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Conducting polymers represent an emerging class of conductors combining notable optoelectronic and thermoelectric 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 magnetotransport measurements provide clearer insight to study the proximity to the metallic state, i.e. the exact
quantiﬁcation 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 alternative molecular conductors [1–3]. They combine excellent processability and signiﬁcant conductivity appreciated in various ﬁelds of
organic electronics, e.g. for thermoelectric active layers [4–9] and for
transparent electrodes [10–15]. Since their discovery by Heeger, MacDiarmid and Shirakawa [16,17], the conductivity has shown an enormous improvement from early nematic to today (thin-ﬁlm) isotropic
systems with conductivities beyond 4000 Scm−1 [18–23].
In this article, we mainly treat on recent developments of the metallicity in doped poly(3,4-ethylenedioxythiophenes) (PEDOTs). One
continuous 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 (covalent, ionic and weaker intermolecular bonds) can easily
result in disorder such as amorphism and inhomogeneity; impurities
and structural and molecular defects [26].
Fortunately, several works demonstrated that the latter extrinsic
disorder can be overcome with the consequence of a metal-insulator
transition (MIT, Fig. 1) [18,19,34–39,23,27–33]. For such a metallic
conducting polymer, the transport still splits up in three regimes: Insulating or exponential regime, an intermediate transition or critical

regime and, ultimately, a metallic regime. In the insulating and transition 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].

ρ (T ) ≈ T −β

(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, including 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 eﬀorts 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, magnetotransport; ML, magnetolocalization; MC, magnetoconductivity
⁎
Corresponding author at: Linz Institute of Organic Solar Cells and Institute of Physical Chemistry, Johannes Kepler University Linz, Altenberger Straße 69, 4040
Linz, Austria.
E-mail address: Philipp.Stadler@jku.at.
https://doi.org/10.1016/j.synthmet.2019.06.004
Received 19 February 2019; Received in revised form 30 May 2019; Accepted 4 June 2019
Available online 17 June 2019
0379-6779/ © 2019 The Author. Published by Elsevier B.V. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/BY/4.0/).

Synthetic Metals 254 (2019) 106–113

P. Stadler

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. = insulator; 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 (5 K)
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

Magnetotransport (MT) represents the appropriate technique, to
explore residual disorder in those polymers close to the metallic transition. MT can quantify extrinsic disorder and, on top, provide qualitative 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.

Carrier localization in CPs is partly an intrinsic phenomenon. It
originates 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 disorder [19,23,27,28,42–45].
Conducting polymer research has notoriously focused the systematic exclusion of all sources of extrinsic disorder in order to break
localization and achieve metallic conductivity [44,46–48]. Judiciouslyprocessed examples have demonstrated a metallic transition at low
temperatures: polypyrrole (PPy), polyacetylene (PA), and recently, poly
(3,4-ethylenedioxythiophene) (PEDOT) show a low-temperature (lowT) metal-insulator transition [18,19,23,27,28]. There exists a single
exceptional case of a high temperature metallic state in polyaniline
(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 4–7 K)
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
eliminates the metal-insulator transition or, shifts the transition to
lower temperatures. (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-treatment to diminish disorder. Interestingly, also the magnitude of conductivity 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].

2.1. Intrinsic phononic disorder
Phononic disorder in conjugated polymer matter is stronger as
compared to metals [50]. It represents the product of strong electronphonon coupling emerging from molecular anisotropy (1D-character of
polymers) and its impact on the weak intermolecular bonds [42].
Phononic disorder is intrinsic in doped polymers. One consistent indication is the intense infrared activated vibrations (IRAVs) [46,51].
They originate from numerous doping-activated vibronic oscillators
and occur in the mid-infrared below 1500 cm−1 (186 meV) [52,53].
Thus, IRAVs are a ﬁrst estimate of the magnitude of the coupling, since
they contribute to the total phononic distortions aﬀecting the intermolecular bonding strength.
Intermolecular transfer integrals are relevant for the metal-insulator
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 intrinsic and extrinsic disorder, or, the separation of delocalized and localized carriers. Such splitting is simpliﬁed at low temperatures. Here,
the conductivity proﬁle reveals the real quality of the conducting
polymer system, in particular its proximity to the isotropic metallic
107
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Fig. 2. Phononic distortions in CPs: Below 200 meV strong infrared-activated vibrations emerge in the mid-infrared spectrum (dielectric function) of highly-doped
CPs. Reproduced with permission from Ref. [18].

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 optimization
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-processing, surface and substrate eﬀects, solvent intercalations and presence of impurities. Energetic disorder relates more to defects in the
conjugated 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],
because solvent processing can introduce residual extrinsic disorder
(not least emerging from the low ﬁlm thickness, impurity, solvent intercalation, 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
deposition 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].

