO2, and all
chemicals used in the electrochemical experiments were stored only
in the glove box. The compartments of the H-cell were purged with
N2 and CO2 to achieve complete saturation of the system and prevent
possible electrolyte exchange between the compartments that would
lead to a change in theCO2 concentration in the environment. The head-
space volume was kept constant (20 mL). Before each experiment, the
cell was flushedwithN2 and thenCO2 for 30min. For the analysis of the
insoluble CO gas, 2-ml samples were taken from the headspace bymeans
of a gas-tight syringe and injected manually into the TRACE Ultra Gas
Chromatograph (Thermo Fisher Scientific). Helium was used as carrier
gas at a flow rate of 20 ml min−1. The thermal conductivity detector was
kept at 200°C.

FTIRmeasurements were carried out with a Bruker Vertex 80 with
a range of 8000 to 600 cm−1 and a resolution of 4 cm−1. The in situ
spectroelectrochemical [attenuated total reflection (ATR)–FTIR] mea-
surements were performed on a Bruker IFS 66/S spectrometer. For the
in situ technique, a sealed electrochemical cell (figs. S9 to S11) with Pt as
CE, PDA asWE, and Ag/AgCl QRE was mounted in the spectrometer.
The system was continuously flushed with 0.1 M TBA-PF6 in acetoni-
trile. PDA was deposited onto a germanium crystal as a reflection ele-
ment. During the spectroscopic recording, a cyclic voltammogram was
captured between 0 and −2000 mV versus Ag/AgCl.

The chemical surface composition of PDA on Au and CF was eval-
uated on the basis of x-ray photoelectron spectroscopy (XPS). We used
a Theta probe fromThermo Fisher Scientific with anAl Ka (1486.7 eV)
source. The charge was compensated by a dual flood gun (1 to 2 eV
electrons and Ar+ ions), and the lens mode was set to standard. The
energy pass amounted to 200 eV for the survey scan and 50 eV for
HR scans, with energy steps of 1 and 0.1 eV, respectively. We used
the Avantage v5.32 software package for data analysis. The data fittings
were in agreement with the results described in the literature. The ele-
mental concentrations were determined by survey and HR scans (figs.

S12 to S16, PDA on Au). The sulfur concentration was determined on
the basis of the S2p and S2s levels. The sulfur concentration was higher
than expected [theoretical value, ~2 atomic % (at %); measured values,
~10.7 at % (S2p) and ~8 at % (S2s)].

The N1s level suggested that nitrogen was present in two different
chemical environments, predominantly as a primary amine: –R-NH2

(401.8 ± 0.3 eV) and –R-NH-R– (399.9 ± 0.1 eV). The fitting for the
C1s spectrum was obtained with three components corresponding to
the carbon atoms: CHx (284.4 ± 0.1 eV), C–O/C–N (286.1 ± 0.2 eV),
and C=O (287.7 ± 0.4 eV). The O1s spectrum showed threemajor con-
tributions: O=C (531.0 ± 0.2 eV), HSO4

− (531.7 ± 0.2 eV), and O–C
(533.0 ± 0.2 eV). HR scans for the elements C, N, O, and S can be seen
in figs. S13 to S16. The potential chemical structure of PDA proposed
on this basis is shown in Fig. 2.

In addition to the extensive spectroscopic method (XPS and FTIR),
we used computational methods for PDA based on DFT (29). This
study used a cluster model of four monomer units and Gaussian basis
sets for their ab initio simulations. Inspired by this previous study, we
began by building a periodic model of a representative system for PDA
whereby eachmonomer type (according to Fig. 2) was accounted for in
the polymer structure. We chose this configuration to elucidate the
energetics of CO2 binding to each possiblemonomer unit. The four-unit
polymer was placed into a periodic box with dimensions of 17 Å ×
15 Å × 15 Å whereby the polymer chain passes through the periodic
boundary along the x axis. At least 12 Å of vacuum space along the y
and z axes was provided to avoid mirror image effects.

Marked 13CO2 was used for a control experiment to verify that the
source of the electrosynthetic product formate was CO2. After chrono-
amperometric scans, 450 ml of the product solution was used to record
13C NMR on a Bruker Ascend 700 spectrometer equipped with a cryo-
genically cooled probe (TXI). We use deuterated solvents for the NMR
experiments (CD3CN and 1% D2O) (fig. S4).

DFT calculations were performed with the Vienna ab initio simu-
lation package (51). The Perdew-Burke-Ernzerhof generalized gradient
approximation exchange correlation functional was used with the pro-
jector augmented wave (PAW) method (52, 53). All-electron frozen-
core PAWpseudopotentials with Blöchl plane wave basis sets were used
with a cutoff energy of 500 eV and a Fermi smearing width of 0.1 eV
(54). Long-range van der Waals interactions and dipole corrections
were used. Monkhorst-Pack mesh was used for k-point sampling with
6 × 1× 1 k-points sampled for the structure optimization (55). Structural
and unit cell optimizations were performed until the maximum cutoff
was less than 0.02 eVper atomwith the structures being fully optimized.
CO2 was placed in between the amino and carbonyl groups in the hy-
drogen bond motif of each monomer as a starting point and then fully
relaxed (Fig. 1C). The BE for CO2 was calculated as: BE = EPDA+CO2 −
(EPDA + ECO2), where EPDA+CO2 is the electronic energy of the system
with PDA and the CO2 near the hydrogen bond motif, EPDA is the
energy of PDA alone, and ECO2 is the energy of gas-phase CO2. Single
point calculations were used (CO2 BE as a function of distance) (Fig.
1D) in the two functional sites (oxygen and nitrogen). All images were
visualized using the Visual Molecular Dynamics software (56).

SUPPLEMENTARY MATERIALS
Supplementary material for this article is available at http://advances.sciencemag.org/cgi/
content/full/3/8/e1700686/DC1
fig. S1. Window of redox stability of conductive PDA.
fig. S2. Electrochemical setup for electrocatalytic CO2RR.
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fig. S3. Local pH as measured in the electrolyte system (0.1 M TBA-PF6, 25°C, acetonitrile, CO2-
saturated) at various amounts of water added.
fig. S4. 13C NMR spectra.
fig. S5. Conductivity versus time.
fig. S6. Conductivity (dc) of PDA in various liquids.
fig. S7. pH values during electrosynthesis of formate in acetonitrile-water (0.1 M TBA-PF6)
blends at 25°C, CO2-purged (30 min).
fig. S8. Chronoamperometric scan (continuous and semicontinuous).
fig. S9. Stability aspects and mechanisms shown by in situ FTIR.
fig. S10. Differential in situ spectra in the spectral fingerprint regime.
fig. S11. ATR-FTIR (in situ measurement cell) with reference 0.1 M TBA-formate and saturated CO2.
fig. S12. XPS survey scan of conductive PDA.
fig. S13. N1s HR XPS scan.
fig. S14. C1s HR XPS scan.
fig. S15. O1s HR XPS scan.
fig. S16. O1s HR XPS scan.
table S1. State-of-the-art CO2RR electrocatalysts, namely, for CO, formate, and related (hydro)
carbon products.
table S2. Electrochemical impedance data.
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A B S T R A C T

Polydopamine (PDA) represents a family of synthetic bio-inspired pigments offering high functional activity
combined with semiconducting properties. To date, it represents one of the main synthetic biopolymers used
mainly because of its simple synthesis in aqueous solutions. Thereby dopamine polymerizes in the presence of
ambient oxygen to polydopamine. However, its structure renders a sophisticated backbone relating to variations
of ambient growth parameters such as temperature, local pH and partial oxygen pressure; preponderant re-
peating units found in aqueous polydopamine are 5,6-hydroxyl-indole derivatives. However, hydrogen-bonded
aggregation competes with the polymerization leading to complex systems. In order to reduce the aggregation
we hypothesized that acidic oxidants will direct the polymerization towards CeC coupling and hence create
synthetic biopolymers.

In this work we demonstrate oxidative chemical vapor deposition (o-CVD) for PDA, where we obtain the
desired consistent biopolymer thin-films as shown by structural analysis. Furthermore, as-gained polydopamine
is conductive and renders fingerprint signatures of free charge carriers. Concomitantly it preserves its func-
tionality – imperative for potential applications in catalysis or as bio-linker.

1. Introduction

Natural molecular units, such as hydrogen-bonded pigment mole-
cules, represent an emerging class of conjugated semiconductors pro-
posed for manifold bio-compatible optoelectronic linkers. Bio-compa-
tible semiconductors can be implemented in living tissue and mutually
address biologic-electronic signals. In addition, decomposable, non-
toxic semiconductors can decrease electronic littering [1–7].

Among other bio-related conjugated systems polydopamines (PDAs)
are commonly used conjugated biopolymers. PDAs adopt indole-based
conjugated - functional repeating units reminiscent to eumelanins – a
group of natural pigments built from 5,6-dihydroxy-indoles and deri-
vatives thereof (Fig. 1). Unlike eumelanins, PDAs assemble to 1 - di-
mensional structures. Originally, they have been derived from 3,4-di-
hydroxy-L-phenylalanine – a protein existing in mussels responsible for
the high binding strength. Consequently, early research has focused
bio-mechanical applications [8–15]. Meanwhile the synthesis proce-
dures have eased and PDAs are used in manifold coatings, template
layers and catalyst carriers [15]. The dominant synthesis to date uses

oxidative polymerization of dopamine in aqueous solutions [7,15–18].
Thereby, ambient oxygen serves as CeC coupling agent making the
synthesis straightforward (i.e. self-polymerization in a glass beaker).
However, the downside of aqueous synthesis is resulting complex
structures such as disrupted conjugation. Studies have shown that en-
tire building blocks of hydrogen bond networks (H-aggregates) are
formed within PDA and inhibit covalent coupling among the mono-
mers. Hence, aqueous PDAs are often not processable and show limited
electronic properties [7,8,15]. In addition, the establishment of con-
sistent growth parameters (i.e. temperature, pressure, local pH) is dif-
ficult, as minor changes in ambient conditions significantly alter the
final molecular structure [8,9,15,19]. In order to promote covalent
polymerization, monomer intermediate formation has to occur under
controlled oxidative conditions. Discretely, these are the oxidation of
dopamine (DA) to dopamine-quinone (DAQ), the intramolecular cycli-
zation to leucodopaminechrome (LDC) and thereafter the formation
and polymerization of indole and its derivatives (Fig.1) [15].

To suppress PDA's affinity to build up H-aggregates, we pursue a
synthesis strategy that adopts insights from classic conductive polymers
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[8,15,20]. The aim is to generate conjugated and conductive PDA from
dopamine by using oxidative chemical vapor deposition (o-CVD). This
technique allows us to use stronger oxidation reagent (as compared to
ambient O2) in combination with acidic surrounding to enforce oxida-
tive CeC coupling. The goal is to arrive at the desired functionalized
polyparaphenylene (PPP) type of backbone.

In this work we adapt o-CVD for PDA i.e. we contact gaseous do-
pamine free base with sulphuric acid. The latter serves as acidic oxi-
dation agent and directs the synthesis to deposit conjugated and con-
ductive PDA thin films; we can define film thickness and deposition on
various substrates such as glass, sapphire or carbon-materials for po-
tential (catalytic) applications [21]. We are in particular interested in
the consequent structural changes induced by o-CVD (as compared to
the aqueous PDA). Therefore, we employ spectroscopic tools such as
Fourier Transform Infrared Spectroscopy (FTIR), Raman and variable
angle spectroscopic ellipsometry (VASE) on par with structural in-
vestigations (atomic force microscopy - AFM). We find evidence of
covalent polymerization and high structural consistency in o-CVD PDA
on par with a preservation of its functionalization. O-CVD PDA offers
higher processability and yields consistent structural conformity
leading to electronic activations such as electrical conductivity.

2. Experimental detail

2.1. Materials and methods

The oxidative chemical vapor deposition (o-CVD) is conducted on
glass substrates (20 mm× 20 mm) and sapphire
(10 mm× 10 mm× 0.5 mm) purchased from CrysTecKristall tech-
nology with Cr/Au electrodes used for the characterization of the
polymer films. For the conductivity measurements on sapphire, the
metal contacts are deposited by PVD through a 4-in-line contact mask.
First, the substrates are cleaned using ultra-sonic bath 15 min each in
acetone, isopropyl alcohol, Hellmanex-detergent (Hellma, 70 °C) and
deionized water. Before starting the synthesis, dopamine hydrochloride
(Sigma Aldrich) is dried in an oven at 150 °C overnight in presence of
CaH2 (95%, Sigma Aldrich) to remove any water residual. The reaction

is carried out in a tube furnace (Carbolite company; glass tube length:
45 cm; tube diameter: 2.4 cm; reaction temperature: 300 °C) under ni-
trogen atmosphere with a carrier gas-flow of 3 L/min. Sulphuric acid
(95–97%, J.T. Baker) and sodium sulphate (≥99.0%, Sigma Aldrich)
are utilized as oxidation agent and corresponding salt in the synthesis,
respectively, in order to shift the balance towards SO3

− and SO4
2− in

the gas phase. The reaction times are varied to reach the desired film
thickness. For electrical characterization the samples are stored under
inert conditions to avoid humidity and are sealed by drop casting a
polymethyl methacrylate (PMMA) film on top of the active area. The
simplified structure of vapor phase polydopamine during the one-step
polymerization in the tube furnace is presented in Fig. 2.

2.2. Film characterization

The FTIR measurements are done using a Bruker Vertex 80
(8000 cm−1 to 600 cm−1; resolution 4 cm−1). The Raman spectra are
recorded at room temperature with a WITec Alpha 300 R-Raman-
System (WITec GmbH, Ulm, Germany) instrument. Nd:YAG laser
(532 nm) is used for the excitation and thermoelectrically cooled CCD
(DU970N-BV) detector is applied for all measurements. A grating of
600 mm−1 is used with a resolution of 4 cm−1. For all three molecules
20× Zeiss EC Epiplan (Carl Zeiss Jena GmbH, Germany) objective lens
is used, while the laser intensity, integration time and accumulations
are varied for the monomer (10 mW, 15 s., 10), aqueous PDA (5 mW,
2 s., 3), and o-CVD PDA (5 mW, 3 s., 20), respectively.

Variable angle spectroscopic ellipsometry (VASE) measurements are
conducted using a Wollam M-2000 spectrometer at 6 incident angles.
The dielectric model has been derived using VASE program with film
thickness used as an input parameter. For electrical characterization
PMMA-sealed PDA films are contacted using indium solder and loaded
to the cryosystem for electrical probing (Physical Property
Measurement System, DynaCool, Quantum Design). The electrical
conductivity is characterized as a function of temperature and time (at
300 K). The surface imaging of polydopamine films is taken by MFP 3D-
Stand Alone atomic force microscopy (AFM) from Asylum Research
with the cantilever OMCL-AC240TS of Olympus. It is operated in the

Fig. 1. Chemical structures of the polydopamine (PDA) in-
termediate steps undergoing numerous oxidation and re-
arrangement reactions.
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AC-mode at 60% setpoint and a scan rate of 0.2 Hz. The thickness de-
termination of the polymer films is carried on Bruker DektakXT.

3. Results and discussion

This work utilizes o-CVD to grow conductive PDAs. Prior art on
state-of-the-art techniques uses mainly solution-based synthesis
(Table 1) [18,22–25].

As discussed, the downside of solution-based synthesis is the diffi-
culty of the control over ambient parameters (temperature, O2 partial
pressure, local pH in growth solution) and the competing H-aggregation
disrupting conjugation. We pick one archetype solution route (ac-
cording to ref. 21) and use it as a control experiment (further denoted as
solution-PDA) for comparison to our o-CVD processed PDA (o-CVD
PDA).

O-CVD induces a rapid growth of PDA (Fig. 3) – typical deposition
rates are 5–6 nm per minute (within 4 h thin films with high homo-
geneity and controllable thickness can be deposited). We found that
acidic reaction conditions protonate the dopamine free base and as such
deactivate the competing H-bond aggregation and hence preserve the
functionality (most dominantly on the amine). Furthermore, as typi-
cally for o-CVD we obtain a conducting biopolymer. The vapor oxida-
tion includes also the shallow doping step in the polymerization and
results in highly defined, reproducible deposits. We could demonstrate
o-CVD on various substrates such as flat surfaces but also mesh-type or
sponge-type electrodes, which are effectively covered with PDA
through vapor infiltration.

To elucidate the surface topography of a glass-deposited PDA, we
apply atomic force microscopy (AFM) (Fig. 4). The images reveal
homogenously formed, pinhole-free surfaces with a root mean square
roughness of 3 nm (obtained at 10 × 10 μm images on various spots).
Similar morphologies at higher thickness in bulk-like films have been
reproduced (not shown). The morphological consistency is also re-
flected in the optical properties.

In general, PDAs belong to the naturally occurring pigment family
of eumelanin, consequently, the optical parameters of PDA are related
to the natural chromophore [15]. These are characteristic broad band-
monotonic absorbers in the ultraviolet. Exactly such absorption features

are found in o-CVD PDA as well – we derive the optical parameters
using variable-angle spectroscopic ellipsometry to attain a profound
insight (Fig. 5, relevant optical parameters as dielectric function ε1 and
ε2). Furthermore, we derive the absorption coefficient α (Fig. 5a). Si-
milar to eumelanin, an exponential increase is observed dominated in
the UV region with the absorption peaks at 217 nm (5.71 eV), 238 nm

Fig. 2. Experimental setup of the o-CVD in the tube fur-
nace. PDA is deposited on glass substrates in presence of
the monomer and oxidation agent at an elevated reaction
temperature of 300 °C under N2 atmosphere. After the
reaction the monomer is transformed into a doped con-
jugated polymer consisting of quinone and indole deriva-
tives of dopamine.

Table 1
An overview about the recent status of the PDA deposition parameters.

Method of
deposition

Oxidant Deposition time
[h]

Thickness
[nm]

Ref.

Solution process O2 15 max. 40 [24]
Solution process CuSO4 80 < 80 [23]
Solution process O2 < 80 < 80 [18]
Solution process O2 < 30 < 80 [22]
Solution process O2 2–60 min < 10 [25]
o-CVD H2SO4/

Na2SO4

< 4 < 1500 This
work

Fig. 3. Film thickness as a function of the deposition time after the o-CVD of PDA.

Fig. 4. Phase image of the film demonstrating a homogenous, pin-hole free surface. The
film has a thickness of 1 μm.
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(5.2 eV) and 300 nm (4.13 eV). We relate these strong absorption fea-
tures to presence of leucodopaminechrome (LDC) and its indole deri-
vatives reminiscent of the archetype UV-photoprotection of melanin
skin pigments [15,26,27].

We conclude an absorption onset at approximately 3.72 eV – this is
in agreement with previously reported theoretical calculations and
experimental data on PDA. The optical dielectric parameters ε1 and ε2
of PDA have been derived using a chemical disorder models (CDM)
[15]. Unlike classic conductive polymers alternating combinations of
different monomers such as dopamine, LDCs including and its indole
derivatives generate convoluted repeating units – CDM can bundle
these complex variables and construct effectively broadened molecular
orbitals. Consequently the UV-features (but also the corresponding
near-IR features) are smeared out i.e. monotonic broadband features
[15,28–30].

We use Raman and FTIR to expand CDM to the vibronic regime and
to further elucidate the structural variety of o-CVD PDA. This allows us
to explore a more detailed picture on the influence of discrete structural
designs on the electronic properties - including the functional groups
and complex IR-electronic features. Thereby we hypothesize that the
functional sites are integrative part of the conjugated system thus
leading to intimately structures functions-on-conjugation. To examine
this entanglement in detail, we relate FTIR and Raman spectra attained
from the actual monomer dopamine hydrochloride in comparison with
o-CVD PDA and solution PDA (Figs. 6, 7 and 8).

Previous Raman studies have focused the identification of the

a)

b)

Fig. 5. (a) Absorption coefficient of o-CVD PDA (inset: zoom to the absorption onset).
Two onsets are found. (b) Variable angle spectroscopic ellipsometry (VASE, 6 incident
angles) on CVD-grown PDA thin films showing the dielectric function in the near-infrared,
visible and UV spectral regime. We derive all optical parameters using a point-by-point
fit. Note the functions are obtained by Kramers-Kronig relations.

Fig. 6. Raman spectra of dopamine hydrochloride (black), solution PDA (blue, 10-fold
expansion) and PDA synthesized by o-CVD (red). The signature peaks at 1403 cm−1 and
1583 cm−1 of o-CVD appear more intense in o-CVD PDA (as compared to solution PDA).
Note 1403 cm−1 and 1583 cm−1 are aromatic CeN and CeC vibrations. (For inter-
pretation of the references to colour in this figure legend, the reader is referred to the web
version of this article.)

Fig. 7. The FTIR spectrum of dopamine hydrochloride (black).

