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By means of optical spectroscopy, Kelvin probe, and conductivity measurements, we study the p-type doping
of the donor polymer poly(3-hexylthiophene), P3HT, with the molecular acceptor tetrafluorotetracyanoquin-
odimethane, F,TCNQ, covering a broad range of molar doping ratios from the ppm to the percent regime.
Thorough quantitative analysis of the specific near-infrared absorption bands of ionized F,TCNQ reveals that
almost every F,TCNQ dopant undergoes integer charge transfer with a P3HT site. However, only about 5% of
these charge carrier pairs are found to dissociate and contribute a free hole for electrical conduction. The nonlinear
behavior of the conductivity on doping ratio is rationalized by a numerical mobility model that accounts for the
broadening of the energetic distribution of transport sites by the Coulomb potentials of ionized F, TCNQ dopants.
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I. INTRODUCTION

Intentionally doped organic semiconductors are nowadays
commonly used as transport and injection layers in state-of-
the-art organic electronic devices.! Being the key concept for
the versatility of inorganic semiconductors, controlled doping
suggests tremendous benefit by enabling the tuning of the
organic semiconductor’s electrical, optical, and morphological
properties.

Stable doping of organic semiconductors has been realized
by adding strong molecular donors or acceptors to conjugated
small molecules or polymers. In particular, 2,3,5,6-tetrafluoro-
7,7,8,8-tetracyanoquinodimethane (F;TCNQ) has been used
as electron acceptor to p dope evaporated®® and solution-
processed’~'® organic semiconductors due to its high electron
affinity of 5.24 eV.? Upon doping the prototypical poly-
meric semiconductor poly(3-hexylthiophene) (P3HT) with
F,TCNQ, electrical conductivities up to 100 S/m have been
reported.’

It is well established that the doping effect, i.e., the
increase of the majority charge carrier density, is based on
a charge transfer reaction involving an appropriate donor
and acceptor. Two contradictory models that are commonly
used to explain the donor-acceptor ground-state interaction
are sketched in Fig. 1 using the example of P3HT being
doped with F,TCNQ. In the integer charge transfer model [see
Fig. 1(a)], an electron is completely transferred from P3HT
to the F4TCNQ acceptor. Since the concentration of F4,TCNQ
in the P3HT matrix is typically low (usually a few mol %
or below), it is expected that the transferred electron remains
fixed at the F,TCNQ molecule. The associated hole on P3HT
can be either Coulombically bound by the F,TCNQ anion or
may move freely within the matrix of P3HT. The notion of a
strong Coulomb binding is in line with the peculiar observation
that the free-charge carrier density is often far lower than the
dopant concentration.!*!-20 The strong Coulomb binding is
mediated by the low permittivity in organic semiconductor
solids. In contrast, it has been reported that the free-charge
carrier density does not depend on temperature in some
F,TCNQ-doped small-molecule organic semiconductors.>>%
This has been explained in terms of the entire ionization of all
applied acceptors and, if at all, the only shallow trapping of
the doping-induced majority charge carriers.
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Figure 1(b) illustrates an alternative model of molecu-
lar doping that relies on the formation of hybrid charge
transfer complexes upon the interaction of the donor and
acceptor. Based on density functional theory, studies using
a quaterthiophene model for P3HT and F4sTCNQ as dopant,
Aziz et al.” suggested partial charge transfer between these
donor and acceptor species and that a supramolecular charge
transfer complex (CTC) is formed whose highest occupied and
lowest unoccupied molecular orbitals, HOMO and LUMO,
respectively, are derived from both the neutral P3HT HOMO
and F,TCNQ LUMO. Similar results have been obtained for a
number of F,TCNQ-p-doped oligothiophenes and pentacene
and for naphthalene-tetracaboxylic-dianhydride (NTCDA) n-
doped with a tetrathiafulvalene (TTF) derivative.?!">? In this
model, holes are created due to the electron deoccupation of
P3HT HOMOs (and electron occupation of CTC LUMOs) as
a consequence of Fermi-Dirac statistics. Whether these holes
are free or Coulombically bound to charged CTCs is open to
question.

In a previous report, we characterized the free-hole density
and conductivity of P3HT layers that have been doped by
F,TCNQ at low to moderate dopant concentrations, i.e., in
the ppm to per mill regime. We found that only 5% of
the F4,TCNQ dopants took effect in creating free holes that
contribute to electrical conduction. Moreover, we found that
the conductivity increases sublinearly (with an exponent of
approximately 0.6) with doping ratio. The latter is in conflict
with the frequent observation of a superlinear increase of the
conductivity, which has been related to trap filling by the
doping-induced charge carriers' or an increase of permittivity
in highly doped layers.?’

