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ABSTRACT
Charge transport/structure relationships in chemically-doped poly(3-hexylthiophene-2,5-diyl) (P3HT) films are explored using
four different dopants: the classic 2,3,5,6-tetrafluoro-7,7,8,8-tetracyanoquinodimethane (F4TCNQ) as well as two large dodecab-
orane (DDB) cluster-based dopants that minimize counterion Coulomb interactions with carriers on the polymer backbone.
Anion-exchange doping with F4TCNQ and lithium bis(trifluoromethane)sulfonimide (LiTFSI) was also used to put TFSI−

counterions into the doped polymer. The Seebeck coefficient (S) and conductivity (σ) were measured as a function of doping
level, along with temperature-dependent conductivity, wide- and small-angle x-ray scattering, optical spectroscopy, andHall effect
mobility. The results indicate that large DDB-based counterions produce lower carrier transport activation energies and thusmore
favorable S-σ relationships than F4TCNQ. Anion-exchange doping leads to higher activation energies but still produces a favorable
S-σ relationship. Analysis using the semi-localized transport (SLoT) model indicates that anion-exchange doping produces films
with the highest intrinsic conductivities, which results from doping-induced crystallization of originally amorphous regions of
the film. Such crystallization leads to increased mesoscale domain sizes, as observed by small-angle X-ray scattering. Together,
the results indicate that transport in doped conjugated polymers can be equivalently improved either by reducing the Coulomb
interaction of carriers with counterions or by structurally improving mesoscale conductivity pathways.
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Introduction

oped semiconducting polymers have great potential promise
or thermoelectric applications due to their ease of processing,
hemical tunability, and inherently low thermal conductivity
1–4]. Interest in these materials has increased in recent years
ith the development of new polymers, dopants, and doping
ethods [5–10]. Most of the work in this field focuses on improv-
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ing the electrical conductivity of semiconducting polymers by
overcoming their intrinsically low carriermobility and density via
doping, which creates mobile carriers on the polymer backbone.
For thermoelectric devices, it is also crucial to consider the
Seebeck coefficient, which is the voltage difference generated
in response to a temperature gradient across a material. This
voltage facilitates the flow of charge carriers, enabling the direct
conversion of waste heat into electrical energy.
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he efficiency of the thermoelectric conversion process is
escribed by the figure of merit, ZT:

𝑍𝑇 = 𝜎𝑆2

𝜅
𝑇 (1)

hich depends on the electrical conductivity (σ), Seebeck coef-
icient (S), and thermal conductivity (κ). The temperature (T)
s included to make the quantity dimensionless. Although it
s desirable to maximize both the electrical conductivity and
he Seebeck coefficient to achieve higher ZT, increasing the
lectrical conductivity through doping generally results in a
ecrease in the Seebeck coefficient. This inverse relation leads
o a sweet spot in choosing the doping level to maximize the
umerator of Equation (1), which is also referred to as the power
actor.

he inverse relationship between σ and S can be understood using
he Boltzmann transport formalism. In the version developed
y Kang and coworkers, these factors are described in terms
f a transport function, σE, which is related to the carrier
obility [11]:

𝜎 = ∫ 𝜎𝐸

(
−
𝜕𝑓

𝜕𝐸

)
𝑑𝐸 (2)

𝑆 = −
𝑘B
𝑞

∫

(
𝐸 − 𝐸F
𝑘B𝑇

)(𝜎𝐸
𝜎

)(
−
𝜕𝑓

𝜕𝐸

)
𝑑𝐸 (3)

here kB is the Boltzmann constant, E is the energy of the charge
arrier, q is the fundamental charge, EF is the Fermi level, and
(E) is the Fermi-Dirac distribution. Although not explicit in these
quations, increasing the conductivity by increasing the carrier
ensity shifts the Fermi level into the band, thereby reducing
he asymmetry in σE about EF and lowering the average value
f (E – EF) for the carriers that contribute to the Seebeck coef-
icient [11]. This explains why the Seebeck coefficient decreases
hen the electrical conductivity increases at higher doping
evels [12–16].

he electrical conductivity of a doped conjugated polymer
epends not only on the number density of carriers but also
n the carrier mobility: higher carrier mobility results in higher
onductivity at the same carrier density. Equations (2 and 3)
ndicate that doped semiconducting polymers that have higher
arrier mobilities also will have higher Seebeck coefficients
elative to their electrical conductivity [17, 18], thus leading to an
mproved power factor and ZT.

harge transport in doped semiconducting polymer films is
ypically understood as a hopping process, where carriers must
hermally surmount a barrier in order to move. This process is
nfluenced by several factors, including structural disorder and
he Coulomb interactions between polarons and their counte-
ions, both of which create barriers that trap charge carriers
t specific locations. Temperature also plays a key role in this
ransport: at higher temperatures, polarons gain enough thermal
nergy to surmount these energy barriers. In order to improve
he carrier mobility in doped semiconducting polymers, it is
ecessary to understand how the interplay of all of these factors
ontributes to charge transport [8, 9, 12, 16, 19–22].
of 15
Recently, Gregory and coworkers [17, 18] expanded on the trans-
port model developed by Kang and coworkers [11] by proposing
that the charge transport function takes the following form:

𝜎𝐸 (𝐸, 𝑇, 𝑐) = 𝜎0exp

(
−
𝑊𝐻 (𝑐)

𝑘B𝑇

)
×
(
𝐸 − 𝐸t
𝑘B𝑇

)
(4)

This expression for the transport function is termed the semi-
localized transport (SLoT)model, which introduces three compo-
nents: σ0, the pre-factor or intrinsic conductivity in the absence of
localization effects;WH(c), a localization energy that depends on
the carrier density (c), which represents the energy that carriers
must overcome to hop between sites; and an energy-dependent
term, ( 𝐸−𝐸t

𝑘𝐵𝑇
). By assuming that the material is homogeneous

throughout its volume,WH(c) can further be broken down into a
maximum localization energy (WH,max) and the (presumed linear)
rate at which the localization energy decreases with increasing
carrier density (WH,slope). Thus, by using temperature-dependent
conductivity measurements to extract the activation energy, in
combination with Equation 4, one can determine whether charge
transport is primarily influenced by σ0 or byWH(c) upon doping.
Our goal in this work is to determine how these factors depend on
both the microscopic and mesoscopic morphology of the doped
polymer films.