Fig. 8. The FTIR spectrum of solution processed PDA (blue) and PDA synthesized by o-
CVD (red). (For interpretation of the references to colour in this figure legend, the reader
is referred to the web version of this article.)
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functional sites [31–33]. In this work we can use Raman to explore the
distinct differences between solution and o-CVD PDA. In the monomer
dopamine most pronounced peaks appear at 1616 cm−1, 1455 cm−1,
1349 cm−1 and 1287 cm−1 (first three assign the aromatic CeC
stretching-, the last one aromatic CeH vibrations). In the polymer these
peaks are changed - we observe three weak bands at 2836 cm−1,
1583 cm−1 and 1347 cm−1 in solution-PDA. In o-CVD PDA, these
bands are more intense (1583 cm−1 and 1403 cm−1) – they refer to
CeC vibrations of the aromatic units – hence we conclude that we ac-
tually surpass the H-aggregation towards effective CeC coupling in o-
CVD PDA. Similarly, this effect is observed in the aromatic CeN bonds
(Fig. 6) [31,32]. In o-CVD, weaker peaks at 2854 cm−1 and 668 cm−1

indicate suppressed aromatic OeH and the stretching and deformation
of aromatic rings, respectively, again pointing at the increased CeC
polymerization at cost of H-aggregation (Fig. 6).

Similar to Raman, also FTIR vibronic characterization reveals a
strong interplay of hydrogen bonds triggering the formation of un-
desired broken conjugated networks from H-aggregation. We are in-
terested to investigate the changes induced by o-CVD, in particular to
explore if CeC coupling is distinct for the building of the desired
functionalized polyparaphenylene (PPP) type of polymer backbone.
Therefore, we separately plot the FTIR spectrum of dopamine hydro-
chloride as control (Fig. 7). Here, we see the broad and strong bands in
the 3000–3400 cm−1 region hallmark signatures for intermolecular
hydrogen bond oscillations on (aromatic) OeH stretching vibrations
[10]. In comparison, the NH2 functionality in the hydrochloride adduct
moves to lower frequency, such as the NeH bands emerge between
2700 cm−1 and 2250 cm−1. The intense peaks below 1700 cm−1 are
attributed to aromatic C]C and CeH bonds.

When polymerized in solution (solution-PDA, blue line), the fea-
tures between 3400 and 2954 cm−1 and 3000–2100 cm−1 remained
resembling at blurry and weakened intensity corresponding to the
aromatic OeH stretching vibrations region as well as the amine func-
tionality patterns at 1593 cm−1 and 1498 cm−1, respectively (Fig. 8)
[9,10,34,35].

On the contrary, the spectrum of o-CVD PDA (red line) reveals al-
most united broad bands in the regions of 3000–3400 cm−1 and
2856–1623 cm−1. We conclude that from the intensity, these features
only partly render NeH or OeH vibrations, while the major oscillator
corresponds to the broad polaron transition (maximum 3000 cm−1).
Moreover, the significant peaks between the 1660–1425 cm−1relate to
the conjugated, cyclic C]N group [10,34,35]. In parallel, strong car-
bonyl IR absorption bands are observed between 1590 and 1640 cm−1,
indicating the prevalent oxidation of the OeH functional groups to the
corresponding ketones. Furthermore, the hallmarks of free charge car-
riers along the conjugated polymer chain are confirmed by the intense
infrared-activated vibrations (IRAVs) in between 857 and 1075 cm−1

responsible for conductivity of the doped polymer films (as true for the
polaron transition at 3000 cm−1).

We denote that these fingerprint FTIR regime in o-CVD PDA is
distinctively different to the solution PDA – peaks are by far more in-
tense (we characterized similar amounts and the same setup) and,
qualitatively, we clearly see IRAV, polaronic transitions and at the same
time functional fingerprints such as cyclic C]N and carbonyl.

In order to confirm the free electron from shallow doping, we
characterized the electrical conductivity of o-CVD PDA. Prior art in
eumelanin-derived (hence PDA-related) structures has been explained
conductivity resulting from protonic motion. Moreover, intrinsic
polymer pigments such as UV-absorbing PDA are considered as amor-
phous and wide-bandgap organic semiconductors – both indications for
high activation barriers to establish high mobility thus electrical con-
ductivities. Hints of proton motion in eumelanin, however, gave the
strong temperature dependence in presence of high humidity – the
latter imperative ingredient to enable electrical transport: Without
humidity, eumelanin and polydopamine show typically values across
10−13 S/m, while under humid atmosphere, these values increased up

to 10−5 S/m (e.g. at 100% humid atmosphere) [15,36,37]. Especially,
Meredith et al. proposed melanin in general to behave as electronic-
ionic hybrid conductors with ionic motion responsible for transport
[13]. Herein, we report a persistent and substantially higher con-
ductivity of PDA films observed through the o-CVD in H2SO4. We
achieve 0.4 S cm−1 at 300 K using 4-probe specimen (over a re-
presentative time scale and in inert conditions). Note that the tem-
perature dependence reveals a steep rise according to Arrhenius type
activation. Above 300 K, however, the transport mechanism is more
complex (non-linear), thus we cannot exclude ionic contributions
playing a more dominant role (Fig. 9).

We denote that we use controlled Helium atmosphere, while
probing the current – leading us to the conclusion that the observed
conductivity results predominantly from electrons rather than pro-
tonic/ionic movement.

The occurrence of electrical conductivity in PDA proves our strategy
to utilize a stronger oxidant to improve the covalent path to form the
desired chemical consistency i.e. the (functional) poly-paraphenylene.
Obviously, the harsh conditions lead to further oxidation and as such
include doping as in similar manner found for classic conducting
polymers. The presence of free carriers is consequently evidenced by dc
conductivity (actually 4 orders of magnitude higher than highest re-
ported earlier for differently synthesized PDAs). We believe that re-
presents a hallmark in biopolymers – a demonstration that tailoring
synthesis can assist to implement bio-related themes to electronic de-
vices to serve as catalytic systems or bio-organic conductive linkers.

4. Conclusion

In this study, we developed an o-CVD based synthesis pathway for
the polymerization of dopamine to biopolymeric thin films. We adapted
the deposition technique in order to generate PDA and demonstrate as
such a versatile and simple way to form homogenous and conductive
(thin-)films. Based on the spectroscopic analysis we confirm the im-
proved CeC coupling along the polymer chain to render poly-
paraphenylene backbone. The structural complexity created from the
mutual reactions, intermediates and alternating monomers will con-
tinue to elucidate biopolymers in order to attain better control over the
actual backbone formed. However, functional biopolymers have shown
beneficial properties in particular towards bio-compatibility and sta-
bility in aqueous media. As such, we consider the design of an elec-
trically conductive, highly functional and bio-inspired system as mile-
stone in conductive polymers providing access to versatile linking

Fig. 9. Four probe conductivity measurement of o-CVD PDA films as a function of time
(insert) and temperature.
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system between biological and organic matter by electrical signals.
Among others, catalysis-related applications have targeted biopolymers
- as such our simple rout to form functional synthetic polydopamine
will be relevant as versatile linker at the interface of ionic and elec-
tronic systems.
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Influence of molecular designs 
on polaronic and vibrational 
transitions in a conjugated push-
pull copolymer
Christoph Cobet1,*, Jacek Gasiorowski2,*, Reghu Menon3, Kurt Hingerl1, Stefanie Schlager4, 
Matthew S. White5, Helmut Neugebauer4, N. Serdar Sariciftci4 & Philipp Stadler4

Electron-phonon interactions of free charge-carriers in doped pi-conjugated polymers are conceptually 
described by 1-dimensional (1D) delocalization. Thereby, polaronic transitions fit the 1D-Froehlich 
model in quasi-confined chains. However, recent developments in conjugated polymers have diversified 
the backbones to become elaborate heterocylcic macromolecules. Their complexity makes it difficult to 
investigate the electron-phonon coupling. In this work we resolve the electron-phonon interactions in 
the ground and doped state in a complex push-pull polymer. We focus on the polaronic transitions using 
in-situ spectroscopy to work out the differences between single-unit and push-pull systems to obtain 
the desired structural- electronic correlations in the doped state. We apply the classic 1D-Froehlich 
model to generate optical model fits. Interestingly, we find the 1D-approach in push-pull polarons in 
agreement to the model, pointing at the strong 1D-character and plain electronic structure of the push-
pull structure. In contrast, polarons in the single-unit polymer emerge to a multi- dimensional problem 
difficult to resolve due to their anisotropy. Thus, we report an enhancement of the 1D-character by 
the push-pull concept in the doped state - an important view in light of the main purpose of push-pull 
polymers for photovoltaic devices.

In-situ (operando) spectroscopy on free carrier induced absorption in π-conjugated polymers displays the pro-
nounced electron-phonon coupling due to π-fluctuations. Similar to Raman modes in the ground state, vibronic 
terms in doped polymers known as infrared-activated vibrations (IRAVs) display symmetry breaking due to 
presence of charge carriers1–4. Originally, these modes have been described in doped and photoexcited simple 
conjugated systems such as polyacetylene and polythiophenes, where all CSC, CCC and CCH vibrations can 
be assigned to the spectral response. Meanwhile, polymers developed to more complicated macromolecular 
structures, so that one-to-one vibrational assignments become difficult. However, there exists crucial interest 
to resolve the doped state electronics as it provides an insight to optoelectronic devices during operation5–10. 
In this work we took such an in-situ operando view to these electronic transitions, which emerge only in the 
doped state. Electronically these are polaron transitions, which qualitatively relate to the coupling of phonons 
and free charge carriers. Fitting of these transitions allows an estimation of the strength of inter- and intramo-
lecular forces and hence provides substantial information about carrier dynamics, which can be directly proved 
in device-structures. We elucidate these dynamics for the first time in a sophisticated push-pull polymer such as 
PBDTTT-c both in the material and in a device-related style. Interestingly we find agreement with earlier results 
on 1D delocalization, which appears specifically enhanced by push-pull molecular structures.
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Results
Typically polarons emerge from electron-phonon interactions. Their binding energy and the intensity of IR 
absorption due to polaron excitations scales with a dimensionless coupling constant according to Froehlich
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where mc the effective electron mass and ωPh is the LO-phonon frequency. In conjugated polymers polaron 
absorption depends strongly on dielectric function between ε∞ and ε0 (high-frequency electronic and static  
dielectric constant). The term ε ε−∞
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1  defines the effective dielectric constant related to the lattice polarisa-
bility. For a given electronic polarisability ε∞ maximizes if the measurable static dielectric constant becomes large. 
Furthermore it is evident that the electron-phonon coupling and thus the intensity of polaronic absorption 
increase with electron localization i.e. in case of a high effecitve electron mass mc.

In this study we compare regioregular poly-3-hexylthiophene (rr-P3HT) and a prominent push-pull system 
poly[(4,8-bis-(2-ethylhexyloxy)-benzo(1,2-b:4,5-b’)dithiophene)-2,6-diyl-alt-(4-(2-ethylhexanoyl)-thieno[3,4-b]
thiophene-)-2-6-diyl] (PBDTTT-c)11,12. The latter reflects exactly recent developments, where intramolecu-
lar dipoles red-shift the band gap to explore infrared (IR) activity. In PBDTTT-c, it is benzodithiophene and 
thienothiophene, which serve as sequential donor-acceptor pair13–18. The IR-activity in push-pull polymers usu-
ally pays off by an extraordinary molecular complexity - the number of carbon atoms per monomer increased 
by a factor of 4 from P3HT to PBDTTT-c. Typically, push-pull polymers afford also an elaborate side-chain 
engineering to obtain solubility19–23. Taking PBDTTT-c as an example, little is know about the influence of such 
complexity to the polaron levels. Therefore we pursue an operando spectroscopic study to achieve this insight, in 
particular on polaron dynamics24–30.

On basis of ground-state and doped-state data we create optical models to visualise polaron differences. 
Generic oscillators are useful here to assemble these corresponding delta-functions with strong broadening 
effects (Lorentz-type or Gaussian-type). This allows us to conclude on the molecular interactions dominating 
the solid-state system31,32. Interestingly we find the complex push-pull polymer to suppress intermolecular forces 
consequently fitting well 1D-delocalization. This is opposite to highly-crystalline rr-P3HT, where the wave func-
tions spread into inter- and intramolecular identities with diverging intensity. Our results show, that the push-pull 
concept strengthens the 1D-character - it can drive a conjugated polymer with complex molecular structure 
towards a simple advantageous optoelectronic structural fingerprint.

The experimental optical model for the pristine polymers (Fig. 1) are shown in the dielectric functions (and 
the absorption coefficient α) for PBDTTT-c and rr-P3HT, respectively. The latter (Fig. 1a) has maxima at 2.1 and 
2.3 eV (imaginary part left scale, ε2). The feature splitting is a signature of intra- and intermolecular alignment 
and therewith π −​ π stacking33: This is true for the absorption features between 2 and 4 eV. In detail the shoulder 
at 2.07 eV is attributed to interchain-delocalized exciton, while the following peaks at 2.27 eV and 2.49 eV are 
phonon replica of the exciton. The broad absorption shoulder at 2.6 eV refers to the screened π - π* transition34. 
The onset of the absorption is found at 1.9 eV35. The dispersion - consistent with absorption - is reflected in 
the plot of the real part ε1 having two strong variations that are connected with two oscillators with maxima at 
1.95 and 2.1 eV. All mentioned assignments fit measurements on films and dilluted rr-P3HT. Thus we derive a 
consistent value for the average LO-phonon frequency ωPh at 190 to 200 meV. PBDTTT-c shows different absorp-
tion features: Uniting donor (thieno[2,3-b]thiophene) and acceptor (benzodithiophene with alkoxy-side-chains) 
red-shift the absorption onset to 1.55 eV. The dielectric functions is presented in Fig. 1b with two sharp peaks at 
1.75 eV (π-π* transition) and 1.9 eV. Unlike rr-P3HT, this splitting is not originated from π-π - stacking but rather 
a fingerprint of the push-pull character. In addition to the dielectric function we include the absorption coeffi-
cients α for both polymers (Fig. 1c). In rr-P3HT, a different spectral shape of α as compared to ε2 is apparent - it 
originates from the important role of the refractive index ni in thin films. The absorption coefficient has a broad 
peak with maximum at 2.4 eV, which is a result of dispersion from three oscillators describing the optical transi-
tions. Differently, the absorption coefficient for PBDTTT-c correlates better to the ε1-function.

For conducting in-situ spectroscopy on the doped-state, we create a long-lived (persistent) species, which 
allows elucidation by variable angle spectroscopic ellipsometry (VASE) and attenuated total reflection (ATR) 
FTIR. Persistency is achieved by iodine-doping rr-P3HT and PBDTTT-c while recording spectra. Alternatively, 
dynamic doping uses the photo-excitation of the polymer in presence of electron acceptor phenyl-C61-butyric 
acid methyl ester (PCBM). The latter method mimics the charge-separation processes in an organic photovoltaic 
cell (bulk-heterojunction). We denote that photo-induced in-situ absorption (PIA) measurements are presented 
for ATR-FTIR in the mid-IR36,37. Combined with persistent doping we obtain a complete survey covering the 
spectral region between 5.5 and 0.075 eV exactly where vibronic transitions (IRAVs), polaron transitions (P1,2 and 
ground state transitions occur (Fig. 2).

At first we present datasets in the UV-visible and near-IR (5 to 1.0 eV) of doped-state levels introduced by per-
sistent chemical doping (Fig. 3). We show the real (ε1) and imaginary part (ε2) of the dielectric function of doped 
polymers rr-P3HT* and PBDTTT-c*, respectively. For P3HT* ε2 shows a quenched and broad main absorption 
peak signal with a maximum at 2.3 eV and a transition betweeen localized polaron state at 1.5 eV, denoted as 
P1. Above 3 eV we cannot observe changes as compared to the ground-state, so we conclude that doping affects 
mainly π-levels (polarons disrupt loosley-bound HOMO and LUMO states). Contributions from iodine are not 
apparent (rr-P3HT and PBDTTT-c*). The rr-P3HT* real dielectric function ε1 repeats the ground state oscillator 
quenching and displays the concomitant formation of an in-gap P1 transition at 1.5 eV.

For PBDTTT-c*, we see a similar impact: Quenching in the active absorption region and rise of P1. The max-
ima of PBDTTT-c* are red-shifted as compared to rr-P3HT* due to the lower absorption edge in the ground state. 
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Concretely, P1 arises at 1.2 eV (ε2) (absorption coefficients in Fig. 3c). Between P3HT and P3HT* the decrease 
of the original absorption feature is significant, which is not the case between PBDTTT-c and PBDTTT-c* - the 
quantitative changes due to doping are minor, which correlates to the higher oxidation potential of PBDTTT-c.

Figure 1.  Ellipsometric spectra of ground state rr-P3HT and PBDTTT-c including molecular structure. 
(a,b) The dielectric functions ε1, ε2 correspond to the real (left, ε1) and imaginary (right, ε2) part as indicated in 
the graphs. In (c) we plot the absorption coefficient of both polymers.

Figure 2.  Schematic illustration of the ground state and doped state in a π-conjugated polymer. The 
characteristic in-gap polaron transitions P1,2 are indicated.
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To probe the low-energy regime with the continuum polaronic excitations (P2) and the IRAVs, we change to 
in-situ ATR-FTIR to cover the spectral mid-IR region between 0.6 to 0.075 eV. For P3HT* we see a characteristic 
broad P2 feature above 0.18 eV to 0.19 with a maximum at 0.35 eV. Below 0.18 eV IRAVs emerge characterized 
by multiple, intense absorption peaks. In parallel, PBDTTT-c* exhibits a broad P2 transition with a maximum at 
0.39 eV including IRAVs. The latter are broadened as compared to rr-P3HT.

In ATR-FTIR, photo-inducted absorption is accessible too. We crosschecked, how doped-state levels are 
affected by the origin of excitation. In both polymers we cannot report on substantial differences in the spectral 
response (Fig. 4), unless taking into account quantitative evaluations. Persistent doping with iodide yield quan-
titative changes, while photo-induced changes are relatively small and, though noise-reduced due to lock-in data 
acquisition, less precise. Qualitatively, we find the maxima for IRAVs and P2 transitions at the same positions 
with minor deviations as indicated in Fig. 4, independently, which method for excitation has been applied. For 
comparison, we sum up all data on in-gap states in Table 1.

Discussion
The interesting part in evaluation of the presented doped-state spectra affects the differences within the polymer sys-
tems. Common rr-P3HT has a simple molecular desing but features  a complex physical insight: Our approach fitting 
spectra with a minimum amount of generic oscillators fails, when we stick to a 1D Froehlich-model (details explained 
in SI). As already discussed in Fig. 1c, rr-P3HT exhibits strong dispersion effects in the ground state likely originating 
from the strong π-stacking. Therefore the minimum amount of generic oscillators used to reasonably fit the data are 3, 
which are illustrated in Fig. 4, left. The polaronic absorption lines are then in agreement, if additional intermolecular 
forces are considered. In the literature, this effect has been also assigned as 2D-polaron8,38–40 - accordingly we illustrate 
the in-gap states in a schematic (Fig. 5). In light of its complex electronic insight, PBDTTT-c appears plain and simple, 
as far as doped-state dynamics are concerned. This is in contrast to its complicated molecular design consisting of two 
heterocycles and extensive side-chain branches. In PBDTTT-c, we observe classic 1D-delocalization in agreement 

Figure 3.  Ellipsometric doped-state spectra on persistently doped rr-P3HT and PBDTTT-c. In (a,b) the 
rise of the P1 polarons for both systems (with different intensities) is indicated. The response function of the 
absorption coefficient in the doped state is also shown in (c).
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with the spectral response. The absorption line shape fits a textbook example for 1D Froehlich polaron excitations 
with relatively high coupling strength and higher effective hole mass. We fit the spectra using two generic oscillators, 
(Fig. 4, right) and find a proper match with the doped-state spectral features. The latter is not possible in rr-P3HT: 
P2 transitions are weaker despite more intense P1. We conclude that we have simply more polaronic states, a weaker 
Froelich coupling constant, thus less 1D-character. These conclusions are furthermore backed by the ground state 
spectra: In PBDTTT-c dispersion effects are minor as compared to rr-P3HT seen in the qualitative match of ε2 and the 
absorption coefficient α. In summary, we show that PBDTTT-c fits the classic description of a 1D Froelich polaron, 
while rr-P3HT has more complex spectral responses. This structural insight backs the concept of a 1D-polymers hence 
1D-delocalization enhanced by push-pull systems. We conclude it is the inferior molecular symmetry of PBDTTT-c, 
which features suppressed π-stacking and thus translates to a plain doped-state electronic structure. This work aims to 
visualize the transition from pristine form to a doped-state for PBDTTT-c as part of a prominent family of push-pull 
type IR-active polymers for high-performance polymer photovoltaic cells. In direct comparison to rr-P3HT having 
a simpler core unit and stronger tendency to crystallize, PBDTTT-c offers suppressed π-stacking due to its complex 
structural asymmetry. In first view we find correlative spectral responses - both systems show intense polaron transi-
tions and IRAV bands. The detailed scans, however, reveal the distinct difference, which highlights the simplicity of the 
electronic structure of PBDTTT-c. The systems resembles a similar response function in the doped state, as found for 
original conjugated polymers following the concept of 1D-delocalization. This insight points at the impact of molec-
ular design, which can conserve a major polymer fingerprint - a 1D-character packed in an advanced, sophisticated 
chemical structure. In light of the high performance response from PBDTTT-c family in organic photovoltaics, our 
study supports the direction to assemble molecular designs, that foster a 1D-character.

