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Band transport evidence in PEDOT:PSS films using
broadband optical spectroscopy from terahertz to
ultraviolet region
Zijing Guo1,5, Tetsu Sato1,5, Yang Han1, Naoki Takamura1, Ryohei Ikeda1, Tatsuya Miyamoto 1, Noriaki Kida1,

Makiko Ogino2, Youtarou Takahashi 2, Naotaka Kasuya 1, Shun Watanabe 1, Jun Takeya 1,3,

Qingshuo Wei 4, Masakazu Mukaida4 & Hiroshi Okamoto 1,4✉

Poly(3,4-ethylenedioxythiophene):poly(styrene sulfonate) (PEDOT:PSS) is a prototypical

conducting polymer. When a polar solvent is used during film fabrication, the hole-doped

PEDOT oligomers form crystalline clusters in the films, exhibiting high conductivity. However,

whether hole carriers exhibit band transport has not been clarified yet. Here, we employ a

multilayer spin-coating method using an aqueous solution with ethylene glycol, with additional

procedures of dipping the films in ethylene glycol or dropping sulfuric acid onto the films, to

achieve a high DC conductivity of ∼1000 S cm−1 or higher. Using terahertz time-domain

spectroscopy and far-infrared-to-ultraviolet reflection spectroscopy, we derive complex optical

conductivity eσ spectra, which are reproduced by the sum of the Drude response, and Lorentz-

oscillator responses due to phonons. These results demonstrate the band transport, which is

further confirmed by the Hall effect measurements. The hole mobility estimated from the

spectral analyses is 7–11 cm2 V−1 s−1, a significantly large value. The reported evaluation

methods for broadband eσ spectra can help elucidate carrier transport mechanisms in various

conducting films.
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Transparent and conducting thin films can be applied as
transparent electrodes in wearable devices and as hole-
transport layers in solar cells1–3. For such films, organic

polymers have advantages over existing inorganic metal materials,
such as their ability to be fabricated by solution processes, ease of
large-area production, light weight, and flexibility. Furthermore,
they are cost-effective and do not contain rare metals, which
corresponds with current resource strategies, making them pro-
mising next-generation electronic materials2,4–9. In organic
polymers with π-conjugated systems, high DC conductivity has
been achieved by chemical carrier doping10–17, utilising the redox
properties of the constituent molecules18,19; moreover, control
over the doping level via electrochemical methods has been
reported20–24.

Poly(3,4-ethylenedioxythiophene): poly(styrenesulfonate)
(PEDOT:PSS) is a well-known polymer that exhibits high DC
conductivity through chemical carrier doping in its films (Fig. 1a).
In those films, it has been established that holes are doped via
electron transfer during the oxidative polymerisation of PEDOT,
an oligomer of the EDOT molecule25–27. PSS is used to stabilise
the doped PEDOT molecules and achieve charge equilibrium.
Reportedly, doped PEDOT molecules form clusters, and macro-
scopic DC conductivity occurs via the transfer of hole carriers
between these clusters. Typically, PEDOT oligomers and insu-
lating PSS long-chain polymers complexed by electrostatic
attractive forces assume a colloidal state, including a high con-
centration of neutral PSS28,29. In this state, the clusters of PEDOT
oligomers are fragmented by PSS, and the transfer of hole carriers
between the clusters is inhibited. Therefore, the DC conductivity
of the PEDOT:PSS film remains in the order of 101 S cm−1 (left
panel of Fig. 1b). In contrast, in PEDOT:PSS films fabricated by
the addition of polar solvents such as ethylene glycol (EG) or
dimethyl sulfoxide (DMSO), insulating PSS is more likely to be
excluded. As confirmed by X-ray diffraction, X-ray photoelectron
spectroscopy (XPS), and visible (Vis) spectroscopy27,30–32, the
PEDOT molecules are packed more closely to form clusters, as
shown in the middle panel of Fig. 1b. Simultaneously, the insu-
lating PSS, which hinders the transfer of hole carriers between
clusters, also decreases33. These effects lead to a higher DC

conductivity of ~500 S cm−1 34. Furthermore, neutral PSS mole-
cules in the films thus obtained are reportedly further excluded by
exposing the films to EG or by dropping sulfuric acid on them,
resulting in high DC conductivity and high carrier mobility that
exceed 1000 S cm−1 and 1 cm2 V−1 s−1, respectively35–39 (the
right panel of Fig. 1b). In particular, in the case of the sulfuric
acid dropping procedure, the effect of PSS exclusion is accelerated
by the protonation of PSS38–40, resulting in a larger conductivity
enhancement up to ∼4000 S cm−1 36,38. More recently, an
example has been reported in which the molecular weight was
controlled by incorporating PEDOT side-chain interactions to
promote crystallisation, again achieving a DC conductivity in
excess of 1000 S cm−1 40. In such highly conductive films, the
barriers to the transfer of holes between adjacent PEDOT clusters
are expected to decrease, allowing holes to behave as free carriers
and potentially exhibit band transport. However, no clear evi-
dence of band transport has been obtained thus far.

An effective method for investigating carrier transport
mechanisms is to measure complex optical conductivity (eσ)
spectra. In fact, for PEDOT:PSS films, eσ spectra in the frequency
range of 0.1 THz to 3 THz were measured by applying terahertz
time-domain spectroscopy (THz-TDS) on samples with the DC
conductivity of ~500 S cm−1, which were prepared from EG-
added solutions41. However, the obtained spectra could not be
explained using the Drude model, which expresses the low-
frequency response of a simple metal. Instead, the aforemen-
tioned spectra were reproduced using the localisation-modified
Drude (LMD) model34,41, indicating that holes doped in PEDOT
molecules do not behave as free carriers but are subject to loca-
lisation effects. In another study that applied THz-TDS to films
formed from DMSO-added solutions, the eσ spectra obtained were
again not reproduced by the simple Drude model but were
analysed using the Drude-Smith model42, which incorporates the
effect of extrinsic backscattering of hole carriers43,44. Other
spectroscopic studies ranging from the mid-infrared (MIR) to Vis
region have also been conducted; however, they were limited to
absorption and reflectivity measurements, with eσ spectra that can
directly reflect the carrier transport mechanism not being derived
from the obtained absorption and reflectivity spectra31,38.