Different dopants and doping methods are well known to sig-
nificantly influence the morphology of doped polymer films
[8, 9, 12, 16, 19–30]. These morphological changes can occur on
microscopic length scales, such as changes in crystallite structure,
as well as on mesoscopic scales, leading to variations in domain
length [8, 9, 12, 16, 19–25, 27, 30]. Such structural variations can
lead to significant differences in the charge transport properties
of doped semiconducting polymer films. In this study, we explore
how different dopants and doping methods affect morphology
and thus charge transport in doped semiconducting polymers.
Specifically, we measure the electrical conductivity, Seebeck
coefficient, and activation energy (WH), and then use the SLoT
model to analyze charge transport in terms of parameters such
as σ0 andWH(c). We then interpret the results using both small-
and wide-angle X-ray scattering experiments to reveal how the
morphology induced by different doping methods affects the S-σ
relationship.

To investigate how different dopants and doping methods influ-
ence charge transport and the S-σ relationship, we focus on
the workhorse semiconducting polymer poly(3-hexylthiophene-
2,5-diyl) (P3HT) [20, 31–39]. P3HT is a semicrystalline polymer
containing both crystalline and amorphous regions. The lack
of order in the amorphous regions leads to shorter average
conjugation lengths and thus higher oxidation potentials; in other
words, amorphous regions can be up to a few hundred meV
harder to dope than crystalline regions [40]. We then choose
dopants and doping methods that have different effects on film
morphology, including: where the counterion sits in the polymer
crystal structure, whether or not themethod enhances or destroys
overall crystallinity, and whether or not the dopant can create
carriers only in the crystalline regions or in both the crystalline
and amorphous regions. Figure 1 shows the chemical structures
of the semiconducting polymer and dopants used in this study.
Advanced Functional Materials, 2026



FIGURE 1 Chemical structures of P3HT and the various dopants
used in this study. Two doping methods are used in this study: con-
ventional and anion-exchange. For the conventional doping method, we
utilize three dopants: F4TCNQ, DDB-F36, and DDB-F72, which vary in
oxidizing power from weakest to strongest, respectively. The weakest
dopant, F4TCNQ, is primarily able to dope only crystalline regions
of P3HT. The two boron cluster dopants are stronger oxidants, and
although the oxidation power difference between the DDB-F36 and DDB-
F72 dopants is ∼200 mV, their equally large counterions reside in the
lamellae in the polymer lattice upon doping. For the anion-exchange
method, the dopant is F4TCNQ and the electrolyte is LiTFSI. The anion-
exchange dopingmethod allows for control over the nature of the dopant’s
counterion, and the presence of the electrolyte provides an extra oxidative
boost, allowing doping of both amorphous and crystalline regions in the
polymer matrix.
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or our initial dopant, we chose 2,3,5,6-tetrafluoro-7,7,8,8-
etracyanoquinodimethane (F4TCNQ) because it is widely used
n studies of doped semiconducting polymers [9, 16, 41–45].
he doping efficiency of F4TCNQ and the regions of P3HT it
an dope depend strongly on the doping procedure, the choice
f solvent used for doping, and the dopant concentration [8,
1, 22, 43, 46–48]. Under sequential doping conditions at high-
oping concentrations in relatively high-swelling solvents like
ichloromethane (DCM), which is what we will use in this work,
4TCNQ has sufficient oxidizing power to dope the crystalline
egions of P3HT without significantly doping the amorphous
egions [8, 21, 22, 43, 48].

hen doping P3HT with F4TCNQ, which occurs via integer
harge transfer (ICT), the F4TCNQ− counterions typically reside
dvanced Functional Materials, 2026
in the lamellar regions of the P3HT crystallites, nestled among the
hexyl side chains. With some processing conditions, the addition
of F4TCNQ to P3HT can produce charge-transfer complexes
(CTCs), where the F4TCNQ− anion π-stacks with the P3HT
backbone; CTCs have only partial charge transfer and thus are
not associated with mobile carrier formation [48, 49]. Even when
creating carriers via ICT, however, the relatively strong Coulomb
interactions between polarons and the F4TCNQ− counterions
in the crystalline lamellae promote carrier localization [20],
resulting in a substantial population of trapped charge carriers
[9, 20, 50].

In addition to F4TCNQ, we also explore using dodecaborane
(DDB) cluster-based dopants, whose large ∼2-nm-diameter size
leads to reduced Coulomb interactions, resulting in more mobile
charge carriers [8, 9, 51]. DDBs can be modified with different
substituents to change their oxidation power [8, 9, 51]. The two
dopants we use in this work, DDB-F72 and DDB-F36, are named
based on the total number of fluorine atoms on each cluster.
Although bothDDB-based dopants helpminimize Coulomb trap-
ping, DDB-F72 can dope amorphous regions of P3HT films more
effectively than DDB-F36 due to its ∼200 mV stronger oxidization
power. The large size and strong oxidizing power of DDB-F72,
however, play a direct role in the P3HT film’s morphology:
our previous work has shown that the intercalation of DDB-F72
dopant in the P3HT film disrupts the film’s crystallinity at high
doping concentrations. This is not the case when DDB-F36 is used
to dope P3HT, where we have shown that doped films retain
their degree of crystallinity but with a crystal structure that has
a significantly expanded lamellar distance [9, 51]. By employing
both dopants, we are thus able to keep local counterion-polaron
Coulomb interactions constant, giving us a direct handle for
understanding the trade-off between doping-induced structural
disorder and dopant accessibility to different regions of the film,
and how these factors influence charge transport characteristics.

Recently, Yamashita and colleagues developed a new technique
called anion-exchange (AE) doping, which offers several benefits
over traditional chemical doping methods [6]. The AE approach
involves immersing a conjugated polymer film into a solution
containing both a chemical dopant and a high concentration
of an electrolyte in a semi-orthogonal solvent, which swells the
polymer film without dissolving it, thereby facilitating inter-
calation of the dopant and electrolyte ions into the polymer.
Anion-exchange doping proceeds through a two-step process:
first, the dopant oxidizes the polymer, and second, the dopant
counterion is replaced by the electrolyte anion through mass
action. This method not only allows for control over the choice
of counterion in doped polymer films, but it also boosts the
doping power by ∼200 mV, thereby enabling higher doping
levels than conventional methods [6]. In this study, we take
advantage of this oxidative boost by using F4TCNQ, which
predominantly dopes crystalline regions, together with lithium
bis(trifluoromethanesulfonyl)imide (LiTFSI) as the electrolyte
salt, to dope both the crystalline and amorphous regions in P3HT
films. Since doping the amorphous regions can lead to significant
structural changes, we can then investigate how these structural
changes relate to charge transport and the S-σ relationship.