Figure 4.  Juxtaposition of persistently- and photodoped in-situ spectra by ATR-FTIR exploring P2 
transitions. In the mid-IR regime rr-P3HT (left) and PBDTTT-c (right) show the broad polaronic transitions 
(P2) and lower energy IRAV modes. We included generic oscillators (dashed lines) from the underlying model 
fit - their superposition renders the experimental spectra in precision.

Polymer absorption edge π-π* π-π-stacking P1 P2

rr-P3HT 1.90 2.30 2.10 1.50 0.35

PBDTTT-c 1.55 1.75 1.90 1.20 0.39

Table 1.   Summary of all measured optical transitions referring to the peak maxima (all units in eV). We 
denote the broadened shape of polaronic transitions.
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Methods
PBDTTT-c was purchased from Solarmer Inc., and used as received. P3HT bought from Rieke Metals (98%) and 
has been purified prior to use by re-crystallization in n-hexane. As electron acceptor the soluble fullerene deriv-
ative, (6,6)-phenyl-C61-butyric acid methyl ester (PCBM) was used. PCBM was purchased from Solenne Inc. 
(Groningen, The Netherlands). PBDTTT-c or P3HT and PBDTTT-c:PCBM or P3HT:PCBM (1:1 weight ratio) 
were dissolved in chlorobenzene with concentration of 10 g L−1 and 20 g L−1, respectively.

To measure the optical properties of the pristine and doped materials, NIR-Vis-UV variable angle spectro-
scopic ellipsometry (VASE) is used. The characterization is performed using a Woollam M-2000 (rotating com-
pensator) ellipsometer (spectral range 0.73 to 6.5 eV). VASE results are analysed using WVASE software on basis 
of three phase layer model. The polymer film dielectric function is fitted using a parametric dispersion model 
based on generic oscillators. The layer thickness is measure beforehand by DekTak (Bruker). The as-derived 
preliminary optical model is consequently refined by point-to-point fits and the resulting ε1- and ε2-functions. 
The results are crosschecked in terms of the Kramers-Kronig consistency41,42. All VASE measurements are per-
formed on polymer layers deposited by spin coating of the polymer solution on a glass substrate. Doped-state 
in-situ spectra are generated by exposing the sample to iodine vapor - after a saturation time (10 min) numerous 
VASE-spectra are recorded subsequently31.

The mid-IR spectra are recorded using a FTIR spectrometer (Bruker IFS66S) in attenuated total reflection 
(ATR) mode. A ZnSe crystal is used as the reflection element. The setup used for in-situ probing is presented in the 
supplementary part. Doped-state spectra are recorded in presence of an iodine crystal, which is placed in a closed 
volume box on top of the polymer-film and ATR-FTIR spectra are recorded in-situ. The plots relate the ground 
state signal (Tref, T is transmission) and subsequent doped-state spectra Ts to a differential spectra (−​Δ​T/T).  
We denote that (−​Δ​T/T) is absorbance A, in first approximation. For quantitative evaluations, we consider the 
intensity of transmission T as product of all 6 reflections (T equals R6). We can calculate intensities including 
Fresnel reflection coefficients assuming an isotropic material and the single attenuated total reflection from 
ZnSe-parallelepiped at 45° total reflection. In ATR-mode also photo-induced absorption is measured. We apply 
a lock-in mode, amplified by the FTIR spectrometer and a mechanical shutter. The polymer-fullerene blend is 
deposited on a ZnSe crystal and photo-excited at 532 nm (P3HT) and 664 nm (PBDTTT-c) diode-lasers thought 
the shutter. A differential spectra (−Δ​T/T, Tdark and Tlight) are calculated from sequences of 1000 repetitions of 
recording 10 single beam spectra in the dark and light, respectively, to reduce the noise level. We denote that 
photo-induced VASE is not accessible with our equipment to date.

To evaluate the ATR-FTIR spectra for a quantitative analysis we relate the intensities of polarons and IRAVs 
to the electron-phonon coupling. The Froehlich interaction turns out to be suitable for polymers: The basis of the 
model is given by following Hamiltonian41:
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
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Figure 5.  Simplified schematic of 1D and 2D-polarons as found for PBDTTT-c and rr-P3HT. We point at 
the main finding of in-situ spectroscopy that the push-pull system enhances 1D-delocalization, while the single 
unit system shows a comparatively complex doped-state electronic structure.
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In those equations q is a phonon wave vector, +cq  and c.c. are creation and annihilation operators, ωPh is a pho-
non frequency, N  is the number of charges and V  is a volume. The values of ε∞ and ε0 are high- and low-frequency 
dielectric constants. In this picture, electron phonon coupling is either enhanced, if the phonon frequency ωPh 
increases, or when the ‘‘static’’ dielectric constant ε0 (below the energy of a selected vibronic transition) is strongly 
different from the dielectric constant ε∞ (above the energy of a selected vibronic transition), or equivalently,

ε ε
ε ε
ε ε

− =
−

∞
− − ∞

∞
( ) (4)

1
0

1 0

0

decreases. Our assumption is now based on the substitution of the phonon frequency by vibrational frequencies -  
in particular the IRAVs, which appear due to symmetry breaking (polymer deformation). Each one contributes 
to the difference (ε0 −​ ε∞), as well as in the strength of the polaron transition. For the case of chemical doping of 
rr-P3HT it is clear that the static dipole moment ε0 increases, which means that ε−0

1 vanishes and the coupling 
coefficient increases in the Fröhlich model - thus allowing a quantitative interpretation.
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a b s t r a c t

We have developed a simple and robust process to prepare efficient perovskite solar cells. Pinhole free
thin films of CH3NH3PbI3�xClx can be coated on high conductivity poly(3,4-ethylenedioxythiophene)
poly(styrene-sulfonate) (PEDOT:PSS), (Clevios PH1000) when the PEDOT:PSS is deposited together with
dimethyl sulfoxide (DMSO) and Zonyl as additives. This process enables the fabrication of perovskite
solar cells using [6,6]-phenyl-C61-butyric acid methyl ester (PCBM) as electron transport layer with
412% power conversion efficiency, low hysteresis and excellent operational stability. We have per-
formed a detailed opto-electronic characterization of these solar cells and identified the main loss me-
chanism limiting the device performance.

& 2016 Elsevier B.V. All rights reserved.

1. Introduction

Efficient, easily processable and low-cost solar cell absorber
materials represent the core-target of current photovoltaic re-
search. Organic-inorganic hybrid perovskites based on methyl
ammonium lead tri-halide compounds excellently fit the men-
tioned requirements; their light harvesting properties are tunable
by varying the chemical composition, their processing is simple
and power-conversion is efficient [1]. Interestingly, these per-
ovskite semiconductors exhibit balanced electron and hole mobi-
lities, long-range diffusion length and long recombination life time
of charge carriers [2–4]. The precursors for organic-inorganic hy-
brid perovskites are readily available at relatively low costs, and
can be processed from solution onto rigid or flexible substrates
using printing compatible methods [5–11]. The rapid development
in device design and fabrication techniques has led to a tre-
mendous increase in the power conversion efficiencies (PCE) of
perovskite solar cells in a short period of time from 3% to 4% in
2009 [12] to 420% in 2015 [5–7].Theoretical calculations project

the power conversion efficiency to approach the Shockley–Queis-
ser limit of 31.4% [13,14].

Despite the remarkable progress in record cell efficiency, three
significant hurdles remain for perovskite photovoltaic technology:

1) Improving the long-term stability of the cells,
2) Defining standard characterization protocols to eliminate hys-

teresis artifacts, and
3) Forming pinhole-free films of the highly crystalline semi-

conductor over large areas.

While promising stability data were reported for mesoscopic
devices built on TiO2 and ZrO2 [11], the high efficiency device stack
reported using ITO/PEIE/Y-TiO2/perovskite/spiro-OMeTAD/Au de-
grades even in inert atmosphere and in dark within a few hours
[5].

Defining the efficiency of perovskite solar cells presents also a
challenge compared to more conventional PV technologies. Typi-
cally, device efficiencies are extracted from current density–vol-
tage (J–V) curves, which are recorded by sweeping an applied bias
across the terminals of the cell and simultaneously measuring the
current flowing in the external circuit while the solar cell is ex-
posed to a well-defined or standard light source. Many devices
reported in the literature show a strong hysteresis, i.e. their J–V
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curve depends on the sweep direction and also on the bias sweep
rate [15–18]. This hysteresis leads to a significant deviation in the
measured efficiency depending on the procedure. Precautions for
addressing stability and hysteresis during device characterization
have been suggested [19].

Reproducible production of pinhole-free films over large areas
is an absolute requirement for both commercial fabrication and
lab-scale research. Several successful device architectures have
been reported with varying electron and hole selective contact
materials. Perovskite semiconductors have been coupled with ei-
ther a planar or mesoporous n-type metal oxide (TiO2, Al2O3, ZrO2,

ZnO) and an organic hole-transport material (HTM) as selective
contacts for charge extraction [10,11,20–22]. Planar device struc-
tures have also been demonstrated using non-oxide n-type ma-
terials like fullerene, as an electron selective contact and a p-type
HTM. A typical device stack comprises PEDOT:PSS as p-type ma-
terial, the organic-inorganic hybrid perovskite as absorber layer
and a fullerene derivative as electron selective contact [23–26].
The oxide-free architecture can be solution processed at low
temperatures on light weight flexible substrates [27,28]. In all
cases, the preparation of pinhole and defect-free perovskite layers
is required to optimize device performance. Various processes for
making high quality films have been reported. These include va-
cuum deposition, by co-evaporation of PbI2 with CH3NH3I [9],
sequential solution depositions of the two components (spin
coating followed by dip coating or two spin coating steps)
[8,10,22], spin coating just from one precursor solution [5], and
vapor assisted solution processing (e.g. the film growth via reac-
tion of the as deposited film of PbI2 with CH3NH3I vapor) [29].
Approaches using different solvent combinations (solvent en-
gineering) have also shown promising results [26,30]. Solution
processing, particularly deposition from a single precursor solu-
tion, is in-principle the simplest approach to make perovskite
films. However, it has been found that the formation of the per-
ovskite films depends heavily on the processing parameters in-
cluding the wettability and the chemical compatibility of the un-
derlying surface. Perovskite precursor solutions spin coating re-
cipes, solvent treatment and annealing temperature and times are
varied accordingly. Some examples of processing recipes include: a
stoichiometric mixture of PbI2 and CH3NH3I dissolved in DMF or
DMSO [24], PbCl2þ3CH3NH3I dissolved in DMF [20,22], excess
CH3NH3I by using PbI2þ3CH3NH3I [31], and adding a small
amount of either CH3NH3Cl or CH3NH3Br in the host solution of
PbI2 and CH3NH3I [32,33].

Processing perovskite solar cells from a single precursor per-
ovskite ink shows a clear possibility of role to role industrial scale
production of perovskite solar cells especially when using solution
processed polymeric materials instead of high temperature and
vacuum processed inorganic oxides as interlayers [34]. Recently
high performance solution processed perovskite solar cells with-
out an additional hole transport layer have been reported [35].
Blade-coated perovskite solar cells reported by the Jen-group [36]
support the idea that used material and processes are fully
printing compatible.

In this work we prepared solar cells based on a planar het-
erojunction architecture (indium tin oxide (ITO)/ PEDOT:PSS /
CH3NH3PbI3�xClx/[6,6]-phenyl-C61-butyric acid methyl ester
(PCBM)/ aluminum). We found that the used PEDOT:PSS for-
mulation is critical for the quality of the perovskite layer deposited
on top of it and best device performance is obtained when 5% v/v
DMSO and 0.7% v/v Zonyl

s

FS-300 fluoro-surfactant are added to
the commercially available Clevios PH1000 dispersion. The recipe
is highly reproducible under standard ambient laboratory condi-
tions and does not require special humidity control.

Prepared devices showed minimal hysteresis in their J-V
curves, good stability when operated under inert atmosphere or

after encapsulation and power conversion efficiencies in the range
of 12–13%. A detailed optoelectronic analysis allowed us to de-
termine the losses limiting the power conversion efficiency of the
investigated devices [37].

2. Experimental details

Pre-patterned indium doped tin oxide (ITO) coated glass
(15 Ω/cm2), PbI2 (99.9%, Sigma Aldrich), PbCl2 (99.9%, Sigma Al-
drich), methylammonium iodide (Dyesol), dimethylformamide
(DMF, dry, Sigma Aldrich), poly(3,4-ethylenedioxythiophene) poly
(styrenesulfonate) (PEDOT:PSS, Clevios pH 1000), Zonyl

s

FS-300
fluorosurfactant (40% in H2O, Fluka), dimethyl sulfoxide (DMSO,
Anal R, VWR chemicals), [6,6]-phenyl-C61-butyric acid methyl es-
ter (PCBM, SolenneBV), chlorobenzene (GPR, VWR chemicals),
chloroform (Anal R, VWR chemicals), isopropanol (Anal R, Fisher
chemicals) were used as received. Precursor mixed halide solu-
tions were prepared with molar ratio (0.5PbCl2þ0.5PbI2
þ2.2CH3NH3I) (640 mg/ml in DMF) stirred overnight at room
temperature in ambient air and filtered with 0.45 mm PTFE filter.
Perovskite thin films for UV–vis optical absorption and photo-
luminescence measurements were prepared by spin-coating at
4000 rpm on different substrates from 50% diluted solution of the
precursor solution. The fabrication of planar heterojunction per-
ovskite solar cells started with cleaning pre-patterned ITO coated
glass substrates sequentially with acetone, Hellmanex

s

, deionized
water and isopropanol in an ultrasonic bath. Different volumes of
PEDOT:PSS (Clevios PH1000), DMSO and Zonyl FS300 were care-
fully mixed. The formulated PEDOT:PSS dispersion was filtered
through a 0.45 mm RC filter and spin-coated at 1000 rpm for one
minute. The PEDOT:PSS layer was then patterned and annealed for
10 min at 110 °C, cooled, rinsed with isopropanol by spinning at
4000 rpm to remove the excess surfactant (Zonyl) from the sur-
face, and then annealed for another 10 min at the same tem-
perature. The typical thickness of PEDOT:PSS was found to be
�130 nm. The precursor solution was spin-coated (1500 rpm for
20 s and then at 2000 rpm for 5 s) on top. After spin-coating, the
substrates were immediately transferred to a hot plate at 110 °C
where the colorless wet film is turned into glassy dark brown layer
in few seconds and then further annealed for 45 min in ambient
air. The procedure resulted in a 350–400 nm thick perovskite ab-
sorber layer. PCBM (20 mg/ml in 1:1 volume ratio of chlor-
obenzene and chloroform) was spin coated (1500 rpm for 15 s and
then at 2000 rpm for 15 s) on top of the perovskite layer, which
yields a thickness of 50–70 nm. The entire processing up to this
step is performed in ambient air. The sample was then transferred
to a vacuum chamber located inside a nitrogen-filled glove box for
the evaporation of the aluminum top electrode at
o3�10�6 mbar. The solar cells were encapsulated with a glass
cover using a UV-curable epoxy sealant (Ossila E131), with a UV
exposure time of 6 min. The fabricated solar cells with an active
area of �0.17 cm2 were tested on a LOT-QD solar simulator
(LS0821). The radiation intensity was adjusted using a calibrated
reference silicon diode to 100 mW/cm2. External quantum effi-
ciencies (EQEs) were recorded by using a lock-in amplifier (SR830,
Stanford Research Systems) and a Jaissle 1002 potentiostat. The
potentiostat operated in the two electrode configuration is a high
performance current amplifier with a variable gain ranging from
10 to 108 V/A. In addition, the potentiostat allows measuring the
EQE-spectra at different applied voltages. The devices were illu-
minated by monochromatic light from a xenon lamp passing
through a monochromator (Oriel Cornerstone) with typical in-
tensities in the range of 10–100 μW. A filter wheel holding long-
pass filters and a mechanical chopper was mounted between the
xenon lamp and the monochromator. Chopping frequencies in the
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range of 73–273 Hz were used. A calibrated silicon diode (Hama-
matsu S2281) was used as a reference. A halogen lamp (Philips
50 W, 12 V) provided a variable white light bias to the solar cells
while the EQE was measured. To determine the power conversion
efficiency of the prepared solar cells, the illuminated area of the
solar cell was defined using a shadow mask (0.13 cm2). In a first
step the current-voltage curve was recorded with a Keithley 2400
source-measurement unit under illumination (solar simulator).
The voltage was increased slowly (20 mV/s) and the current-vol-
tage curve was determined close to steady state-conditions. To
check for hysteresis a reverse voltage scan was performed de-
creasing the voltage by 20 mV/s. In a second step the short circuit
current was recorded (steady state value) with a Keithley 2400. A
maximum-power-point tracking algorithm was used to measure
the steady-state power output of the solar cell. The external
quantum efficiency was determined operating the solar cell under
short circuit conditions and 1 sun illumination. The short circuit
current calculated using the EQE-data allowed the determination
of the spectral mismatch factor (MM) of our solar simulator. We
found values 40.95 for the investigated devices. This mismatch
factor was used to correct the maximum power point measure-
ment. UV–vis absorption spectra of perovskite films were recorded
using a double beam UV–vis spectrometer (Perkin Elmer 1050)
equipped with an integrating sphere. A Bruker Dektak XT profil-
ometer was used to measure layer thicknesses. Photoluminescence
and electroluminescence spectra of various devices were mea-
sured using a Shamrock SR-303i monochromator and an Andor
iDus Si-CCD. Samples were excited at 473 nm (5 mW) using a so-
lid-state laser or a supercontinuum light source (NKT EXB6) con-
nected to a VIS-NIR SuperK Select Box. A set of long-pass filters
was used to avoid any distortion of the recorded spectra by the
laser light. Electroluminescence spectra were recorded while ap-
plying different potentials with a Keithley 2401. The integrated
electroluminescence was detected measuring the emitted photon
current with a calibrated large-area Si-photodetector (Hamamatsu
S2281) positioned close to the sample. Preliminary stability stu-
dies were performed on an ORIEL solar simulator. Surface and
cross section scanning electron microscopy (SEM) images were
made using a ZEISS 1540XB CrossBeam Scanning microscope
equipped with a focused ion-beam (FIB) unit. Gas chromatography
coupled with mass spectrometry (GC–MS) measurements were
performed on an 6890 GC with a 5935C mass selective detector
(both Agilent Technologies, Waldbronn, Germany) equipped with
a MPS2-XL headspace autosampler from Gerstel (Mülheim/Ruhr,
Germany). The carrier gas used was helium and a ZB-624 GC-
column, 60 m�0.25 mm I.D. film thickness 1.40 mm (Phenomenex,
Aschaffenburg, Germany) was employed. 500 μl of the gas-phase
above PEDOT:PSS-films coated on glass substrates was analyzed
after the films were heated to 140 °C for 10 min; the MS was op-
erated in the full-scan mode.

3. Results and discussion

3.1. Thin perovskite film

High-quality perovskite films with no voids inside the active
layer are a key requirement in making planar perovskite solar cells.
We optimized our system by testing different deposition proce-
dures and characterized the resulting films using a scanning
electron microscope. Fig. 1 shows different perovskite films de-
posited on a) glass coated with ITO, b) glass coated with ITO and
PEDOT:PSS (Clevios PH1000), c) glass coated with ITO and PEDOT:
PSS (Clevios PH1000) processed with 5% v/v DMSO, d) glass coated
with ITO and PEDOT:PSS (Clevios PH1000) processed with 0.7% v/v
Zonyl

s

FS-300, glass coated with ITO and PEDOT:PSS (Clevios

PH1000) processed with 0.7% v/v Zonyl
s

FS-300% and 2.5% v/v
DMSO e), 5% v/v DMSO f), 10% v/v DMSO g), 15% v/v DMSO h), 20%
v/v DMSO i).

The perovskite film on ITO coated glass comprises domains se-
parated by large holes (Fig. 1(a)). Perovskite layers processed on
neat PEDOT:PSS show many small holes (Fig. 1(b)). The addition
DMSO or Zonyl to PEDOT:PSS reduces the number and size of de-
fects in the perovskite films (Fig. 1(c) and (d)). By using both ad-
ditives and adding Z5% DMSO continuous layers are formed. The
role of the additives DMSO and Zonyl is still not fully understood.
DMSO is known to increase the conductivity of PEDOT:PSS films
[38]. Zonyl is often used to improve the wettability of the PEDOT:
PSS dispersion on hydrophobic substrates [39]. Also the mechanical
properties and the surface nano-morphology of PEDOT:PSS layers
can be altered by DMSO and Zonyl additives [40]. Alternatively,
additives remaining in the deposited film may improve the crys-
tallization of the perovskite on the PEDOT:PSS surface. DMSO is a
good solvent for PbI2, the remaining DMSO may hinder crystal-
lization of PbI2 at the surface, providing an amorphous seed layer
from which a more compact perovskite film can grow [41]. How-
ever, preliminary GC–MS investigations on PEDOT:PSS layers de-
posited with different additive concentrations revealed that the
treatments performed after spin-coating removes a significant
fraction of the DMSO trapped in the film (Fig. S1). While untreated
PEDOT:PSS layers show strong DMSO signals (even for the Clevios
PH1000 used as received), all treated samples show a weak DMSO
signal with similar amplitudes. This suggests that the surface en-
ergy and the nano-morphology of the PEDOT:PSS layer play a cru-
cial role in the formation of the perovskite layer in our process. In
our work we found that the formulation PEDOT:PSS (Clevios
PH1000) with 0.7% v/v Zonyl

s

FS-300% and 5% v/v DMSO allows the
preparation of efficient solar cells with a high yield and we focused
on further investigations on samples processed with this formula-
tion. The basic optical and structural (X-ray) characterizations are
summarized in the Supporting Information (Figs. S2 and S3). They
show that our process yields typical perovskite material and the
films do not contain larger volumes of unreacted lead-halides.