Fig. 1 Molecular structure and morphology of PEDOT:PSS. a Chemical structures of PEDOT oligomer and PSS polymer in PEDOT:PSS composite.
b Schematic structures of PEDOT:PSS composite films prepared by the spin-coating method using aqueous dispersion of PEDOT:PSS. The leftmost panel
shows the Untreated film, in which a lot of PSS molecules make difficult a close interaction between neighbouring PEDOT clusters. The second panel from
left shows the EG-added film, in which by adding EG to the aqueous dispersion of PEDOT:PSS, PSS polymers are partially excluded and PEDOT oligomers
tended to align in the film. It resulted in the increase of DC conductivity σDC. The third panel from left and rightmost panel show the EG-treated and HS-
treated films, respectively, which are prepared by a multilayer spin-coating from the EG-added aqueous dispersion of PEDOT:PSS. After each spin-coating,
the film is dipped to EG in the EG-treated film and H2SO4/methanol solution is drop-casted onto the film in the HS-treated film (see “Methods”). In these
films, PSS polymers are further excluded and the resultant close molecular interactions between neighbouring PEDOT clusters further increase σDC.
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Based on the aforementioned background, this study aims to
spectroscopically elucidate the carrier transport mechanism in
highly conducting PEDOT:PSS films, specifically, whether holes
doped in PEDOT molecules undergo band transport or are
subject to localisation effects owing to possible molecular
disorders45. The PEDOT:PSS film samples are fabricated using a
multilayer spin-coating method with a water-based solution
containing EG, and their DC conductivities are further enhanced
by dipping the films in EG or dropwise addition of sulfuric acid to
the films. The DC conductivities of the films treated by dipping in
EG and dropwise addition of sulfuric acid are ~1000 S cm−1 and
1700 S cm−1, respectively. A unique technique combining THz-
TDS and far-infrared (FIR) to ultraviolet (UV) reflection spec-
troscopy is applied to the samples to derive accurate eσ spectra
ranging from THz to UV region. The obtained spectra are
reproduced by the sum of the Drude response owing to hole
carriers and the Lorentzian responses owing to phonons. These
results demonstrate the band transport of hole carriers, which is
further supported by Hall effect measurements.

Results
Sample preparations and DC conductivity measurements. Four
types of PEDOT:PSS films are prepared using a spin-coating
method involving an aqueous dispersion of PEDOT:PSS, and the
DC conductivity σDC of each film is measured using a four-point
probe method36. First, a 100-nm-thick film is fabricated via
PEDOT:PSS aqueous dispersion with 3 wt% EG using a single
spin-coating process. Moreover, σDC is ~500 S cm−1. This sample
is referred to as the EG-added film.

By performing multiple spin-coating processes (multilayer
spin-coating method), σDC increases to ~850 S cm−1. The film is
then dipped in EG and removed, yielding a film with a thickness
of 800 nm. Through this EG dipping process, σDC increases to
~950 S cm−1. This film is referred to as the EG-treated film.

To obtain a higher DC conductivity, sulfuric acid drop
treatment36,37, a known method to increase conductivity,
is performed for each spin-coating process that involves
PEDOT:PSS aqueous dispersion with added EG. This process is
repeated several times to produce a film with a thickness of
800 nm. The resulting film, referred to as the HS-treated film,
exhibits a σDC value of ~1620 S cm−1.

As a reference for the two highly conductive samples, a film
with a thickness of 800 nm is fabricated via an EG-free aqueous
dispersion of PEDOT:PSS using a multilayer spin-coating
method. This film is hereafter referred to as the Untreated film.
Furthermore, σDC of this film is ~70 S cm−1.

The fabrication methods for these films are described in detail
in the Methods section. Moreover, σDC values of each sample at
294 K are listed in Table 1. No directional dependence exists in
σDC. Compared to the Untreated film (σDC~70 S cm−1), the EG-
added film, EG-treated film, and HS-treated film exhibit σDC
values that are approximately sevenfold (σDC~500 S cm−1), 14-

fold (σDC~950 S cm−1), and 23-fold (σDC~1620 S cm−1) higher,
respectively. The relative increases in σDC for these three types of
films align well with those of previously reported films fabricated
using similar methods41,46,47.

THz time-domain spectroscopy. First, THz-TDS is applied to
the four types of PEDOT:PSS films to evaluate the complex
optical conductivity eσ ωð Þ ¼ σ1 ωð Þ þ iσ2 ωð Þ in the frequency
range of 0.75–2.6 THz. Hereafter, eσ ωð Þ, σ1 (ω) and σ2 (ω) are
simply expressed as eσ, σ1 and σ2, respectively. This frequency
range corresponds to the region in which the response of the
carriers to the oscillating electric field becomes prominent. THz-
TDS allows for direct measurement of eσ. The frequency depen-
dence (spectrum) of eσ provides information on the carrier
transport mechanism, such as the scattering probability and
localisation effect of carriers, which cannot be obtained through
DC conductivity or carrier mobility measurements alone45,48–50.
THz-TDS is further detailed in “Methods”.

Figure 2a–d shows the spectra of the real part (σ1) and
imaginary part (σ2) of eσ for the four types of samples. In the
Untreated film and EG-added film, σ1 decreases towards lower
frequencies. The values of σ1 extrapolated to frequency zero,
denoted as σ0, are 245 S cm−1 and 500 S cm−1 for the Untreated
and EG-added films, respectively. The σ0 value for the EG-added
film matches well with the DC conductivity (σDC) of
~500 S cm−1. The σ0 value for the Untreated film is larger than
σDC of ~70 S cm−1, which is due to the poor extrapolation caused
by strong carrier localisation (see Supplementary Note 1). In
contrast, the σ1 values for the EG- and HS-treated films show
almost no frequency dependence within the measurement range
and remain nearly constant at 980 S cm−1 and 1680 S cm−1,
respectively. These values closely match the corresponding σDC
values (950 S cm−1 and 1620 S cm−1 in EG- and HS-treated films,
respectively). These results demonstrate that the optical con-
ductivity (σ1) measured by THz-TDS effectively reflects the
macroscopic transport characteristics (σDC) due to hole carriers.

In the Untreated and EG-added films, with decreasing
frequency, σ1 decreases as mentioned above, while σ2 takes
negative values and increases towards zero. For samples prepared
using methods similar to those herein for these two films, eσ
spectra in the same frequency range have been previously
reported41. The shapes of the eσ spectra obtained in this study
qualitatively agree with theirs. As mentioned earlier, in a previous
report, both of the σ1 and σ2 spectra were almost reproduced
using the LMD model, which incorporates backscattering of
carriers at barriers between highly conductive clusters or
domains. The decrease in σ1 and increase in σ2 with decreasing
frequency are interpreted as the results of carrier localisations.
Furthermore, as summarised in Table 1, the σDC value of the EG-
added film is larger than that of the Untreated film, and the
decrease (increase) in σ1 (σ2) for lower frequencies in the former
is smaller than that in the latter. These trends are consistent with
those observed in previous studies41. These results indicate that
the addition of EG reduces the effect of carrier localisation.

In contrast, in the EG- and HS-treated films, which exhibit
high σDC, σ1 is almost constant below 2.5 THz (Fig. 2c, d). This
behaviour is characteristic of a simple metal, as described by the
Drude model and suggests that the carrier localisation effect is
significantly weak in both films. As mentioned earlier, when the
carriers are localised, σ2 becomes negative at low frequencies.
Although the values of σ2 in these two films are slightly negative,
their absolute values are extremely small, which is consistent with
the absence of significant carrier localisation. The origin of
negative σ2 is discussed in more detail later in this paper. The fact
that σ1 is constant and σ2 is relatively small implies that the

Table 1 DC conductivity (σDC), σ1 extrapolated to frequency
zero (σ0), carrier density (N) and carrier mobility (μ) in
PEDOT:PSS films.