Thus, in this study, we examine how different dopants –
F4TCNQ, DDB-F72, and DDB-F36 – and different doping methods
3 of 15
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conventional and anion exchange – affect the morphology,
harge transport, Seebeck coefficient, and electrical conductivity
f doped P3HT.Our findings show that charge transport, and thus
he Seebeck coefficient-electrical conductivity (S-σ) relationship,
an be improved either by reducing Coulomb trapping or by
ncreasing mesoscale ordering through the crystallization of for-
erly amorphous regions. Using a combination of temperature-
ependent conductivity and Hall effect measurements, along
ith UV–vis–NIR spectroscopy, we demonstrate that P3HT
ilms doped with DDB-based dopants exhibit much less carrier
ocalization compared to those doped with F4TCNQ or via the
nion-exchange method due to the reduced counterion-polaron
nteraction. Additionally, using the SLoT model, we find that
oping by anion exchange produces a significantly higher σ0 than
onventional doping, allowing charge carriers to overcome their
ncreased localization and achieve charge transport and Seebeck
oefficient-electrical conductivity relationships that are similar to
hose of DDB-doped films, where the carriers have much lower
ctivation energy. Furthermore, Grazing-Incidence Wide- and
mall-Angle X-ray Scattering (GIWAXS and GISAXS) analyses
eveal that the high σ0 observed in anion-exchange doped films is
ue to an increase in mesoscale domain length that results from
oping and ordering of the amorphous regions. Overall, our work
mphasizes the key role that dopants and dopingmethods play in
he thermoelectric efficiency of doped conjugated polymers: by
ontrolling key factors such as dopant size and oxidizing power,
e can deconvolute the different doping-induced structural and
nergetic disorder governing the charge transport characteristics
f doped conjugated polymers.

Results and Discussion

s mentioned above, the goal of this study is to examine
opant-induced structural changes in P3HT to better under-
tand the relationship between morphology and charge transport
haracteristics in doped semiconducting polymer systems. To
econvolute the role of morphology in the charge transport
haracteristics of doped P3HT, we control not only the dopant
ize and shape, but also the oxidizing power that determines
hich regions of the polymer film can be doped. To fabricate
he doped semiconducting polymer P3HT films for this study, we
sed the sequential processing (SqP) method [52–55]. First, P3HT
ilmswere spin-coated onto glass substrates. After the films dried,
his was followed by a second spin-coating step with solutions of
ifferent dopants, including F4TCNQ,DDB-F72, andDDB-F36. For
nion-exchange doping, we used a dopant solution containing
4TCNQ as well as 104.5 mm of LiTFSI. Additional details on the
aterials used, film fabrication techniques, and doping processes
an be found in the Experimental section.

.1 UV–Vis–NIR Spectroscopy

e start our investigation by performing UV–vis–NIR spec-
roscopy on P3HT films doped usingDDB-F72, DDB-F36, F4TCNQ,
nd via anion exchange (AE) at various doping concentrations
Figure 2). For all of the doped samples, we observe an absorption
ncrease at ∼1.5 eV and ∼0.5 eV, the so-called P2 and P1 peaks,
espectively, which are associated with the presence of polaronic
harge carriers. All of the doped films also show a depletion
of 15
of the bandgap transition of the neutral polymer near ∼2.3 eV.
Both the DDB-F72- and DDB-F36-doped films exhibit a third
polaron transition (P3) at∼1.6 eV that disappears at higher doping
levels [8, 9]. The P2 region in F4TCNQ-doped samples and the
bandgap region in the DDB-doped samples also have overlapping
absorptions from the dopant anions [8, 45, 51, 55–57]. Despite the
peak overlaps, we see that with increasing dopant concentration,
both the P1 and P2 intensities rise, indicating the creation of more
polarons. In the case of the anion exchange doping method, we
also see no absorption signatures of F4TCNQ− in the P2 region,
indicating that anion exchange occurred.

Based on their similar P1 absorption intensities, which are in a
region free of spectral overlap, the F4TCNQ, DDB-F72, and anion-
exchange (F4TCNQ with LiTFSI) doped P3HT films have similar
doping levels at dopant concentrations of 3.62 mM, 0.5 mM, and
3.62 mM with 104 mM LiTFSI, respectively. DDB-F72 is clearly
more efficient at doping, as it reaches the same level of doping
at a solution concentration ∼7 times lower than that of the other
dopants. In contrast, DDB-F36 is less effective at doping P3HT
than DDB-F72, showing a much lower P1 intensity even at twice
the doping concentration; it also appears slightly less effective at
doping P3HT than F4TCNQ.

Based on cyclic voltammetry, DDB-F36 is slightly more oxidizing
than F4TCNQ [8], which would typically suggest a higher doping
efficiency. However, solution-phase redox potentials may not
necessarily translate directly to doping efficiency, where ion
pairing effects, the local dielectric environment of the solvent-
swollen film, and dopant intercalation can strongly influence
charge transfer and stabilization of the resulting ionized species
and thus the doping levels achieved. In the case of DDB-F36, its
large size likely makes it more difficult to intercalate into the
polymer lattice during SqP, even in high-swelling solvents like
DCM, leading to a lower doping level.

In addition to providing qualitative insights into doping level,
the spectral position of the P1 absorption also reveals important
details about charge carrier delocalization. Although a detailed
assignment of the P1 transition is still the subject of discussion
in the literature, recent experimental and theoretical work from
our group and others supports a description in which the P1
transition corresponds to excitation from the valence band into
a partially-filled polaronic intragap state in doped P3HT [19,
58–63]. Theoretical work by Spano and co-workers has argued
that a red-shifted P1 transition is associated with greater carrier
delocalization, whereas a blue-shifted P1 indicates stronger local-
ization [8, 9, 21, 64]. We have argued previously that there is
a correlation between the molecular-level degree of localization
and the macroscopic carrier mobility [8, 9], but others have
pointed out that this correlation is not perfect [28, 30], and one of
the purposes of this paper is to explore carrier transport on length
scales between the molecular and macroscopic.

The observation that the position of the P1 absorption band
reflects localization of the polaron due to Coulomb interactions
with the dopant counterion explains why P3HT films doped with
DDB-F72 and DDB-F36 exhibit a significant P1 redshift compared
to those doped with F4TCNQ or via AE. This is because the
larger size of the DDB dopants forces the charge of the counterion
to be positioned further from the polymer backbone than is
Advanced Functional Materials, 2026



FIGURE 2 UV–vis–NIR spectra of doped P3HT films using different dopants/methods: (a) DDB-F72, (b) DDB-F36, (c) F4TCNQ, and (d) anion
exchange (AE) at various doping levels. All four doping methods produce the P1 and P2 absorption bands characteristic of polarons, as well as decrease
the absorption intensity of the P3HT bandgap. The bandgap bleach is less apparent for the two DDB dopants because the DDB anions absorb near 2.4 eV,
overlapping the P3HT bandgap transition. The vibronic structure near 1.5 eV and the peak near 3.0 eV in panel (c) come from the F4TCNQ anion. The
legend in the anion exchange samples shows the final F4TCNQ concentrations. The LiTFSI concentration was kept constant at 104.5 mm.
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he case for smaller counterions, such as TFSI− or F4TCNQ−

8]. This increased distance weakens the Coulomb interaction,
eading to more delocalized carriers and thus a red-shifted P1
and [50]. In contrast, the P1 transition for films doped with
he anion-exchange method is at a similar position to that of
4TCNQ-doped films, with both showing a bluer P1 transition.
his similarity in P1 peak position suggests that the counterion
oulomb interactions, and thus the degree of carrier localization,
n anion-exchange doped P3HT films are comparable to those in
4TCNQ-doped films.