3.2. Solar cell characterization

After optimizing the compact pinhole free perovskite film, solar
cells were fabricated with a device architecture of ITO/PEDOT:PSS/
Perovskite/PCBM/Al. A schematic of the device layer structure is
shown in Fig. 2(a) and a cross-sectional SEM of a solar cell is
shown in Fig. 2(b). This cross-section is consistent with the SEM
image surface morphology in Fig. 1, where the boundaries be-
tween continuous perovskite crystallites are well-resolved, and it
is clearly visible that the film is closed. The layer of PCBM can be
seen to conformally coat the top of the perovskite film, filling in
the space between the tops of adjacent crystallites.

The photovoltaic performances of the solar cells were in-
vestigated using three independent methods to ensure con-
sistency and accuracy. Power conversion efficiencies were de-
termined by current-voltage characterization by sweeping the
voltage from negative to positive and positive to negative values.
The JSC of the devices was calibrated against the integrated ex-
ternal quantum efficiency. Finally, the cells were tested under
maximum power point tracking to rule out any hysteresis effects
and to observe performance stability. Fig. 3(a) shows current-
voltage curve of one of the investigated perovskite solar cells. Only
a small hysteresis is visible which is typical for the devices pre-
pared following the procedure described above. Fig. 3(b) shows
the corresponding maximum power point scan. The inset is the
photo of the encapsulated and contacted solar cell where no
changes in color or performance of the solar cells were observed
after encapsulation.
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Devices do show low leakage currents at reverse bias (Fig. S4a)
and good stability when operated under continuous solar illumi-
nation (Fig. 3(b)). Under 1 sun illumination, typical devices deliver
open circuit voltages in the range of 0.93–0.97 V, fill factors be-
tween 0.7 and 0.75, and short circuit currents around 17 mA/cm2

resulting in power conversion efficiencies in the range of 12–12.5%
(Fig. S4b). Current-voltage curves shown in Fig. 3(a) are corrected
for the spectral mismatch of the solar simulator by external
quantum efficiency measurements. The corresponding EQE-spec-
trum is shown in Fig. 4(a).

The EQE peaks around 550 nm, reaching a maximum external
quantum efficiency of �80%. In the blue (300–450 nm) and the

near-IR (650–800 nm) the spectral response is substantially
smaller leading to a significant reduction of the photocurrent. This
loss can be attributed to parasitic absorption in the ITO (300–
450 nm) and the PEDOT:PSS layer (both spectral regions) as well
as the poor reflectance of the metal back electrode (aluminum).
Due to the roughness of the perovskite/PCBM bilayer, the 110 nm
thick aluminum layer deposited as top electrode is a poor reflector.
Studying the light bias and the reverse bias dependence of the EQE
spectrum shows that neither a dc-illumination up to 1 sun nor
negative voltages up to �1 V changes the EQE spectrum (Fig. S5).
This illustrates that under short circuit conditions charge carrier
extraction is essentially complete. In addition the absence of a

Fig. 1. SEM images of perovskite films coated on top of (a) Glass/ITO, (b) PEDOT:PSS (Clevios PH1000), (c) PEDOT:PSS (Clevios PH1000) processed with 5% v/v DMSO, (d)
PEDOT:PSS (Clevios PH1000) processed with 0.7% v/v Zonyl

s

FS-300, (e) PEDOT:PSS (Clevios PH1000) processed with 0.7% v/v Zonyl
s

FS-300% and 2.5% v/v DMSO, (f) and 5%
v/v DMSO, (g) and 10% v/v DMSO, (h) and 15% v/v DMSO, and (i) and 20% v/v DMSO.

Fig. 2. (a) Schematic diagram of the solar cell stacked layers, and (b) Cross-sectional SEM showing the structure ITO/PEDOT:PSS/Perovskite/PCBM/Al.
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light bias dependence confirms that the short circuit current scales
linearly with the light intensity [42]. Fig. 4(b) shows the EQE
spectrum of a typical device on a logarithmic scale. The EQE de-
creases rapidly below 1.5 eV suggesting that the number of pho-
toactive states in the absorber band gap is very small. The elec-
troluminescence of the same device is also shown in Fig. 4(b) with
a narrow emission peaking at �1.6 eV or 775 nm. Applying the
relations first derived by Rau [43] and later on used by various
different authors [33,44], the radiative limit of the open circuit
voltage (Voc,rad) and the power conversion efficiency of a solar cell
can be determined. The current-voltage curve of an ideal photo-
voltaic device, with only radiative recombination of charge carriers
allowed, is given by

= × − −
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where J is the current density, J0,rad is the diode saturation current,
q is the unit charge, V is the applied bias, kB is the Boltzmann
constant, T the temperature and JPH is the photocurrent density.
According to Rau, J0,rad can be calculated by

∫ ( ) ( )= × ×Φ ( )J q EQE E E dE 2rad PV BB0,

where EQEPV is the external quantum efficiency of the solar cell
and ΦBB is the spectral photon flux at 300 K. JPH can be calculated
in the same way by replacing the 300 K black body radiation by

the Air Mass 1.5 Gobal (AM1.5 G) spectrum. The rearrangement of
Eq. (1) leads to
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This analysis does not include Ohmic or any non-radiative re-
combination losses. Therefore it gives an upper performance limit
for the device with known external quantum efficiency. Calculated
parameters for four typical devices prepared within this study are
summarized in Table 1. The large difference between the measured
and the calculated radiative open circuit voltage suggests that non-
radiative recombination plays an important role in the studied de-
vices. By measuring the photon flux of electroluminescence emitted
by the solar cell (Jem (V)) when operated under forward bias at
different injection currents Jinj (V), the external quantum efficiency
of the LED (EQELED (V)) can be determined. EQELED (V) is given by
Jem (V)/Jinj (V) and the value is closely related to the external-ra-
diative efficiency (ERE) defined by Green [45]. If the EQELEDo1,
J0,rad in Eqs. 1 and 3 need to be replaced by J0,rad/EQELED, where the
EQELED is determined at current densities comparable to the pho-
tocurrent density generated by AM1.5 G solar radiation.

For all investigated solar cells we find EQELEDo10�6 (Fig. 5 and
Fig. S6). Recalculating the open circuit voltages using Eq. (3) and
including EQELED, values close to the actual measured voltages are
found. All data are summarized in Table 2.

Fig. 3. (a) Current-voltage curve of the perovskite solar cell, forward and reverse scan 20 mV/s. (b) Maximum power point scan corrected for the spectral mismatch. The inset
is the photo of the encapsulated and contacted solar cell.

Fig. 4. (a) External quantum efficiency spectrum measured under 0.25 suns white-light bias, and (b) EQE spectrum and electroluminescence spectrum of the same per-
ovskite solar cell.
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Eq. (1) can also be used to determine the maximum power
conversion efficiency of the studied devices assuming only radia-
tive recombination and no electrical losses due to serial or parallel
parasitic resistors. With the measured EQEPV and, considering only
radiative recombination leads to a maximum efficiency of 20%
(VOC¼1.32 V, FF¼91%, ISC¼16.7 mA/cm2), Eq. (1) predicts a power
conversion efficiency of 14% (VOC¼0.95 V, FF¼88%, ISC
¼16.7 mA/cm2) when the measured EQELED is included. Photo-
luminescence spectra of a solar cell recorded at �1 V, under short
circuit and open circuit conditions, are shown in Fig. 6(a). The
sample is excited using a diode-laser (473 nm) and the solar cell
delivers a current of 0.6 mA (equivalent to �0.2 suns). The spec-
trum comprises an emission which does not depend on the ap-
plied bias and a feature around 1.6 eV which increases with in-
creasing bias. Fig. 6(b) shows photoluminescence (PL) spectra re-
corded at various different biases corrected with the spectrum
recorded at �1 V. As discussed by Tvingstedt et al. this bias-de-
pendent photoluminescence is a signature of an ideal solar cell
[46]. While at short circuit the photoluminescence should be
quenched, at open circuit photo-induced charges recombine ra-
diatively. In the studied devices a residual PL-signal is found at Isc
which increases exponentially upon increasing the bias voltage
(Fig. 6(c)). The principle of detailed balance dictates the emitted
photon flux (Φem) is proportional to EQEPV(E) times the black
body radiation at 300 K (ΦBB). Therefore, the spectrum calculated
via EQEPV(E)�ΦBB(E) should reproduce the photoluminescence
and electroluminescence of the corresponding solar cell. In Fig. 6
(d) a comparison of the three spectra is shown indicating close
overlap. At lower energy, i.e. in the spectral region where the EQE

is very small, the calculated spectrum shows some deviations from
the PL and EL spectrum (Fig. S7). The detailed analysis above re-
veals that the devices studied here show the typical characteristics
of planar perovskite solar cells. However, compared to mesoscopic
and planar devices using TiO2 or Al2O3 as interfacial layers on the
transparent conductive oxide or some devices deposited via vapor
deposition, the investigated devices show a smaller open circuit
voltage. The presented results suggest that the low quantum yield
of radiative recombination causes the observed open circuit vol-
tage loss.

Tvingstedt et al. reported an EQELED of 1.2�10�4 and an open
circuit voltage of 1.08 V for an inverted, vapor-processed
CH3NH3PbI3-PCBM solar cell [42]. A one-hundred times smaller
EQELED leads to a Voc loss of �50 mV, resulting in an open circuit
voltages observed for our devices. Therefore one obvious strategy
to improve the performance of the studied solar cells is reducing
the non-radiative recombination of photo-induced charges. De-
fects in the absorber layer, and at interfaces/surfaces may act as
recombination centers. Further optimization of the growth con-
ditions may reduce the number of defects in the perovskite film.
The choice of alternative interlayers may also help improving the
radiative recombination quantum yield in our solar cells. As shown
in Fig. S2, using PEDOT:PSS and PCBM leads to a strong quenching
of the perovskite photoluminescence, suggesting that these
widely-used interlayers are not ideal candidates. Alternative in-
terlayers leading to less PL-quenching while still supporting se-
lective charge extraction should also lead to higher open circuit
voltages.

Preliminary device simulation work suggests that bulk-re-
combination plays an important role in the investigated devices.
Current-voltage curves recorded in the dark and under illumina-
tion can be simulated reasonably well by using a simple replace-
ment circuit based on the diodes with an ideality-factor n of 1 and
2 connected in parallel. A 1-diode model requires an ideality factor
around 1.75 and a diode saturation current (�1�10�7 mA/cm2).
In classical inorganic solar cells an ideality factor 1 is related to
band-to-band recombination while n¼2 is often interpreted as
recombination that occurs via deep-level states or at interfaces
and grain boundaries [47,48]. Eq. (1) also predicts that devices
should show a FF 485% at solar illumination intensities while
prepared devices show fill factors r75%. We attribute the lower
fill factor to Ohmic losses. Investigated devices showed a serial
resistance around 25Ω and a parallel resistance around 6 kΩ. As
shown in Fig. S8, the fill factor of our devices increases upon de-
creasing the illumination intensity. This suggests that the serial
resistance is too high and additional bus bars and electrodes with
a lower sheet resistance could increase the overall efficiency of the
prepared devices. Also the losses in the EQEPV could be reduced by
improving the optical design of the solar cell. An anti-reflection
coating on the front side of the device, transparent electrode and
interfacial layers with smaller absorbance and a high quality re-
flector as back electrode could lead to higher external quantum
efficiencies (EQEPV and EQEPL) and to larger short circuit current
and open circuit voltage.

In summary, we have developed a simple and reliable manu-
facturing process for planar perovskite solar cells comprising

Table 1
Calculated parameters for devices prepared within this study using Eqs. (1)–(3) and the corresponding EQE spectra.

J0,rad [mA/cm2] JPH [mA/cm2] Voc,rad [V] Voc,measured [V] ΔVoc [V]

Device 1 1.14�10�21 16.70 1.32 0.97 0.35
Device 2 1.14�10�21 16.66 1.32 0.96 0.36
Device 3 1.24�10�21 16.83 1.32 0.94 0.38
Device 4 1.55�10�21 17.10 1.31 0.97 0.34

Fig. 5. Electroluminescence versus driving current measured on one of the pre-
pared solar cells.

Table 2
Calculated EQELED, VOC corrected and VOC measured for four typical devices using
Eq. (3).

EQELED Voc,cor [mV] Voc,measured [mV]

Device 1 7�10�7 0.954 0.97
Device 2 7�10�7 0.954 0.96
Device 3 4�10�7 0.937 0.94
Device 4 8�10�7 0.95 0.97
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PEDOT:PSS and PCBM as interfacial layers. We found that the use
of DMSO and Zonyl as processing additives for the used PEDOT:PSS
affects the quality of the perovskite absorber layer processed on
top of this layer. Prepared devices show a good operational sta-
bility and a moderate hysteresis when the current-voltage curve is
recorded at 20 mV/s in forward and reverse direction. The radia-
tive recombination quantum yield is found to be small, leading to
observed losses in the open circuit voltage. Our analysis shows
that this type of perovskite solar cells can reach efficiencies of 20%
upon reducing optical, electrical, and non-radiative recombination
losses. Replacing the PEDOT:PSS hole transport layer with a ma-
terial that does not quench the photo- and electroluminescence is
the key step to realizing the full potential.
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Chapter 16
Polarons in Conjugated Polymers

Christoph Cobet, Jacek Gasiorowski, Dominik Farka
and Philipp Stadler

Abstract Conjugated polymers and polymer blends are key components in the
development of organic electronics and (photo-) electrocatalysis. In particular, the
possibility to produce organic but highly conducting films make these compounds
very attractive. Therefore, enormous effort was put in the understanding and improve-
ment of the electrical conductivity of polymer films. Conjugated polymers in their
pristine form are mostly insulating or rarely semiconducting. The alternating single
and double bonds in each π-conjugated polymer chain give rise to the formation of
a band gap; the HOMO-LUMO gap. Semiconducting or conducting properties are
obtained for example by optical, chemical, or electrochemical doping. The doping
can be permanent as in the case of the polymer blends like PEDOT:PSS or short term.
In both cases, the injected charge carriers commonly self-localize due to the strong
electron-phonon interaction which yields in the formation of new quasi-particles
called polarons. As a result, characteristic sub-band gap excitations emerge in optical
measurements which extend from UV to the medium infrared spectral range. Optical
methods in general, and spectroscopic ellipsometry in particular, are thus apparent
characterization methods in scientific investigations as well as candidates to solve
in-line monitoring and control issues. In the following section, we will briefly review
the basic concepts of polymer “doping”, the formation of polarons and the origin of
sub-band gap excitations. In a survey of methods we will shortly discuss ATR-FTIR
and transmission/reflection spectroscopy results. A specific attention will be drawn
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on the in-situ spectroelectrochemical characterization, since electrochemical doping
provides control on the doping level and allows e.g. a quantification of exchanged
charges. In-situ ellipsometry could be used to monitor respective changes in the
polymer optoelectronic properties. We will not aim for an overview about known
types of conducting polymers in general or state of the art developments in organic
electronics. The focus is a discussion of the physics of UV-VIS-MIR polaronic and
electronic excitations as well as state-of-the-art ellipsometric characterization.

16.1 Introduction

In search of cheap and easy to produce materials in semiconductor technology,
organic polymers gain a lot of attention due to the enormous flexibility to tailor their
physical and chemical properties. On one hand this flexibility is certainly linked to
the huge variability in the chemical structure of polymers which can be easily modi-
fied and even further extended by producing blends. On the other hand, it is linked to
their exceptional electronic properties which combine attributes of localized molec-
ular electron orbitals with electronic band structure properties known from inorganic
crystalline semiconductors. Thus it is relatively easy to tune their behavior from
insulator to semiconductor and further to a conducting state.

16.1.1 π-Conjugation

Organic polymers are basically build up by sp2 hybridized carbon which give rise to
the formation of carbon-carbon σ-bonds (the back bone of the polymer) and double
bonds containing π-electron orbitals. In isolated small molecules or in the monomer
units of the polymer, these orbitals are very well described in terms of a localized elec-
tron configuration. The asymmetric π hybridization of p-orbitals defines for example
the highest occupied molecular orbital (HOMO) while the symmetric π∗ counter-
part represents the lowest unoccupied molecular orbital (LUMO). The energetic gap
between these two electron levels determines in optical experiments the electronic
absorption edge Eg . With the formation of polymer chains, which may contain a
(periodic) sequence of double bonds, the π-electronic orbitals could overlap. As
a result the localized π-electrons delocalize in one dimension and form electronic
bands along the polymer chains. Polymers with these π-electron bands are known
as π-conjugated polymers. The strength of the π-conjugation depend on the specific
chemical structure but is also influenced by the conformation of the monomers in
the polymer chain. A typical example is the twist of aromatic rings in a polymer
chain which reduce the orbital overlap [1, Chap. 20] [2]. A “re-”localization of the
π-electrons in twisted configurations e.g. leads to a measurable higher HOMO-
LUMO gap (Eg) as a consequence of degenerating electron orbitals and quantum
size effect.
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Fig. 16.1 Schematic representation of filled and empty π-orbitals in an isolated monomer (a), (b)
and the formation of electronic bands due to π-conjugation in polymer chains or by intermolecular
overlapping orbitals due to a π-π-stacking (c). The thiophene rings of P3HT are chosen as a rep-
resentative example. The π-orbitals are labeled with respect to their energy and occupation highest
occupied molecular orbital (HOMO) and lowest unoccupied molecular orbital (LUMO) as well as
concerning their symmetry gerade/even (g) and ungerade/odd (u)

The polymer film properties depend on the intra-molecular configuration, but also
to a reasonable extent on the aggregation structure. If polymers aggregate in films,
Van der Waals forces between the polymer chains could yield locally in a crystal like
stacking of the polymer chains. Commonly these structures are discussed in terms of a
π-π stacking of the polymers. Independent from the question whether the underlying
dipole-dipole interaction is dominated by the π-electrons, it is evident that the inter-
chain overlap of π-orbitals could also induce an electron delocalization which is now
perpendicular to the polymer chains. Different π-conjugation in combination with the
π-π stacking may result locally in a 0D, 1D, 2D, or 3D electronic band structure. The
concept of the formation of π-electron bands is illustrated in Fig. 16.1 by means of
poly(3-hexylthiophene) (P3HT) as an example polymer. The symmetry of the system
refers to the anisotropy in the electronic and optical properties. The excitation across
the HOMO-LUMO transition is only allowed for an electric field parallel to the
P3HT polymer chains. However, the final electronic and optical properties of the
film depend very much on the ordering of the polymer chains. It should be noted
at this point that a typical polymer film contains a domain like structuring and film
properties like the conductivity or the effective dielectric function may depend very
much on the internal ordering and the domain boundaries.
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16.1.2 Polarons and Metal-Insulator Transitions

The typical band gap of conjugated polymers is larger than 1.5 eV [3]. The pris-
tine polymers are thus intrinsically insulating and conductivity is usually obtained
by charge injection, it est by a reduction or oxidation of the polymer chains. The
electron orbital/band structure reformation upon charging, however, turned out to be
rather complex and the mechanisms assigned to the finally obtained conductivity are
in parts still under discussion. A charging of the polymer by adding or removing elec-
trons does not result immediately in an incompletely filled band which could account
for a conductivity increase. Adding an excess charge in a polymer chain rather induce
locally a new equilibrium geometry which differ from that in the ground state. In
inorganic semiconductors a local crystal deformation due to an excess charge is well
known and described in terms of polarons - a concept which was first introduced
by Landau in 1933 [4]. The formation of these quasi particles, which consist of a
charge and a structure deformation, is theoretically described by the electron-phonon
interactions. The coupling is generated by the polarization field of the longitudinal
optical (LO) phonons. In the “weak-coupling limit” Fröhlich proposed from per-
turbation theory a Hamiltonian where the interaction strength is linear to the polar-
ization field and expressed by the dimensionless Fröhlich coupling constant α [5].
The formation of polarons and related excitations are thus enhanced in ionic crystals
and polar materials. Modifications of the Fröhlich model are, however, required for
systems where short-range interaction get essential (small polarons) or in case of
reduced dimensionality (1D-polarons). Such systems are better represented in the
Holstein, Holstein-Hubbard, or Su-Schrieffer-Heeger model. Concerning a detailed
description we would refer at this point to respective review papers [6, 7] and books
like those of Alexandrov et al. [8, 9].