HS-
treated
film

EG-
treated
film

EG-
added
film

Untreated film

σDC (S cm−1) ~1620 ~950 ~500 ~70
σ0 (S cm−1) 1680 980 500 245
N (1020 cm−3) 9.4 ± 0.2 8.4 ± 0.2 7.5 ± 0.2 6.1 ± 0.2
μ (cm2 V−1 s−1) 10.7 ± 0.3 7.1 ± 0.2 4.1 ± 0.1 0.71 ± 0.02
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damping constant reflecting the carrier scattering rate, γ, is in a
frequency range significantly higher than the measured region.

Broadband optical reflectivity and complex optical con-
ductivity spectra. To obtain quantitative information on the
carrier transport mechanism from the eσ spectra, the spectra must
be measured not only in the THz region but also in a higher-
frequency region ranging from the FIR to the UV region. In this
high-frequency region, obtaining eσ spectra directly is difficult
because TDS cannot be performed. In this study, the optical
reflectivity (R) spectrum is measured for EG- and HS-treated
films. By connecting the R spectrum in this region with that
calculated from the eσ spectrum in the THz region, a broadband R
spectrum is obtained, which can be converted to the eσ spectrum
using the Kramers–Kronig transform (KKT).

The R spectrum in the THz region is calculated from the eσ
spectrum using the following equations,

eε ωð Þ
ε0

¼ 1þ ieσ ωð Þ
ωε0

;

ε1 ωð Þ ¼ ε0 �
σ2 ωð Þ
ω

; ε2 ωð Þ ¼ σ1 ωð Þ
ω

;

ð1Þ

and

R ωð Þ ¼
~ε ωð Þ
ε0

� �1
2

� 1

~ε ωð Þ
ε0

� �1
2

þ 1

���������

���������

2

; ð2Þ

where eε ωð Þ ¼ ε1 ωð Þ þ iε2 ωð Þ is the complex dielectric constant
and ε0 is the vacuum dielectric constant. Hereafter, eε ωð Þ, ε1 (ω),
and ε2 (ω) are simply expressed as eε, ε1 and ε2, respectively.

For the measurement of R spectrum on the higher-frequency
side, Fourier transform infrared spectroscopy (FTIR) is used in
both the FIR region (0.012–0.08 eV) and the MIR region
(0.08–0.5 eV). In the UV–Vis region (0.5–6 eV), a diffraction
grating spectrometer is used. The overall R spectra of the EG- and
HS-treated films are shown in Fig. 3. Further details of the
measurements are provided in “Methods”.

With decreasing photon energy in the Vis region, the R
spectrum of the EG-treated film (Fig. 3a) exhibits a sharp increase
around 1.05 eV, as indicated by the dashed line in Fig. 3c. It
shows fine peak structures in the range of 0.05–0.2 eV and then
gradually increases further. The enlarged view of the fine
structures ranging from 0.05 to 0.2 eV is shown in Fig. 3d as a

red line. Note that the sharp infrared vibrations, indicated by thin
vertical lines, are superimposed on the broad electronic response.

In the R spectrum of the HS-treated sample (Fig. 3b), R rises at
1.15 eV, as indicated by the dashed line in Fig. 3c, which is
slightly higher than that of the EG-treated film. However, the
overall shape of the R spectrum is similar to that of the EG-
treated film. In addition, the vibrational structures indicated by
the blue line in Fig. 3d are very similar to those of the EG-treated
film. Therefore, both the shape of the structure due to the broad
electronic response (Fig. 3b) and the vibrational structures due to
the sharp infrared vibrations (Fig. 3d) exhibit similar tendencies
as those of the EG-treated film. The R value at the lower energy
bound of the measured region, ~3 meV (0.7 THz), exceeds 95%
for both films. Based on these results, the R spectra of the two
films can be attributed to a combination of the Drude response
characteristics of the metals and the structures caused by
infrared-active phonons.

Previous studies on the vibrational modes in PEDOT
molecules doped with hole carriers by electrochemical
methods51–53 have provided important information about the
origin of the sharp vibrational structures depicted in Fig. 3d.
According to these studies, the vibrational structures in this
frequency region are primarily attributed to the doped PEDOT
molecular backbone. Moreover, the frequencies and intensities of
these vibrational modes reportedly depend on doping concentra-
tion. In Fig. 3d, the peak frequencies of the vibrational structures
in the EG-treated- and HS-treated films are in good agreement, as
indicated by the vertical thin lines. Furthermore, these peak
positions align with those of the vibrational structures observed in
the Untreated film (see Supplementary Note 2). These results
suggest that the number of holes per molecule remains
unchanged regardless of the fabrication method of the PED-
OT:PSS films. This finding is consistent with previous studies
indicating that the X-ray photoelectron spectra specific to the S
atoms in the PEDOT molecular backbone do not shift due to
polar solvent treatments27,54,55.

To obtain more detailed information from the R spectra, the
broadband eσ spectra of the EG- and HS-treated films are
obtained using KKT. The results are indicated by the solid black
lines in Fig. 4a–d. In the THz region, the eσ spectra are directly
obtained using THz-TDS, as represented by the green open
circles. The eσ spectra obtained by KKT adequately reproduce
the eσ spectra calculated directly from THz-TDS (open circles).
This confirms the high accuracy of KKT. In both films, as the
photon energy decreases from the high-energy side, σ1 increases
around 1 eV, exhibits peaks due to vibrational structures, and
then shows a flat spectrum (Fig. 4a, c). In contrast, σ2 is

Untreated film EG-added film EG-treated film HS-treated film

σ1

σ2

σ1

σ2

σ1

σ2

σ1

σ2

b dca

Fig. 2 Spectra of complex optical conductivity (eσ) in the THz region in four types of PEDOT:PSS films. a Untreated film, b EG-added film, c EG-treated
film, and d HS-treated film (see the text).
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negative in the high-energy region and monotonically increases,
becoming positive around 1 eV. Then, it saturates around
0.3 eV, exhibiting peaks due to phonon structures. It becomes
slightly negative near 0.04 eV, and finally approaches zero
(Fig. 4b, d).

Evaluations of carrier density in each film. To evaluate the
physical parameters dominating the carrier transport by the
analyses of the eσ spectra, it is effective to estimate the carrier
density of each film. In PEDOT:PSS films fabricated via a spin-
coating method using a PEDOT:PSS dispersion aqueous solution,

a

b d

c

σ1-THz

σ2-THz

σ1-THz

σ2-THz

σ
Drude
Drude-Lorentz
THz-TDS

HS-treated filmEG-treated film

Fig. 4 Broadband complex optical conductivity (eσ) spectra in the EG-treated film and HS-treated film. a–d Real part σ1 (a, c) and imaginary part σ2 of eσ
(b, d, black lines) obtained from the KKT of R spectra in Fig. 3a, b. σ1 and σ2 spectra in the THz region are in good agreement with the spectra (green open
circles) denoted by σ1-THz and σ2-THz, which were directly obtained by THz-TDS. The red broken and solid lines show the fitting curves obtained using the
simple Drude model and Drude–Lorentz model, respectively.