.2 Probing FilmMorphology Using Grazing
ncidenceWide- and Small-Angle X-ray Scattering
echniques

o investigate the different morphologies that result from the
arious dopants and doping methods used in this study, we struc-
urally characterized the doped semiconducting P3HT polymer
ilms using grazing-incidence wide- and small-angle X-ray scat-
ering (GIWAXS and GISAXS). All films retain their crystallinity
pon doping and show the expected edge-on orientation with
espect to the substrate, as seen in the raw 2D scattering data
Figure S1). Figure 3a,b displays integrations of the GIWAXS
dvanced Functional Materials, 2026
diffraction patterns for the most highly-doped samples shown
in Figure 2, with integrations in the out-of-plane and in-plane
directions plotted separately. The one exception is the DDB-F72
doped film, which is shown for the second-highest doping level,
0.3 mM, because of increased disorder that occurs at the highest
doping level. Out-of-plane and in-plane integrations can be found
for P3HT doped with all four dopants at all doping levels in
Figures S2 and S3.

For the case of F4TCNQ (red curve, Figure 3a), the data show
a shift of the (100) peak, which corresponds to the lamellar
spacing of the P3HT crystallites, from approximately 0.39 Å−1 to a
lower q-spacing of about 0.35 Å−1 upon doping. This shift, which
has been noted in several studies, indicates that the lamellar
region of P3HT is expanding to accommodate the F4TCNQ anion
within the polymer crystal structure [20, 21, 51]. Figure 3b shows
that F4TCNQ doping also causes a shift of the (020) π-stacking
peak: this peak moves from approximately 1.65 Å−1 to a higher
q around 1.70 Å−1, indicating a reduction in the π-stacking
distance. This shift has been attributed to a reorientation of the
π-stacking direction with respect to the unit cell axis, a change
that modifies the tilt-angle of the hexyl side chains to make
more room for intercalation of counterions into the lamellar
region [20, 21, 51].
5 of 15



FIGURE 3 Out-of-plane (panel a) and in-plane (panel b) integrated
GIWAXS data for pristine P3HT (black curve) and for the most highly-
doped P3HT samples for each dopant shown in Figure 2. Specific dopant
concentrations were 1 mm DDB-F36, 3.62 mm F4TCNQ, and 3.62 mm
F4TCNQ combinedwith 104.5mmLiTFSI for the anion exchange sample.
For P3HT doped using DDB-F72, the data shown corresponds to the
second-highest concentration (0.3 mm), because there is a drop in the
electrical conductivity and Hall carrier mobility due to amorphization of
the film at the highest doping concentration.
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n the out-of-plane GIWAXS integration in Figure 3a, the anion-
xchange-doped (green curve) films show a shift in the (100)
amellar peak to approximately 0.35 Å−1 [27], resulting in a
amellar spacing similar to that of the F4TCNQ-doped samples.
n the in-plane integration in Figure 3b, the (020) π-stacking peak
hifts to a q-spacing of ∼1.75 Å−1, a value that is only slightly
arger than that observed for the F4TCNQ-doped materials. The
imilarity in changes to both the (100) and (020) peaks between
nion-exchange doped films and F4TCNQ doped films suggests
hat these similarly-sized counterions distort the P3HT crystal
of 15
lattice in a comparable fashion and that both sit within the
lamellar region. Therefore, the hypothesis of roughly similar
Coulomb interactions between polarons and each of these anions
is consistent with the similar P1 peak positions seen in Figure 2.

Additionally, Figure 3b shows that the anion-exchange-doped
P3HT samples have a broad scattering peak centered around
∼1.4–1.5 Å−1. Scattering in this region has been previously
attributed to partly-ordered π-stacking associated with semi-
amorphous regions of doped polymer films [8, 51]. When amor-
phous polymer regions are doped, they become more ordered,
but they are not always able to fully crystallize. Therefore, the
presence of this peak suggests that anion-exchange doping is
affecting the amorphous regions of the P3HT film and increasing
their degree of order to the point where they contribute to
the scattering pattern. We note that the AE films were doped
using n-butyl acetate (n-BA) as the solvent while the other films
were doped using dichloromethane (DCM) as the solvent. Thus,
to test whether this disordered π-stacking peak was related to
the AE doping method or the use of n-BA, we performed a
series of control experiments where we doped P3HT films with
F4TCNQ from both n-BA and DCM. The results are shown
in Figure S4, and they make clear that F4TCNQ-doped P3HT
films do not show significant scattering in the disordered π-
stacking region upon doping from either solvent (see Supporting
Information), indicating that the ∼1.4–1.5 Å−1 feature observed in
the anion-exchange-doped samples is not caused by the solvent
alone.

Unlike the F4TCNQ- and anion-exchange-doped samples, the
out-of-plane integrations for theDDB-doped in Figure 3a samples
(brown and blue curves) show a significant shift of the (h00)
peaks to a much lower q-spacing, so low that only the (200)
lamellar peak of the doped structure [labeled (200)’] can be
observed outside of the beam stop used in the experiment [8].
This expansion is driven by the large size (∼2 nm diameter) of
the DDB-based counterions, which greatly expand the lattice in
the lamellar direction in order to create a larger space into which
they can fit. This expansion is what causes the DDB anions to
have weaker Coulomb interactions with polarons due to their
increased distance from the polymer backbone [9].