The polaron formation in polymers is closely related to the Franck–Condon prin-
ciple. The latter concept considers conformational changes in molecules due to an
electronic excitation by a photon. The time scale of this optical excitation is much
smaller than the motion of nuclei and the optical transition thus takes place between
the ground state and an electronic plus vibrational excited state which could relax
afterwards towards the new equilibrium structure. Polarons in polymers are typically
discussed for a persistent charge transfer from an donor/acceptor to the polymer
chains or, in the case of the photo induced doping, for screened electron-hole pairs
with a long life time. The local relaxation of the polymer chains thus induces new
relatively sharp electronic levels. For the discussion of polaronic optical resonances,
we would use an empirical description of the new states which refers to an often cited
publication of Brédas and Steet [10]. Primarily, it is assumed that adding or removing
a charge in π-conjugated polymers is manly governed by a hole or an excess charge
in the π-electron bands while the σ back bone of the polymer remains intact. As
depicted in Fig. 16.2 this would yield in first approximation a delocalized hole in
the HOMO band or a delocalized electron in the former LUMO band, respectively.
However, it was mentioned already that this situation is in most of the polymers
energetically not stable. The total energy minimum of the polymer is obtained by a
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Fig. 16.2 Illustration of one-electron energy levels in polymer chains and the formation of
in-gap polaronic states (P and P*) upon p-type (upper part) and n-type (lower part) doping. The
transformation from the pristine, the ionization, the relaxation in a polaronic structure, and fur-
ther ionization/relaxation in a hypothetical bipolaronic structure is depicted from left to right. The
(bi)polaronic in-gap states are localized electronic stats due to the self localization processes in
isolated polymer chains

“self localization” of the charge due to a local relaxation of the polymer chain struc-
ture (Fig. 16.3). As a consequence of this relaxation the π-electrons will reorganize
locally in a new orbital structure and it is assumed in particular that the unpaired
electrons/holes form a new bonding/antibonding orbital pair which is energetically
seated in the HOMO-LUMO band gap of the pristine material (Fig. 16.2). Like in
the case of inorganic crystals, this new local structure is denoted as a polaron. The
spin ±1/2 character is e.g. detectable in electron spin resonance (ESR) also known
as paramagnetic resonance (EPR) measurements [11, Chap. 7] [12]. Furthermore it
should be noted that the HOMO band is still completely occupied while the LUMO
is still empty. The polaron itself has usually a relatively high effective mass [13] and
thus none or only a minor increase of the conductivity is expectable.

In optical spectra the new polaron orbitals, however, should be measurable by
some new dipole resonances. Primarily, one could expect a new electronic transition
(P1) between the new orbitals formed by the unpaired charge which should occur
energetically below the HOMO-LUMO transition (Fig. 16.4). Additional resonances
(PEg) may arise if filled double bonds remain in the polaronic section. Such reso-
nances may overlap energetically with the HOMO-LUMO optical transition in the
remaining pristine polymer. By symmetry arguments [14] some of the transitions
between paired and unpaired π-electrons at the polaron side are not allowed or sup-
pressed. Transitions between the HOMO and LUMO bands of the remaining pristine
polymer and the polaron orbitals are also unlikely because of the small or vanishing
spatial overlap. However, as depicted in Fig. 16.4 one could expect a transition (P2)
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Fig. 16.3 Schematic representation of the p-type doping induced relaxation of the P3HT polymer
structure. Upon the positive charging the polymer chain change locally from aromatic to a quinoid
structure. Not shown is the parallel reduction of the inter thiophene bond length and the more planar
orientation of the thiophene rings in the quinoid arrangement. Relaxation and excitation processes
in the doped state can be understood as (self)localization and delocalization of the charge where a
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between the filled and half filled polaron π-orbitals [14]. The respective transition
energy is typically in the order of 0.3–0.5 eV. In many publications, the authors do
not distinguish between the latter transition and an excitation of the polaron charge
in its local potential well which we denote in Fig. 16.4 as P3. The P3 transition is
explained in the Fröhlich polaron model as a polaron scattering process where the
incoming photon is absorbed by the polaron in its ground (initial) state [15]. Upon
scattering at least one LO phonon is generated which leaves the polaron in an excited
(final) state. The onset of this absorption is thus defined by a “long-wavelength”
LO-phonon frequency. But it peaks at somewhat higher energies. The line shape and
position of the maximum depend on the Fröhlich coupling constant and the polaron
dimensionality [13]. Above the latter absorption peak, additionally LO-phonon side
bands may arises. It should be mentioned that probably neither the one-electron
model nor the Fröhlich model correctly represents the complexity of the IR excita-
tions. Both contain approximations which are not applicable in the case of strong
electron-phonon coupling in polymers.

It was pointed out already by Brédas et al. [10, 16] that the charge induced relax-
ation of the polymer in a new structure is a “manifestation of a strong electron-phonon
coupling”. As an example we use in Fig. 16.3 the relaxation of a polythiophene
polymer like P3HT after positive charging. In the pristine form the thiophene rings
are of an aromatic structure which relaxes in quinoid-like structure upon positive
charging. This transformation is accompanied by shortening of the bonds between
the thiophene rings [1, Chap. 1] [14, 17]. The before periodically tilted thiophene
rings rearrange, furthermore, in a more coplanar structure. A polaron excitation as
described before in the Fröhlich model is equivalent to a delocalization of the charge
within the polymer chain [18] and the local quinoid-like structure fades out until the
polymer chain resembles entirely in an aromatic structure.
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transition is here motivated from the one-electron view as an excitation from empty to half filled
valence states. The definition of P3 excitation is motivated by the Fröhlich polaron model as an
excitation of the polaron in its self generated potential well and is probability best described by
Fig. 16.3. The dashed lines symbolize the polaron states with increasing charge delocalization. The
total energy of the system increase with the increasing charge delocalization which is the polaron
binding energy

It should be noted that the discussed new polaron states and the respective elec-
tronic transitions are sharp and defined only in the small polaron limit. In the “large
polaron” limit intra- and/or inter-chain delocalization due to the π-π-stacking yields
in a formation of electronic bands as it was described for π-electron system in the
pristine uncharged state [14, 19, 20]. Furthermore intra- and/or inter-chain disorder
contribute additionally to a broadening of absorption peaks [21].

A bit more controversially discussed is the electronic structure in case of a “fur-
ther increased” charging which is frequently described by a situation where a second
electron is removed from a polymer chain. If it is energetically favored that the
two polarons couple, a localized distortion is obtained which contains two charges
of the same type. This quasi particle is called bipolaron and has zero (integer)
spin. The polaronic orbitals or bands are now completely empty (p-type doping)
or completely filled (n-type doping). The P1 optical absorption between the pola-
ronic orbitals/bands should therefore disappear while the P2/P3 absorption remains
or increase at bipolaronic sides (BP2/BP3). Furthermore one could expect that the
BP2 bipolaron absorption emerge at somewhat higher photon energies in compar-
ison to the P2 polaron transition due to a further shift of the (bi)polaron in-gap
levels. However, neither a vanishing of the NIR-VIS polaron absorption (P1) nor
the disappearance of the unpaired spin is an unambiguous indication of a bipolaron
formation. A reasonable increase of the polymer conductivity is usually obtained at
relatively high charge concentrations. The existence of bipolarons alone, however,
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cannot explain the increase in the conductivity. The above bipolaron model contains
again no half filled electronic bands but locally filled or empty orbitals. The effective
mass of a bipolaron should be even larger than this of a single polaron. However,
the overlap of (bi)polarons at “higher” charging levels should yield again in a for-
mation of (bi)polaron bands [22, 23]. If the correlation strength exceeds a certain
level, these bands split in filled and empty bands which are separated by a small gap
(Mott transition). Pure one-dimensional systems are supposed to be always insulat-
ing. Likewise metal-insulator transitions are discussed in presents of disorder in the
system. Local variation again cause a localization of polaron electron wave functions
and in particular one-dimensional systems tend to be insulating (Anderson transi-
tion) [24]. Whether the formation of bipolarons or metal like bands could be observed
depend very much on the particular polymer and the respective film structure. Some
examples will be discussed in the following based on optical/ellipsometric results.

All the distinct electronic orbitals and bands which come along with the forma-
tion of polarons, bipolarons, or metallic states produce, as discussed, a number of
new dipole allowed optical transitions. These changes of the optical properties in
the visible spectral range are that strong that many conjugated polymers were also
intensively studied because of their electrochromic properties [25]. The application
of conjugated polymers e.g. in electrochromic displays promised higher contrast
ratios and faster response times. Most of the conjugated polymers switch between a
transmissive and a colored state upon doping. But also switching between different
colors is possible [1, Chap. 21].

The strong optical effect of doping is used from the beginning as a probe to study
fundamental aspects of the polaron formation. By far most of the optical investiga-
tions apply reflection or transmission methods. In the IR spectral range enhanced thin
film sensitivity is commonly obtained within attenuated total reflection experiments
(ATR). A methodical review of these methods is provide e.g. in Chap. 21 (Charac-
terization of Thin Organic Films with Surface-Sensitive FTIR Spectroscopy). But, in
particular Fourier-transform infrared (FTIR) results are usually interpreted in a pure
chemical manner by means of differential absorption properties of the investigated
film without making use of the polarization dependency. Ellipsometric experiments
are in comparison still underrepresented although the method could provide quanti-
tative results concerning the complex dielectric function (complex refractive index)
and physical parameters like the film thickness. One reason is certainly the relative
complexity of the necessary data evaluation (Chap. 1: Ellipsometry: A Survey of Con-
cepts). In the following examples, we will discuss the optical response of polarons
primarily based on ellipsometric results. But additionally we add a critical review
of some basic relationships among the different methods, with the goal to provide
a conceptional comparability and to draw the attention on fundamental deficiencies
among the optical spectra published in literature.
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16.1.3 Charge Injection

Before turning to the optical characterization of polarons, we would spend a few
words how the charge injection is achieved in the polymers. In analogy to inorganic
semiconductor technology, the charge injection in polymers is commonly referred
to the synonym “doping”. In common, it requires an electron/hole source which
could be a chemical element. But in contrast to inorganic semiconductor crystals,
this donar/acceptor is typically not inserted in the polymer chain. The finding that a
persistent doping is nevertheless feasible was a key step in the discovery of conduction
polymers [26, 27] and acknowledged by the Nobel Prize in Chemistry in 2000. In
literature one can find a huge number of different “doping” recipes. But in general
they can be divided into four principal groups [11]:

(1) Chemical p- or n-type doping (oxidation or reduction): The chemical doping
was utilized in the first discovery of polymer conductivity in polyacetylene films.
The charge transfer is achieved by exposing and mixing the polymer with oxidizing
or reducing reagents which can be considered as acceptor or donor impurities in
inorganic semiconductors. In order to obtain p-type doping the polymer could be
e.g. exposed to halides like I2 or Br2 which form finally charge transfer complex
between the polymer and the I− or Br− anions. An closely related method of p-
type doping is called “protonation” where polymers containing a nitrogen atom are
exposed to acid vapor (e.g. HCl). The strong dipole moment of the acid results in
the shift of the lone electron pair at the nitrogen atom generating positive charge.
Such doping is applied for example in polyaniline or polyazomethines [28]. A n-type
doping can be obtained by exposing polymer thin films to Li [29] or Na atoms which
requires a (ulta)high-vacuum chamber.

(2) Electrochemical p- or n-type doping: A drawback of the chemical doping is in
general the difficulty to control the doping level as well as the problem of inhomo-
geneity. Electrochemical doping in contrast promise a very good control of the charg-
ing level and lateral homogeneous results. The polymer is deposited on a conducting
electrode (the working) electrode and attached in an electrochemical cell contain-
ing an electrolyte. Common electrolytes used in polymer electrochemistry consist
of organic solvents like propylene carbonate, acetone, or acetonitrile and a conduct-
ing salts like tetrabutylammonium hexafluorophosphate (TBA-PF6, C16H36F6NP),
nitrobenzol, or lithium tetrafluoroborate LiBF4 due to their broad electrochemical
window. During the electrochemical doping the working electrode supplies or col-
lects the redox electrons while anions or cations defuse from the electrolyte in the
polymer film in order to ensure the charge neutrality. The doping level is controlled
by the potential between the polymer and the electrolyte i.e. the counter electrode.
Each potential is assigned to a specific doping level defined by the electrochemical
equilibrium.

(3) Field induced “doping” - Charge injection at metal-polymer interfaces: The
concept of a field induced charging refers to the operation principle of polymer
based field effect transistors. At interfaces charges can be added or removed from
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the π-orbitals/bands of the polymer due to a contact potential difference which is
either externally applied or is a result of a different work function like in a Schottky
contact. The main difference in comparison to chemical or electrochemical doping is
the absence of counter ions introduced in the polymer. Thus the field induced doping
is not persistent if the externally applied field is switched off.

(4) Photo-induced “doping”: Photo-induced doping can be obtained only in polymer
blends. In such, the film is illuminated with light of a photon energy above the HOMO-
LUMO gap. The induced electron-hole pair can be of intra- as well as of inter-chain
character. Persistent free charges and the formation of polarons is obtained only if
the electron-hole pair separates like in a p-n junction. The life time depend on several
factors as the exciton binding energy and the band offset within the polymer blend
structure. In specific cases, air can play the role of a n-type semiconductor leading
to photooxidation process.

16.2 P3HT

Among the (semi-)conducting polymers, poly(3-hexylthiophene)(P3HT) is probably
one of the most frequently investigated model systems with applications in organic
optoelectronics like solar cells, light-emitting diodes, or transistors [30]. P3HT is a
p-type (hole) conducting polymer. In organic photovoltaic devices it is used for
example in the active layer as an electron donor material. P3HT is relatively ease to
synthesize and shows pronounced optoelectronic properties which make it also an
ideal model system in order to study the fundamental properties of doping in poly-
mers. Details concerning the application of P3HT in organic photovoltaic (OPV) and
organic light emitting diodes (OLEDs) as well as a discussion of the pristine material
optical properties are also presented in Chaps. 12 (Polymer Blends and Composites)
and 15 (Conjugated polymers: Relationship between morphology and optical prop-
erties).

16.2.1 Dielectric Function

Figure 16.5 shows the dielectric function (DF) of regioregular (rr-)P3HT as it is
known for the pristine undoped state. The presented spectrum was measured by
transmission ellipsometry on a 56 nm film in electrolyte at potentials where the P3HT
is completely undoped. Unintentional doping by illumination or oxidation from air
is thus avoided. The film was spin-casted on glass covered with indium-tin oxide
(ITO) [31]. Details about the measurement will be described in the section about the
electrochemical doping.

The example P3HT film shows a very strong out-of-plane anisotropy. The oscil-
lator strength of the contributing absorption resonances is strongly reduced in the
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Fig. 16.5 a Anisotropic dielectric function of un-doped P3HT measured by transmission ellip-
sometry. The black line corresponds to the in-plane while the dashed gray line corresponds to the
out-of-plane component. The film under investigation was spin casted on a glass substrate covered
with ITO and is measured in a 0.1 M Bu4NPF6 electrolyte solution in anhydrous acetonitrile at
a potential of −200 mV against a Ag/AgCl quasi reference electrode. b Absorption spectrum of
the un-doped P3HT film calculated from the ellipsometric results (black line) in comparison to an
absorption spectrum measured in transmission through a P3HT solution in chlorobenzene (gray
line) [31]

DF perpendicular to the surface in the presented spectral range. Such a behavior
is typical for P3HT [32] and many other conjugated polymer films [33, 34] where
the interaction with the substrate provokes a predominate alignment of the polymer
chains parallel to the interface. A detailed ellipsometric study of the anisotropy of
P3HT was published in [32]. In this work the authors discuss also the influence of
the substrate by comparing spin-coated and drop-cast P3HT films on glass and Si.
The orientation selectivity of excitations is explainable by the common nature of the
contributing absorption structures in the considered spectral range. All the near band
gap optical transitions in P3HT are dipole π-π∗ transitions. Their excitation requires
an electric field component parallel to the P3HT conjugated polymer chain [35]. An
out-of-plane excitation of the π-π∗ transitions in the visible and ultra violet spectral
range (VIS-UV) is thus dipole forbidden if the polymer chains are all parallel aligned
to the surface.

In this connection it should be noted that the measured anisotropies are obtained
by assuming a homogeneous film. Such a commonly used assumption actually needs
to be confirmed. However, since a strong out-of-plane anisotropy is observed also by
“averaging” over the whole film, on can assume that the average volume fraction of
the polymer strands with a perpendicular orientation to the surface is generally small.
In other words the substrate induced polymer orientation of the polymers retains in
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the entire film. This behavior can be explained by a relatively strong inter-molecular
interaction and is discussed in polymers by means of the π-π stacking [31–34].

The absorption onset of P3HT in the pristine “undoped” form is induced by a
distinct resonance at 2.04 eV which is assigned to a delocalized inter-chain singlet
exciton (IEX) [36]. Two more resonances follow energetically above the IEX at 2.20
and 2.37 eV almost equidistant in energy. The latter transitions are vibronic side-
bands of the IEX with an additional excitation of one or two LO-phonons (Fig. 16.5a).
The relatively broad absorption structure between 2.6 and 2.7 eV is finally attributed
to the screened intra-chain HOMO-LUMO transition (Eg) and thus coincide to
π-π∗ transition in isolated P3HT polymer chains. The latter association gets evident
if one compares the absorption spectrum of the film (calculated from the in-plane
DF) with the absorption spectrum measured e.g. in transmission for diluted P3HT.
Such a comparison is shown in Fig. 16.5b. The diluted and therefore separated P3HT
polymer chains disclose only one relatively broad absorption peak around 2.7 eV
which is the just defined intra-chain HOMO-LUMO transition. The distinct film res-
onances at lower energies are absent. A small red shift of the film HOMO-LUMO
transition is explainable by the polarizability of the surrounding P3HT molecules i.e.
coupling and screening effects.

The inter-chain character of the IEX was demonstrated based on its dependency on
the degree of the π-π stacking and the crystallinity of the film (Fig. 16.1). Generally,
it could be shown that the IEX amplitude vanish for totally disordered films or P3HT-
blend structures where the individual P3HT chains have no direct contact [37, 38].
Figure 12.4 in Chap. 12 shows for example the effect of thermal annealing on the IEX
structures for spin coated P3HT films. Worth mentioning in this connection is the
relative large oscillator strength of the HOMO-LUMO transition in the out-of-plane
film DF (dashed line in Fig. 16.5a). If we consider that the π-π∗ transitions require an
electric field component parallel to the polymer chains, we can conclude that a non
vanishing absorption in the out-of-plane DF yields from polymers which are upright
orientated to the substrate plane. Such a molecular orientation is in particular expected
in disordered areas where the IEX contributions are small. A detailed analysis of the
optical anisotropy of π-π∗ transitions could thus provide already further insights in
the inner film structure.

16.2.2 Iodine Doping

As mentioned before, chemical doping by exposing conjugated polymers to oxidizing
or reducing agents was used already in the first attempts to modify the electronic
properties of polymers. Iodine is one of the strongest oxidizing elements and is thus
often used in order to obtain p-type doping i.e. a positive charging of the polymer. In
general all p-type doping methods should produce very similar changes in the optical
absorption spectra. According to the polaron picture described in the introduction,
some new transitions in energy below the absorption edge are expected [39, 40].
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Fig. 16.6 In-plane dielectric function of P3HT (structure in the inset) in the nominally undoped
(black line) and iodine saturated doped state (blue line). The imaginary part of dielectric function
is plotted in the left panel (a) and the real part in the right panel (b) [41]

The iodine doping of P3HT is therefore used as a prototype example in order to
demonstrate the doping induced changes in the optical response of polymers.

We use again a rr-P3HT film of 35 nm which was spin casted on an ITO/glass
substrate as an example. The particular film was annealed at 150 ◦C for 3 min in a
nitrogen atmosphere. The doping was performed by exposing the sample to iodine
vapor for 10 min. A relatively long doping time is used in order to obtain a satura-
tion which allows a subsequent ellipsometric measurement under relatively stable
conditions [41]. The DF of the iodine doped P3HT is shown in Fig. 16.6 (blue line)
in comparison to the as before measured DF of the pristine film (black line). Within
the used measurement geometry the calculated DF represents the in-plane DF com-
ponent.

After doping the film optical properties disclose two eye-catching modifications.
The π-π∗ transitions measured before between 2 and 3.5 eV appear now very much
reduced in amplitude. At the same time a new peak shows up at 1.6 eV. Both changes
resemble the before discussed formation of polaronic states in the band gap of the
pristine material (Fig. 16.2). The new absorption feature at 1.6 eV thus refers to the
P1 transition as shown in Fig. 16.4. The unpaired spin in the polaron state is proven
e.g. in EPR measurements [42].

