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Polymers are lightweight, flexible, solution-processable materials that are promising for low-cost printed electronics as
well as for mass-produced and large-area applications. Previous studies demonstrated that they can possess insulating,
semiconducting or metallic properties; here we report that polymers can also be semi-metallic. Semi-metals, exemplified by
bismuth, graphite and telluride alloys, have no energy bandgap and a very low density of states at the Fermi level. Furthermore,
they typically have a higher Seebeck coefficient and lower thermal conductivities compared with metals, thus being suitable for
thermoelectric applications. We measure the thermoelectric properties of various poly(3,4-ethylenedioxythiophene) samples,
and observe a marked increase in the Seebeck coefficient when the electrical conductivity is enhanced through molecular
organization. This initiates the transition from a Fermi glass to a semi-metal. The high Seebeck value, the metallic conductivity
at room temperature and the absence of unpaired electron spins makes polymer semi-metals attractive for thermoelectrics and

spintronics.

capable of exhibiting semiconducting and, in some cases,

metallic behaviour. The resulting electrical conductivity may
vary considerably subject to their oxidation level, chain alignment,
interchain interactions, conjugation length, degree of disorder and
so on. In the late 1970s copper-like electrical conductivities were
reported in polyacetylene films'. The discovery of a soluble and
highly conducting form of polyaniline showing some degree of
self-organization led to the first air-stable and solution-processable
metallic polymers>®. The electrical conductivity o increases when
cooling down from room temperature and reaches a finite value at
0K. Aside from these examples, most of the conducting polymers
are semiconductors at room temperature as characterized by
the monotonic decrease in ¢ as T — 0. This particular case
is well described within the Fermi-glass limit as defined by the
Anderson localization*. The doping charges do not form extended
Bloch energy bands but rather occupy localized states associated
with a high degree of local atomic and electronic polarization.
Concurrently, in the presence of high disorder, the Fermi level
Er is located within the localized states and transport of charge is
governed by temperature-activated hopping®.

Today, various conducting polymers routinely reach o above
1,500Scm™!, such as polyaniline®, polypyrrole’ and poly(3,4-
ethylenedioxythiophene) (PEDOT; ref. 8). Recently, further im-
provements have been achieved in PEDOT—polystyrene sulphonate
(PSS) with an ionic liquid additive (2,000Scm™'; ref. 9) and an
acidic treatment (2,500 Scm™'; ref. 10). The record conductivity
value of 3,400 S cm™' was measured in vapour-phase polymerized
(VPP) PEDOT-Tos, where Tos represents the counterion tosylate,
using a blend of an oxidant and an amphiphilic copolymer'.
Besides transparent electrodes in optoelectronics, numerous new

C onducting polymers constitute a unique class of materials

potential applications are emerging. The thermoelectric properties
of PEDOT have been optimized through a control of the oxida-
tion level'?; as well as through treatment with high-boiling-point
solvents leading to a thermoelectric figure-of-merit equal to ZT =
0.42 at room temperature'>!*. These recent breakthroughs bring
conducting polymers as attractive low-cost, solution-processable
and abundant thermoelectric materials compared with the best
inorganic bismuth antimony telluride alloys for low-temperature
applications'. Recently, PEDOT has made its entry in spintronics.
An efficient spin-to-charge conversion was demonstrated between
a ferromagnetic insulator and PEDOT. Interestingly, the injected
spins have a long lifetime, which is essential to manipulate spins
in devices'®. Yet, no fundamental explanation has been provided
for the high thermoelectric efficiencies and long spin lifetimes in
conducting polymers. This motivates a deeper understanding of
their electronic structure and morphology.

The conducting polymer chains dissolved in solution show clear
modification of their optical properties when their oxidation state
is modified'”. The removal of electrons from the top of the valence
band in a single polymer chain can lead to two different localized
positively charged defects: positive polarons (radical cation) and
bipolarons (dication) balanced by atomic or molecular counterions.
The change in bond length alternation around the excess of positive
charge defines the extent of the wavefunction of the (bi)polaron'®.
This local structural distortion leads to two new in-gap states (i,
i*), among which a localized level destabilized from the top of the
valence band'®!. For a polaron, this level ‘i’ is half-filled (Fig. 1a),
whereas for a bipolaron, it is empty (Fig. 1d). Each of those doping
species possesses distinct optical transitions'”'®. A bipolaron has no
spin, whereas a polaron possesses a spin of 1/2 and can be detected
by electron spin resonance®.