FIRTHz MIR UV-vis

a

b

d

c

HS-treated film

EG-treated film

HS-treated 
film: 1.15 eV

EG-treated 
film: 1.05 eV

Fig. 3 Broadband optical reflectivitiy (R) spectra in the EG-treated film and HS-treated film. a, b Overall R spectra with the horizontal axis on logarithmic
scale. The spectra in different-coloured areas were measured using different spectroscopy methods: THz, FIR, MIR and UV–Vis means THz-TDS, Fourier
transform FIR spectroscopy, Fourier transform MIR spectroscopy, and UV to Vis spectroscopy, respectively. c Overall spectra with the horizontal axis on
linear scale. The point where each dotted line intersects the horizontal axis indicates the photon energy at which the metallic reflection band rises. This
energy is slightly higher in the HS-treated film than in the EG-treated film. d Expanded R spectra from 0.04 eV to 0.22 eV. The vertical black lines show the
peak structures due to phonons, the energy positions of which are almost the same in the two films (also see Supplementary Notes 2 and 4).
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it is known that the original ratio of PEDOT and PSS in the
aqueous solution is preserved56. Therefore, the mass ratio (w/w)
of PEDOT:PSS in the Untreated film can be considered as 1/2.5.
In addition, the weight densities per unit volume of PEDOT and
PSS are almost identical to each other, being almost equal to
1.5 g cm−3 (see ref. 56). In the other films, the weight density per
unit volume in a PEDOT:PSS film may be changed by an addition
of EG. To measure the change in the weight density per unit
volume in a PEDOT:PSS film by an addition of EG, an EG-added
film with a thickness of ~30 μm was prepared on a glass substrate
using a 3 wt% EG-doped PEDOT:PSS solution via the spin-
coating method, and the film is then peeled off from the substrate.
From the volume and weight of the freestanding film, the weight
density of PEDOT:PSS in the EG-added film is evaluated as
~1.5 g cm−3. Since the weight densities of PEDOT and PSS are
almost identical as mentioned above, it is reasonable to consider
that the weight density is still equal to 1.5 g cm−3 in the EG- and
HS-treated films obtained after the additional treatments as well
as in the EG-added film.

The mass ratio of PEDOT in the PEDOT:PSS films is likely to be
changed from 1/2.5 in the EG-added, EG-treated, and HS-treated
films due to the reductions of PSS. From the absorption intensity
specific to PSS in the UV–Vis region, the mass ratio of PEDOT:PSS,
w/w, is evaluated as ~1/1.85 in the EG-added film, 1/1.57 in the EG-
treated film, and 1/1.28 in the HS-treated film (see Supplementary
Note 3 and Fig. 3). The previous studies have revealed that the hole
density per EDOT, NEDOT, is ~1/357–59. Furthermore, the analyses
of the vibrational structures in the optical spectra mentioned earlier
show that NEDOT is unchanged by the EG and sulfuric acid
treatments, suggesting that NEDOT is still ~1/3. Using these mass
ratios of PEDOT:PSS and the relationNEDOT= 1/3, the hole carrier
density is estimated to be 6.1 × 1020 cm−3 in the Untreated film,
7.5 × 1020 cm−3 in the EG-added film, 8.4 × 1020 cm−3 in the EG-
treated film, and 9.4 × 1020 cm−3 in the HS-treated film, which are
listed in Table 1.

The estimated change in N can be reasonably explained as
follows. When more neutral PSS polymers are excluded from a
PEDOT:PSS film, the density of the PEDOT oligomers
increases, while the hole density in the PEDOT oligomer
remains unchanged, which enhances the hole density per unit
volume. HS or EG treatment leads to a decrease in the film
thickness owing to the exclusion effect of neutral PSS
polymers32,60–62. In this study, the film thickness is measured
after HS or EG treatment, and the rotation speed of the
substrate in each spin-coating process is adjusted to achieve a
final thickness of 800 nm for both films. Compared with the EG
treatment, the exclusion of neutral PSS is easier in the HS
treatment; therefore, the density of PEDOT should increase
after the HS treatment, resulting in an apparent increase in N in
the HS-treated film.

Analyses of broadband complex optical conductivity spectra in
EG-treated and HS-treated films. To elucidate the origins of
these spectral shapes in the highly conductive EG-treated and HS-
treated films, an analysis is performed using a simple Drude
model. The eσ spectra deduced using the Drude model are given
by the following equation.

eσ ¼ω

i
ε1 � ε0
� �� Ne2

m�
1

ω2 þ iγω

� �
σ1 ¼

Ne2

m�
γ

ω2 þ γ2
; σ2 ¼ ε0 � ε1

� �
ωþ Ne2

m�
ω

ω2 þ γ2

ð3Þ

Here, m* is the effective mass of the hole carriers, e is the ele-
mentary charge, γ is the damping constant, and ε∞ is the high-
frequency dielectric constant. The plasma frequency ωp char-
acterising the Drude response is defined as follows.

ωp ¼
Ne2

ε1m�

� �1
2 ð4Þ

Equation (3) is used to fit the portion of the experimentally
obtained eσ spectra excluding the vibrational structures in the
range of 0.01–0.2 eV. The fitting parameters are m*, γ and ε∞. As
mentioned above, in the films investigated here, the extrapolated
values of σ1 to the frequency zero, σ1 (0), are consistent with
σDC= 950 S cm−1. Therefore, it is effective to perform the fitting
so that σ1 (0) should be equal to σDC. Since σ1 0ð Þ ¼ Ne2

m�γ obtained
from Eq. (3) shows that the product of m* and γ is constant, the
fitting parameters can be reduced to two, γ and ε∞.

The red dashed lines in Fig. 4a–d show the fitting curves, which
generally reproduce the broad structures in both σ1 and σ2 spectra
in both the EG-treated and HS-treated films. The used parameter
values of γ and ε∞ are listed in Table 2. The additional parameters
m* and ωp are calculated from those parameters and experi-
mentally obtained N and σDC as listed in Table 2.

In contrast, in the energy region (0.15–0.3 eV), including the
vibrational structures, σ1 shows a shaved depression and is lower
than the fitting curve with the Drude model. This is attributed to
Fano interference that occurs due to the interaction between
phonons and conduction carriers63,64. Therefore, among the
infrared vibrational structures indicated by the thin lines in
Fig. 3d, only the structures of 11(10) infrared vibrations on the
low-energy side for the EG-treated (HS-treated) film, where the
effect of Fano interference is relatively small, are included as
Lorentz oscillators. Next, the eσ spectra are attempted to fit using
the Drude–Lorentz model, as expressed by the following
equation, in which these oscillators are added to the Drude
component in response (Eq. (3)).

eσ ¼ ω

i
ε1 � ε0
� �� Ne2

m�
1

ω2 þ iγω
þ ε0 ∑

j

f j
ωj

2 � ω2 � iΓjω

" #
ð5Þ

Table 2 Physical parameters in PEDOT:PSS films.