A closer inspection of the DF changes upon iodine doping discloses further that the
remaining, as well as the new appearing absorption features broaden in comparison
to the pristine material. This broadening turned out to be not specific for the iodine
doping but is rather a result of a more principle property. Among the new polaron
transition feature we could expect again a splitting due to the formation of inter chain
excitons and respective LO-phonon replica as discussed in the pristine material. The
self localization of the positive charge within a polymer chain was already discussed
in terms of a local relaxation of the polymer structure. In the case of P3HT, the
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π electron system change from an aromatic configuration in a quinoid-like structure
upon doping (Fig. 16.3) [10, 40]. The relaxation is expected to extend at least over
three monomers (Figs. 16.3 and 16.12) and includes a planarization of the monomer
units [16, 19, 43]. The polaron electronic states thus broaden due to the spreading of
the polarons with in the chain (large polaron approximation) and the interaction of
neighboring π-π stacked polymer chains. The latter yields in an additional splitting
of polaron states and the formation of bands (2-3D polarons) [14, 22]. Both effects;
the delocalization of polaronic states along as well as perpendicular to the polymer
chains; were already discussed for the undoped π electron orbitals and visualized in
Fig. 16.1. Different is now that undoped and doped areas as well as various degrees
of localization of the polarons could coexist in the film which leads to an increased
complexity and general broadening of the contributing absorption structures.

The quantitative determination of the film DF by means of ellipsometric measure-
ments allows additionally a discussion of the different transition oscillator strength.
In the case of the iodine doped P3HT it is already visible by eye that the decrease of
the transition strength between 2 and 3.5 eV is not compensated by the new structure
around 1.6 eV. At the same time the DF above 3.5 eV does not change on the doping
at all. By sum rule arguments, the first moment of the imaginary part of DF is propor-
tional to the density of the contributing (π) electrons [45, 46]. However, the p-type
charging alone could not explain the overall reduction of the transition strength in
the spectral range between 1 and 3.5 eV. The missing oscillator strength is thus most
likely shifted to transitions in the IR. According to the drawn polaron theory at least
one additional electronic transition is expected in the IR - the P2 transition depicted
in Fig. 16.4.

Fig. 16.7 Iodine doping
induced changes in the P3HT
optical response measured
by ATR-FTIR after 12 s
exposure [44]
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Typically ATR-FTIR spectroscopy is used to analyze the polaronic absorption of
thin films in the IR spectral range. Figure 16.7 shows a differential ATR spectrum of
the iodine doped P3HT film [44]. Accordingly, the absorption increases in the whole
IR spectral range. But the new absorption emerges clearly in two distinct spectral
regions. A broad doping induced absorption band appears above 1800 cm−1 which
contain various contributions and the line shape differs from the simple Lorentz
oscillator model [8, 9]. However, in principle the band is attributed to the π-electron
in-gap transition P2 and the polaronic excitation/relaxation P3 (Fig. 16.4). In the
Fröhlich polaron model, the P3 transition is described as a LO-phonon excitation.
The onset of the broad P3 absorption band at 1800 cm−1 is in this model defined
by the long wavelength LO-phonon frequency. In terms of the discussed doping
induced structure relaxation in the P3HT polymer chain, the P3 excitation could be
interpreted as a delocalization of the polaron as presented in Fig. 16.3.

Below 1800 cm−1 new doping induced infrared active vibrations (IRAV) modes
appear [47, 48]. Before just Raman active modes are activated by the polaron due to
changes in the symmetry relative to the pristine material. The high intensity of IRAV
mode absorption is again a result of the electron-phonon coupling. The IRAV-modes
may are additionally superimposed by a broad absorption feature which is attributed
to a charge transfer transition (CT) between the polymer chains [21].

16.3 Electrochemical Doping of P3HT

An obvious problem of the iodine doping and the chemical doping in general is
the lack of control concerning the amount of transfered charges or in other words
the oxidation/reduction stage of the of the polymers. Closely related to the control
problem is also the question of a quantification of the charging. Like in the described
iodine doping one can probably find saturation at a certain density but the instability
on one hand and the re-crystallization of iodine in the film on the other make it difficult
to obtain reproducible results. The electrochemical doping of conjugated polymers in
contrast provides full control on the induced charge density by means of the applied
electrochemical potential. By cyclic voltammetry (CV) or in chronoamperometry it
is furthermore possible to quantify the charge transfer. Electrochemical impedance
spectroscopy could provide additionally a determination of the conductivity upon
doping variations [49].

Spectroelectrochemical investigations of polymers are therefore already widely
used to study doping induced fundamental aspects like a structural relaxation, an
insulator to metal transition, changes of the electronic structure and the formation
quasi particles like polarons [50–53]. The applied in-situ spectroscopic methods are
almost exclusively of absorption and reflection type. An analytical disadvantage of
the electrochemical approach could be seen in the fact that the film under investigation
is covered with an electrolyte which is usually not transparent over wide areas in the
IR spectral range. (FTIR)-ATR spectroscopy has in this connection the advantage
that the light transmission through the electrolyte is avoided.
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16.3.1 (Spectro-)Electrochemistry

For spectroelectrochemical investigations on rr-P3HT, an electrochemical cell like
the quartz cuvette as shown in Fig. 16.10b could be used. In such a cell the polymer
film is deposited on a conducting substrate (ITO/glass) and is used as the work-
ing electrode (WE). The electrochemical potential E of the WE is controlled by a
potentiostat with respect to a reference electrode. In the given example a Ag/AgCl
wire is used as a quasi reference electrode (QRE) [54]. The potential dependent
electrochemical charge transfer due to an oxidation or reduction of the polymer film
is measured as a current between the WE and a counter electrode (CE) which is
typically made of platinum. A common electrolyte solution is composed of 0.1 M/L
Bu4NPF6 (Bu4NPF6 −−⇀↽−− Bu4NP+ + PF−

6 ) in anhydrous acetonitrile.

The electrochemical redox properties of spin casted P3HT films are presented in
Fig. 16.8a based on a CV recorded with 10 mV/s [31, 42]. In anodic scan direction,
one can identify three major oxidation peaks which contain a couple of sub-structures.
In the cathodic scan the P3HT film turns back in the undoped state with respective
negative reduction current. The processes are reversible and the cycle can be repeated
a couple of times without degradation of the film. Each peak in the CV can be asso-
ciated with a certain oxidation/doping stage of the film. A precise assignment is
difficult. But already the fact that the P3HT film possess more than one or two oxi-
dation levels clearly supports the assumption of inter-chain interactions due to the
π-π stacking. The increase of complexity due to the formation of inter-chain struc-
tures could increase the number of distinguishable oxidation/doping levels. Beside

Fig. 16.8 Cyclic
voltammogram of P3HT in a
Bu4NPF6-acetonitrile
solution recorded with a scan
rate of 10 mV/s (a) In panel
b shows the charge density
in the film accumulating in
the anodic sweep from −0.2
to 1.1 V [31]
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of an identification of oxidation stages, it could be instructive already, to investigate
the charge density in the film at different doping levels. The time integral (the first
moment) of the anodic current, which is measured in CV, provides this information.
The measured current tells us how many electrons are transferred from polymer film
to the ITO and leave a positively charge hole in the P3HT polymer chains. The charge
neutrality is maintained with the intercalation of an equal number of PF−

6 anions (A−
in Fig. 16.12) in the film. The successive increase of positive charges in the P3HT
film upon the electrochemical oxidation is plotted in Fig. 16.8b. With the known film
thickness this calculation disclose that the “donor” concentration increase by 3.4 ×
1020 cm−3 upon the first oxidation step. The second and third oxidation steps yield
in an overall anodic charge transfer of 1.2 and 2.4 mC/cm2, respectively, which cor-
responds to a total “donor” concentration in the film of 1 × 1021 and finally of about
2 × 1021 cm−3. An upper limit approximated from the monomer density in the film
[31, 55] yields a number of 4–5 × 1020 thiophene rings per cubic cm. The second
oxidation step thus corresponds to a positive charging of about 20% of the thiophene
monomers and with the third oxidation this value increase to almost 50%.

In-situ UV-VIS transmission and ATR-FTIR experiments show that the increasing
electrochemical charging of the P3HT film leads to a monotonously decrease of all
π-π∗ transition which have been identified in the pristine polymer (Fig. 16.5) while
the NIR and IR absorption structures (P1, P2/P3, IRAV, and CT) monotonously
increase at the same time [42]. That the p-type doping induced modifications in the
electronic structure are not explainable just by a continuous transformation from the
pristine to a oxidized state becomes obvious in the spectral range between 1.2 and
2 eV. The P1 polaron transition structure, which was seen already in the iodine doped
films, increase up to 800 mV, but decrease again at higher potentials (Fig. 16.9b).
Furthermore, one can observe a splitting of the broad P2/P3 IR absorption in the ATR-
FTIR spectra (red arrows Fig. 16.9a). A precise interpretation based on the ATR-
results is in fact difficult and the determination of the intrinsic material dielectric
properties could facilitate a better identification of transition resonances or their
spectral positioning.

16.3.2 In-situ Spectroelectrochemical Ellipsometry

The unquestioned advantage of common transmission experiments is on one hand
the simplicity of the method. On the other hand it is also of big advantage if the film
properties can be investigated in standard glass cuvettes which are typically used
in electrochemical experiments. In this connection it seems reasonable to combine
the advantages of ellipsometric measurements and the ability to investigate the films
in a standard glass cuvette by means of transmission ellipsometric measurements
[31]. In such an experiment the light beam is straight transmitted through a glass
cuvette, the electrolyte, and the sample which consists of a transparent substrate
(e.g. glass), a transparent conducting film (e.g. ITO), and the polymer film under
investigation. The sample surface must be tilted against the light beam in order to
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Fig. 16.9 Electrochemical doping induced changes in the P3HT optical response measured a by
in-situ ATR-FTIR and b by UV-VIS transmission spectroscopy at different potentials between 100
and 1300 mV. The spectra measured at 0 mV are used in this examples as a reference. Reprinted
from [42] with permission from WILEY-VCH

allow an ellipsometric analysis by means of the difference in light transmission for
parallel and perpendicular polarization components respective the plane of incidence.
Polarization effects and intensity losses at the outer cuvette surfaces can be suppressed
by two index matching prisms which are attached to the cuvette and thus ensure
perpendicular light incidence (lower part Fig. 16.10).

Some attention has to be drawn on the extraction of the film optical properties
because several interfaces insight the cuvette contribute to the measure polarization
change which is represented by the ellipsometric angles � and �. The upper part of
Fig. 16.10 shows a schematic example for the light propagation through the internal
interfaces. A physical/mathematical description of the light transmission through
such an ensemble can be obtained with the known theories of light propagation in
media and the reflection/transmission of plan waves at planar interfaces [56–58]. Of
major importance in such a structure is the coherence length of the light. Commonly
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Fig. 16.10 Schematic diagram of the light propagation through the glass cuvette including a poly-
mer film on an ITO/glass substrate (a). Layers represented in red are thinner than the coherence
length of conventional light sources and interference has to be taken into account in an ellipsometric
layer modeling procedure. In the lower part b we show a real experiment image of a filled glass
cuvette with connectors for the quasi reference electrode (QRE), the counter electrode (CE) and the
ITO/glass working electrode (WE). Reproduced from: [31]

used light sources have a coherence length of a few micrometers. Accordingly, the
distance of interfaces like those given by the two sides of the glass substrate is bigger
than the coherence length. In our example only the polymer and the ITO films are
thinner. Therefore just in these two layers forward and backwards traveling waves
have a defined phase relation and interference effects have to be taken into account.

In the case of isotropic media the Abeles matrix method can be applied to solve the
problem and to calculate finally the film optical properties [57, 59]. In this formalism
the total electric field at a planar boundary between a layer i and j is composed
of left and right traveling waves. The respective complex fields are arranged in
columnar vectors of the form E ′

i = (E ′
i,l, E ′

i,r )
T and E j = (E j,l, E j,r )

T . With the
Fresnel transmission and reflection coefficients ti j (εi , ε j ,φ) and ri j (εi , ε j ,φ) an
interface transmission matrix of the form:

Ĥi j = 1

ti j

(
1 ri j

ri j 1

)
, (16.1)
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can be defined which connects the fields on both sides of the boundary (E ′
i = Hi j E j ).

For a phase correct matching of the fields from the right side of a layer to the left
side of the same layer, furthermore, a propagation matrix is defined according to:

L̂ i =
(

e−iβi 0
0 e−iβi

)
, (16.2)

where

β = 2π

λ0
ni di cos(φi ). (16.3)

In case of layers, which are much thicker than the coherence length of the light, it
is sufficient to use the identity matrix in order to match the electric fields directly to
the next boundary. Interference effects are thus exclude. The electric fields on both
sides of our glass cuvette with an internal structure as depicted in Fig. 16.10, can be
thus calculated with the stack matrix Ŝ defined by:

(
S11 S12

S21 S22

)
= Ĥ67 Ĥ56 Ĥ45 L̂4 Ĥ34 L̂3 Ĥ23 Ĥ12. (16.4)

In transmission experiments with light propagating from the left to the right through
the cuvette, we just need the S22 component of the stack matrix which defines the
overall transmission coefficient

t = 1/S22. (16.5)

For isotropic media, s- and p-polarized waves are eigenmodes and can be calculated
separately with the respective Fresnel equations ((1.13), Chap. 1). The ellipsometric
angles � and � can be finally calculated by the known relation:

tp

ts
= Ss

22

S p
22

= tanψei�. (16.6)

The film optical properties like the dielectric function ε or the thickness d of the
polymer film are determined in a comparison with the experimental results by means
of a respective fit algorithm.

The Abeles method is also applicable for anisotropic media, as long as the opti-
cal axes are all parallel or perpendicular to the plane of incidence and the surface
normal of the interfaces. In such a case the s- and p-polarized waves are still eigen-
modes and can be calculated separately. However, as an alternative one can use the
Berreman transfer matrix formalism which is implemented nowadays in many ellip-
sometric software packages. In this formalism forward and backward traveling waves
are calculated with differential 4 × 4 transfer matrices and an explicit definition of
reflection and transmission coefficients at boundaries is avoided. With this approach
it is possible to calculate the wave propagation in arbitrary anisotropic media [57, 58,
60, 61]. Interferences in layers thicker than the coherence length of the light can be
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Fig. 16.11 Imaginary part
of the in-plane dielectric
function of P3HT at different
electrochemical potentials
which where measured
against a Ag AgCl QRE. The
electrochemical doping is
connected in this example by
an intercalation of PF−

6
anions. An offset of 0.5 is
used between the spectra for
clarification of the trend and
the two dashed line represent
the out-of-plane dielectric
function at −200 and
1200 mV. [31]
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suppressed with a simple workaround. By averaging over a number of arbitrarily
chosen layer thicknesses (e.g. ±10% of the real layer thickness), the interference
structures in thicker layers smear out and one can calculated the polarization depen-
dent transmission in terms of � and � also for structures as depicted in Fig. 16.10.

Figure 16.11 shows a serious of dielectric function spectra for electrochemical
potentials between −200 and +1200 mV. The plotted imaginary part of the in-plane
DF are obtained by a parametric fit of the measured � and � values. In this fit it
was assumed that the dielectric function consist of a number of Gauss-Lorentzian
oscillators which differ in the in-plane and out-of-plane DF only concerning their
oscillator strength. The parallel received out-of-plane DF’s are exemplary shown
for the extreme potentials. The undoped film optical properties at −200 mV were
already used in Sect. 16.2.1 and Fig. 16.5 to discuss the undoped P3HT properties.

In agreement with CV results the DF do not change up to a potential of about
300 mV. With the first and second oxidation step between 350 and 800 mV the oscil-
lator strength of the π-π∗ transitions of the pristine material (the IEX, the IEX+LO,
and the screened HOMO-LUMO band-to-band transition) continuously decrease by
a factor of two. At the same time the polaron related P1 transition appears. The latter
P1 resonance reaches a maximal amplitude at 800 mV. At this potential the peak
maximum emerge at 1.4 eV. But noticeable is also a significant red shift from the
first appearance with increasing potential. Such a behavior is expected in case of an
increasing inter- and intra-chain overlap of the polaronic chain sections (Figs. 16.1
and 16.12). The polaronic character of the new absorption structure is additionally
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confirmed by (EPR) measurements which show an increasing signal and thus prove
the unpaired electron spin in localized polaronic states [42]. From CV it is know
that about 20% of the thiophene monomers are charge at 800 mV. The high polaron
density explains on one hand the strength of the polaron absorption. But it is also
apparent that a higher doping could not further increase the number of polarons. If
one considers that a polaron in P3HT extend over three or more thiophene units, a
further generation of localized polarons is simply not possible.

In connection with the iodine doping of P3HT, we have discussed already a general
broadening of the electronic resonances after the iodine exposure. This behavior is
clearly traceable in the in-situ ellipsometric spectra. The IEX and the IEX+LO tran-
sitions as well as screened HOMO-LUMO band-to-band absorption first decrease
in amplitude but broaden in particular upon the second oxidation step. A possible
reason for the broadening could be seen in the coexistence of polaronic and pristine
sections in the P3HT polymer chains in combination with the already discussed inter
and intra-chain overlapping of (bi)polarons orbitals. Regarding transition energies
and peak amplitudes/width the electrochemical induced polaronic transition spec-
trum is truly very similar to those obtained for iodine doped P3HT films (Fig. 16.6)
[19, 41, 62]. Best comparable with the saturated iodine doping is probably the elec-
trochemical oxidation at 600 or 700 mV. Both doping types include an incorporation
of counter anions, i.e. the I− and PF−

6 , respectively, which may induce additional
broadening effects.

Above 800 mV the polaron related P1 transition disappears again although the
p-type doping is still increasing. It finally vanishes almost completely at potentials
above the third oxidation peak. One might think that the vanishing of the P1 polaron
transition, which is accompanied by a disappearing EPR signal, is attributed to the
formation of bipolarons as depicted in Fig. 16.4. Such an interpretation would be
consistent with the ATR-FTIR results shown in Fig. 16.9a. Aside from the general
increase of the IR absorption one can observe a blue and a red shifting feature. The
blue shift is in fact expectable for P2 (BP2) transition if one assumes a “further relax-
ation” due to the pairing of positive charges. On the other hand we have mentioned
already the very high doping level above 800 mV. About every second thiophene
ring is finally positively charge at 1200 mV and (bi)polarons may strongly overlap.
Highly interesting in this connection is the recovery of the IEX features between 2.0
and 2.4 eV in the ellipsometric spectra. The recovery of inter-chain excitonic “fine”
structures and the very high doping concentration rather suggest that the P3HT chains
entirely relax in a new structure like pictured in the bottom of Fig. 16.12. A formation
of bipolarons as a new quasi particle is triggered in a strict definition by an energy
gain due to the polymer relaxation which exceeds the Coulomb repulsion between
two positive charges. The total Gibbs free energy minimization includes in electro-
chemical experiments the freely tunable electric potential which could compensate
also coulomb repulsion forces. The chemical doping with the strongly oxidizing
iodine saturates clearly in a polaron structure and a bipolaron formation seems to be
energetically excluded.

Hence, ellipsometric spectra at high electrochemical potentials are explainable
in the view of strongly overlapping polarons. They form polaronic bands which
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Fig. 16.12 Illustration of the (bi)polaron bond configuration in P3HT polymer chains at different
p-type doping levels

energetically overlap with the HOMO and LUMO bands of the pristine material.
This would yield in a band structure where the Fermi level is finally shifted in the
HOMO levels of the pristine material (compare Fig. 16.4). Notice, such a model is
also totally consistent with EPR measurements.

In electrochemical impedance measurements, it was demonstrated, furthermore,
that a first significant conductivity increases is obtained in connection with the third
oxidation step [49]. In this potential range the conductivity increases by almost three
orders of magnitude up to ≈8 Scm−1. Such an increase in the hole-mobility is not
consistent with the formation of self localized bipolarons but could be easily explain-
able if intra- as well as inter-chain polaronic bands merge with the HOMO bands
and thus generate a metallic regime due to an incompletely filled valence band [63].
Especially the inter-chain transport is a key feature in the attempt to obtain high film
conductivity [64]. It should be noticed that the periodic arrangement of quinoid and
aromatic thiophene rings in the polymer chain (Fig. 16.12) could be interpreted as the
result of a Peierls’s instability [65–68]. At room temperature, the π-electronic orbitals
are equally distributed over the thiophene rings (comp. Fig. 16.3) which correspond
to a half filled metallic band. But at low temperature a Peierls’s transition is likely in
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Fig. 16.13 In-plane dielectric function of MDMO-PPV (structure in the inset) in the nominally
undoped (black line) and iodine saturated doped state (blue line). The imaginary part of dielectric
function is plotted in the left panel (a) and the real part in the right panel (b) [72]

particular in 1D and 2D systems [69]. The doubling of the unit cell shown in Fig. 16.12
may yield in such a low temperature state again in an insulating/semiconducting
band structure. Worth mentioning in this connection is, additionally, the continu-
ous increase of the out-of-plane anisotropy upon doping (Fig. 16.11). It supposes an
increasing ordering within the film. A possible explanation is found in the shorting
of bonds between the thiophene rings in the quinoid structure.

