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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™' at 1.8 K
and the mean electron scattering length a record 330 A. This enhancement
drives the glassy metal transition in the vicinity of the Mott—loffe—Regel (MIR)
limit. The new metallic polymer achieves 102 Q' 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.

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.'%! 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.l’-1¢]

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
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solution. Such Fabre-Bechgaard salts have created an entire
field of synthetic metals and superconductors.'’-2% In poly-
mers, however, the macromolecular nature hampers the forma-
tion of a thermodynamic solution.'”l Consequently, conductive
thin films are generated by two-step processes (first casting,
then doping).'’”] Such methods effectively disturb the order
and thus result in an Anderson insulator rather than a metallic
conductor.

Oxidative chemical vapor deposition (0-CVD) is a quasi-1-
step technique, where doping and polymerization are com-
bined.3¥ State-of-the-art processes rely on vigorous reactants
such as metal chlorides (FeCl;, SbCls). Although the produc-
tion of high-performance polymers has been demonstrated,
overoxidation leads to severe structural distortions.?*#% 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.'=*3] 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 0-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
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value of 1000 S cm™. 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.ll This system serves as a solution-derived refer-
ence PEDOT-system having a similar composition but different
processing origin as 0-CVD grown PEDOT:sulfate.l344

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 26 (3.5 A
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!
(PEDOT:triflate: 2100 S c¢m™!, PEDOT:PSS* 1000 S cm™,
and PEDOT:PSS 7 S cm™), 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 pr (Figure le). Thereby, PEDOT:triflate and PEDOT:sulfate
display significantly the transition from a Anderson insulator to a
glassy metal. pr in PEDOT:sulfate remains T-independent at low-
T, which is characteristic for a glassy metal and similarly observed
in alloys such as Aly;3Tig;. In contrast, pr in PEDOT:riflate
increases severely below 10 K. Furthermore, the magnitude of
in PEDOTsulfate (247 nQ cm™) 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).*!l The material synthesized here is of a very
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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) pr-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 o7_,. €) MIR describes a critical resistivity (150 H& cm), at which the sign of the T-coefficient of
resistivity j—’; in a metal changes (glassy to crystalline). PEDOT:sulfate is situated close to the Mott—loffe—Regel (MIR) limit behaving similar to glassy

metal alloys such as Als;Tig;.

different nature from those studied by Mooij and Tsuei, yet
it seems to present the same universal physics driven by the
Anderson phenomenon.®3! 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™! 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
dlnp
dinT
provides the discrimination of the transport mechanisms, in
particular distinguishing between the critical regime of the

temperature coefficient W = — (Figure 3). The analysis
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metal-insulator transition (W is constant) and the glassy metallic
regime beyond Anderson localization and before MIR-limit
(Wr < 1 and positive sign; Wy decreases with decreasing T).
Beyond the MIR-limit Wy has a negative sign as for a crystalline
metal >8] The glassy metallic regime indicated by the slope of
Wr (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 >810-1215.1645-49] 1ny 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,

© 2017 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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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 26 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 26 (corresponds to a stacking distance of 3.5 A).

—
O
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the magnetoeffect is consistently pronounced, as the emergence  conductivity. Such interplay is a hallmark of metallic polymers
of B disrupts the metallic state seen in the constant and increased  exhibiting a constructive and a destructive MC-part (Figure 3d).

Wr-profile at 9 T. Magnetoconductivity (MC) sensitizes in par- The destructive-negative MC is described according to
ticular the electron scattering mechanisms. Their mean free path

reflects directly the degree of local order established in PEDOT. Aoy /B (B>4T) 1)
We apply a dassic four-probe specimen (Figure 3c) to charac-

terize the ambiguous impact of the magnetic field.[>810-12.15.1649] Its power/magnitude is reflected in the slope of Aoy versus

While high fields consistently reduce the conductivity —B%° (Figure S9, Supporting Information) and correlates with
by magnetolocalization, lower magnetic fields improve the temperature T and the proximity to the metallic state (brief
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Figure 3. a) Wr-values — reflect the T-dependency according to Anderson-localization (weak localization). Beyond the metal-insulator transition,

W has a positive slope (:2.n4) and quantitatively approximates 0. At B=9 T and low-T the W+-values split due to magnetolocalization. PEDOT:sulfate
has superior metallic fingerprints (quantity of Wy) 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.
) 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. ) The corresponding plot of the Landau orbit size Ly (magnetic penetration depth) and MC is used for determining the mean free path
of electrons (Lp ~ A,) at maximum resonance. f) The linear dependence of A, versus T-3/* is characteristic for weak-localization (inelastic scattering
dominates the electrical transport).
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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

UHaII / mV

becoming resonant with the magnetic field
B.1#850-53 The magnetic stimulus thereby  (€)