TLinkoping University, Department of Science and Technology, Organic Electronics, SE-601 74 Norrkoping, Sweden, 2Linképing University, Department of
Physics, Chemistry and Biology, S-581 83 Linképing, Sweden, 3University of South Australia, Mawson Institute, Mawson Lakes 5095, Australia, 4Free
University of Brussels, Laboratoire de Chimie des Polymeéres, CP 206,/1, Boulevard du Triomphe, 1050 Bruxelles, Belgium, >University of Mons, Laboratoire
de chimie des materiaux nouveaus, Place du Parc 20, 7000 Mons, Belgium, ®Norwegian University of Science and Technology (NTNU), Department of
Physics, Hegskoleringen 5, 7491 Trondheim, Norway, ’ Technical University of Denmark, Department of Energy Conversion and Storage, Frederiksborgvej

399, 4000 Roskilde, Denmark. *e-mail: xavcr@itn.liu.se

NATURE MATERIALS | ADVANCE ONLINE PUBLICATION | www.nature.com/naturematerials 1
© 2013 Macmillan Publishers Limited. All rights reserved.


http://www.nature.com/doifinder/10.1038/nmat3824
mailto:xavcr@itn.liu.se
http://www.nature.com/naturematerials

ARTICLES

NATURE MATERIALS po1:101038/NMAT3824

Single chain Chains in the solid phase
a b Decreasing disorder c
- 5
In NCE)
Conduction
band
Polaron

lence band

\alence band

Polaron

E Fermi glass

Metal (polaron network)

Decreasing disorder £
- 5

Conduction
band

\Valence band

Bipolaron

Fermi glass

E

In NCE)

Bipolaron

Semi-metal (bipolaron network)

Figure 1| Electronic structure of conducting polymers. a-¢, Case for polarons: electronic structure of a polymer chain with one polaron (a), sketch of the
logarithm of the DOS InN(E) for an amorphous polaronic polymer solid with localized states around the Fermi level Er (b), as well as for a metallic network
of polarons with the Fermi level lying in a delocalized polaron band (c). d-f, Case for bipolarons: electronic structure of a polymer chain with one

bipolaron (d), InN(E) for an amorphous bipolaronic polymer solid (e), as well as for a semi-metallic network of bipolarons with the Fermi level lying
between the valence band and the empty bipolaron band (f). In the electronic structures, i and i* represent the in-gap states induced by local structural

distortions.

In the solid state, the polymer chains arrange either in a disorder
fashion or self-organize in crystalline domains®'. In an amorphous
phase, polaron or bipolaron levels are localized on a segment of the
chains. At high oxidation levels, the wavefunction of the charged
defects localized on the same chain overlap and a one-dimensional
‘intra-chain’ band is created*. However, this band does not extend
through the three dimensions of the solid owing to disorder
and the absence of the inter-chain electronic coupling®. For this
reason, in-gap states are spatially localized and spread on an energy
distribution. The Fermi level lies among localized states in the
middle of the polaron band for a disordered polaronic polymer solid
(Fig. 1b); or between the valence band and the bipolaron band for a
disordered bipolaronic polymer solid** (Fig. 1e). Both solids can be
considered as Fermi glasses*?°. In crystalline domains of polymers
and in molecular crystals, short inter-chain distances result in
an overlap of the m-electronic density of adjacent packed chains,
which promotes the delocalization of the electronic wavefunction®,
such as a polaron spreads over several chains?®®. Highly oxidized
polyaniline can be a metal® characterized with a half-filled polaron
band originating from the creation of a polaron network (Fig. 1¢)%.
In a first approximation, the slope of the density of states (DOS) at
Ep isrelated to the Seebeck coefficient S (ref. 30). As the Fermi level is
in the middle of a band, metals as well as highly oxidized polyaniline
have low thermopower (S < 10 uV K™'; ref. 31). When the degree
of disorder decreases, polaronic polymers, such as polyaniline, are
known to undergo a transition from Fermi glass to metal®?. As far

