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ABSTRACT

The dielectric constant (er) is a fundamental material parameter that governs charge transfer processes in organic semiconductors, yet its
value is often assumed rather than measured. Here, we use impedance spectroscopy to determine er in regioregular poly(3-
hexylthiophen-2,5-diyl) (P3HT) thin films p-doped with the molecular dopants hexafluoro-tetracyanonaphthoquinodimethane and
2,3,5,6-tetrafluoro-7,7,8,8-tetracyanoquinodimethane (F4TCNQ). We fit the impedance spectra using a single RC circuit model to deter-
mine the frequency-dependent capacitance and extract er. The value of the dielectric constant increases by around two-thirds from
2.96 0.1 (undoped polymer) to 4.96 0.6 on the addition of one F4TCNQ molecule per 500 P3HT monomer units. In contrast, the addi-
tion of the weak dopant 7,7,8,8-tetracyanoquinodimethane (TCNQ), which does not undergo ground state charge transfer with P3HT,
has no effect on the dielectric constant. Our results support the hypothesis that molecular doping has a considerable impact on the mate-
rials dielectric constant via polarizable host-dopant complexes.

VC 2023 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license (http://
creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0146194

The dielectric constant er (or the static relative permittivity)
describes the ability of a material to screen a charge, dampening the
strength of its electric field. It is defined as the permittivity of a material
divided by the permittivity of free space. The lower the dielectric con-
stant, the less the material will screen an electric field. Consequently, in
lower dielectric materials, the Coulomb attraction between holes and
electrons is stronger. Organic semiconductors are an example of such
materials, with dielectric constants reported in the range of 2–5.1–3 The
low dielectric constant of organic semiconductors promotes their pro-
nounced excitonic character and plays an important role when it comes
to applications in devices. For example, in solar cells, low dielectric con-
stant values are associated with recombination-based energy losses,4–6 as
the photo-excited electron–hole pairs must separate from one another or
else recombine to the ground state. In organic field-effect transistors,
Coulomb interactions between charge carriers can impact the mobility7

and, therefore, switching speed of the device.8 Furthermore, many tech-
niques used to characterize organic electronic materials require the
dielectric constant to be known, e.g., in Mott–Schottky analysis9 and

mobility measurements using the space-charge limited current method.10

Despite the importance of the dielectric constant for both the characteri-
zation and application of organic semiconductors, an approximate value
of er¼ 3 is often assumed rather than measured.

For the molecular doping of organic semiconductors, that is the
controlled introduction of impurities to increase carrier density, and
thus the conductivity, the dielectric constant plays a particularly criti-
cal role. To understand why, the process by which a molecular dopant
generates mobile carriers can be broken down into two steps: (i) initial
charge transfer between the host and dopant, followed by (ii) charge
dissociation. For this latter step, the separation barrier is determined
by the Coulomb interaction between the ionized dopant and the
charge on the host semiconductor. Calculations11,12 and photoemis-
sion measurements13 suggest that this binding energy is in the region
of 0.45–0.65 eV, which is much larger than the thermal energy at
room temperature. This raises the question, how are free charge car-
riers generated in doped organic semiconductors? The most cited
explanations include a Coulomb potential overlap between nearby
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dopant ions,14 energetic disorder,15,16 and long-range electrostatic
interactions.11,17

Recently, Comin et al.18 put forward an alternative proposal that
the release of charge carriers can be accounted for by changes in
dielectric constant as a function of doping concentration. With first
principles and microelectrostatic calculations, they demonstrated that
the highly polarizable host-dopant complexes contribute to a screening
phenomenon, which lowers the energy barrier for charge separation to
within the thermal energy at room temperature. Although this mecha-
nism of carrier release is consistent with experimental measurements
of temperature-activated conductivity, the change in dielectric con-
stant as a function of dopant concentration in organic semiconductors
has yet to be directly determined.