Model m�

m0

ħγ (eV) C

ðkFvFÞ2
ðfs2Þ

ε1
ε0

ħωp (eV)

Untreated film LMD 0.564 ± 0.021 0.189 ± 0.007 11.4 ± 0.9 2.59 ± 0.01 0.760 ± 0.016
EG-added film LMD 0.52 ± 0.02 0.288 ± 0.009 2.43 ± 0.14 2.59 ± 0.01 0.878 ± 0.018
EG-treated film Drude 0.481 ± 0.014 0.341 ± 0.009 − 2.54 ± 0.03 0.972 ± 0.024

Drude–Lorentz 0.487 ± 0.005 0.336 ± 0.004 − 2.59 ± 0.01 0.958 ± 0.007
HS-treated film Drude 0.435 ± 0.011 0.249 ± 0.007 − 2.56 ± 0.05 1.08 ± 0.03

Drude–Lorentz 0.453 ± 0.006 0.238 ± 0.003 − 2.60 ± 0.02 1.05 ± 0.01

Errors indicate the standard deviation of the least squares fit. m∗ in the EG-added film is set to 0.52m0 ± 0.02m0 (see the text). Errors of ε∞ in the Untreated and EG-added films are assumed to be the
same as those estimated in the EG-treated film.
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Here, ωj, Γj, and fj are the frequency, damping constant, and
oscillator strength of each phonon, respectively. The fitting
parameters of this analysis are γ and ε∞, which are used for the
analysis with the Drude model mentioned above, as well as the
parameters ωj, Γj, and fj associated with each phonon. The fitting
results are shown by the red solid lines in Fig. 4a–d with the
yellow shadings, which adequately reproduce the σ1 and σ2
spectra simultaneously in both films. The R spectra calculated
using these fitting parameters are also verified to closely replicate
the experimental R spectra (Supplementary Note 4 and Fig. 4). In
Fig. 2c, d, it is noted earlier that the σ2 values in the terahertz
region are slightly negative. These negative values of σ2 cannot be
reproduced by the Drude model alone but can be almost
reproduced by assuming Lorentz oscillators for the fitting of the
phonon structures.

The obtained parameters of ℏγ~0.34 eV in the EG-treated film
and ℏγ~0.24 eV in the HS-treated film leads to m*~0.49m0 and
0.45m0, respectively. The mobility values of hole carriers, μ, can
be estimated from σDC and N values as 7.1 cm2 V−1 s−1 and
10.7 cm2 V−1 s−1 for the EG- and HS-treated films, respectively,
which are listed in Table 1. These values of μ are higher than
those previously reported in conducting PEDOT:PSS
films32,46,65,66 and consistent with the observed band transport
features. Considering the relation μ ¼ e=ðm�γÞ, the high mobility
values are considered to originate from the small values of m*
and γ. The precise parameter values of ℏγ, m*, ε∞ and ℏωp

obtained by these Drude–Lorentz model analyses are also listed in
Table 2. The parameters related to the vibrational structures are
reported in Supplementary Note 5.

The values of γ, ε∞ and m* obtained from the Drude and
Drude–Lorentz model analyses are consistent with each other in
each film. No significant differences exist in the vibrational
parameters of the EG- and HS-treated films (Supplementary
Note 5). In particular, the frequencies of each vibrational mode of
the two films match well. Thus, based on the reproduction of the
electronic response reflected by the broad components of the eσ
spectra by the simple Drude model, band transport of hole
carriers is evident in these PEDOT:PSS films.

Herein, the parameters obtained by applying the
Drude–Lorentz model to the eσ spectra in the EG- and HS-
treated films are further compared (Table 2). The high-frequency
dielectric constant ε∞=ε0 equals 2.59 and 2.60 for the EG- and
HS-treated films, respectively. These values are typical for low-
dielectric organic polymers and almost consistent with those
previously reported for PEDOT:PSS films41. The essential
differences between the EG-treated and HS-treated films manifest
themselves in the relative decreases in γ and m* in the HS-treated
film, which are responsible for the increase in mobility μ as
pointed out above. m* discussed here characterises the sample-
dependent effective band shape, reflecting carrier transfers
between neighbouring PEDOT clusters, and it is reasonable to
assume that γ also strongly depends on the scattering of carriers
as they move between neighbouring PEDOT clusters. In other
words, our study clearly demonstrates that in the HS-treated film
the relative decrease in PSS polymers which are obstacles to the
carrier transport causes the decreases in both γ and m* via the
enhancement of the carrier transfer probability between neigh-
bouring PEDOT clusters and finally leads to the enhancement of
the mobility μ.

Until now, the eσ spectra of PEDOT:PSS films have only been
evaluated in the THz region. Spectroscopic studies in the higher-
frequency region have been limited to reflectivity or absorption
measurements, making it difficult to derive eσ spectra and
preventing detailed analyses of electronic responses that reflect
carrier dynamics. In related studies that derive eσ spectra,

spectroscopic ellipsometry has been applied to PEDOT:Tos films
with tosylate (Tos) ions as counterions67,68. However, even in
these studies, the obtained spectral range of eσ is limited, and no
metallic response is observed. This study accurately evaluates the
broadband eσ spectra, successfully demonstrating a metallic
response following a simple Drude model in highly conducting
PEDOT:PSS films.

Analyses of terahertz complex optical conductivity spectra in
Untreated and EG-added films. In the Untreated and EG-added
films, the eσ spectra in the terahertz region cannot be reproduced
by the simple Drude model: σ1 decreases towards frequency 0 and
σ2 takes negative values in the low-frequency region (see Fig. 2).
In fact, their μ values estimated from σDC and N,
0.71 cm2 V−1 s−1 in the Untreated film and 4.1 cm2 V−1 s−1 in
the EG-added film, are smaller than those in EG- and HS-treated
films as shown in Table 1. These results suggest that all carriers
are subject to finite localisation effects even at room temperature.
To analyse such spectra, the LMD model was used in the previous
study41, in which an Untreated film with σDC of 7.6 S cm−1 and
an EG-added film with σDC of 463 S cm−1 were investigated. The
σDC values obtained in our Untreated and EG-added films,
~70 S cm−1 and ~500 S cm−1, respectively, show a similar trend
in those reported in ref. 41 Therefore, in our study the eσ spectra in
the terahertz region in both the Untreated and EG-added films
are also analysed using the LMD model.

In the LMD model, eσ spectra are expressed as follows.

σ1 ¼
Ne2

m�
γ

ω2 þ γ2
1� C

kFvF
� �2 γ2 þ C

kFvF
� �2 γ3

2 3ωð Þ12
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The degree of carrier localisation effect in each film is
characterised by the parameter C

kFvFð Þ2, where kF is a Fermi

wavenumber and vF is a Fermi velocity. C is a constant term,
which is known to be equal to 1 in conjugated polymers34,69.