as bipolarons are concerned, the situation is unclear. In contrast
to polyaniline, polythiophenes such as PEDOT are known to exibit
bipolaron defects such as bipolarons®. Highly oxidized PEDOT
possesses up to one charge carrier per three monomer units*.
From quantum chemical calculations, a bipolaron in PEDOT
spreads over six monomer units or more”. However, no clear
picture of the band structure is proposed for semi-crystalline
bipolaronic polymers and none has demonstrated the possibility
to create a network of bipolarons in a polymer solid. Herein, we
demonstrate metallic transport at room temperature in a bipolaron
network created in polycrystalline PEDOT. In contrast to metals
and metallic polyaniline, we measure a large S in PEDOT indicating
its semi-metallic character.

PEDOT samples with different o spreading over six orders of
magnitude are prepared. The PEDOT-PSS films are obtained by
drop-casting PEDOT-PSS water emulsions to which diethylene gly-
col (DEG) is added in different amounts®®. The room temperature
o is ~0.007Scm™!, ~0.02Scm™!, ~1.1Sem™' and ~10Scm™
for PEDOT-PSS with 0%, 0.05%, 0.5% and 5% DEG respectively.
DEG, as well as many other polar solvents, enhances the electrical
conductivity through a morphology change®*® or a modification
in the chain packing® (Supplementary Fig. 1), with no effect on the
oxidation level (Supplementary Fig. 2). An electrical conductivity
of 500Scm™" is measured in PEDOT with the Tos counterion.
PEDOT-Tos is prepared by chemical polymerization (see Sup-
plementary Information)*. To further enhance the conductivity,

2 NATURE MATERIALS | ADVANCE ONLINE PUBLICATION | www.nature.com/naturematerials
© 2013 Macmillan Publishers Limited. All rights reserved.


http://www.nature.com/doifinder/10.1038/nmat3824
http://www.nature.com/naturematerials

NATURE MATERIALS por:

.1038/NMAT3824

Figure 2 | Structure of various PEDOT thin films. a, GIWAXS patterns
obtained for PEDOT-PSS (without DEG), showing mainly a broad peak near
Q=1.70 A1 (d~3.7A) that is related to interchain stacking.

b, PEDOT-PSS 0.05% DEG, showing a broad additional peak at

Q=125 A=1(d~5.0 A) that we ascribe to PSS domains. ¢, PEDOT-Tos,
being qualitatively different from the PEDOT-PSS samples with several
sharp diffraction rings. The superimposed semicircles give the values for
the scattering vector Q in units of A*R with values as indicated in a. The
horizon, corresponding to in-plane scattering, is also indicated. The shadow
on the left-hand side, seen in a,b is an experimental artefact.

we use a vapour-phase polymerization technique to fabricate
PEDOT-Tos films that are templated by glycol-based triblock
copolymers poly(ethylene glycol-propylene glycol-ethylene glycol)
(PEG-PPG-PEG; ref. 41). The measured conductivity is 800, 1,200
and 1,500 Scm™ for the copolymer with a molecular weight of
2,900 My, 5,800 M,, with dimethylformamide (DMF) as an added
solvent, and 5,800 M,, without DMF, respectively.

