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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 counter-ions 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-Hiickel 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 vs 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.

Conjugated polymers (CPs) enable environmen-
tally friendly and cost-efficient electronics from
solution-processable materials. CPs are also
lightweight, which makes them suitable for wear-
ables 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 car-
riers in CPs and improving conductivity, which
is essential for applications in electronics. How-
ever, ionized dopants also act as traps. Because
of their low permittivity (~ 3) [2], dopant counter-
ions 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 mobil-
ity. To increase carrier concentration and optimize
conductivity [6], polymers are often heavily doped,
with oxidation levels reaching up to 36% [7].

The size of dopants and their distance from car-
riers determine the magnitude of Coulomb interac-
tions and, therefore, the overall shape of the DOS.
However, there are conflicting reports of impact
of dopant features [8, 9], depending on the spe-
cific dopant-polymer system being measured [10—
13]. The main observables of charge transport,
conductivity (o) and Seebeck coefficient («), reveal
information about the dynamic processes associ-
ated with carrier hopping between available sites

across a range of doping concentrations. « is re-
lated to the average energy per carrier relative to
the Fermi level and gives complementary insight
into transport to o. The interdependence of v and
o plot goes beyond mere thermoelectric tradeoff
as its shape provides information about energetic
disorder and the DOS. Band-like transport mod-
els predict o o o 1/5 with a slope s = 3 — 4 being
related to the DOS [13-17] but may require un-
physically high permittivity [18] to fit experimental
data. Change in the slope of this curve is often at-
tributed to changes in the DOS [15, 19], where flat
slopes may indicate prominent dopant-induced en-
ergetic disorder [5]. Despite Coulomb interactions
being known to dictate transport, the potential im-
pact of carrier screening on 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-Hiickel theory reduces dopant-
induced energetic disorder and results in a simul-
taneous increase of o and o. Our simulations,
based on the Gaussian disorder model (GDM)
[20] but modified to include Coulomb interactions
between carriers and dopant counter-ions, solve
Pauli’s master equation (PME) to simulate hop-
ping of localized carriers from Miller-Abrahams
rates [21]. Our results show that screening plays
a significant role in carrier mobility at high dop-



ing. Screening leads to the small slopes of s ~ 10
in the a — o curve observed in our measurements
by limiting energetic disorder at high doping con-
centrations. By including dopant counter-ion size
in our derivation, we were able to separate dopant
radii from dopant-carrier distances, which allowed
us to capture the positioning of dopant counter-
ions in the host polymer matrix. We explain that
dopant size has a significant impact on transport
only in systems where dopants and carriers are well
separated because the separation reduces the im-
pact of carrier screening. Nevertheless, for systems
with small dopant-carrier separation we observe no
rapid decrease in «, even at very high doping con-
centrations, and more than a ten-fold underestima-
tion of power factor when screening is neglected.

—Model. To capture the impact of dopant
counter-ions 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 Information (SI)
[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 (u). Mobility
in doped polymers increases with carrier concen-
tration (n) as a power law g o< nI'®, where I'y, is
the dopant-induced energetic disorder [23]. Mobile
carriers can rearrange in response to electric fields
emanating from dopant counter-ions and partially
screen the Coulomb interactions, particularly at
large doping concentrations. This screening effect
in CP could potentially be much more pronounced
than in inorganic materials, which have larger di-
electric constants. To capture this behavior, we
base our derivation on the formalism of Debye-
Hiickel theory [24, 25] and the Poisson-Boltzmann
equation.

We expand the Poisson equation for potential
® into a Taylor series and retaining only the first
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the counter-ion charge is denoted by pg and g—g =
*q2d(]1TnF accounts for the response of the carrier
concentration to the potential induced by dopants.

The Poisson equation then becomes
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where kg = s%eq dBp is the inverse screening

length, € is the permittivity of free space, and €
the relative permittivity of the polymer. Analyti-
cal solutions of (1) have been obtained for various
charge distributions (see Refs. [26, 27]), includ-
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FIG. 1. a) Illustration of dopant and its charge, trun-
cated at Re, with a carrier on CP’s backbone. b) poten-
tial 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 Rg = 0.3 nm
and for blue Rg = 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 ¢) Rs = 0.3 nm, I'; = 3 kT and d) Rs = 0.8 nm,
Iy = 9 kT. The DOS tail is heavier for smaller Rs and
intrinsic energetic disorder T';.

point charges [28]. But in cases simultaneously
involving both screening and non-trivial pg distri-
butions, the solution for ® becomes quite bulky.

A Gaussian distribution has been shown to be
an excellent description of the charge distribution
po(r) for calculations of dopant-carrier interaction
in the modified GDM [23]. Carriers transfer from
the dopant to the polymer backbone and transport
along the backbone, leaving behind counter-ions
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 mini-
mum separation is captured here by Rg, illustrated
in FIG. 1la). Inside this radius, a carrier would be
strongly trapped by the dopant and not contribute
to screening so we set kg = 0 inside it. This dis-
tance can also not be smaller than the dopant size,
so we truncate the charge distribution outside Rg
to pg = 0.