In the analyses with the LMD model, it is necessary to determine
the parameters of m*, γ and ε∞ being consistent with those
evaluated in the EG-treated film, m*~0.49m0, ℏγ~0.34 eV, and
ε∞~2.59 (Table 2). In the analyses of the eσ spectra in the terahertz
region shown in Fig. 2a, b, the ε∞ value should be modified by
adding the contribution of IR-active phonons in the MIR region to
the real part of the dielectric constant in the higher energy side of
the terahertz region, εMIR. Substituting ω= 0 for the dielectric
constant due to phonons in the third term of Eq. (5) leads to the

relation εMIR ¼ ε0 ∑
j

f j
ωj

2. Using the parameter sets for phonons in

the EG-treated film, εMIR~26.86 is obtained. Therefore, the resultant
ε1 at the higher energy side of the terahertz region is 29.45 by
adding εMIR to ε∞~2.59. Since the N values of the Untreated and
EG-added films are independently determined as shown in Table 1,
the fitting parameters for the eσ spectra are γ, m*, and C

kFvFð Þ2.
Furthermore, by adding the condition to reproduce the σDC value,
the fitting parameter can be reduced to two. Equation (6) shows
that the new parameter C

kFvFð Þ2 is correlated to γ. In addition, the

magnitudes and spectral shapes of eσ in the terahertz region depend
on m* and C

kFvFð Þ2, respectively. Therefore, m* and C
kFvFð Þ2 are

selected as fitting parameters. As compared to the EG-treated film,
localisations of carriers should be more significant in the Untreated
and EG-added films and m* should be larger. Therefore, under the
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condition of m* > 0.49m0, a set of m* and C
kFvFð Þ2 reproducing the eσ

spectra in the terahertz region are searched.
The results of the fitting are shown in Fig. 5. In the Untreated

film, the experimental eσ spectra are approximately reproduced by
the fitting curves (the blue solid lines) using the LMD model. The
parameters used are m*~0.56m0 and C

kFvFð Þ2 ~11:4 fs
2, from which

ℏγ~0.19 eV is obtained. The parameter values of m*, C
kFvFð Þ2, and

ℏγ are listed in Table 2.
In the EG-added film, modifications of the eσ spectra from

those predicted by the Drude model are not so large as compared
with the case of the Untreated film and it is difficult to
precisely determine m� and C

kFvFð Þ2. Therefore, we set m� ¼
0:52m0 ± 0:02m0 as a reasonable value, which is slightly larger
than m*~0.49m0 in the EG-treated film and smaller than
m*~0.56m0 in the Untreated film. Using this m� value, the
experimental eσ spectra are approximately reproduced as shown
by the red solid lines in Fig. 5. The fitting parameter is C

kFvFð Þ2,
which is determined as ~2.43 fs2. From these values of m* and

C
kFvFð Þ2, ℏγ~0.29 eV is obtained. The precise parameter values of

m*, C
kFvFð Þ2, and ℏγ are also listed in Table 2.

In the Untreated film, C
kFvFð Þ2 is larger and μ is considerably

smaller than those in the EG-added film. This is reasonable since
the degree of carrier localisation should be larger in the Untreated
film than in the EG-added film due to the larger amount of PSS
disturbing carrier transfers between neighbouring PEDOT
clusters in the former. Indeed, assuming that the parameter C
is equal to 1 in common, the dimensionless parameter kFl ¼
ðkFvFÞ=γ including the mean free path l, which gives an indication
of whether the carriers are free or localised, is smaller in the
Untreated film (1.03) than in the EG-added film (1.47). The value
of ℏγ in the Untreated film is smaller than that in the EG-treated
film, which cannot be explained in a straightforward manner.
This can be considered to originate from the fact that in the LMD
model applied to the Untreated and EG-added films, the effective
scattering rate is not determined by γ alone but is dominated by
both γ and C

kFvFð Þ2, that is, γ=ðkFvFÞ as mentioned above.

Hall effect measurements. The Hall effect originates from the
Lorentz force added to the continuous flow of carriers in a
magnetic field. Therefore, its observation provides evidence of the
presence of delocalised carriers, which are responsible for band
transport. Microscopically, when the wavevector operator k of an
electron is coupled with the vector potential A, an electromotive
force is generated perpendicular to both the current I and mag-
netic field B70. In other words, when the carriers exhibit free-
electron-like behaviour and the wavevector k is well defined, the
Hall coefficient RH is related to the carrier density NHall as RH ¼
1=ðeNHallÞ under the condition that the inelastic scattering of
carriers is negligibly small. However, when the carrier transport is
dominated by a hopping conduction process, in which carriers
propagate in discontinuous tunnelling processes, the Hall voltage
is hardly observed. In fact, the Hall voltage detected in amor-
phous Si is only ~1/10 of that in crystalline Si, in which carriers
exhibit band transport71. Therefore, in materials with finite
structural disorder, such as PEDOT:PSS, observations of the Hall
effect supported by the presence of free-electron-like carriers are
extremely rare. Even when the Hall effect is observed, the derived
Hall coefficient values should be considered with caution.
The Hall effects were indeed investigated on PEDOT:PSS; how-
ever the Hall coefficients reported so far were different values
with a wide range32,72–74. In a precise Hall effect measurement on
a film on a Hall bar, the carrier density calculated from the Hall

a b c
EG-treated film
T = 290 K

Fig. 6 Hall effect measurement of EG-treated film. a Picture of the EG-treated film on a Hall bar. b Hall resistivity (ρxy) along the transverse direction as a
function of applied magnetic field B (red dots). The black dotted line represents a linear fitting and its slope corresponds to RH. c Temperature dependence
of σDC measured in the setup shown in a.

Fig. 5 Analyses of complex optical conductivity (eσ) spectra in the
terahertz region in the Untreated and EG-added films. Open circles and
solid triangles show the eσ spectra obtained by the THz-TDS and σDC,
respectively. The solid lines show the simulated spectra obtained using the
LMD model.
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coefficient showed an unrealistic value, which was ~100 times
higher than expected72. Therefore, it is significant to investigate
the Hall effect in the PEDOT:PSS films in which the analyses of
their eσ spectra suggest the band transport.

Herein, Hall effect measurements are performed on the EG-
treated film prepared on a Hall bar, as shown in Fig. 6a. This film
with a thickness of 1.2 µm exhibits σDC of 1760 S cm−1, which is
larger than that of the EG-treated film prepared for optical
measurements (see “Methods”). To achieve high sensitivity for
the Hall effect measurements, the film prepared by spin-coating is
shaped into a Hall bar configuration (Fig. 6a). With a constant
current flowing between the two electrodes labelled I+ and I- in
the photograph in Fig. 6a, the Hall electromotive force is
measured while the magnetic field B is varied. The transverse Hall
resistivity (ρxy) derived from the Hall electromotive force is
indicated by the red dots in Fig. 6b. The observed Hall effect is
clearly synchronised with B. Based on the sign of the Hall
electromotive force, hole carriers are responsible for electric
transport. The observation of a clear Hall effect demonstrates that
hole carriers are not only delocalised within each PEDOT
oligomer but also between adjacent PEDOT clusters. This is
consistent with the metallic response proven from the eσ spectra
following the simple Drude model.

Next, the Hall carrier density NHall is discussed quantitatively,
which is calculated from the Hall coefficient RH using the
relationship RH ¼ 1=ðeNHallÞ. At 290 K, RH ~ 7:5 ´ 10�4 cm3 C�1,
which leads to NHall ~ 8:3 ´ 1021 cm�3. The NHall value is almost
independent of the temperature (see Supplementary Note 6). This
value is considerably larger than the carrier density
N= 8.4 × 1020 cm−3 evaluated from the analysis of the eσ spectra
with the Drude model in the EG-treated film. Previous studies
have reported that in film samples of conducting polymers, the
NHall/N values are in the range of 102 to 103 and rarely close to the
ideal value of unity, which is ascribed to the presence of localised
carriers contributing only to the hopping transport75. In fact, a
recent model analysis of the Hall effect has shown that the ratio of
NHall to the total carrier density N, NHall/N, is greater than 1 in a
system where transport and hopping conduction coexist72.