In this study, we use impedance spectroscopy to assess the dielec-
tric constant as a function of dopant concentration in thin films of the
organic semiconductor regioregular poly(3-hexylthiophen-2,5-diyl)
(P3HT) p-doped with molecular electron acceptors hexafluoro-
tetracyanonaphthoquinodimethane (F6TCNNQ) and 2,3,5,6-tetra-
fluoro-7,7,8,8-tetracyanoquinodimethane (F4TCNQ). We present
Nyquist plots over a range of DC bias voltages, up to a dopant concen-
tration of 500 P3HTmonomer units per dopant molecule. The imped-
ance data are modeled using a single RC circuit, allowing the
frequency-dependent capacitance and dielectric constant to be deter-
mined. We find that the dielectric constant increases as a function of
dopant concentration, from 2.9 for the undoped P3HT to between 4
and 5 for the highest doping levels investigated here. Our control
experiment shows no increase in dielectric constant for P3HT doped
with the weaker electron acceptor 7,7,8,8-tetracyanoquinodimethane
(TCNQ), where ground state charge transfer, and thus doping, does
not occur.19 This demonstration of the doping induced increase in er
confirms recent theoretical work18 and underpins the need for better
understanding of fundamental processes that occur in organic semi-
conductors upon doping.

The experimental methods proceed as follows. P3HT is dissolved
in chlorobenzene at a concentration of 20mg/ml. F6TCNNQ and
TCNQ are dissolved in chlorobenzene at a concentration of 2mg/ml.
F4TCNQ is dissolved in chloroform at a concentration of 1mg/ml.
Indium-tin-oxide (ITO) coated glass substrates are cleaned by

sonication in water, acetone, and then isopropanol, followed by treat-
ment with an O2 plasma cleaner. A poly(3,4-ethylenedioxythiophe-
ne):polystyrene sulfonate (PEDOT:PSS) layer is spin-coated at
3000 rpm for 60 s and dried at 150 �C for 15 min. The polymer layers
are spin-coated in a nitrogen-filled glovebox at 600–800 rpm for 60 s,
followed by 3000 rpm for 20 s. The 1.77mm2 Al electrode (�100 nm
thick) and Sm (8nm thick) interlayer are thermally evaporated at a
base pressure of< 10�6 mbar. The resulting Schottky diodes are char-
acterized within the glovebox (to minimize water and oxygen expo-
sure) using an impedance spectrometer (Solartron Analytical
ModuLab XM MAT 1MHz). Film thicknesses are determined by
measuring across a scratch in the film using an atomic force micro-
scope (Bruker AFM Multimode 8). The doped layer thicknesses are in
the range of 100–120nm with standard deviations in the range of
1–2 nm over seven measurements.

Figure 1 shows the current–voltage characteristics of (a)
P3HT:F6TCNNQ, (b) P3HT:F4TCNQ, and (c) P3HT:TCNQ
Schottky diodes with ratios of 5000:1, 1000:1, and 500:1 P3HT mono-
mer units to dopant molecules. The PEDOT:PSS layer is used to
reduce the surface roughness as compared to the bare ITO, therefore
helping to achieve an even thickness of the active layer.20 Additionally,
for the P3HT:F4TCNQ devices, an 8nm layer of Sm is used to protect
the organic layer against metal diffusion during the Al deposition,21

improving device reproducibility. In reverse bias, the current is limited
by the injection barrier between the P3HT, with an ionization energy
of around 4.6 eV,22 and the aluminum contact, with a work function
of around 4.3 eV.23 For the devices doped with F6TCNNQ, the reverse
bias current increases. This happens because there is a reduction in the
injection barrier height as the free carrier density increases due to the
addition of the dopant.24 In contrast, the introduction of TCNQ has
no effect on the current in reverse bias with the current remaining
comparable to the undoped case. This is as expected because free car-
riers should not be generated by the addition of TCNQ. Charge trans-
fer is energetically unfavorable as the electron affinity of TCNQ, at
around 4.23 eV,22 is lower than the ionization energy of the P3HT.