Grazing incidence wide-angle X-ray scattering (GIWAXS) has
become a frequently used tool for the structural characterization of
polymers, including PEDOT (refs 39,42—44). GIWAXS patterns for
selected PEDOT samples are shown in Fig. 2. All of the PEDOT-PSS
samples are essentially amorphous, or ‘weakly ordered polymer ag-
gregates’. The broad peak at Q ~ 1.70 A~" is ascribed to intermolec-
ular ordering of PEDOT chains, presumably involving m-stacking
(Fig. 2a). Already with a minor addition of 0.05% DEG to the
PEDOT-PSS, another broad peak at Q ~1.25 A~! (d =5 A) appears
(Fig. 2b), possibly originating from separated PSS domains®. Some
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preferred orientation is present in the PEDOT-PSS samples with
the mt-stacking tending to be out-of-plane. The PEDOT-Tos sample
(Fig. 2¢) exhibits several sharp diffraction peaks, making this sample
qualitatively different from the PEDOT-PSS samples. A likely
interpretation of the scattering pattern is that the material contains
well-ordered crystallites separated from each other by a less-ordered
‘amorphous’ matrix. The orthorhombic unit cell suggested for
PEDOT-Tos with a = 14.0A, b =6.8A and ¢ = 7.8 A (ref. 45),
having the polymer chains parallel to the ¢ axis, accounts fairly
well for the experimental peak positions when assuming that the
unit cell is oriented (full-width at half-maximum < 10°) with the
a axis perpendicular to the substrate. This model indicates the
formation of lamellae of t-stacked PEDOT chains separated by an
inter-lamella space occupied by Tos (refs 39,42). However, the ex-
perimental scattering pattern shows pronounced off-axis scattering
(at x ~ 40° with respect to the substrate plane) with high intensity
at the corresponding 201 (Q =1.21A7") and 210 (Q =1.29A7")
Bragg peaks that cannot be explained by this model, suggesting that
the ribbon-shaped polymer chains in the present case are not fully
edge-on with respect to the substrate plane.

The density of valence electronic states (DOVS) can be probed
by ultraviolet photoelectron spectroscopy (UPS). The UPS spectra
of PEDOT-PSS 5%DEG and PEDOT-Tos are shown in Fig. 3a,b.
Close to Ef, the UPS spectrum of PEDOT-PSS shows an abrupt de-
cayat 1.5 eV followed by a smooth tail reaching Er. Only rt-electrons
contribute to the signal in that binding energy range. This tail is as-
sociated with the presence of localized filled states induced by disor-
der. The amorphous PEDOT-PSS is a Fermi glass. The PEDOT-Tos
UPS spectrum exhibits a large DOVS at Er and a totally different
shape without a disorder-induced tail. PEDOT-Tos with a lower
workfunction (4.3 eV) as compared with PEDOT-PSS (5.1 eV) has
the valence band closer to Er. A significant background absorption
in the infrared is recorded for PEDOT-Tos (see Supplementary Fig.
2) down to <0.05eV, implying a vanishingly small bandgap well
below the resolution of the photoelectron spectrometer.

Electron paramagnetic resonance spectroscopy (EPR) detects the
presence of unpaired electrons in solids*. The EPR spectra for the
various PEDOT samples are depicted in Fig. 3c. The addition of the
secondary dopant, which leads to an increase in o, systematically
diminishes the paramagnetic signal. In PEDOT-PSS, the fraction
of spin per monomer equals 2.3% (3.27 x 10'® spin mm™?), 2.2, 1.2
and 0.33% for PEDOT-PSS with 0%, 0.05%, 0.5% and 5% DEG,
respectively. On the basis of a carrier density of about 33% per
monomer****’, PEDOT-PSS contains 7% of polarons and 93%
bipolarons. The ratio depends on DEG, which probably promotes
the pairing of polarons into bipolarons. The remaining EPR signal
is intrinsically related to the molecular disorder that impedes
the coupling of the remaining polarons to other charged defects.
Surprisingly, the polycrystalline PEDOT-Tos shows no ESR signal
at all, indicating that polaron pairs®™ or bipolarons are the only
type of charge carriers.