In contrast to the significant expansion of the lamellae, the in-
plane integration in Figure 3b reveals that the (020) π-stacking
peaks for both DDB-F72- and DDB-F36-doped P3HT films show
minimal change from the pristine value, suggesting that the
original π-stacking morphology is largely preserved; the DDB
clusters are so large that they cannot intercalate within the hexyl
side chains, as with the F4TCNQ- and anion-exchange-doped
samples, so they instead sit as an independent layer between the
hexyl moieties [8]. Although the two DDB-based dopants have
largely similar molecular structures, a broad shoulder centered
near 1.4–1.5 Å−1 appears below the (020) π-stacking peak in
DDB-F72-doped films, which is much less pronounced in the
DDB-F36-doped films. This broad shoulder could be either a
signature of partial doping-induced crystallization of amorphous
regions, as mentioned above, or it could correspond to a loss
of some of the originally crystalline regions of the film [8, 51].
Since DDB-F72 is highly oxidizing, it should dope the amorphous
regions, making them more ordered, and heavily dope the
crystalline regions to the point where the crystal structure could
Advanced Functional Materials, 2026



TABLE 1 Radius of gyration (Rg) obtained from GISAXS for P3HT samples doped at similar Hall carrier densities of ∼5 × 1020 cm−3 with different
dopants (cf. Figure 5b). The dopant concentrations needed to achieve carrier densities around this level are 0.3 mm DDB-F72, 1 mm DDB-F36, 0.18 mm
F4TCNQ, and 1.81 mm/104.5 mm anion exchange (F4TCNQ/LiTFSI). The Rg values for all four dopants at all the dopant concentrations studied are
presented in Table S1. The Rg values were obtained using the Unified fit model (see Supporting Information for fitting details). Also presented are the
σ0 andWH,slope parameters from the SLoT model fits to the Seebeck coefficient-conductivity data in Figure 4.

Pristine F4TCNQ AE DDB-F72 DDB-F36
Rg (Å) 80 57 107/51 39 58
Hall Carrier Density (×1020 cm−3) — 5.2 4.8 5.1 3.6
σ0 (S cm−1) — 10 125 25 35
WH,slope (meV) — 310 350 1000 1550
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e partly disrupted due to the large number of DDB clusters
hat must be inserted into the crystalline lattice. The smaller
houlder at 1.4–1.5 Å−1 in the DDB-F36-doped films indicates
hat this less oxidizing dopant does not dope strongly enough
o disrupt the crystallites or significantly re-order amorphous
egions.

n addition to changes in the local crystal structure, doping also
auses changes on larger length scales, which we probe using
ISAXS [65–71]. Table 1 provides the domain size, or radius of
yration (Rg) correlation length, extracted fromGISAXS for P3HT
hin films doped at a Hall carrier density of ∼5 × 1020 cm−3

or all four dopants (see Figures S6 and S7 for the GISAXS
ntegrations and fits used to obtain Rg for each dopant). A larger
g is associated with doped domains that persist over a greater
istance, likely indicating greater continuity of the conductive
athways within those films [72, 73].

ur GISAXS results reveal that the initial pristine P3HT film
as Rg = 80 Å, a value that likely corresponds to the crystalline
omain sizes within the film. Upon doping with F4TCNQ, Rg
ecreases to 57 Å, indicating that the doped domains may
e smaller than the original polymer crystallites [12, 29, 74].
nterestingly, both DDB-F72- and DDB-F36-doped films exhibit
till lower Rg values, 39 and 58 Å, respectively. The decrease
n Rg in the DDB-based P3HT samples can be attributed to
he dopant’s large size, which should cause significant strain
ithin the polymer network, causing single polymer domains to
reak up into multiple smaller domains upon doping. Doping-
nduced crystallization may also result in the formation of
ew, small, doped polymer domains. The much lower Rg value
bserved in the DDB-F72-doped P3HT films is likely caused by
his latter effect. The less oxidizing DDB-F36 dopant has only
nough oxidizing power to dope P3HT but not to crystallize the
morphous regions, leading to a smaller change in domain size
rom the pristine P3HT. In contrast to both the F4TCNQ- and
DB-doped P3HT films, the GISAXS data show two different
orrelation lengths for the anion-exchange-doped samples, with
g values of 51 and 107 Å. The higher Rg value of 107 Å,
hich exceeds that of the pristine film, likely corresponds to
rowth of the original domains through the same process of
oping-induced crystallization. The smaller Rg signal may arise
rom new crystalline domains formed through doping-induced
rystallization of amorphous regions, where the new domains
ere not able to grow epitaxially onto existing domains and
nstead nucleated independently.
dvanced Functional Materials, 2026
Finally, to fully understand the doping-induced structural
changes, we also evaluated the paracrystallinity, g(h00), of these
samples, shown in Figure S5. We found little overall change
in g(h00) upon doping, a result that indicates that g(h00) values
do not follow the same trend as Rg. This is because paracrys-
tallinity reflects lattice disorder within the crystallitesP, whereas
Rg reflects the larger-scale domain size within the doped films
[72, 73]. As domains grow or fracture upon doping, they may do
so with retention of crystalline order, or with increased disorder,
but grain growth and disorder are not intrinsically coupled.

With this understanding of the P3HT structural changes induced
by different dopants, we turn next to address the question: how
do these doping-induced morphological changes influence the
charge transport characteristics in P3HT doped systems?

2.3 Seebeck Coefficient-Electrical Conductivity
Relationship

Having investigated the local and mesoscopic structure of P3HT
dopedwithDDB-F72, DDB-F36, F4TCNQ, and via anion exchange,
we now turn to investigating how the different doped polymer
morphologies affect macroscopic thermoelectric properties such
as the Seebeck coefficient and electrical conductivity. To measure
the Seebeck coefficient, we deposited two parallel line electrodes
onto the film and created a temperature gradient to measure the
resulting voltage; the corresponding ΔV versus ΔT data used to
extract the Seebeck coefficients are shown in Figure S9. Electrical
conductivity was assessed using the Van der Pauw method, with
electrodes placed at the four corners of square film samples. More
details of how the Seebeck coefficient and electrical conductivity
are measured can be found in the Experimental section, and the
full conductivity and Seebeck coefficient data as a function of
dopant concentration are shown in Figure S8. Figure 4 shows the
measured Seebeck coefficient and the electrical conductivity of
P3HT doped with all four dopants across various doping levels
(the same samples whose absorption spectra are presented in
Figure 2). We note that some of the lowest-concentration-doped
samples, even though they showed evidence of doping via UV–
vis–NIR spectroscopy, had electrical conductivities too low to be
accurately measured.