To determine the effect of doping on the dielectric constant of
the polymer semiconductor, we perform impedance measurements.
We take into account guidelines specific for organic semiconducting

FIG. 1. Current–voltage characteristics of rr-P3HT diodes p-doped at different dopant concentrations, with (a) F6TCNNQ, (b) F4TCNQ, and (c) TCNQ. The dopant concentra-
tions are given as a ratio of dopant molecules to P3HT monomer units. The diagrams inset show the device stack.
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materials given by von Hauf25 and Hughes et al.1 Figure 2 shows the
Nyquist plots, that is the real part against the imaginary part of the
measured impedance, for the pristine P3HT device and the devices
doped with F6TCNNQ. Each device is measured with a DC bias of
�0.5, �1.0, and �1.5V, to prevent charge carriers diffusing from the
contacts and ensure a depleted active layer (discussed in further detail
later).

The plots show concentric semi-circles, which decrease in
radius as the DC bias decreases. Only one clear semi-circular fea-
ture is present in each sweep, indicating that an equivalent circuit
model based on a single RC circuit element will be sufficient to
reproduce the experimental data. We choose to also include a resis-
tor and an inductor in series, representing the AC resistance and
inductance for the test setup. The model fitting is performed by
non-linear least squares regression,26 via the impedance.py python
package.27 The best fits for each of the devices are shown in Fig. 2
as the dashed lines.

We note that this analysis using an equivalent circuit model
based on a single RC element assumes that the depletion region
extends across the entire active layer of the device. If the depletion
region did not extend across the device, then we would expect to see a
second semi-circular feature in the Nyquist plot, as Chen et al.28

observed for their p-doped Schottky diodes. To ensure our model’s
validity, we have two levers to pull—the dopant concentration and the
DC bias. Estimating the depletion width, using Poisson’s equation,
guides us to keep the dopant concentration below 300:1 and consider
DC biases of at least –0.5V. Experimentally, we find that the capaci-
tance against DC bias, shown in the supplementary material in Fig. SI
2, saturates at around –0.5V, suggesting that at this point, the device is
depleted.

To extract the dielectric constant, we first determine the
frequency-dependent capacitance, given by

C ¼ �1
x

Z00 � xL

Z0 � Rsð Þ2 þ Z00 � xLð Þ2

" #
;

where Z0 is the real part of the impedance, Z00 is the imaginary part of
the impedance, x is the angular frequency (x ¼ 2pf ), f is the linear
frequency, L is the setup inductance, and Rs is the AC series resis-
tance.1 From the capacitance, the dielectric constant is given by

er ¼
C � d
e0 � A

;

where d is the polymer layer thickness and A is the device area.
Figure 3(a) shows the capacitance spectra for P3HT:F6TCNNQ

as a function of frequency for each dopant concentration (see Fig. S2
in the supplementary material for the capacitance spectra of TCNQ
and F4TCNQ doped diodes). For the neat P3HT devices, that is with
no intentional doping, the capacitance gives a frequency-independent
dielectric constant of 2.96 0.1, which is in good agreement with other
published work.1 With increasing dopant concentration, the capaci-
tance increases over all parts of the frequency spectrum. The increase
in capacitance is larger at lower frequencies (below 104Hz) than at
higher frequencies, which makes determining a geometric capacitance
more difficult as compared to the frequency-independent capacitance
of the non-doped case. A reason for an increase in capacitance at lower
frequencies includes leakage of charges from the electrodes into the
active layer.1 Therefore, to determine a dielectric constant, we take the
mean of the capacitance in the higher range of the spectrum, between
105 and 106Hz, where charge leakage has less impact.

