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Transport properties of doped conjugated polymers (CPs) have been widely analyzed with the Gaussian
disorder model (GDM) in conjunction with hopping transport between localized states. These models
reveal that even in highly doped CPs, a majority of carriers are still localized because dielectric permittivity
of CPs is well below that of inorganic materials, making Coulomb interactions between carriers and dopant
counterions much more pronounced. However, previous studies within the GDM did not consider the role
of screening the dielectric interactions by carriers. Here we implement carrier screening in the Debye-
Hückel formalism in our calculations of dopant-induced energetic disorder, which modifies the Gaussian
density of states (DOS). Then we solve the Pauli master equation using Miller-Abrahams hopping rates
with states from the resulting screened DOS to obtain conductivity and Seebeck coefficient across a broad
range of carrier concentrations and compare them to measurements. Our results show that screening has
significant impact on the shape of the DOS and consequently on carrier transport, particularly at high
doping. We prove that the slope of Seebeck coefficient versus electric conductivity, which was previously
thought to be universal, is impacted by screening and decreases for systems with small dopant-carrier
separation, explaining our measurements. We also show that thermoelectric power factor is underestimated
by a factor of ∼10 at higher doping concentrations if screening is neglected. We conclude that carrier
screening plays a crucial role in curtailing dopant-induced energetic disorder, particularly at high carrier
concentrations.
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Conjugated polymers (CPs) enable environmentally
friendly and cost-efficient electronics from solution-
processable materials. CPs are also lightweight, which
makes them suitable for wearables and internet-of-things
electronics [1]. They lack intrinsic free charge carriers so
doping by blending small molecules with the CP emerged
as an efficient way of increasing the number of carriers in
CPs and improving conductivity, which is essential for
applications in electronics. However, ionized dopants also
act as traps. Because of their low permittivity (∼3) [2],
dopant counterions in CPs induce Coulomb interactions
that alter the shape and increase the width of the intrinsic
Gaussian density of states (DOS) [3–5], which is termed
energetic disorder, hindering carrier mobility. To increase
carrier concentration and optimize conductivity [6], poly-
mers are often heavily doped, with oxidation levels reach-
ing up to 36% [7].
The size of dopants and their distance from carriers

determine the magnitude of Coulomb interactions and, there-
fore, the overall shape of the DOS. However, there are
conflicting reports of impact of dopant features [8,9],
depending on the specific dopant-polymer system being
measured [10–13]. Themain observables of charge transport,

conductivity (σ), and Seebeck coefficient (α) reveal informa-
tion about the dynamic processes associated with carrier
hopping between available sites across a range of doping
concentrations. α is related to the average energy per carrier
relative to the Fermi level and gives complementary insight
into transport to σ. The interdependence of α and σ plot goes
beyond mere thermoelectric trade-off as its shape provides
information about energetic disorder and the DOS. Bandlike
transport models predict α ∝ σ−1=s with a slope s ¼ 3–4
being related to the DOS [13–17] but may require unphysi-
cally high permittivity [18] to fit experimental data. Change in
the slope of this curve is often attributed to changes in the
DOS [15,19], where flat slopes may indicate prominent
dopant-induced energetic disorder [5]. Despite Coulomb
interactions being known to dictate transport, the potential
impact of carrier screeningon energetic disorder and transport
in CPs has not been considered before.
Using a combined computational-experimental study, we

show that including carrier screening based on Debye-
Hückel theory reduces dopant-induced energetic disorder
and results in a simultaneous increase of α and σ. Our
simulations, based on the Gaussian disorder model
(GDM) [20] but modified to include Coulomb interactions
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between carriers and dopant counterions, solve Pauli’s
master equation (PME) to simulate hopping of localized
carriers from Miller-Abrahams rates [21]. Our results show
that screening plays a significant role in carrier mobility at
high doping. Screening leads to the small slopes of s ≈ 10 in
the α − σ curve observed in our measurements by limiting
energetic disorder at high doping concentrations. By includ-
ing dopant counterion size in our derivation, wewere able to
separate dopant radii from dopant-carrier distances, which
allowed us to capture the positioning of dopant counterions
in the host polymermatrix.We explain that dopant size has a
significant impact on transport only in systems where
dopants and carriers are well separated because the sepa-
ration reduces the impact of carrier screening. Nevertheless,
for systems with small dopant-carrier separation we observe
no rapid decrease in α, even at very high doping concen-
trations, and more than a tenfold underestimation of power
factor when screening is neglected.
Model.—To capture the impact of dopant counterions on