For all of the doped P3HT samples, increased doping improves the
conductivity but also shifts the Fermi level deeper into the band,
reducing the asymmetry of the transport distribution around EF
7 of 15



FIGURE 4 Seebeck coefficient-conductivity (S-σ) relationship for
P3HT doped at different levels with various dopants/counterions. The
dashed curves are fits to the SLoT model (Equations 2, 3, and 4), with
parameters summarized in Table 1 and in the Supporting Information.
Both the DDB-based dopants and anion-exchange doping show signif-
icantly higher Seebeck coefficients for the same electrical conductivity
compared to F4TCNQ-doped P3HT samples.
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FIGURE 5 (a) Hall effect measurements for P3HT films doped
at different levels with various dopants. The x-axis is the Hall carrier
density (rather than dopant concentration) since the different dopants
and methods have different doping efficiencies. The DDB-based dopants
and anion-exchange method show significantly higher Hall mobility at
a given carrier density than the samples doped using F4TCNQ. Panel (b)
shows how theRg obtained fromGISAXS changes as a function of theHall
carrier density when P3HT (pristine, black circle) is doped using DDB-
F72, DDB-F36, F4TCNQ, and via anion exchange. Table 1 summarizes the
Rg values for samples doped at a carrier density of ∼5 × 1020 cm−3. Most
dopants produced smaller domains upon doping, but anion-exchanged
samples show larger domains because of doping-induced crystallization
of the amorphous parts of the film.
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nd lowering the average excess energy of the carriers contribut-
ng to the transport. As a result, the Seebeck coefficient decreases
ith increasing doping level, as described by Equation (3). P3HT
ilms doped with F4TCNQ exhibit the lowest Seebeck coefficient
or a given conductivity compared to films doped with the other
xidants. The films dopedwith DDB-F72, DDB-F36, and via anion-
xchange all show a similar (and more favorable) S-σ trend over
he measured conductivity range. This indicates that the charge
ransport efficiency of P3HT films doped with DDBs and via
nion-exchange is better than that doped using F4TCNQ.

igure 4 also displays fits of the S-σ results to the SLoT model
Equations 2–4); a detailed discussion of these fits and the
odel is given in the Supporting Information as well as further
elow. We reiterate that this model assigns charge transport as
esulting froman intrinsic conductivity (σ0) and a carrier-density-
ependent localization energy (WH(c)). Although Equation (4)
oesn’t specify whether σ0 or WH(c) has a greater impact on
he Seebeck coefficient-conductivity relationship, it is clear that
aving a higher Seebeck coefficient for a given conductivity level
ndicates a more favorable doping method.

.4 Hall Effect Measurements

o further understand the factors contributing to the S-σ rela-
ionship in P3HT doped in different ways, including the carrier
obility, we conducted Hall effect measurements on the same
et of samples used for the SLoT fits in Figure 4. A more detailed
iscussion of the Hall measurements can be found in the SI; the
all carrier density and mobility as a function of dopant concen-
ration are shown in Figure S10, and an additional comparison
upporting the consistency of the Hall-derived carrier densities
of 15
is shown in Figure S11. Figure 5a shows the measured Hall
mobility as a function of the measured Hall carrier density for
P3HT films doped with the four different methods. As expected,
the Hall carrier mobility generally increases with increasing
carrier density due to trap filling and screening effects [17, 18,
78–80]. However, for P3HT films doped with DDB-F72 at very
high concentrations, the loss of crystallinity leads to a decrease
in carrier mobility, as we have noted above and in previous work
[8].

Figure 5a also shows that the DDB-F72-, DDB-F36-, and anion-
exchange-doped P3HT samples have similar carrier mobilities at
the same carrier density. In contrast, the F4TCNQ-doped samples
Advanced Functional Materials, 2026
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FIGURE 6 (a) The experimentally-measured activation energy,
WH, for P3HT films doped with different dopants as a function of Hall
carrier density. TheWH values are obtained using temperature-dependent
conductivity measurements and fitting to the Arrhenius equation. The
DDB-based dopants show the fastest drop in WH upon doping (largest
slope) compared to anion-exchange doping or doping with F4TCNQ. (b)
The (general lack of) relation betweenWH and Rg from GISAXS.

A

xhibit significantly lowermobility at equivalent carrier densities.
his fits with the S-σ relationships seen in Figure 4, which
ndicate that the DDB- and anion-exchange-doped films have
etter charge transport compared to F4TCNQ-doped samples.
owever, this finding poses an interesting question: given that the
DB-based dopants experience reduced Coulomb interactions
ith the carriers, as indicated by their redshifted P1 absorption
nd highHall carriermobility, why do the anion-exchange-doped
3HT films also exhibit high Hall carrier mobility despite having
bluer P1 peak and thus more localized carriers? Although we
reviously have argued that a dopant’s size, the location of the
1 absorption, and Hall carrier mobility are directly correlated
8, 9], it appears that this is not the case for anion-exchange-doped
28, 30] P3HT. This suggests that other factors, presumably related
o the local crystalline and mesoscale morphology, are important
o determining the carrier mobility in anion-exchange-doped
ystems.

ne factor that could explain this observation is how different
he Rg values are for each dopant, as summarized in Figure 5b.
s mentioned above, the larger Rg values for anion exchange
ikely result from the ability of this method to dope amorphous
egions without the large strains associated with DDB insertion
nto the lattice, leading to the formation of larger, more connected
omains. Thus, Figure 5 suggests that the macroscopic charge
ransport characteristics of P3HT doped with different dopants
ay be related to the long-range structural ordering in these films,
n idea that we explore further below.

.5 Probing the Activation Energy, WH, via
emperature-Dependent Conductivity

aving established the role of dopant-dependentmorphology and
ts impact on Hall carrier mobility, we now turn to temperature-
ependent conductivity measurements to examine the energetic
andscape of charge transport. Charge transport in semiconduct-
ng polymers is often described as hopping between localized
tates, which requires thermal energy to overcome the barriers
etween them [18, 81–85]. By measuring the electrical conductiv-
ty as a function of temperature (σ(T)) and fitting the data to the
rrhenius equation, we extract the activation energy, WH, from
he slope of the linear ln(σ(T)) versus (kBT)−1 plot to determine
ow this energy changes with carrier density [82]. Details of
he measurement methods and Arrhenius fits are given in the
xperimental section (see also Figure S12). The results are shown
n Figure 6a,b.

igure 6a shows that both DDB-F72 and DDB-F36 doped P3HT
ilms initially experience a sharp decrease in WH as the Hall
arrier density increases. This sharp drop suggests that DDB-
oped films have highly delocalized carriers, consistent with the
arge counterion having reduced Coulomb interaction with the
arriers, as evidenced by the red-shifted P1 absorption transition
een in Figure 2. One of the key advantages of using DDB-F72
s a dopant, in comparison to DDB-F36, is its strong oxidizing
ower and higher doping efficiency, which allows us to study the
arrier height at very low doping levels. The data suggest that
t low doping levels, carriers in DDB-F72-doped P3HT films still
xperience significant localization despite the weaker Coulomb
nteractions between the polaron and the dopant counterion.
dvanced Functional Materials, 2026
This localization can be understood by the increased distance
between doping sites at low doping levels, leading to poorer
overlap between potential wells and thus a higherWH [18]. Given
that the Coulomb interaction with charge carriers is already low
in DDB-doped samples, this explains why the decrease in WH
with increasing carrier density is more rapid than with F4TCNQ-
and anion-exchanged doping,where the local Coulomb attraction
between carriers and counterions is stronger.