16.4 MDMO-PPV - Iodine Doping

As a second material example, we show ellipsometric results obtained on poly[2-
methoxy-5-(3’,7’-dimethyloctyloxy)-1,4-phenylene-vinylene] (MDMO-PPV). Like
P3HT it is a semiconducting polymer with application in organic solar cells and
OLEDs [70]. Hoppe et al. have determined the DF in the UV-VIS spectral with
a combination of reflection and transmission measurement [71]. Here we would
like to discuss a comprehensive ellipsometric study where FTIR- and UV-VIS-IR
ellipsometry is used [72] to obtain an overview about the polaron optical response.
Figure 16.13 shows the DF of MDMO-PPV for the pristine and iodine doped state
as well as a graphic formula of the MDMO-PPV polymer. In this experiment the
polymer was directly spin casted onto a glass slide from a pyridine solution. Both
the UV-VIS as well as the IR measurements were treated in this experiment in a
joined point-by-point layer fit in order to obtain a full range film DF. Some artifacts
remain at the connection point of the two spectral regions although the same film
preparation was used in both experiments. However, the results are, nevertheless,
conclusive enough to discuss some general polaron properties in more detail.
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Fig. 16.14 Effective number
of electrons (π-electron
density) in MDMO-PPV and
its integral evolution in the
spectral range of π-π∗
transitions. The black line
represents the pristine and
the blue line iodine doped
MDMO-PPV film (comp.
Fig. 16.13)
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The pristine MDMO-PPV dielectric function (black line in Fig. 16.13) is very
much similar to those of P3HT. A single relatively broad absorption peak with max-
imum at 2.5 eV dominates the UV-VIS spectral range. It is attributed again to π-π∗
transitions in the polymer chain. A fine structure due to excitonic or LO-phonon
contribution is not visible in the case of MDMO-PPV. One could speculate whether
these structures are just not resolved in this experiment or suppressed due to a higher
degree of conformational disorder and/or less π-π stacking. The latter assumption is
at least consistent with the fact that the film could be unambiguously fitted with an
isotropic film DF.

After doping (blue line in Fig. 16.13) two new transition features appear in the DF
at ≈1.7 eV and ≈0.5. Both peaks are described already in terms of the polaron P1
and P2/P3 transitions (Fig. 16.4). In addition a high-energy peak emerge at ≈5.9 eV
which is probably not relating to the π electron system. The broad π-π∗ absorption
peak around at 2.5 eV decreases, as expected, by about one half. The small but clearly
observable blue shift of the peak maximum could be explained by a screening of IEXs
and the respective transfer of oscillator strength to higher photon energies like it is
seen for P3HT. In the IR below 0.2 eV, new dipole allowed infrared active vibrations
(IRAVs) appear [47].

In connection with the iodine doping of P3HT we have discussed already the
question whether the oscillator strength of π-π∗ transitions of pristine material is
entirely shifted to the new π-electron structures P1-P3 in the NIR and IR. The ellip-
sometrically determined wide range DF of the MDMO-PPV example allows now a
quantitative analysis. According to sum rule arguments the total oscillator or, a bit
more precisely formulated, the first moment of the imaginary part of DF is propor-
tional to the effective number of (valence) electrons [45, 46]:

Nef f ∼
∫

ωε2(ω)dω. (16.7)
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In the present example, we assume that all optical transitions between 0.2 and 3.5 eV
are ascribed to the π electron system. With the iodine p-type doping, some of the
π-electrons are removed from the polymer chains. However, the comparison of the
iodine and electrochemical doping of P3HT has shown that the charging obtained by
chemical doping is relatively small in comparison to the total number of π-electrons
in the film. If we thus approximate that the number of π-electrons is almost constant,
the oscillator strength of the attenuate 2.5 eV absorption structure should shift in
another spectral range. In order to test this assumption, the accumulative effective
number of electrons is plotted for the spectral range between 0.2 and 3.5 eV. The
black line in Fig. 16.14 shows the pristine polymer while the blue line is representing
the iodine doped state with polarons. In the comparison it becomes evident that the
oscillator strength of the π-π∗ transitions is solely redistributed among the P1-P3
transitions. A possible doping induced conductivity is ascribe to the formation of
metallic π-bands. These metallic π-electrons should generate a Drude tail in the DF
which may emerge below 0.2 eV. From the sum rule arguments, however, this would
add additional contribution to effective number of electrons which would violate
the sum rule argumentation. The IR-DF between 0.05 and 0.2 eV, in fact, shows no
signature of a Drude like behavior.

16.5 Polaron Formation in Push-Pull Polymers

In a last example we discuss a more sophisticated so called push-pull polymer.
In such polymers intramolecular dipoles red-shift the band gap to generate a NIR
optical activity [73]. A prominent representative of these π-conjugated polymers is
the Poly[(4,8-bis-(2-ethylhexyloxy)-benzo(1,2-b:4,5-b’)dithiophene)-2,6-diyl-alt-
(4-(2-ethylhexanoyl)-thieno[3,4-b] thiophene-)-2-6-diyl] in short PBDTTT-c
[74–76]. In this polymer benzodithiophene and thienothiophene units serve as
sequential donors and acceptors [77]. The extraordinary molecular complexity, how-
ever, considerably complicates the electronic structure. Simply the number of carbon
atoms per monomer increases already by a factor of 4 from P3HT to PBDTTT-c.
Additional side-chain are required to obtain solubility. The complexity of the push-
pull polymer finally suppresses intermolecular interaction in contrast to the highly-
crystalline rr-P3HT.

Figure 16.15 (black line) shows the ellipsometrically determined DF of a pristine
PBDTTT-c film [62]. The presented film properties are obtained by a parametric layer
fit with an independently determined film thickness and are refined within a point-
to-point calculation. Various details in the thereby determined DF differ from the
previously discussed polymers although the general line shape remains comparable.
The spectral range between 1 and 3 eV is again characterized by the dominating
π-π∗ absorption structure. But the absorption onset is considerably red shifted due
to the orbital interaction of the unified donor (thieno[2,3-b]thiophene) and acceptor
(benzodithiophene with alkoxy-side-chains) units. Unlike rr-P3HT, the two sharp
peaks at 1.75 and 1.9 eV could not originated from π-π stacking and may show
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Fig. 16.15 Dielectric function of PBDTTT-c (structure in the inset) in the nominally undoped
(black line) and iodine saturated doped state (blue line). The imaginary part of dielectric function
is plotted in the left panel (a) and the real part in the right panel (b) [62]

rather a fingerprint of the push-pull character. Above 2.5 eV one can observe at least
three additional absorption structures. But an identification of the latter UV transition
is problematic if one considers the complexity of the structure.

A relatively persistent p-type doping is again achieved by an exposure of the
PBDTTT-c film to iodine vapor. Respective ellipsometric spectra are shown in
Fig. 16.15 (blue line). The results could not achieve the usual signal to noise level of
ellipsometry, due to the limitation in integration time. But the doping effect is clearly
visible. For PBDTTT-c one can observe a similar doping impact as it is known for
e.g. P3HT. This is a quenching of the main π-π∗ absorption structure and in parallel
a P1 peak is rising in NIR part of the DF spectrum. The P1 resonance arises at a
somewhat smaller photon energy (1.2 eV) consistently to the lower absorption edge
of the ground state. But the P1 amplitude as well as the decrease of the original
absorption feature is significantly smaller than those of P3HT or MDMO-PPV. The
smaller effect upon doping correlates to the higher oxidation potential of PBDTTT-c.
Remarkable is the small peak width of the polaronic P1 structure and the absence
of the before discussed broadening of all other transition features. As already men-
tioned, the π-π stacking forces are much smaller in the PBDTTT-c film. Polarons
are thus inherently localized in a single polymer chain and thus more close to the 1D
polaron picture with self localization in each chain.

Related changes in the IR P2+P3 transition structures are best seen in a direct
comparison of the P3HT and PBDTTT-c (ATR) spectra as shown in Fig. 16.16. The
broad absorption band of P3HT*, which spreads above the long-wavelength LO-
phonon (from ≈190 meV) to higher energies, has in PBDTTT-c* a clear peak like
maximum at about 380 meV. The latter structure is described as a relaxed excited state
in the Fröhlich polaron model [8, Sect. 16.1.2]. The existence of this peak is typical
for strong electron-phonon coupling constants (α > 5) and the Fröhlich coupling in
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Fig. 16.16 Comparison of the iodine induced ATR-FTIR modifications in rr-P3HT (left panel a)
and PBDTTT-c (right panel b) after 12 s exposure [62]

fact increases with a lowering of the dimensionality. In conclusion, PBDTTT-c fits
much more to the classic 1D Fröhlich polaron model than P3HT or MDMO-PPV
although the complexity of the system is much bigger and less polarons are generated
by iodine doping.

16.6 Comments on Transmission (UV-VIS) and ATR
Spectroscopy

Most of the pioneering work [39, 78, 79] and of the following investigations
concerning the optical response of polarons in polymers make use of transmission
(absorption), ATR, and related spectroscopic techniques. The comparison of the ellip-
sometrically determined DF of P3HT with the respective film absorption spectrum
(black lines in Fig. 16.5) exemplary disclose already some difficulties which has to
be considered in the interpretation of the different results. The peak positions and
the general line shape differ considerably between the imaginary part of the DF and
the absorption spectrum.

The optical properties of a material are typically represented by the complex
refractive index (ñ) or the dielectric function (ε):

ñ = n + iκ = √
ε = √

ε1 + iε2. (16.8)

In theoretical publications one can find, furthermore, spectra of the real part of
the optical conductivity σ1 = ωε0ε2, where �ω is the photon energy and ε0 is the
vacuum permittivity. All three quantities are discussed under assumption that the
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film is optically isotropic. This is a reasonable approximation if we consider that
transmission experiments are usually assembled in a normal incident geometry and
that the polymer films are in-plane isotropic.

The primarily determined quantity in transmission experiments is a relative inten-
sity i.e. the transmittance T . Disregarding reflections at the film boundaries, the
transmittance is a function of the film thickness d and the wavelength of the light:

T = I

Ire f
= e− 2ω

c κd = e−αd . (16.9)

The herein used parameterα is the absorption coefficient (Fig. 16.5b). The absorbance
of a material is calculated from the transmittance with the negative decadic logarithm
(Lambert–Beer law):

A = −log(T/Tre f ) = �α d log(e) (16.10)

The absorbance A is thus proportional to the absorption coefficient α and the
film thickness d and is therefore commonly used in order to discuss the material opti-
cal properties based on transmission experiments. The herein used approximations
are valid as long as the absorption of light insight in the entire film is much bigger
than the reflected intensity (e.g. in thick films with small α). The decadic logarithm
is used by historical reasons.

In Fig. 16.17 we use the results of a simulated transmission experiment in order to
illustrate peculiarities which may occur in transmission experiments based on a single
Lorentz oscillator. The comparison discloses two major problems. First, the energy
position of the absorbance maximum does not coincide with the resonance energy
of the electronic transition. Second, the line shape and amplitude of the absorbance
structure is altered significantly by the multiple light reflection at boundaries and a
conceivable determination of the dielectric function by a Kramers-Kronig-analysis
would be falsified.

ATR experiments are analyzed under the assumption that a light beam, which is
n-times reflected at the boundary between the film and the ATR-crystal under total
reflection conditions, loses intensity due to the absorption in the evanescent field in
the film. The intensity reduction upon each reflection can be calculated for the two
principle polarizations by means of the absolute values of the respective reflection
coefficients [80, 81]:

Rs = |rs |2 = 1 − n pcos(θ)

(n2
p − n2)

√
n2

psin2(θ) − n2
nκ and (16.11)

Rp = |rp|2 = 1 − n pnκ(2n2
psin2θ − n2)cos(θ)

(n2
p − n2)((n2

p − n2)sin2θ − n2)
√

n2
psin2(θ) − n2

nκ, (16.12)
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Fig. 16.17 Simulated differential absorbance spectra a for a thin film with a single Lorentz oscillator
absorption. The respective dielectric function is plotted in the lower panel (b). The differential
absorbance is calculated for a normal incidence experiment where the amplitude of the oscillator is
set to zero in the reference spectra. Three different sample scenarios are simulated: a free standing
50 nm film (solid line), a film on a glass substrate (dotted line), a film on a glass substrate with
a 50 nm ITO coating (dashed line). The absorption coefficient α (gray line) is shown in b for
comparison

where n p is the refractive index of the ATR-prism and θ is the angle of incidence (typi-
cally values are between 40 and 60◦). These relations are derived with the assumption
of weak absorption in the film [81] and assume that the total reflection condition is
maintained for each wavelength. Under the latter condition, any reflectivity different
from one is due to absorption (energy dissipation) in the film. The second therm in
(16.11) and (16.12) can be thus associated to the right hand side of (16.9). The total
transmittance T through the ATR prism is:

T = Rn (16.13)

ATR results are often presented in two different forms; either in terms of �T/Tre f

or by means of −log(T/Tre f ). In case of weak absorption the second term in (16.11)
and (16.12) is small and one can use the approximation −ln(1 − x) = x . Under
consideration of the principle relation log(yn) = n ∗ ln(y)/ log(e) it is thus evident
that both representations of the ATR results are equivalent. In particular it is worth
mentioning that the ATR results are proportional to nκ and thus to ε2.

A comparison of ATR-results and the respective film DF is again graphi-
cally demonstrated with simulated spectra containing a single Lorentz-oscillator
(Fig. 16.18). For weakly absorbing films (oscillator amplitude 10 times smaller than
in the lower panel) the ATR-peak amplitude and line shape matches very good with
the DF. But just for slightly higher oscillator amplitudes the total reflection condition
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Fig. 16.18 Simulation of relative ATR transmission spectra a for a thin film with a single Lorentz
oscillator absorption. The respective dielectric function is plotted in the lower panel (b). The relative
ATR transmission is calculated for an angle of incidence of 50◦ and a film of 5 nm where the
amplitude of the oscillator is set to zero in the reference spectra. Three different sample scenarios
are simulated: a weakly absorbing film (oscillator amplitude 10 times smaller than in b) on a high
refractive index ATR-prism (n = 3) (solid line), with a 5 nm ITO coating (dotted line), and without
ITO but with the higher oscillator amplitude (dashed line)

is already falsified and the obtained peak position shifts to lower photon energies
towards the maximum in the real part of the film dielectric function (dashed line in
Fig. 16.18). In real experiments and in particular in the spectral range of strong and
narrow IR phonon absorption lines it could be problematic to ensure whether the
weak absorption limit (the ATR-conditions) is valid. The situation gets even more
complicated if further layers like a conducting ITO film are introduced (dotted line).
The dispersion of the real and imaginary part of the dielectric function of those
films superimpose with the film response. It should be noted that these effects are
not eliminated with the reference measurement and further increase if interferences
effects come into play. It is generally also difficult to deduce correct absolute values
for the absorption coefficient. The latter depends on the number of reflections, the
propagation length in the film and is finally influenced by multiple reflections at the
entrance and exit surface of the ATR-prism. However, with the optical models used
in common ellipsometric software packages a complete description is possible. An
ellipsometric determination of film dielectric properties (ε1 and ε2) with a single
total internal reflection is for example presented in [82].
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A B S T R A C T

Conducting polymers represent an emerging class of conductors combining notable optoelectronic and ther-
moelectric properties; however, the electrical performance remains a limiting factor. This review provides an
overview of the relevant parameters driving the rarely observed metal-insulator transition. Recent magnetotrans-
port measurements provide clearer insight to study the proximity to the metallic state, i.e. the exact quantifi-
cation of scattering and mobility. From that, one conclusion is the desired isotropic metallic phases depend on
coherence and intermolecular radii.

1. Introduction

Conducting polymers (CPs) have emerged to a valuable class of alter-
native molecular conductors [1–3]. They combine excellent processabil-
ity and significant conductivity appreciated in various fields of organic
electronics, e.g. for thermoelectric active layers [4–9] and for transpar-
ent electrodes [10–15]. Since their discovery by Heeger, MacDiarmid
and Shirakawa [16,17], the conductivity has shown an enormous im-
provement from early nematic to today (thin-film) isotropic systems with
conductivities beyond 4000Scm ⁠−1 [18–23].

In this article, we mainly treat on recent developments of the metal-
licity in doped poly(3,4-ethylenedioxythiophenes) (PEDOTs). One con-
tinuous goal has been the improvement of the electrical conductivity
towards isotropic, metal-like and facile-processed systems. However,
transport in conducting polymers is complex and depends on multiple
factors such as the arrangement of the conjugated doped polycations
and their corresponding anions [24,25]. The multiple interactions (co-
valent, ionic and weaker intermolecular bonds) can easily result in dis-
order such as amorphism and inhomogeneity; impurities and structural
and molecular defects [26].

Fortunately, several works demonstrated that the latter extrinsic dis-
order can be overcome with the consequence of a metal-insulator tran-
sition (MIT, Fig. 1) [18,19,34–39,23,27–33]. For such a metallic con-
ducting polymer, the transport still splits up in three regimes: Insu

lating or exponential regime, an intermediate transition or critical
regime and, ultimately, a metallic regime. In the insulating and tran-
sition regime, the temperature coefficient of resistivity (TCR) remains
negative, as for semiconductors and disordered matter, and follows the
theory of weak localization. The resistivity ρ (inverse conductivity σ)
increases with temperature following a power law with an exponent β
close to 0.25 (Fig. 1b and Eq. 1) [40].

(1)

At lower temperatures, in the transition regime, the power law is no
longer valid. Here, the conductivity gradually decreases until reaching a
minimum (σ⁠min) at the metal-insulator transition (MIT). At temperatures
below the conductivity minimum, the TCR finally turns positive and σ
increases like for a crystalline metal (metallic regime).

This review discusses the parameters inducing the metal transition
and the signatures of metallic transport in conducting polymers, includ-
ing a discussion of the reasons for the frequent observation of extended
transition regimes without explicit metal-insulator transition. The study
conveys further the differences of conducting polymers compared to
classic metals and elucidates the relevant factors, why present system
show the metallic phase only at low temperatures and, further, what ef-
forts are required to increase the transition temperature and, thus, the
metallic nature of the polymers.

Abbreviations: CP, conducting polymer or conductive polymer; MIT, metal-insulator transition; TCR, temperature coefficient of resistivity; IRAV, infrared activated vibrations; PA,
polyacetylene; PPy, polypyrrole; PAni, polyaniline; PEDOT, poly34-ethylenedioxythiophene); 1D, one-dimensional; VPP, vapor-processed polymer; MFP, mean-free-path; MT, magneto-
transport; ML, magnetolocalization; MC, magnetoconductivity.
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Fig. 1. Temperature profile of conductivity (σ) of an almost ideal (i.e. no extrinsic disorder) conducting polymer: (a) Inverse temperature plot shows the different regimes (ins. = insu-
lator; trans. = transition; met. = metal regime). Particularly the low-T part is at first glance T-independent. (b) The logarithmic plot of the relative resistivity (ρ⁠r = ρ⁠300K/ρ⁠T) indicates
the exponent (idealized case is -1/4, indicated as red dashed line) between room temperature and low temperature, the transition regime deviating from the power law and the metallic
regime with the rise of conductivity (σ). (c) The temperature coefficient of resistivity (TCR) changes at the metal-insulator transition observed in the inverse temperature plot and (d) in the
logarithmic plot with the local conductivity minimum at the MIT (5K) and subsequent rise of σ as T is further decreased. Reproduced with permission from Ref. [19] (For interpretation
of the references to colour in this figure legend, the reader is referred to the web version of this article).

2. Carrier localization: intrinsic and extrinsic disorder

Carrier localization in CPs is partly an intrinsic phenomenon. It orig-
inates from the phononic disorder, i.e. the thermal distortion caused by
one-dimensionality, and the weak intermolecular bonds such as van der
Waals [41] On top, there exist extrinsic sources of disorder in general
relating to defects caused by amorphism, substrate/surface effects and
inhomogeneity summarized as topological, spatial and energetic disor-
der [19,23,27,28,42–45].

Conducting polymer research has notoriously focused the system-
atic exclusion of all sources of extrinsic disorder in order to break
localization and achieve metallic conductivity [44,46–48]. Judi-
ciously-processed examples have demonstrated a metallic transition at
low temperatures: polypyrrole (PPy), polyacetylene (PA), and recently,
poly(3,4-ethylenedioxythiophene) (PEDOT) show a low-temperature
(low-T) metal-insulator transition [18,19,23,27,28]. There exists a sin-
gle exceptional case of a high temperature metallic state in polyani-
line (PAni), which we assign to the particular different nature of doping
[49].

The discrepancy between crystalline metals and metallic CPs is the
negative temperature coefficient of resistivity (TCR) observed at room
temperatures. The metallic state occurs only at low-T (all around 4–7K)
in a regime, where phononic distortions become negligible.

In today´s commonly used CPs, the classic metal-insulator transitions
is rarely observed. The residual extrinsic disorder in such films elimi-
nates the metal-insulator transition or, shifts the transition to lower tem-
peratures. (Fig. 1).

These commonly observed effects are well-known and, in various
cases, regarded as substrate- or surface-related. Backscattering, surface

inhomogeneity and defects are practically hard to avoid and require
thorough processing techniques combined with subsequent post-treat-
ment to diminish disorder. Interestingly, also the magnitude of conduc-
tivity σ at room temperatures does not exclude extrinsic disorder, as the
σ is a volumetric parameter. In this context, recent works have proposed
a correction term for the conductivity in molecular systems [42].