Fig. 3. Relative resitivity – inverse temperature proﬁles: Thin-ﬁlms of PEDOT
(with diﬀerent 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 insulating and transition regime in case of higher
disorder. Reproduced with permission from Ref. [18,59].

4–7 K 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
disorder. Such situation is a direct result of careful processing and
synthesis. The similar transition temperatures (4–7 K, Fig. 4) indicate
that there exists a relation in conjugated systems: One hypothesis is that
the intermolecular bonding strength is proportional to the transition
energies 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
temperature TMIT. Compressed metallic conducting polymers, polyacetylene (anisotropic), PPy and, recently, PEDOT (isotropic), show
such temperature increase [19,26,69]. Based on these results, the relation of kbTMIT and the interchain transfer integral have to be discussed
in a greater picture [70,71].

2.3. Metal-insulator transition
At ﬁrst glance, the quality of any conducting polymer becomes
apparent by showing the conductivity (σr) inverse (or logarithmic)
temperature 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 reported in
few polymer systems, among them PPy, PAni, PA and, recently, 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

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
108
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Fig. 4. Examples of metallic conducting polymers: Polyacetylene doped with iodine (PA:I2, metal-insulator transition 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 PEDOT:triﬂate,
respectively, (MIT at 5 K and 6 K). Reproduced with permission from Ref. [19,23,27,28].

In case of weak localization, ML and positive MC are additive effects: At low-T and low B, positive MC is dominant and gradually displaced by ML by increasing B. Subsequently one must zoom into the
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 carriers 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 indicating the optimum resonance condition between free
charge carriers and magnetic ﬁeld. For convenience, the latter can be
plotted as the magnetic penetration depth or the Landau orbit size (LD)
to read out λMFP (Fig. 5e and Eq. 4).

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 (discussed elsewhere) [72,73,77].

ΔσML = σT , B − σT , B = 0 = −const . (

g∙μB 2 − 3 2
) ∙T 2 ∙B (g∙μB ∙B < kB T)
kB

(2)

The ﬁnal magnitude of ML depends on the ratio of kBT and B (derived 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
magnetic 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 system, and, therefore, can be considerably small as compared to
the absolute value of σ and, particularly at low-T, as compared to the
magnitude 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 magnitude depends ultimately on the conductance quantum G0, the
magnetic ﬁeld and the coherence volume (volume element given by the
mean-free-path of charge carriers, λMFP3) (Eq. 3).

Δσpos . MC = +(

1
e
3
) ( )2G0 ∙λMFP
∙B2
12π 2 ℏ

λMFP ≅ LD, max . MC with LD =

ℏ
e∙B

(4)

The magnitude of λMFP provides an estimation of the average electron 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 disorder in the system.

(3)
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Fig. 5. Magnetoconductivity in metallic conducting polymer. (a) W (logarithmic derivative) of the conductivity versus logT shows the proximity to the metallic state,
in particular for the black PEDOT:sulfate. The grey dots show the change of the conductivity at a magnetic ﬁeld (B) of 9 T (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].
Fig. 6. Positive magnetoconductivity (relative
magnetoconductivity versus the Landau orbit
size LD) at the metal-insulator transition. At
ambient pressure (left) the positive magnetoconductivity shows a double-peak between 6 to
10 K, 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 10 K), while the ambient sample is
split in an elastic (low-T, 1.8 K and 3.9 K line)
and both, ambivalent (double peak elastic and
inelastic at 6 K, 8 K and 10 K). Reproduced
with permission from Ref. [19].

λMFP scales with temperature by the exponential relation of T−3/4
(weak localization) [47,59,76,79]. Such temperature-proﬁle suggests
inelastic 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
splitting 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 signﬂip 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].

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 fraction
of the carriers is localized. Therefore, the Hall-voltage is substantially
reduced by a disorder term connoted as Hall screening. Since its exact
impact is diﬃcult to quantify (because of temperature dependence), 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 Hallvoltage in the insulating regime at or close to room temperatures.
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-voltage
evaluation is less problematic. Since the phononic disorder is less intense, the magnitude is larger. Anyhow, disorder models are still

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
110
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required in order to derive band mobilities [87,88]. The values for the
band mobility are in the range of 30 cm2V−1s−1 [18]. The magnitude of
the band mobility suggests that, ultimately, electrical transport in molecular systems remains mobility-limited. The results correlate to the
coherence measured from magnetoconductivity.
Alternatively, or complementary to Hall, terahertz domain spectroscopy (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 0.13–3 THz) represent a non-destructive spectroscopic
technique to study the DC conductivity and mobility. In (semi)metallic
conducting polymers the classic Drude model can be used (assuming a
single 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).

σˆ (ω) =

ne 2τ
m*∙ (1 − iωτ )
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