Perhaps the most striking result in Figure 6a, however, is that
although the anion-exchange doped samples have relatively
high Hall carrier mobilities (Figure 5a) and a favorable Seebeck
coefficient-conductivity relationship (Figure 4), they show simi-
lar activation energy to the F4TCNQ-doped samples at the same
carrier density. This relatively large WH, along with the blue-
shifted P1 peaks for the AE-doped samples, indicates that the
polarons still experience relatively strong Coulomb interactions
with the TFSI− counterions. This again raises the question: why
do these samples have high carrier mobilities despite having high
activation energies? Normally, a large activation energy would
suggest poor carrier mobility, so the better mobility and charge
transport must be due to another factor that compensates for the
large activation energy.

As mentioned above, we believe that this other factor is related
to the mesoscale domain ordering, as quantified by Rg. Figure 6b
shows that DDB-F72- and DDB-F36-doped P3HT experience simi-
larWH barriers, despite havingmuch smaller Rg values compared
to F4TCNQ- and anion-exchange-doped P3HT. This suggests that,
for the DDB-doped systems, favorable charge transport is driven
primarily by the reduced Coulomb trapping rather than by favor-
able longer-ranged morphological effects. The one exception to
this trend is themost highly-dopedDDB-F72 sample,which shows
a very large domain size and a slightly increased WH barrier. As
discussed above, this overdoped sample is starting to amorphize
due to an excess ofDDB clusters in the lattice, resulting in reduced
domain contrast and thus a larger Rg. In contrast, the anion-
exchange-doped P3HT samples exhibit larger Rg values across
doping levels, indicating that improved mesoscale connectivity
contributes importantly to their favorable long-range transport.
These observations therefore suggest that activation energy alone
9 of 15
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FIGURE 7 Relationship between σ0, obtained from SLoT fitting
of electrical and thermal measurements, and Rg values, obtained from
GISAXS, at all measured carrier densities. The trend indicates that
as the domain length increases, the intrinsic conductivity improves
proportionally, regardless of the doping level for each dopant. The orange
curve is to help guide the eye.

1

oes not fully determine macroscopic transport. This motivates
n analysis of σ0, the intrinsic conductivity, inEquation (4),which
e discuss below.

.6 Semi-Localized Transport Model (SLoT)

o better understand the enhanced carrier mobilities and S-σ
elation in the AE-doped samples, we next examine the SLoT
its, focusing particularly on the extracted σ0 values. Within the
LoT framework, σ0 is the transport prefactor in the absence of
ocalization effects and thus sets the intrinsic conductivity scale
f a system. As a result, larger σ0’s correspond to systems that can
chieve higher conductivities with a given Seebeck coefficient,
ven if localization effects are present. The parameters used to fit
he SLoT model (Equations 2–4) to the S-σ relationship for the
3HT samples doped at different concentrations with different
opants, shown by the dashed curves in Figure 4, are summarized
n Table 1 (see also Table S2).

rom these SLoT parameters, we see that P3HT samples doped
ith DDB-F72 and DDB-F36 have similar σ0 values (25 and 35 S
m−1, respectively) and similar rates of change of the localization
nergy with carrier density (WH,slope = 1000 meV and 1550 meV,
espectively). In contrast, the SLoT model fits for the F4TCNQ-
nd anion-exchange doped P3HT samples have much smaller
H,slope values (310 meV and 350 meV, respectively), as seen

n Figure 6. Additionally, σ0 increases substantially from 10
/cm for the F4TCNQ-doped samples to 125 S/cm for the AE-
oped samples; the latter value is 3–4 times higher than the
0 values for P3HT doped with the DDB clusters. This suggests
hat the enhanced charge transport characteristics in the DDB-
ased doped samples result from both a moderately high σ0
nd a reduced localization energy, while the favorable charge
ransport characteristics of the anion-exchange-doped samples
esult from a σ0 that is so high that it can overcome fairly
igh localization effects and high activation energies from strong
oulomb interactions.

iven that all the samples we studied in this work are based
n the same semiconducting polymer, P3HT, this leads to the
uestion: how can the same doped polymer have such dramat-
cally different intrinsic conductivities simply by changing the
opant or doping method? We find that there is a correlation
etween the σ0 parameter obtained from fitting the SLoT model
nd the mesoscopic degree of order, Rg obtained fromGISAXS, as
ighlighted inTable 1 andFigure 7. This suggests that the dopant’s
dentity, which determines its ability to dope and crystallize
ertain regions within the P3HT films, thus determining the
esoscale morphology of the doped films, directly influences the
harge transport characteristics.

able 1 and Figure 7 show that although the DDB-based dopants
ave moderately large values of σ0, they have smaller Rg values
ompared to anion-exchange-doped samples. These very small
g values can be attributed to these dopants’ large size, which
isrupts the polymer lattice, as seen in Figure 3, leading to
horter long-range structural connectivity between domains. The
ifferences in the σ0 and Rg values between DDB-F72-doped and
DB-F36-doped P3HT can be explained by the difference in these
opants’ oxidizing power. Although DDB-F72 can readily dope
oth crystalline and amorphous regions, its high oxidization
0 of 15
power and large size cause it to overdope the crystalline domains,
disrupting the periodicity and resulting in a lower Rg and σ0.
On the other hand, DDB-F36, which is less oxidizing but has an
equally large counterion, breaks up the domains less, resulting
in a better connectivity between crystalline domains and slightly
improved long-range charge transport.

In the case of F4TCNQ-doped P3HT samples, we attribute the low
values of σ0 and Rg seen in Figures 5b and 7 to the fact that under
these conditions, F4TCNQ predominantly dopes the crystalline
regions of P3HT films, creating smaller isolated doped crystalline
domains with poorer interdomain transport. In contrast, the
anion-exchange-doped P3HT samples exhibit a larger Rg value
due to doping-induced crystallization of the amorphous regions
without the large lattice strain as seen from the DDB clusters,
which expands the connectivity between doped domains and
provides for improved long-range charge transport pathways.
The large increase in σ0 observed for the AE-doped samples
occurs together with a substantial increase in Rg, suggesting
that improved mesoscale ordering and connectivity contribute
to the enhanced intrinsic transport scale captured by σ0. This
correlation indicates that the structural reorganization induced
by anion exchange favorably modifies the transport landscape of
the doped film.