The solution of (1) then becomes Poyu(r) =

qu e—ko(r—Rs)

4dmeoe(1+koRs) r
dopants in a cluster, here set to 1, and the term
(14 koRs) appears as a correction relative to the
Yukawa potential. The solution inside Rg becomes:

. Here Cg is the number of
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where Ry is the standard deviation of Gaussian
charge distribution on the dopant counter-ion and

Kq = R erf( ) \/> exp <2R2> The

resulting potentlal energy of a test charge interact-
ing with a dopant counterion screened by carriers
i8 Ecin/out(t) = ~a®in /out (r), where q is the ele-
mentary charge. To ensure accuracy at very large
doping concentrations, we implement corrections
to the screening length based on Refs. [29] and [30].
Comparison of kg values with different corrections
[25, 31] (FIG. S1) and more information about our
approach is in sections S2 and S3 of the SI. A large
advantage of our approach is the possibility to sep-
arate Rq, which captures the spread of the dopant
counter-ion charge, and Rg, 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 features will enhance carrier transport.

—Results. We first examine the impact of dop-
ing on the shape of the DOS. Screening changes the
electrostatic potential of dopants and consequently
the DOS in the doped material. The potential en-
ergy of the Coulomb interaction of a test charge
is shown in FIG. 1b), contrasting the cases with
(solid lines) and without (dashed lines) screening,
along with the potential energy arising from un-
screened Coulomb interactions with a point charge.
We notice a significant change in the DOS for small
Rs (FIG. 1c)), where DOS changes shape and re-
mains narrower. Similar effect occurs in systems
with a large Rg (FIG. 1d)), although not as pro-
nounced 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 re-
sulting energetic disorder I' and shape parameter
p from the DOS, using the procedure described in
Ref. [32]. Parameter p represents DOS ’sharp-
ness’, where the DOS with p = 2 is Gaussian,
p = 1 exponential, and smaller values indicate
heavy tails. A quantitative example of the impact
that screening has on DOS is given in FIG. 2a),
which shows the dependence of I with Coulomb
energy Ecoulomb = 2/ (4mesg)nt/3 for screened
and unscreened DOS. The density of molecular
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FIG. 2. a) Total energetic disorder I" plotted against
the Coulomb energy while varying the carrier concen-
tration. The legend is valid for each plot. b) Extrinsic
energetic disorder I'-T'j, where I'; 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 conductivity and Seebeck
coefficient and d) mobility as a function of doping con-
centration. Screening becomes significant above about
5% doping where we see a significant increase in « in
¢) and mobility in d). Ratio of mobilities with and
without screening is plotted on the right axis in d) for
small (solid) and large (dashed) R, with Rq = 0.2 nm
throughout.

sites in our calculations is 8 - 102”7 m™3 from a site

spacing of 0.5 nm. Consequently, a carrier concen-
tration of 5% corresponds to n = 4-10%6 m™3. The
evolution of the DOS with doping is shown in FIG.
2b), where dopant-induced energetic disorder I'-T';
is plotted as a function of the shape parameter p.
For carrier concentrations above ~ 5% and small
Rg, 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 a and o shown in FIG. 2c). Consequently, car-
rier mobility is almost doubled at ~ 50% doping
when screening is included, shown in FIG. 2 d),
where the right axis is the ratio of mobilities with
and without screening, for small (solid line) and
large (dashed line) Rs.

The dependence of o and « on carrier concentra-
tion n translates into the a—o curve shown in FIG.
3 and elaborated in section S8 of the SI. We find
that the extraordinarily flat o — o curves originate



from screening, which is particularly pronounced
at small Rg. In contrast, the slope of a—o changes
only slightly with intrinsic disorder I'; in the ab-
sence of screening (FIG. S6), even when compar-
ing extreme values of Iy (3 kT 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 affin-
ity of 4.99 eV [33, 34] is well aligned with the
HOMO level of P3HT [35], resulting in p-type ma-
terial, 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, 36], we carefully con-
firm that we have complete dopant ionization at
all doping concentrations in our model (see section
S5 in the SI). Further information regarding our
experimental technique can be found in our earlier
work (Refs. [4, 5, 23]).