The temperature dependence of σDC should also provide
important information about the nature of the carrier transport.
Figure 6c shows σDC as a function of temperature, as measured using
the four-point probe method on the same sample in which the Hall
effect is investigated. Notably, σDC remains almost constant from
290 K to ~250 K, but decreases as the temperature decreases further,
with the value at 4 K approximately half of that at 290 K. This
temperature dependence of σDC is different from the typical
temperature dependence observed in thermally activated or
variable-range hopping conduction72, suggesting the presence of
multiple carrier transport mechanisms within the sample.

Considering this result, together with the analytical results of
the eσ spectra and the Hall effect, the carrier transport mechanism
of the PEDOT:PSS film can be understood as follows. At 294 K,
the Drude response in the eσ spectra indicates the presence of free
carriers. However, the results of the Hall effect demonstrate the
presence of localised carriers. Since the eσ spectra are adequately
reproduced by considering only the free carriers exhibiting the
Drude response, it is natural to consider that carriers other than
free carriers are strongly localised and hardly contribute to the
optical response due to their low kinetic energies. This suggests
that those carriers would be localised at defects or structural
disorders due to the presence of PSS polymers near PEDOT
clusters. As the temperature decreases below 250 K, σDC
decreases, suggesting that all mobile carriers tend to become
localised. This can be ascribed to the fact that carrier transfers
between neighbouring PEDOT clusters are essential for the band

transport and the effective bandwidth is inherently not so large.
Thus, the temperature dependence of σDC is considered
complicated because of the temperature-induced change in the
localisation effects of carriers that originally behaved as free
carriers. The carriers that are strongly localised even at 294 K
should not contribute to the DC conductivity, but they play an
important role in the Hall effect, as pointed out above.

To verify these interpretations, the Hall effect measurement is
also performed on an EG-added film with σDC~760 S cm−1 at
290 K. In the EG-added film, RH is evaluated to be
~2:2´ 10�4 cm3 C�1, which is smaller than RH ~
7:5´ 10�4 cm3 C�1 in the EG-treated film. Furthermore, NHall ~
2:8´ 1022 cm�3 calculated from RH in the EG-added film is
considerably larger than NHall ~ 8:3´ 1021 cm�3 in the EG-treated
film. These comparisons demonstrate that in the EG-added film the
increase of the number of localised carriers due to extrinsic factors
suppresses RH and seemingly increases the density of mobile
carriers. These results support the validity of our qualitative
interpretation of the Hall effect in the EG-treated film mentioned
above. The details of the Hall effect in the EG-added film are
reported in Supplementary Note 7. Thus, the results presented here
show that quantitative information about electric transports is
difficult to obtain from the Hall effect measurements on
PEDOT:PSS films. The development of a theoretical model of the
Hall effect that takes into account the transport mechanisms of both
free and localised carriers and makes it possible to quantitatively
analyse the amounts of two different types of carriers is an
important subject in the future.

Because the Hall effect measurements on the EG-treated film
indicate the presence of localised carriers other than free carriers
responsible for the band transport, the density of free carriers is
considered to be lower than NEDOT ¼ 1=3. Therefore, strictly, the
values of m* listed in Table 2 give their upper bound and μ listed
in Table 1 give their lower bounds, and free carriers have a
smaller m* and larger μ than those values. If the net value of m*
or μ of free carriers is evaluated by other experiments, it should be
possible to quantitatively determine the densities of free carriers
and localised carriers, respectively. This issue is also an important
task for the future.

In summary, PEDOT:PSS films with DC conductivities equal
to or exceeding 1000 S cm−1 are fabricated by combining a
multilayer spin-coating method using an EG-added aqueous
solution with additional treatment of dipping the films with EG
or dropping sulfuric acid onto the films. Next, the broadband
complex optical conductivity spectra are evaluated, which are
successfully reproduced using the Drude–Lorentz model, demon-
strating that the doped hole carriers in PEDOT behave as free
carriers and that band transport occurs in highly conducting
PEDOT:PSS thin films. In the Hall effect measurements on an
EG-treated film, the Hall electromotive force is detected, which is
unambiguous evidence of the band transport. On the other hand,
the carrier density derived from the Hall coefficient is
considerably larger than the actual value. This is ascribed to the
presence of localised carriers as well as free carriers. By
the analyses of the eσ spectra assuming the Drude–Lorentz model,
the hole mobility values, μ, were evaluated to be 7.1
(10.7) cm2 V−1 s−1 in the EG-treated film (HS-treated film).
Since a part of carriers are localised and do not contribute to the
electric transport, the net μ values of free carriers responsible for
the band transport are expected to be higher than the estimated
values 7.1 (10.7) cm2 V−1 s−1 in the EG-treated film (HS-treated
film). The estimated high mobility values suggest that the
combination of the multilayer spin-coating method and addi-
tional treatments with EG or sulfuric acid eliminates the
insulating PSS polymers, which would enhance hole transfers
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between neighbouring clusters and reduce defects and structural
disorders responsible for localised carriers. It is an important
future task to evaluate the size and distribution of PEDOT
clusters in films fabricated under different conditions and to
relate them with the transport mechanism. Finally, we would like
to emphasize that the methodology reported here, which
combines THz-TDS and reflection spectroscopy from the UV
to FIR region, allows the evaluation of broadband complex optical
conductivity spectra. This approach can be applied not only to
PEDOT:PSS films deposited using different methods but also to
various other types of conducting films. Therefore, the proposed
methodology contributes to unravelling the transport mechan-
isms in such films and holds great potential for future research.

Methods
Preparation of PEDOT:PSS films and measurement of DC
conductivity. PEDOT:PSS films are fabricated via a spin-
coating method employed on a quartz substrate using the
PEDOT:PSS dispersion aqueous solution (Clevios PH1000, H.
C. Starck). In this method, the film thickness can be controlled
by varying the substrate rotation speed. As the rotational speed
decreases, the film thickness becomes thicker. At a rotation
speed of 600 rpm, a PEDOT:PSS film with a thickness of
~100 nm can be produced on a quartz substrate. In the present
study, to produce a thicker film, further depositions of PED-
OT:PSS by additional spin-coating processes are performed on
the film grown by the first spin-coating process. In that case, a
thicker film of 200–250 nm is produced in each spin-coating
process at the same 600 rpm rotational speed. The difference in
the thickness of the films deposited by the first and second or
subsequent spin-coating processes is probably due to the dif-
ference in wettability between the glass substrate and the
PEDOT:PSS.

Untreated film. This film is prepared using the spin-coating
method with the aforementioned PEDOT:PSS dispersion aqueous
solution. Subsequently, the film is heated at 150 °C for 10 min in
ambient air to remove excess moisture. This process is repeated
four times to grow a film with a thickness of 800 nm; this is called
the multilayer spin-coating method38.

EG-added film. Ethylene glycol (EG, 3 wt%), a polar solvent, is
added to the PEDOT:PSS dispersion aqueous solution, and a thin
film with a thickness of 100 nm is prepared by a single spin-
coating process using this solution. Hereafter, the EG-added
solution is referred to as EG ink.