carrier states, we compute the DOS after doping by adding
Coulomb interactions to GDM according to the Arkhipov
model [3], as described in the Supplemental Material (SM)
[22]. In our recent work, we found that doping leads to
large energetic disorder, manifested in the form of a heavy
tail in the DOS [5], which has a dramatic impact on carrier
mobility (μ). Mobility in doped polymers increases with
carrier concentration (n) as a power law μ ∝ nΓE, where ΓE
is the dopant-induced energetic disorder [26]. Mobile
carriers can rearrange in response to electric fields emanat-
ing from dopant counterions and partially screen the
Coulomb interactions, particularly at large doping concen-
trations. This screening effect in CP could potentially be
much more pronounced than in inorganic materials, which
have larger dielectric constants. To capture this behavior,
we base our derivation on the formalism of Debye-Hückel
theory [27,28] and the Poisson-Boltzmann equation.
We expand the Poisson equation for potential Φ

into a Taylor series and retain only the first two terms
−∇2Φ¼½ρðΦÞ=ε0ε�≈ðρ0=ε0εÞþðΦ=ε0εÞðdρ=dΦÞ, where
the counterion charge is denoted by ρ0 and ðdρ=dΦÞ ¼
−q2ðdn=dEFÞ accounts for the response of the carrier
concentration to the potential induced by dopants. The
Poisson equation then becomes

ð−∇2 þ k20ÞΦðrÞ ¼ 1

ε0ε
ρ0ðrÞ; ð1Þ

where k0 ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

ð1=ε0εÞq2ðdn=dEFÞ
p

is the inverse screening
length, ε0 is the permittivity of free space, and ε the relative
permittivity of the polymer. Analytical solutions of (1) have
been obtained for various charge distributions (see
Refs. [29,30]), including the widely used Yukawa potential
for screened point charges [31]. But in cases simultane-
ously involving both screening and nontrivial ρ0 distribu-
tions, the solution for Φ becomes quite bulky.

A Gaussian distribution has been shown to be an
excellent description of the charge distribution ρ0ðrÞ for
calculations of dopant-carrier interaction in the modified
GDM [26]. Carriers transfer from the dopant to the polymer
backbone and transport along the backbone, leaving behind
counterions that are separated from the carriers by polymer
side chains. Side-chain length, along with tight ordering of
polymer chains in crystalline polymers, set the minimum
distance between carriers located on the polymer backbone
and dopants; this minimum separation is captured here by
Rs, illustrated in Fig. 1(a). Inside this radius, a carrier would
be strongly trapped by the dopant and not contribute to
screening, so we set k0 ¼ 0 inside it. This distance can also
not be smaller than the dopant size, so we truncate the
charge distribution outside Rs to ρ0 ¼ 0.
The solution of (1) then becomes ΦoutðrÞ ¼

½qCS=4πε0εð1þ k0RsÞ�ðe−k0ðr−RsÞ=rÞ. Here CS is the num-
ber of dopants in a cluster, here set to 1, and the term
(1þ k0Rs) appears as a correction relative to the Yukawa
potential. The solution inside Rs becomes

ΦinðrÞ ¼
qCS

4πε0εRs
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FIG. 1. (a) Illustration of dopant and its charge, truncated at Rs,
with a carrier on CP’s backbone. (b) Potential energy of the
Coulomb interaction of a test charge and dopant with (solid lines)
and without screening (dashed and black line). For the red lines
Rs ¼ 0.3 nmand for blue linesRs ¼ 0.8 nm.The black solid line is
the potential energy due to a point charge, simply decaying as 1=r.
Density of states with and without screening for (c) Rs ¼ 0.3 nm,
Γi ¼ 3 kT and (d) Rs ¼ 0.8 nm, Γi ¼ 9 kT. The DOS tail is
heavier for smaller Rs and intrinsic energetic disorder Γi.
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where Rd is the standard deviation of Gaussian
charge distribution on the dopant counterion and Kd¼
ð1=RsÞerfðRs=

ffiffiffi

2
p

RdÞ−
ffiffiffiffiffiffiffiffiffiffiffiffið2=πÞp ð1=RdÞexpðR2

s=2R2
dÞ. The

resulting potential energy of a test charge interacting with a
dopant counterion screened by carriers is ECin=outðrÞ ¼
−qΦin=outðrÞ, where q is the elementary charge. To ensure
accuracy at very large doping concentrations, we imple-
ment corrections to the screening length based on
Refs. [32,33]. Comparison of k0 values with different
corrections [28,34] (Fig. S1) and more information about
our approach is in Sec. S2 and S3 of the SM [22]. A large
advantage of our approach is the possibility to separate Rd,
which captures the spread of the dopant counterion charge,
and Rs, which captures how close a carrier can approach the
dopant. Thus, we are able to capture features of the dopant-
polymer system more thoroughly, map those features to the
model more comprehensively, and understand what fea-
tures will enhance carrier transport.
Results.—We first examine the impact of doping on the