Magnetotransport (MT) represents the appropriate technique, to ex-
plore residual disorder in those polymers close to the metallic transi-
tion. MT can quantify extrinsic disorder and, on top, provide qualita-
tive information about the origins. MT includes the measurement of the
Hall-coefficient, subsequently an estimate of the band mobility, as well
as the mean-free-path of scattering λ⁠mfp. These parameters represent
valuable information about extrinsic disorder, the coherence among the
molecules and an estimate of the intrinsic conductivity.

2.1. Intrinsic phononic disorder

Phononic disorder in conjugated polymer matter is stronger as com-
pared to metals [50]. It represents the product of strong elec-
tron-phonon coupling emerging from molecular anisotropy (1D-charac-
ter of polymers) and its impact on the weak intermolecular bonds [42].
Phononic disorder is intrinsic in doped polymers. One consistent indica-
tion is the intense infrared activated vibrations (IRAVs) [46,51]. They
originate from numerous doping-activated vibronic oscillators and occur
in the mid-infrared below 1500cm⁠−1 (186meV) [52,53]. Thus, IRAVs
are a first estimate of the magnitude of the coupling, since they con-
tribute to the total phononic distortions affecting the intermolecular
bonding strength.

2
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Intermolecular transfer integrals are relevant for the metal-insula-
tor transition; theoretically, the transition energy k⁠BT⁠MIT is proportional
to the actual bonding strength, apart from the size of the monomer,
the doping and, importantly, phononic distortions [26,54,55]. Here,
phonons entail characteristic merits of CPs such as the broad window of
transparency [18,52,53], and active thermoelectricity [45,56] (Fig. 2).

Phononic localization is strong at room temperature; therefore, CPs
possess non-metallic electrical transport at room temperature, which
gradually approaches the metallic phase as temperature is decreased
[33,44]. One goal in transport studies focusses the separation of intrin-
sic and extrinsic disorder, or, the separation of delocalized and localized
carriers. Such splitting is simplified at low temperatures. Here, the con-
ductivity profile reveals the real quality of the conducting polymer sys-
tem, in particular its proximity to the isotropic metallic state.

2.2. Extrinsic disorder

Extrinsic sources of disorder, often connoted as topological, spatial
and energetic disorder, are caused by imperfection in the structure.
They convey all disorder effects, which are suppressible by optimiza-
tion e.g. by advancing the order among the chains or by implementing
techniques to reduce impurities. Topological or spatial disorder relate to
amorphism and inhomogeneity e.g. abrupt interfaces from film-process-
ing, surface and substrate effects, solvent intercalations and presence
of impurities. Energetic disorder relates more to defects in the conju-
gated π-system. These emerge by too harsh conditions during synthesis
[57,58].

The quality of commonplace conducting polymers has increased
over the years, so that today commercial products with overall low
defect density are state-of-the-art [43,60,61]. Solvent processing is
presently the desired way to deposit thin-films, but does not provide a
satisfying level of conductivity. Metallic phases are exceptional [23], be-
cause solvent processing can introduce residual extrinsic disorder (not
least emerging from the low film thickness, impurity, solvent intercala-
tion, abrupt interfaces). Vapor-processed polymers (VPPs) have shown
higher degree of homogeneity and thus less extrinsic disorder finally
leading to metallic CPs. VPPs are synthesized by chemical vapor depo-
sition with the merit of united polymerization, doping and deposition
[11,19,57,62–66]; however, here energetic disorder can arise through
over-oxidation and the usage of aggressive oxidants in combination with
heat. Ultimately, electropolymerization is an alternative successful, but
elaborate method to obtain a metallic polymer [27,67,68].

2.3. Metal-insulator transition

At first glance, the quality of any conducting polymer becomes ap-
parent by showing the conductivity (σ⁠r) inverse (or logarithmic) temper-
ature profile (Fig. 3). In the insulating regime, the value of σ decreases
by T⁠−β. The magnitude of the exponent β represents a measure of the
proximity to the metallic state. In ideal case 0.25, it will be higher as
extrinsic disorder is present (Eq. 1). The subsequent transition regime
deviates from this power law with a gradually decreasing exponent. It
should be narrow and approach the local conductivity minimum at the
MIT. Thus, signatures of metallic conducting polymers are a low value
of the relative resistivity (ρ⁠r), a narrow transition regime and β close to
0.25.

At sufficient low temperature, the minimum conductivity marks
the actual metal-insulator transition. Until now, MITs have been re-
ported in few polymer systems, among them PPy, PAni, PA and, re-
cently, two types of PEDOT (acid-treated and VPP) and PBTTT (Fig. 4)
[18,19,23,27,28,38].

The local conductivity minima (σ⁠min) occur consistently between
4–7K at ambient pressure. Below these minima, the sign of TCR changes
sign to positive (i.e. σ increases with decreasing temperature). These
metallic polymers exemplify systems with practically no extrinsic dis-
order. Such situation is a direct result of careful processing and syn-
thesis. The similar transition temperatures (4–7K, Fig. 4) indicate that
there exists a relation in conjugated systems: One hypothesis is that the
intermolecular bonding strength is proportional to the transition ener-
gies k⁠bT⁠MIT. Assuming that intermolecular binding is characteristically
van der Waals type, the final metal-insulator transition temperature will
then depend on the radius among the polymer chains.

Thus, a reduction of the effective radius must rise the transition tem-
perature T⁠MIT. Compressed metallic conducting polymers, polyacetylene
(anisotropic), PPy and, recently, PEDOT (isotropic), show such temper-
ature increase [19,26,69]. Based on these results, the relation of k⁠bT⁠MIT
and the interchain transfer integral have to be discussed in a greater pic-
ture [70,71].

2.4. Magnetoconductivity in the transition regime

Magnetoconductivity (MC) is useful study the metallic transition in
conducting polymers. MC provides detailed insights to the scattering
mechanism i.e. the magnitude of the average scattering length and, thus,
the coherence among the molecules and the free charge carriers. This
represents a valuable information, particularly to quantify the intensity
of intermolecular overlap and the overall order.

In general, the magnetic field (B) induces carrier localization, i.e. it
decreases the conductivity (magnetolocalization, ML). ML is observed
in all CPs and relates to electron-electron interactions according to

Fig. 2. Phononic distortions in CPs: Below 200meV strong infrared-activated vibrations emerge in the mid-infrared spectrum (dielectric function) of highly-doped CPs. Reproduced with
permission from Ref. [18].
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Fig. 3. Relative resitivity – inverse temperature profiles: Thin-films of PEDOT (with dif-
ferent processing techniques and different anions) show the effect of extrinsic disorder, in
particular seen at low-T: (i) a higher ratio of the relative resistivity and (ii) stronger insu-
lating and transition regime in case of higher disorder. Reproduced with permission from
Ref. [18,59].

weak localization [19,28,76,42,43,46,55,72–75]. ML becomes stronger
by decreasing temperature by the factor T⁠−3/2. The exact relation to B
is a power law with quadratic exponent. In addition, every system has
individual constants relating to the electron-electron interactions (dis

cussed elsewhere) [72,73,77].

(2)

The final magnitude of ML depends on the ratio of k⁠BT and B (de-
rived by multiplication with µ⁠B (Bohr´s magneton) and the g-factor, the
gyromagnetic constant, ˜2 for molecular matter). ML does not provide
much information about extrinsic disorder.

In (semi)metallic CPs, however, there exists a second positive mag-
netic contribution to the conductivity (σ), which only depends on B and
coherence: the positive magnetoconductivity (positive MC, Δσ⁠pos.MC).
This effect is independent from the base conductivity (σ⁠B=0) of the sys-
tem, and, therefore, can be considerably small as compared to the ab-
solute value of σ and, particularly at low-T, as compared to the magni-
tude of ML. According to the Hikami-Larkin-Nagaoka equation, Δσ⁠pos.MC
relates to the quantum resonance of the field with a quadratic exponent
in the orthogonal case (negligible spin-orbit coupling) [78]; its mag-
nitude depends ultimately on the conductance quantum G⁠0, the mag-
netic field and the coherence volume (volume element given by the
mean-free-path of charge carriers, λ⁠MFP

⁠3) (Eq. 3).

(3)

In case of weak localization, ML and positive MC are additive ef-
fects: At low-T and low B, positive MC is dominant and gradually dis-
placed by ML by increasing B. Subsequently one must zoom into the

Fig. 4. Examples of metallic conducting polymers: Polyacetylene doped with iodine (PA:I⁠2, metal-insulator transition or conductivity minimum at 4K), polypyrrole:PF⁠6 (PPy:PF⁠6, MIT at
7K, other samples B, C, D are under pressure), poly-(3,4-ethylenedioxythiophene):sulfate (PEDOT:sulfate) and PEDOT:triflate, respectively, (MIT at 5K and 6K). Reproduced with permis-
sion from Ref. [19,23,27,28].
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low-B regime in order to see the positive MC-effect at low temperatures
(Fig. 5b and d). At higher temperatures, metallic CPs show only positive
MC.

Positive MC is a characteristic phenomenon of weak localization and
reported for conductors with intrinsic disorder such as doped silicon,
metal alloys or amorphous metals. Thus, its occurrence in CPs shows a
proximity to the metallic state, as it can only appears when charge car-
riers are sufficiently delocalized. Accordingly, positive MC can be used
to derive the mean free path λ⁠MFP of the scattered charge carriers (Eq.
4), either by evaluating the magnitude of the slope (using σ vs. B⁠2 plot),
or by taking the value of B at maximum magnetoconductivity indicat-
ing the optimum resonance condition between free charge carriers and
magnetic field. For convenience, the latter can be plotted as the mag-
netic penetration depth or the Landau orbit size (L⁠D) to read out λ⁠MFP
(Fig. 5e and Eq. 4).

(4)

The magnitude of λ⁠MFP provides an estimation of the average elec-
tron coherence i.e. the order and strength of the intermolecular overlap.
The advantage of the positive MC is that it occurs above the MIT, even
in CPs without explicit MIT. It shows that there is substantial degree of
delocalization and, overall, almost negligible amount of extrinsic disor-
der in the system.

λ⁠MFP scales with temperature by the exponential relation of T⁠−3/4

(weak localization) [47,59,76,79]. Such temperature-profile suggests in-
elastic scattering, however, only in the transition or insulating regime.
At the conductivity minimum at the MIT, positive MC splits up into two
peaks – one relating to inelastic, one to elastic scattering (Fig. 6).

Since inelastic scattering must be larger (damping term), such split-
ting could be an indication of a molecular phase transition. In the
metallic regime, the positive MC merges to a single peak (Fig. 6).
Here, the scattering is elastic. Such transition is in agreement with the
sign-flip of the TCR and the rise of the conductivity. One conclusion is

that the elastic-metallic regime relates to a molecular-structural phase
transition, where the intermolecular overlap is substantially increased
[69].

2.5. Mobility characterization

The Hall-effect in CPs has been frequently discussed [44,67,80–86].
Similar to the positive magnetoconductivity, the observation of the
Hall-voltage indicates a band-structure and, thus, coherence among
molecules. In the metallic regime, the Hall-effect should be therefore
similar as for metals, but up to now, there are no experimental data
available. Fortunately, prior art has reported Hall measurements in the
transition and insulating regime in various CPs [18,67,82,83].

One problem is there, that the transport is ambivalent and a frac-
tion of the carriers is localized. Therefore, the Hall-voltage is substan-
tially reduced by a disorder term connoted as Hall screening. Since
its exact impact is difficult to quantify (because of temperature depen-
dence), the evaluation of the Hall-voltage remains vague. Recently, a
molecular phase model has been suggested that estimates the disorder
parameters and the subsequent magnitude of Hall screening [44]. The
model provides a solution in order to estimate the band mobility from
the Hall-voltage in the insulating regime at or close to room tempera-
tures. Empirically, however, such evaluation has to resolve the probing
of tiny Hall-voltages and provide adequate fitting parameters to extract
trustable band mobilities. Recently, lock-in measurements and careful
model fits have reported reliable mobilities [82].

At low-T, in the transition regime close to the MIT, the Hall-volt-
age evaluation is less problematic. Since the phononic disorder is less
intense, the magnitude is larger. Anyhow, disorder models are still re-
quired in order to derive band mobilities [87,88]. The values for the
band mobility are in the range of 30cm⁠2V⁠−1s⁠−1 [18]. The magnitude of
the band mobility suggests that, ultimately, electrical transport in mol-
ecular systems remains mobility-limited. The results correlate to the co-
herence measured from magnetoconductivity.

Fig. 5. Magnetoconductivity in metallic CP. (a) W (logarithmic derivative) of the conductivity versus logT shows the proximity to the metallic state, in particular for the black PEDOT:sul-
fate. The grey dots show the change of the conductivity at a magnetic field (B) of 9T (negative (i.e. decreasing) magnetoconductivity or magnetolocalization). (b) The same effect shown
as absolute magnetoconductivity change (%): magnetolocalization particular stronger at low-Ts and high B. (c) Schematic of the sample specimen: 4-wire probe. (d) Zoom in the positive
part revealing a positive (i.e. increasing) magnetoconductivity versus B peaking at the maximum conductivity. The maximum shifts towards higher B as the temperature increases. (e) Plot
of the positive magnetoconductivity using the magnetic penetration depth (the Landau orbit size, L⁠D) instead of B. The peak maximum corresponds to the mean free scattering path λ⁠MFP.
(f) Fit of λ⁠MFP vs. T⁠−3/4 indicating the inelastic scattering (derived from weak localization) in the transition regime of the polymer. Reproduced with permission from Ref. [18].
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Fig. 6. Positive magnetoconductivity (relative magnetoconductivity versus the Landau orbit size L⁠D) at the metal-insulator transition. At ambient pressure (left) the positive magnetocon-
ductivity shows a double-peak between 6 to 10K, while under pressure (right) the entire system has a single-peak response and lower peak maxima. The latter case is interpreted as
elastic scattering (transition temperature under pressure is 10K), while the ambient sample is split in an elastic (low-T, 1.8K and 3.9K line) and both, ambivalent (double peak elastic and
inelastic at 6K, 8K and 10K). Reproduced with permission from Ref. [19].

Alternatively, or complementary to Hall, terahertz domain spec-
troscopy (THz) can be used to evaluate the band mobility and the DC
conductivity [89–93]. The transmission spectra at low THz frequencies
(e.g. around 0.13–3THz) represent a non-destructive spectroscopic tech-
nique to study the DC conductivity and mobility. In (semi)metallic con-
ducting polymers the classic Drude model can be used (assuming a sin-
gle energy-independent scattering time) to model the spectra and obtain
the (complex) conductivity and, by estimating the doping concentration
n and effective mass m*, the mobility (Eq. 5).

(5)

For highly conducting poylmers, THz parameters have been shown
to be similar to electric measurements. However, for the case of rather
low-conductivity systems, the classic Drude model is not appropriate.
Such polymers require a more elaborate spectral fitting and aiding infor-
mation (e.g. as proposed in the localized Drude model) [94]. Low-con-
ductivity samples have been investigated using combined THz domain
and infrared reflection spectroscopy to estimate the conductivity and
mobility.

3. Conclusions and outlook

The emergence of a metal-insulator transition in conducting poly-
mers, even when occurring at low temperatures, is an important step to-
wards superior electrical transport. Isotropic metallic polymers can play
a lead role as sustainable contenders for transparent conducting oxides,
rare earth based magnets, noble metal catalysts and heavy metal ther-
moelectric active layers. The here discussed metallic phases in numer-
ous polymers provides the evidence that extrinsic sources of disorder
can be effectively suppressed with the consequence that low-tempera-
ture isotropic metallic phases are no longer exceptional. In particular
combined processing and synthesis strategies represent successful routes
to achieve superior homogeneity and isotropy – a clear advancement
compared to earlier metallic polymers, which are dominated by nematic
phases e.g. polyacetylene or to polypyrrole with explicit anisotropy fac-
tors.

Nonetheless, further efforts are required, particularly to improve
the intrinsic properties. These are mainly the intense phonon scatter-
ing and the weakness of the intermolecular transfer integrals. Theoret-
ical calculations as well as the here deeper discussed magnetotransport
measurements show that both effects prevent metallic states at higher
temperatures [95–97]. In order to increase the metallic character of
polymers, one has to improve those intrinsic properties thus to shift
the metal-insulator transition temperature towards room temperatures.
This requires to strengthen the intermolecular binding [66,98]. Experi

mentally, this concept has been proven by using small ion doping, in-
corporation of stronger hydrogen binding among the molecules and by
applying hydrostatic pressure. Consistently, these led to increase the
metallic regime towards room temperature [27,49]. Such fully metallic
polymers represent serious alternatives for the aforementioned applica-
tions in optoelectronics, magnetics and thermoelectrics, but also open
new fields for instance (photo)electrocatalysis.
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5 Teaching activities

5.1 Lectures and courses

1. Lecture “Current topics in physical chemistry” – organic semiconductors (1.5

ECTS)

Lecture on current topics and fundamentals in physical chemistry, with focus

on conducting polymers, transport phenomena and related concurrent topics in

electronics and optoelectronics.

Lecture ID: 346.050 (2014, ongoing)

2. Lecture “Organic electronics” (3.0 ECTS)

Lecture on current topics and fundamentals in organic electronics.

Lecture ID: 346.778 (2015, ongoing)

3. Laboratory in physical chemistry I – practical laboratory course (4.8 ECTS)

Laboratory course in physical chemistry, subsection electrochemistry.

Lecture ID: 349.060 and 349.201 and 349.001 (2015 to 2019)

4. Lecture “Physical Chemistry – Electrochemistry” (1.5 ECTS)

Lecture in bachelor program

Lecture ID: 349.010 (2018)

5. Lecture “Spectroelectrochemistry” (3.0 ECTS)

Special lecture on spectroelectrochemistry (combined spectroscopic methods and

electrochemistry, particular focus infrared, Raman, UV-vis and related)

Lecture ID: 346.220 (2018, ongoing)

6. Laboratory “Technische Elektrochemie” (1.5 ECTS)

Laboratory course in master programm chemistry and chemical engineering.

Lecture ID: 317.002 (2018, ongoing)

5.2 Supervision of PhD, Master and Bachelor Students

1. 2015, Supervision of Shaimaa A. Mohammed, PhD

S.A.M. received a travel grant from the ICTP (International Centre for Theoret-

ical Physics, ANEX fellowship program) in the framework of African Network
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for Solar Energy (ANSOLE) and joined my team to work on organic solar cells.

She finished her degree in July 2015. Currently she holds a faculty position at

Center for Photonic and Smart Materials, Zewail City of Science and Technol-

ogy, Egypt as leading scientist. CV.

2. 2015 to 2018, Supervision of Halime Coskun-Aljabour, PhD

Halime Coskun-Aljabour started her PhD program in December 2015 and worked

on the development of functional conducting polmyers. She defended her PhD in

December 2018 (passed with distintion). She received a best-presentation price

at the EMRS Fall meeting in Warsaw 2017. CV.

3. 2015 to 2018, Supervision of Domink Farka, PhD

Dominik Farka started his PhD program in March 2015 and worked on the de-

velopment of metallic conductivity in PEDOT systems. He defended his PhD in

May 2018. He joined the Institute of Semiconductor and Solid State Physics as

post-doctoral fellow from May to December 2019. In 2017, he was appointed as

excellent student fellow to join the Lindau Nobel meeting.

Undergraduate supervision (bachelor & master)

1. 2019, Supervision of David Doppelbauer (Master program technical physics,

ongoing)

Topic: ”ZnCo2O4 as (Photo)Electrocatalyst for the Oxygen Evolution Reaction”

D.D. joined my team to work on photoelectrochemical water splitting in the

framework of the FWF project ”Sustainable Catalysis”.

2. 2019, Co-supervision of Markus Gusenbauer (Master program technical

physics, ongoing)

Topic: ”Transparent all-oxide solar cells”

3. 2019, Supervision of Frantisek Jirik (Bachelor program biochemistry, on-

going)

Topic: ”Photoelectrochemical CO2 Reduction using polydopamine”

F.J. joined my team in the framework of the EFRE (European Funds for Regional

Development) project ”Artificial Food”.
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4. 2019, Supervision of Stefan Poellner (Bachelor program chemistry, ongo-

ing)

Topic: ”Investigation of Polydopamine as a Catalyst for Oxygen Evolution Re-

action”

S.P. joined my team for generating full-cycle energy conversion in the framework

of the FWF project ”Sustainable Catalysis”.
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Title 

Funding 

source 

Amount 

(kEuros) 

Period Role of the PI Topic 

 

IN-2015-

10 

OeAD GmbH 

(WTZ) 

20 2015-

2018* 

PI, coordinator 

Co-PI: Prof. Reghu 

Menon, Indian Institute 

of Science, Bangalore 

Development of 

conducting 

polymers 

W911NF-

17-1-0169 

Army 

Research 

Office (ARO 

support for 
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organizer) 

4 (USD) 2017 PI, coordinator or main 

organizer 

Symposium 

support at the 

material 

research society 

MRS (2017, 
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USA) 
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Austrian 
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(FWF) 
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Japan) 
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Yoshida, Yamagata 
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Food 
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Funds for 
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electrocatalysis 
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