30

drives a rise of the conductivity (Figure 3d). =

The magnetic field can be reformulated as _ 5 -

magnetic penetration depth (the Landau T ~ 202 E 05

orbit size Lp, Equation (2)) to read out the ¢ 40} @ 2 = 04 @K

mean free path of scattered electrons A, i’_ 0l £ @(;\1 03 ’

at the peak maximum at resonance condi- £ @ 0/0/9 110 =3 .SQQK

tion (Figure 3e). This is possible due to the 20¢ o o 8 02 "‘s?ﬁﬁ,,(
extended scattering length found in aniso- " o < 0.1 ‘ ‘ 9
tropic matter with inelastic processes domi- 2 34567891 3% 300 250 200 150
nating the transport. We denote that spin- T/K hel A

orbit coupling effects play an insignificant
role in the present system

Figure 4. a) The Hall effect here shown as Hall voltage Uy, 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-

Lo=h L= |- (2)

tivity (i.e., 3305 S cm™ at 1.8 K) the charge carrier mobility (and doping degree per monomer
¢-B unit) of holes are calculated for the metallic regime below 10 K using Friedman s random phase

model.’¥ d) The magnitude of the Hall potential Uy, (here for B at 5 T) scales linearly with

In PEDOT:sulfate such resonance is seen
between 1 and 6 T translating to 80 and 400 A,
respectively. Within the temperature window
of 10 to 1.8 K the electrical transport is consequently coherent
(Figure 3f) indicated by the fit of A, versus T-/* characteristic
for electrical transport dominated by inelastic relaxation.!>%

In addition, we characterize the Hall effect using the van-der-
Pauw geometry (Figure 4b). We observe the Hall potential Uy,
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 Uy, (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.[*”>*%] Based on drift evaluations
- I.B
O = enlpss Ry = (en) ! Ubai = Ru p] (3)

with e the electrical charge, n the carrier concentration, ip,5 the
drift mobility, Ry the Hall constant, I, (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.’*) RPM
is applicable, when A, exceeds molecular dimensions as demon-
strated for the low-T regime. There we observe Uy arising at
significant magnitude (i.e., 0.1-1 mV at B = 5 T) scaling (lin-
early) with the mean inelastic scattering lengths A, (or tem-
perature) (Figure 4d). Further rising of T (e.g., above 10 K)

Adv. Electron. Mater. 2017, 3, 1700050
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the magnitude of hole coherence (here quantified as A;). Lower mean free path leads to less
pronounced metallic behavior (and lower Hall potential).

reduces Uy, below 10 pV (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 kzT becomes greater than the band
width Wy (i.e., for thermal activation). With decreasing T below
10 K hopping is effectively suppressed and conduction occurs
in the band at Eg, To visualize these different transport regimes
we use a semilogarithmic In o versus T! 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 Wy (i.e., the activa-
tion energy) of charge carriers in PEDOT:sulfate

mor - W
ksT

O 300K

Wy = (Ec —E¢) = 1meV (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 ky T over Wy as followed

4ky1 4T
=B = —— 5
,uHall WB ,anﬁ 11'3 ,anﬁ ( )

We apply Equation (5) in combination with Equation (3) and
now obtain constant carrier concentrations n, Hall mobilities
Uran (and conductivities) in the coherent (metallic) regime
(40 cm? V! s7! for wyy,; 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

© 2017 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Table 1. Electrical parameters of PEDOT:sulfate at low-T.
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from the Drude model seen in the finger-
print mid-IR region dominated by IRAVs

c o, (eRp)™ Agree? Hiall Duve) Ae and electronic ingap polaron transitions. The
[Secm™]  ref. oy [cm™] [Ppeporsuifated  [em” V7' s7] [cm?s7] (Al main band-gap transition of PEDOT appears
1.8K at 2.4 eV. We denote that the model used is
3305 081 5.1.10%20 95 408 0.0063 335 Kramers—K]{onig relation consistent. Differ-
10K ently to oxide-based transparent conductors
the absence of a discrete plasma frequency in

3336 0.82 5.3.10°2 10 39.2 0.0338 155

the investigated spectral region—we report on

63001 is 4050 S cm™; Png,e, s (hole) carrier per PEDOT:sulfate monomer unit in %; 9D,,, is the diffusion

constant (Einstein diffusion).

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 & (w) and &(w)
(Figure 5a). Typically for conductive polymers is the deviation

window of transparency

a consistently positive &;(®) 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).>”]

The quantitiy ® = 6d'TR'® 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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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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Table 2. Optoelectrical parameters of PEDOT:sulfate, PEDOT:PSS¥*,
PEDOT (FeCls), and indium tin oxide (ITO).

Electrode Processing/ Opc Deomssonm  Prom 1800nm
treatment [Sem™] Q7 Q7
ITO Sputtering 5600 0.03 N/A
PEDOT:sulfate 0-CVD (H,SO,) 4050 0.003 0.01
PEDOT:PSS* Spin coat, DMSO 1000 0.0025 0.0004
PEDOT (FeCl3)B7l  0-CVD (FeCls) 3700 N/A N/A

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 N, gas at 200 °C at 0.083 m* h™'. Then the carrier gas (N,)
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 N,-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.
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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 T min and washed
3 times with 18 MQ 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 wVASE 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 AlK,, 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 Cls, 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 (A = 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 Avancelll
500 MHz spectrometer equipped with a cross-polarization magic-angle
spinning (MAS) probe. 3C 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 Il 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 CuK, 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 x 1 cm?) 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) p,, and p,,
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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