FIG. 2. Nyquist plots of the impedance
spectra. The dashed lines show the equiv-
alent circuit model fit using a single RC ele-
ment. The points are the experimental
data. (a) The neat P3HT with no intentional
doping, and (b)–(d) P3HT:F6TCNNQ at a
doping ratio of 5000:1, 1000:1, and 500:1
P3HT monomer units to dopant molecules,
respectively.
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We plot the dielectric constant against the doping concentration
in Fig. 3(b), with the values calculated using the mean capacitance.
The error bars reflect the standard deviation of the capacitance in
combination with the standard deviation in film thicknesses. The
dielectric constant increases from 2.96 0.1 in undoped P3HT to
3.96 0.4 for the device p-doped at 500:1 F6TCNNQ, and 4.96 0.6 for
F4TCNQ. With TCNQ as the p-dopant in the P3HT layer, there is no
clear increase in the dielectric constant.

Finally, we convert nominal dopant concentration, that is the
concentration as calculated by taking the volume ratios between the
polymer and dopant solutions, to carrier concentration Nd, using
Mott–Schottky analysis (see supplementary material Figs. 3 and 4 for
the plots of C�2 against DC bias). Along with Nd, we also find built-in
potentials of around 0.7V for our PEDOT:PSS/semiconductor/Al
devices, and around 2.5–3.1V for our PEDOT:PSS/semiconductor/
Sm/Al devices. These values are in good agreement with the expected
built-in potentials considering the contact work function values.23,29,30

We plot the carrier concentration Nd against extracted dielectric con-
stant in Fig. 4. Both sets of data from the P3HT:F4TCNQ and
P3HT:F6TCNNQ devices show a linear relationship between the
dielectric constant and carrier density. Taking a simple model of
Castellan and Seitz31 of spherical hydrogen-like dopant impurities iso-
tropically distributed in a host semiconductor, the change in dielectric

constant is linear over the dopant range presented here. The model fits
are shown in Fig. 4 as dashed lines, with the fitting parameter of the
dopant’s polarizability reported in the legend. All in all, we conclude
that the addition of molecular dopants to our polymer semiconductor
leads to an increase in the dielectric constant. This is in line with
observations on inorganic semiconductors,32 and as predicted by
recent theoretical work from Comin et al.18

We anticipate that the dielectric constant continues to increase as
the dopant concentration increases. In fact, the calculations from
Comin et al.18 suggested a tenfold increase in dielectric constant at a
dopant concentration of 8%. Although our measurements only go up
to a dopant concentration of 500:1 (�0.2%), the roughly two-thirds
enhancement of the dielectric constant lends support to the hypothesis
that doping has a considerable impact on the material’s relative per-
mittivity. Our impedance analysis based on a single RC circuit element
places an upper limit on the dopant concentration we can study; how-
ever, the concentration range presented remains relevant for Schottky
diodes. To directly determine the dielectric constant beyond this range
requires the use of microwaves and transmission lines. We hope our
study leads to further investigations of the dielectric constant in other
doped organic semiconductors, and to the pursuit of the measurement
over an increased dopant concentration range.

See the supplementary material for the capacitance measure-
ments andMott–Schottky analysis.

This work in Berlin was supported by the Deutsche
Forschungsgemeinschaft (Project No. 182087777-SFB951).
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FIG. 3. Capacitance spectra and dielectric
constant with varying doping concentra-
tion. (a) Capacitance as a function of fre-
quency at a DC bias of �0.5 V for diodes
of P3HT:F6TCNNQ. (b) Dielectric con-
stant, at a DC bias of �0.5 V, against
nominal dopant concentration for P3HT
diodes p-doped with TCNQ, F4TCNQ,
and F6TCNNQ. The values of dielectric
constant are determined by taking the
mean capacitance between 105 and
106 Hz, with the error bar representing the
standard deviation in combination with the
uncertainty in film thicknesses.

FIG. 4. Plot of the dielectric constant Er against carrier concentration Nd for the
P3HT diodes p-doped with F4TCNQ and F6TCNNQ. The model fits are shown as
dashed lines.
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