Transport properties were continuously mea-
sured while dedoping, capturing a— o over several
orders-of-magnitude in carrier concentration. The
data is shown by symbols in FIG. 3 together with
calculations including (solid) and excluding screen-
ing (dashed lines). Only the calculations that in-
clude screening agree with the extremely flat slope
of the RRa curve. This behavior could not be ex-
plained by the unscreened GDM [4] but agrees well
with measurements where, even at high doping
concentrations, no abrupt decrease of o was ob-
served [11]. It was observed previously that 10%
doped RR- and 20% doped RRa-P3HT have sim-
ilar conductivities [37]. We find that « of RR-
and RRa-P3HT are similar at high doping due to
screening, resulting in a tendency of RR and RRa-
P3HT « — o 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 Ry decrease the magnitude of Coulomb
interactions, enhancing performance of CPs [8].
Detrimental effect on conductivity with decreas-
ing dopant size was also observed [38]. This is
indeed the case for large Rg, shown in FIG. 4a).
When a sufficient counterion-polymer spacing is
preserved, screening has less impact and increas-
ing counterion size enhances transport properties.
On the other hand, when dopants are close to the
polymer backbone, screening is stronger so Rgq has
almost no effect on the a — o curve, shown by
dashed lines in FIG. 4a). This explains measure-
ments where dopant size was observed to have no
significant impact [13]. Generally, increasing Rg
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FIG. 3. Seebeck coefficient against electric conduc-
tivity measurements of RR and RRa-P3HT doped
with iodine and measured while dedoping. We took
Rq = 0.21 nm to match the radius of iodide anion
(R = 0.206 nm). Dashed lines correspond to the case
without screening while bands around simulation re-
sults represent variance from randomly sampling the
energy sites. The attempt-to-hop frequency is 34 for
RR and 10 THz for RRa P3HT.

shifts the o — o curve to the upper right, simul-
taneously increasing ¢ and «, as seen in FIG. 4
b), and asymptotically approaching an interaction-
free limit at Rg &~ 1 nm, beyond which Rg has neg-
ligible impact. Increase in conductivity with side
chain length and ordering has been observed [39—
41] up to a point [42] where a decrease in conduc-
tivity with side chain length can be attributed to
disrupted 7 — 7 stacking, not considered further in
our present work. Other combinations of Rq and
Rg are elaborated in FIG. S5-7, section S8 of the
SI.

Efficient thermoelectric conversion requires high
power factors, defined as PF = a2¢ and shown
in FIG. 4c). Both the magnitude of PF and the
doping concentration of the maximum PF depend
on Rs and Rgq. Underestimation of PF without
screening and for small Rg highlights the impact of
screening in FIG. 4d), where the ratio of screened
to unscreened PF reaches a factor of 10, shown on
the right axis of FIG. 4d). In CPs, doping moves
the Fermi level toward the center of the DOS and
its position at high doping is controlled by compen-
sation between intrinsic and dopant-induced ener-
getic disorder [43]. Without screening, DOS shifts
considerably due to the Coulomb energies added
through dopants, pinning the Fermi level. For
small Rg, screening significantly reduces dopant-
induced energetic disorder as well as the shift in
the peak of the DOS and we observe no Fermi level
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FIG. 4. Seebeck coefficient plotted against electric con-
ductivity for a Gaussian charge distribution of a) dif-
ferent widths Rq for Rs = 0.3 nm, I'; = 3 kT and
Rs = 0.8 nm, I'; = 9 kT and b) same as in a) but with
fixed Rq = 0.2 nm, I'; = 9 kT, and for varying Rs. We
observe an upward-right shift of the curve with increas-
ing Rq when Rg is large, and with increasing Rs, until
saturating around Rs = 1.0 nm. c¢) Power factors vs
doping with same legend as in a). Impact of screening
on the power factor is shown in d) with Rq = 0.2 nm,
Rs = 0.3 nm and I'; = 3 kT. The ratio of screened to
unscreened case is given on the right axis, exceeding a
factor of 10 at the peak.
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FIG. 5. a) Comparison of Fermi level and transport en-
ergy between screened and unscreened system. Screen-
ing eliminates the Fermi level pinning for a system with
small Rs. b) Effective dielectric constant required to
match the effect of screening as a function of doping,
increasing from 3 to 8 at high doping.

pinning, as shown in FIG. 5a). This implies that
Fermi level and transport energy are better sepa-
rated, producing higher a.

Here we considered interactions up to the
second-nearest dopant, as further discussed in sec-
tion S7 of the SI. To better illustrate the impact of
screening, we extract the effective dielectric con-
stant that the unscreened system would need to
have in order to match the results with carrier
screening. The procedure is described in more de-
tail in section S6 of the SI. FIG. 5 d) shows effec-

tive permittivity vs carrier concentration, indicat-
ing 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 spec-
troscopy measurements [44]. Analogously, met-
als 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 [45].

—Conclusions.  Coulomb effects have been
widely established as having a significant impact
on carrier transport in CPs, but the role of
collective screening of these interactions by mobile
carriers has not been considered. Starting from
the Debye-Hiickel 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 concentrations, causing the extremely
flat slopes of the o — o curve observed in our ex-
periments, 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
[46]. 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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