This interpretation is consistent with prior work from both
Yamashita and co-workers, who observed enhanced doping levels
together with reduced lattice/structural disorder [6, 86], and also
Chen et al., who similarly linked charge-transport enhancement
with doping-induced ordering of previously less-ordered regions
[30]. It is important to note that the SLoT model parameters,
including σ0, are determined entirely from electrical and thermal
measurements, while the GISAXS parameters are entirely struc-
turally based, so our results provide perhaps the strongest link
Advanced Functional Materials, 2026
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o date between the mesoscale morphology of doped conjugated
olymers and thermoelectric properties. From Figure 7, we see
hat the dopant size, redox potential, and propensity to drive
oping-induced crystallization of the amorphous polymer regions
re all important for controlling electrical conductivity, since
he local and mesoscale structures both directly influence the
harge transport characteristics of doped organic semiconducting
olymers.

Conclusions

n summary, we explored using four different dopants/doping
ethods to create doped P3HT films with different morphologies
nd thus different charge transport characteristics. Hall effect
easurements demonstrate that DDB-based dopants and anion-
xchange doping provide better charge transport compared to
4TCNQ, resulting in a better S-σ relationship. The enhanced
harge transport observed with DDB-based dopants is attributed
o reduced Coulomb interactions and lower activation energy,
hile anion-exchange doped films and those dopedwith F4TCNQ
xperience strong localization effects and higher activation
nergy. Hall effect, temperature-dependent conductivity, and
V–vis–NIR spectroscopy probe all show that Coulomb interac-
ions between the dopant counterions and the charge carriers
re the dominant factor influencing carrier localization and
ctivation energy in these samples.

urther analysis using the SLoT model indicates that the
mprovement in charge transport for anion-exchange doping is
rimarily due to a much higher intrinsic conductivity σ0 that
an compensate for the accompanying higher carrier localiza-
ion energy (WH(c)). Our structural measurements show that
his improvement in the intrinsic conductivity is linked to the
oping and ordering of the amorphous regions, improving the
g and thus the mesoscale charge transport connectivity. All
f the results indicate that it is a combination of the local
olecular Coulomb interaction, the degree of doping-induced
rystallization, and ordering on the mesoscale, which controls
verall charge transport in doped conjugated polymer films.
learly, it is possible to use mesoscale ordering to achieve similar
harge transport characteristics even in the presence of strong
ocalization effects, indicating that further research on how to
nhance ordering on this length scale is warranted for improving
he thermoelectric properties of doped conjugated polymers.

Experimental

.1 Device Preparation

evice fabrication was performed on pre-cleaned glass substrates
or thermoelectric, electrical, and spectroscopy samples, and on
re-cleaned silicon wafer substrates for GIWAXS and GISAXS
amples. The cleaning process involved cutting the substrates into
.2 × 1.2 cm pieces, followed by sequential washes with Alconox
etergent, deionized water, and acetone. After drying with nitro-
en gas, the substrates were plasma etched for approximately 10
in. Substrates were transferred to a nitrogen glovebox for spin
oating and doping.
dvanced Functional Materials, 2026
P3HTwas dissolved in o-dichlorobenzene (20mg/mL) and stirred
until fully dissolved. Pristine polymer films were deposited by
spin coating at 1000 rpm, followed by a brief high-speed spin step
to remove residual solvent. Before doping, films were allowed
to crystallize overnight under an inert nitrogen atmosphere.
For the sequential doping procedure, the pristine P3HT poly-
mer films were exposed to a dopant solution for a set time
period before spin coating at 4000 rpm for 10 s to remove
any residual dopant solution. For F4TCNQ, DDB-F72, and DDB-
F36, the dopants were dissolved in dichloromethane (DCM) at
the specified concentrations, and the polymer films were then
exposed to the corresponding solution for 10 s before spin coating.
For anion-exchange-doped samples, various concentrations of
F4TCNQwere dissolved in n-butylacetate (n-BA) andmixed with
an equal volume of 209.0 mm LiTFSI (in n-BA) solution to obtain
anion-exchange solutions with varying F4TCNQ concentrations
while keeping the LiTFSI concentration constant (104.5mM). The
polymer films were exposed to the dopant solution for 80 s before
spin coating.

4.2 Film Characterization

GIWAXS measurements were performed at the Stanford Syn-
chrotronRadiation Lightsource (SSRL) on beamline 11–3 using an
X-ray energy of 12.7 keV at an incidence angle of 0.12◦. Diffraction
patterns were collected in a helium chamber to increase signal-
to-noise with a sample to detector distance of 250 mm and a spot
size of ∼150 µm on the image plate. Igor macro Nika was used to
calibrate the 2D spectra. WAXStool and Nika were used to reduce
the raw data. To ensure reproducibility, all samples were made
and measured in triplicate.

GISAXS was collected at the Stanford Synchrotron Radiation
Lightsource using beamline 1–5. The scattering X-rays with an
incident energy set at 12 keV were collected using a 2D detector
at a sample-to-detector distance of 3 meters. The incident angle
was set to 0.12◦. The 1D integrationswere obtained byhorizontally
integrating near the Yoneda band and were fit using the Unified
Fit method from the Irena and Nika package in Igor software. To
ensure reproducibility, all samples were made and measured in
triplicate.

Conductivity, Hall effect, temperature-dependent conductivity,
andNIR–UV–vis spectroscopymeasurements were all performed
on the same samples. Conductivity was measured by determin-
ing the sheet resistance using a Lakeshore MeasureReady M91
FastHall instrument. Film thicknesses were measured with a
Dektak 150 stylus profilometer. The samples had 1 × 1 mm square
Au electrodes, 50 nm thick, thermally evaporated onto the corners
using a 3D-printed shadow mask in an Angstrom Engineering
Nexdep thermal evaporator. To ensure reproducibility, all con-
ductivity measurements were conducted on three independent
samples.

Hall effect measurements were performed using the same
Lakeshore instrument, with a source current of 10 µA and a mag-
netic field of 1.0236 T; these measurements were conducted on at
least three independent samples for reproducibility. Temperature-
dependent conductivitywas determined bymeasuring the sample
sheet resistance as a function of temperature in a custom-built
11 of 15
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an der Pauw setup using aKeithley 2400 Sourcemeter controlled
y LabVIEW software. A Peltier plate controlled the sample
emperature, measured by an RTD sensor. UV–vis–NIR spectra
ere obtained using a JASCO V-770 spectrophotometer.

he Seebeck coefficient wasmeasured on a separate device with a
ifferent electrode geometry, consisting of electrodes made from
wo parallel gold rectangles (10 × 1 mm, 45 nm thick) spaced
0 mm apart. Measurements were performed using a custom-
uilt setup with two Peltier plates to generate a temperature
radient, and the films’ temperature gradient was monitored
ith two RTD sensors. Samples for Seebeck measurements
ere prepared with the same solutions and at the same time
s those used for sheet resistance/Hall/temperature-dependent
onductivity/UV–vis–NIR measurements to ensure that all sam-
les were as identical as possible. All Seebeck measurements
ere conducted on at least three separate samples to ensure
eproducibility.
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