shape of the DOS. Screening changes the electrostatic
potential of dopants and consequently the DOS in the
doped material. The potential energy of the Coulomb
interaction of a test charge is shown in Fig. 1(b), contrasting
the cases with (solid lines) and without (dashed lines)
screening, along with the potential energy arising from
unscreened Coulomb interactions with a point charge.
We notice a significant change in the DOS for small Rs
[Fig. 1(c)], where DOS changes shape and remains
narrower. A similar effect occurs in systems with a large
Rs [Fig. 1(d)], although not as pronounced due to weaker
dopant-carrier interactions, resulting in a smaller impact of
screening on their Coulomb potential.
For the purpose of analysis, we fit our DOS with a

generalized Gaussian and extract the resulting energetic
disorder Γ and shape parameter p from the DOS, using the
procedure described in Ref. [35]. Parameter p represents
DOS “sharpness,” where the DOS with p ¼ 2 is Gaussian,
p ¼ 1 exponential, and smaller values indicate heavy tails.
A quantitative example of the impact that screening has on
DOS is given in Fig. 2(a), which shows the dependence of
Γ with Coulomb energy ECoulomb ¼ q2=ð4πεε0Þn1=3 for
screened and unscreened DOS. The density of molecular
sites in our calculations is 8 × 1027 m−3 from a site spacing
of 0.5 nm. Consequently, a carrier concentration of 5%
corresponds to n ¼ 4 × 1026 m−3. The evolution of the
DOS with doping is shown in Fig. 2(b), where dopant-
induced energetic disorder Γ − Γi is plotted as a function of
the shape parameter p. For carrier concentrations above
∼5% and small Rs, the energetic disorder is about 0.1 eV
lower in the screened than in the unscreened system. The
lower energetic disorder is mirrored in the increase of α and
σ shown in Fig. 2(c). Consequently, carrier mobility is
almost doubled at ∼50% doping when screening is
included, shown in Fig. 2(d), where the right-hand axis
is the ratio of mobilities with and without screening, for
small (solid line) and large (dashed line) Rs.

The dependence of σ and α on carrier concentration n
translates into the α − σ curve shown in Fig. 3 and
elaborated in Sec. S8 of the SM [22]. We find that the
extraordinarily flat α − σ curves originate from screening,
which is particularly pronounced at small Rs. In contrast,
the slope of α − σ changes only slightly with intrinsic
disorder Γi in the absence of screening (Fig. S6 [22]), even
when comparing extreme values of Γi (3 and 9 kT). We
compare our calculations to experimental data on vapor-
doped regiorandom (RRa) and regioregular (RR) poly(3-
hexylthiophene-2,5-diyl) (P3HT). We use iodine as our
dopant because its electron affinity of 4.99 eV [22,36] is
well aligned with the HOMO level of P3HT [37], resulting
in p-type material, confirmed by the positive sign of
measured Seebeck coefficients. While it has been shown
that energetic disorder makes dopant ionization more
favorable by lifting the states in the tail of the DOS above
the dopant level [19,38], we carefully confirm that we have
complete dopant ionization at all doping concentrations in
our model (see Sec. S5 in the SM [22]). Further information
regarding our experimental technique can be found in our
earlier work (Refs. [4,5,26]).
Transport properties were continuously measured while

dedoping, capturing α − σ over several orders of magnitude
in carrier concentration. The data are shown by symbols in
Fig. 3 together with calculations including (solid lines) and

FIG. 2. (a) Total energetic disorder Γ plotted against the
Coulomb energy while varying the carrier concentration. The
legend is valid for each plot. (b) Extrinsic energetic disorder
Γ − Γi, where Γi is intrinsic energetic disorder, plotted against the
DOS shape parameter p. Doping concentration in (a) and
(b) ranges from 0.0002% to 20%. Plots of (c) electric conduc-
tivity and Seebeck coefficient and (d) mobility as a function of
doping concentration. Screening becomes significant above
about 5% doping where we see a significant increase in α in
(c) and mobility in (d). Ratio of mobilities with and without
screening is plotted on the right-hand axis in (d) for small (solid
lines) and large (dashed lines) Rs, with Rd ¼ 0.2 nm throughout.
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excluding screening (dashed lines). Only the calculations
that include screening agree with the extremely flat slope of
the RRa curve. This behavior could not be explained by the
unscreened GDM [4] but agrees well with measurements
where, even at high doping concentrations, no abrupt
decrease of α was observed [11]. It was observed pre-
viously that 10% doped RR- and 20% doped RRa-P3HT
have similar conductivities [39]. We find that α of RR- and
RRa-P3HT are similar at high doping due to screening,
resulting in a tendency of RR and RRa-P3HT α − σ curves
to intersect at high, but not identical, carrier concentrations,
which our model including screening reproduces well.
Measurements have also shown that dopants with larger