Here, we aim at understanding the process of doping P3HT
with F4,TCNQ and the electrical characteristics of such doped
layers by means of optical absorption spectroscopy, surface
potential measurements, and conductivity measurements of
hole-only devices. We can now confirm that the concentration
of ionized F4,TCNQ molecules is (within an error of 50%)
given by the molecular ratio of the donor and acceptor in
solution, meaning that most acceptor molecules are incorpo-
rated into the layer and that almost every F4TCNQ dopant
undergoes integer charge transfer with a P3HT donor site.
Therefore the low concentration of mobile holes implies that
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FIG. 1. (Color online) Contradictory models of the charge transfer between P3HT and F,TCNQ. (a) Integer charge transfer model that
presumes full ionization of donor and acceptor, resulting in a hole-F,TCNQ anion pair that is bound or can split up. (b) Hybrid charge transfer
model according to Ref. 7, which presumes the formation of hybrid supramolecular orbitals upon electronic interaction of P3HT and F,TCNQ.
Free-charge generation might occur by intermolecular excitation involving the HOMO of unreacted P3HT and the LUMO of a nearby CTC.

most of the created P3HT polarons remain strongly bound
to a F4,TCNQ anion. The electrical conductivity turns from a
sublinear increase at low to moderate doping ratios towards a
superlinear increase at high doping ratios in the mol% regime.
This dependency is quantitatively reproduced by a numerical
mobility model of Arkhipov et al.,>** which considers the
broadening of the energetic landscape for charge transport
upon doping by the Coulomb potential of the left-behind
F,TCNQ anions.

II. EXPERIMENT

F4,TCNQ has been obtained and used as received from
Sigma-Aldrich. Our P3HT sample is a molecular weight frac-
tion (M,, = 35.8 kg/mol, M, = 27.0 kg/mol) with deuter-
ated hexyl side chains for prospective neutron scattering
experiments. Our extensive previous investigations show that
the structural and electronic properties are not altered by the
deuteration and that the performance of this P3HT fraction is
outstanding in field-effect devices.>>>’ Doped samples have
been prepared by mixing separate chloroform solutions of
P3HT and F,TCNQ according to the desired doping ratio x. A
doping ratio of, for instance, 1:1000 means that one F,TCNQ
molecule is added per 1000 thiophene repeat units of P3HT
and is equivalent to y = 1072,

UV-Vis-NIR absorption spectra have been recorded with
a Cary 5000 photospectrometer. Solution samples were
prepared from 2 and 0.5 g/1 solutions of P3HT and F,TCNQ,
respectively. The optical path length of the quartz cuvette
was 1 mm and 10 mm, respectively. The presented solution
spectra are the averages of five consecutive scans in order
to reduce the noise in the NIR. Solid samples have been
prepared on glass substrates after cleaning with common
organic solvents in an ultrasonic bath. Sample solutions, based
on 10-g/1 P3HT and 0.5-g/1 F,TCNQ in chloroform, were
spin coated on the glass substrates at 1000 rpm for 30 sec
in inert N, atmosphere, yielding layers with a thickness of
typically ~100 nm. Film spectra have been recorded using an
integrating sphere in order to account for light scattering and
reflection. The presented spectra are based on the averages of
ten consecutive transmission/reflection scans.

Surface (Kelvin) potential measurements of undoped and
doped layers on metal substrates have been repeatedly per-
formed in the dark using a SKM KP 4.5 (KP Technology
Ltd.) with 2-mm probe diameter in a N,-filled glovebox with
<1 ppm O, and H,0 contamination. Typically, fresh samples
were stored in the glovebox for 30 min prior to the measure-
ment in order to allow for degassing of residual solvent traces.
Calibration of the tip work function was done against highly
ordered pyrolytic graphite (HOPG), for which we assumed a
work function of 4.6 eV.?® Metal electrodes have been prepared
on cleaned glass substrates. The glass surface was precovered
with a smoothing layer of the PEDOT:PSS formulation
Clevios™ P VP AI4083 by spin-coating at 5000 rpm for 30 sec
and subsequent annealing at 180 °C for 10 min. Then, 50 nm
of aluminum or copper was evaporated under high-vacuum
conditions. Sample preparation and handling continued in N,
atmosphere. Undoped and doped P3HT layers were deposited
by spin-coating at 1500 rpm for 30 sec. Solutions were based
on 0.5-25-g/1 P3HT and 0.02-0.5-g/1 F4,TCNQ in chloroform,
depending on the desired layer thickness. Note that the present
preparation conditions typically result in layer structures with
a considerable amount of disordered material and, therefore,
random molecular orientations.'®?” Due to the large probe
diameter, the surface potential data represent macrocopic
means across these portions of the layer surfaces.