The Seebeck coefficient S versus electrical conductivity o is
reported for various PEDOT samples at 300K (Fig. 4a). For the
sake of comparison, S and o are also reported for a nanostructured
BiSbTe alloy'®. Two main trends can be distinguished: S is almost
constant for all PEDOT-PSS samples despite the large variation
in o; § increases markedly for highly conducting PEDOT-Tos
samples up to 55 uV K! for 1,500 S cm™". This cannot be attributed
to different doping levels (see Supplementary Information), as it
would lead to an opposite behaviour (large S-low o; refs 12,48).
Interestingly, o versus T (Fig. 4b) indicates two regimes as well:
a semiconducting behaviour with positive temperature coefficient,
that is, a thermally activated transport for PEDOT-PSS; and a
metallic behaviour for PEDOT-Tos with a negative temperature
coefficient at room temperature, which was previously observed
only below 10K (ref. 45). Hence, the regime of charge transport
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Figure 3 | Electronic valence levels and nature of the charge carriers. a, UPS valence band spectra (Hel radiation) of PEDOT-PSS and PEDOT-Tos. b, The
magnified view of the low-binding-energy region shows the DOVS of PEDOT-PSS and PEDOT-Tos. The dashed lines are a guide to the eyes for the slope of
the DOVS at the Fermi level. A difference in slope implies a difference in Seebeck coefficient. ¢, EPR spectra of untreated (strongest signal) and

DEG-treated PEDOT-PSS films; PEDOT-Tos shows no EPR signal.
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Figure 4 | Thermopower and electrical conductivity of PEDOT derivatives.
a, Seebeck coefficient versus electrical conductivity of various PEDOT
derivatives including pristine PEDOT-PSS and DEG-containing samples,
chemically polymerized PEDOT-Tos as well as three VPP PEDOT-Tos
samples with triblock copolymers PEG-PPG-PEG with different M,,.
Seebeck coefficient for points 9 and 10 is measured using a different set-up.
The thermoelectric properties of a BiSbTe alloy (star) is compared with
PEDOT derivatives (triangles). b, Temperature dependence of the electrical
conductivity (normalized to 300 K) for various PEDOT-Tos and
PEDOT-PSS samples.

and the value of the Seebeck coefficient show an unexpected
correlation. The difference in slope for the metallic o versus T
for the various PEDOT-Tos samples indicates that two modes of
transport are active simultaneously with different weights: metallic
and hopping conductions. The larger the metallic contribution, the
higher the conductivity and, surprisingly, the same applies to the

Seebeck coefficient. The large S of PEDOT-Tos as compared with
polyaniline (<10 uV K™') and other metals suggests that it is not a
metal but a semi-metal. We therefore propose that the electronic
structure of PEDOT-PSS can be described by a Fermi glass as
indicated in Fig. le, whereas PEDOT-Tos is defined by what looks
more like a bipolaron network with an empty delocalized bipolaron
band merging into the delocalized valence band (see Fig. 1f).

With this model in mind, we come back to the interpretation of
the S evolution (Fig. 1a). Mott’s formula*, which is valid for both
hopping and band motion transport mechanisms, states that S is
proportional to [d(Inco (E))/dE] at Eg. As the energy dependence
of the conductivity is primarily determined by the DOS N (E) (for
details see Supplementary Information), the Seebeck coefficient is
therefore proportional to [d(InN(E))/dE]g—g,. In the amorphous
bipolaron system (Fig. le), Er lies in the localized states fading
out from the valence and bipolaron bands. As supported by the
UPS data, the DOS at Ep is not varying much and is close to
its minimum, which explains the low value of S of PEDOT-PSS.
For PEDOT-Tos, Eg is in a strongly varying DOS region (Fig. 1f),
such that [d(InN (E))/dE]g_g, and S are larger. Note that the DOS
asymmetry is amplified with structural order as the localized levels
smooth out the DOS. This explains the larger S for PEDOT-Tos
with high o. It is clear that further improvement in structural
order (higher o) should in principle result in even larger S and
thus thermoelectric power factor oS, In disordered or metallic
polyaniline with polarons as major doping species, E is in a slowly
varying region of the DOS (Fig. 1b,c). Hence, conducting polymers
composed of a bipolaron network (semi-metallic) are expected to
have better thermoelectric properties than those with a polaron
network (metallic). Finally, the absence of (residual) polarons in
semi-metallic PEDOT-Tos is a unique feature that can be exploited
in spintronics, because the absence of unpaired electrons in the solid
prevents spin scattering and increases the spin lifetime.
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