Rd decrease the magnitude of Coulomb interactions,
enhancing performance of CPs [8]. A detrimental effect
on conductivity with decreasing dopant size was also
observed [40]. This is indeed the case for large Rs, shown
in Fig. 4(a). When a sufficient counterion-polymer spacing
is preserved, screening has less impact and increasing
counterion size enhances transport properties. On the other
hand, when dopants are close to the polymer backbone,
screening is stronger so Rd has almost no effect on the
α − σ curve, shown by dashed lines in Fig. 4(a). This
explains measurements where dopant size was observed to
have no significant impact [13]. Generally, increasing Rs
shifts the α − σ curve to the upper right, simultaneously
increasing σ and α, as seen in Fig. 4(b), and asymptotically
approaching an interaction-free limit at Rs ≈ 1 nm, beyond
which Rs has negligible impact. Increase in conductivity

with side-chain length and ordering has been observed [41–
43] up to a point [44] where a decrease in conductivity with
side-chain length can be attributed to disrupted π − π
stacking, not considered further in our present work.
Other combinations of Rd and Rs are elaborated in
Figs. S5–S7, Sec. S8, of the SM [22].
Efficient thermoelectric conversion requires high power

factors, defined as PF ¼ α2σ and shown in Fig. 4(c). Both
the magnitude of PF and the doping concentration of the
maximum PF depend on Rs and Rd. Underestimation of PF
without screening and for small Rs highlights the impact of
screening in Fig. 4(d), where the ratio of screened to
unscreened PF reaches a factor of 10, shown on the right-
hand axis of Fig. 4(d). In CPs, doping moves the Fermi
level toward the center of the DOS and its position at high
doping is controlled by compensation between intrinsic and
dopant-induced energetic disorder [45]. Without screening,
DOS shifts considerably due to the Coulomb energies
added through dopants, pinning the Fermi level. For small
Rs, screening significantly reduces dopant-induced ener-
getic disorder as well as the shift in the peak of the DOS and
we observe no Fermi level pinning, as shown in Fig. 5(a).
This implies that Fermi level and transport energy are better
separated, producing higher α.
Here we considered interactions up to the second-nearest

dopant, as further discussed in Sec. S7 of the SM [22]. To
better illustrate the impact of screening, we extract the

FIG. 3. Seebeck coefficient against electric conductivity mea-
surements of RR and RRa-P3HT doped with iodine and mea-
sured while dedoping. We took Rd ¼ 0.21 nm to match the
radius of iodide anion (RI ¼ 0.206 nm). Dashed lines correspond
to the case without screening while bands around simulation
results represent variance from randomly sampling the energy
sites. The attempt-to-hop frequency is 34 for RR and 10 THz for
RRa P3HT.

FIG. 4. Seebeck coefficient plotted against electric conductivity
for a Gaussian charge distribution of (a) different widths Rd for
Rs ¼ 0.3 nm, Γi ¼ 3 kT and Rs ¼ 0.8 nm, Γi ¼ 9 kT and
(b) same as in (a) but with fixed Rd ¼ 0.2 nm, Γi ¼ 9 kT, and
for varying Rs. We observe an upward-right shift of the curve
with increasing Rd when Rs is large, and with increasing Rs, until
saturating around Rs ¼ 1.0 nm. (c) Power factors versus doping
with same legend as in (a). Impact of screening on the power
factor is shown in (d) with Rd ¼ 0.2 nm, Rs ¼ 0.3 nm, and
Γi ¼ 3 kT. The ratio of screened to unscreened case is given on
the right-hand axis, exceeding a factor of 10 at the peak.
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effective dielectric constant that the unscreened system
would need to have in order to match the results with carrier
screening. The procedure is described in more detail in
Sec. S6 of the SM. Figure 5(d) shows effective permittivity
versus carrier concentration, indicating that screening has
the same effect as increasing the dielectric constant from
around 3 to around 8 at high doping, in line with recent
impedance spectroscopy measurements [46]. Analogously,
metals have large concentrations of free carriers so the
vicinity of metal contacts could play a role in screening
Coulomb interactions, which may be a relevant strategy in
organic photovoltaics [47].
Conclusions.—Coulomb effects have been widely estab-

lished as having a significant impact on carrier transport in
CPs, but the role of collective screening of these inter-
actions by mobile carriers has not been considered. Starting
from the Debye-Hückel formalism, we implement carrier
screening in the modified GDM and solve the PME with
states from the screened DOS. We find that screening
significantly impacts transport at high doping concentra-
tions, causing the extremely flat slopes of the α − σ curve
observed in our experiments, particularly when dopants and
carriers are not well separated by the structure of the CP.
Beyond transport, screening mitigates the shift in DOS that
would lead to open-circuit voltage loss, which is of interest
for photovoltaic applications [48]. Our work furthers the
understanding of fundamental processes in CPs and may
enable engineering of polymer-dopant systems for elec-
tronics and energy applications.
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