EG-treated film. Using the EG ink, a film is prepared by repeating
the same spin-coating and thermal treatment process for four
cycles, similar to the growth of the Untreated film. Subsequently,
the film is immersed in EG for an additional 5 min, followed by a
final heating step at 150 °C for 10 min to remove EG molecules.
Finally, a film with a thickness of 800 nm is obtained.

HS-treated film. After a single spin-coating treatment using the
EG ink, the film is heated at 150 °C for 10 min in ambient air.
Subsequently, a 1:5 v/v H2SO4/methanol solution is drop-casted
onto the film, and the sample is heated at 150 °C for 10 min after
removing the H2SO4 by rotating the substrate at a rotation speed
of 600 rpm. This process is repeated four times to grow a film
with a thickness of 800 nm.

The thickness of each film is measured by using a profilometer.
The error in the evaluated thickness is within ±2.5%. σDC is
measured using a four-point probe method with 1.5 mm between
the voltage terminals. It has been verified that thin films prepared

by the same deposition method show almost identical DC
conductivity and optical spectra.

Terahertz time-domain spectroscopy. In the THz-TDS8, a
mode-locked Ti: sapphire laser with a central wavelength of
800 nm (1.55 eV), repetition rate of 80MHz, and pulse width of
30 fs is used as a light source. A (110)-oriented ZnTe emitter with
a thickness of 1 mm excited by a Ti: sapphire laser pulse is
adopted as the THz-pulse source. A photoconductive antenna
with low-temperature-grown GaAs excited by a part of the Ti:
sapphire laser pulse is used as the detector.

Owing to the high reflectivity of the films in the THz region,
the light transmitted through each film is significantly weak.
Considering this, an automated measurement system is intro-
duced in which the THz electric-field waveforms of light
transmitted through the PEDOT:PSS film on a quartz substrate
and a quartz substrate without film are alternately measured43.
This allows for the accurate measurement of the THz electric-
field waveforms of the transmitted light by eliminating the
influence of the laser source and humidity fluctuations. To derive
the eσ spectra of the films, the refractive index of the substrate
itself is necessary and evaluated using the same measurement
system. In the derivation of the eσ spectra in each film, the
multiple reflections (infinite) of the THz waves within the
PEDOT:PSS film are considered41,43.

Measurements of broadband optical reflectivity spectra and
their analyses. Broadband reflection spectroscopy is performed on
the EG- and HS-treated films, both of which have a thickness of
800 nm. The R spectra are evaluated using four different methods
depending on the energy range. The R spectra in the range of
0.75–2.6 THz (0.003–0.011 eV) are calculated from the eσ spectra
obtained by the THz-TDS. For higher photon energies, the R spectra
are directly measured. In the range of 0.012–0.5 eV, FTIR (JASCO
FTIR-6100) is employed. A bolometer (Infrared Laboratories Hi Res
4.2 K Bolometer System) is used for the FIR region (0.012–0.08 eV),
and a mercury cadmium telluride detector is used for the MIR
region (0.08–0.5 eV). For the region of 0.011–0.012 eV, where the
measurement is difficult, the data are interpolated using a straight
line. For the near-infrared (NIR) to UV region (0.5–6 eV), a dif-
fraction grating spectrometer (JASCO MSV-5200) is used. The
detectors used are a PbS photovoltaic cell and a photomultiplier.
Both the FTIR and diffraction grating spectrometer systems are
equipped with spectroscopic microscopes, which enable the selective
measurement on a clean area of the film, i.e., a square of side 400 μm
and a circle of diameter 400 μm, respectively.

In both the EG- and HS-treated films, light is slightly transmitted
even in the energy region below 0.8 eV where the metallic response
appears; however, the transmittance is extremely low because of
their thickness (800 nm). In the THz region, the transmittances of
the EG- and HS-treated films are ~0.9% and 0.3%, respectively. As
the frequency increases beyond the THz region, the transmittance
decreases further in the MIR region and then starts increasing
around 0.4 eV. The transmittances in the NIR region (0.8 eV) are
2.0% and 0.15% for the EG- and HS-treated films, respectively,
remaining relatively small. In contrast, in the higher energy region
of 1.1–5 eV for the EG-treated film (1.2–5 eV for the HS-treated
film), the transmittance becomes large; a slight periodic oscillation
is evident in the R spectrum, which is attributed to the interference
between the reflected light from the film and the reflected light from
the substrate after the light is transmitted through the film.
However, the amplitudes of these oscillations are limited, suggesting
that the effect of transmission on the measured R value can be
neglected. Based on these features, the obtained R spectra are
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considered accurate in the range of 0.012–6 eV for both the EG-
and HS-treated films.

To apply the KKT to the obtained broadband R spectra, the R
data outside the measured range are extrapolated as follows. The
Hagen–Rubens rule76 is used for extrapolation on the low-
frequency side. This is reasonable since σ1 evaluated by the THz-
TDS is almost constant in the THz region and is in good
agreement with σDC for both the EG- and HS-treated films.
Above the higher energy bound of the measured range, the strong
electronic (π–π*) transitions are known to exist77, which should
be excluded from our analyses based on the Drude model.
Considering this, R above 3.1 eV (3.8 eV) is set as a constant equal
to the value at 3.1 eV (3.8 eV) in the EG-treated (HS-treated) film.
R above 100 eV is assumed proportional to ω−4, where ω is the
angular frequency.

Hall effect measurements. To measure the Hall effect, a Hall bar
is fabricated by patterning electrodes on a glass substrate. Spe-
cifically, Cr (8 nm) and Au (20 nm) electrodes are deposited on a
0.7-mm-thick EAGLE XG glass substrate in combination with a
standard two-layer lift-off process to form channel length L and
width W of 72 µm and 240 µm, respectively. After fabricating the
electrodes, the device is cleaned in an ozone cleaner before
coating. EG-treated films are prepared on Hall bars using
the same method as that used for the optical measurements. The
thickness of the EG-treated film, measured using a profilometer,
is 1.2 μm. The film is etched using an yttrium aluminium garnet
laser to match the shape of the Hall bar, making it possible to
accurately measure the local potential of the probe along the
channel. After the deposition, the device is encapsulated with
CYTOP 809M (AGC Chemicals).

σDC of the EG-treated film prepared on the Hall bar is
1760 S cm−1 at 290 K, which is higher than that of the
film prepared on the quartz substrate for optical measurements.
Possible reasons for the enhanced conductivity of the
PEDOT:PSS film may be that PSS exclusion is more likely to
occur on the glass substrate with electrodes and that the quality of
the film itself is improved. The latter may be related to the fact
that films tend to grow better on the electrodes. Hall effect
measurements are performed at 250 K and 200 K as well as 290 K
in a helium gas-exchange cryostat with a superconducting
magnet. The Hall resistivity (ρxy) along the transverse direction
is measured using a lock-in detection technique. An AC
excitation current of 5 μA is applied under an external and
perpendicular magnetic field B with a slow sweeping rate of
0.01 T s−1.

Data availability
The data that support the plots within this paper and other findings of this study are
available from the corresponding author upon reasonable request.
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