Current-voltage characteristics have been recorded with a
Keithley 2400 source-measure unit. Hole-only devices were
prepared on glass substrates with patterned indium-tin-oxide
electrodes. After oxygen plasma treatment at 200 W for
3 min, Clevios™ P VP AI 4083 PEDOT:PSS has been
spin-coated at 1500 rpm for 30 sec, followed by annealing at
180 °C for 10 min. Sample preparation continued under inert
conditions. Undoped and doped P3HT layers were spin-coated
at 500 rpm for 30 sec from solutions based on 30-g/1 P3HT and
0.5-g/1 F4TCNQ, yielding thick layers in the range of 250—
900 nm similar to our previous metal-insulator-semiconductor
devices.!> The samples were completed by evaporation of
5-nm MoQOj; and 100-nm Al as top electrodes. The devices
have been encapsulated using Araldite 2011 two-component
epoxy resin and measured outside the glovebox.
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FIG. 2. (Color online) Thickness-normalized absorbance of un-
doped and FsTCNQ-doped P3HT layers.

III. RESULTS & DISCUSSION

A. Optical spectroscopy

In order to gather information on the nature of the F, TCNQ-
P3HT charge transfer, we performed UV-Vis-NIR absorption
spectroscopy on thin films and in solution. Figure 2 shows the
optical absorbance normalized by layer thickness of undoped
and F;TCNQ-doped P3HT layers. The thickness of these lay-
ers was typically around 100 nm. Upon doping, a pronounced
subband gap absorption occurs in addition to the absorption
of undoped P3HT. A qualitative comparison of the NIR
region to published spectra of P3HT polarons®®-° and fully
ionized F,;TCNQ anions'*? allows a clear assignment of the
prominent 1.43 and 1.62 eV peaks to the absorption of singly
negatively charged F4,TCNQ. The rectangular-shaped broad
band between 1.2 and 1.8 eV and the increasing absorption
below 1 eV are typical features of polarons in P3HT. Note
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that if the F4sTCNQ-P3HT charge transfer resulted in hybrid
supramolecular species with partial electron transfer, their
spectra should be severely different from the observed case.
In particular, these species would introduce new absorption
transitions between their hybrid supramolecular orbitals.

In order to quantify the absolute concentration of ionized
acceptors formed in blends of F,TCNQ and P3HT, we
decompose the NIR absorption into the P3HT polaron and
F,TCNQ anion parts. For this analysis, suitable reference
spectra of the charged compounds are essentially needed.
Unfortunately, spectra and absolute values of the extinction
coefficients (or absorption cross-sections) of P3HT?%-30:33-36
and F4TCNQ polarons in solid thin films are not consistent
or not available. Moreover, the P3HT polaron absorption
is very sensitive to the layer’s preparation conditions and
the properties of the specific P3HT sample, rendering a
meaningful algebraic decomposition difficult. We, therefore,
start by analyzing the absorption spectra of F,TCNQ-P3HT
blends in chloroform solution.

The spectra of F;,TCNQ-P3HT chloroform solutions with
varied doping ratios are displayed in Fig. 3(a). Qualitatively,
the solution spectra coincide with the spectra of the doped
layers, meaning that charge transfer takes place already in
solution upon the admixture of F,TCNQ and P3HT. In more
detail, the solution spectra reveal a further distinct absorption
feature at 2.0 eV which is only present if F,TCNQ was added.
This transition is hidden in the thin-film spectra by the strongly
red-shifted absorption of neutral planarized P3HT.

Next, we reconstruct the NIR absorption of the doped
solution spectra by weighted sums of a F,TCNQ anion
and a P3HT polaron reference spectrum. An example of
the reconstruction of the 1:100-doped sample is plotted in
Fig. 3(b). As a reference for the extinction of F,TCNQ anions
we use the molar extinction coefficient spectrum published in
Ref. 32. There, the extinction coefficients of neutral, singly,
and doubly ionized F4TCNQ bound in charge-transfer salt
crystals are reported. The advantage of using these spectra is
that the amount of ionized F,TCNQ is exactly known from
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FIG. 3. (Color online) (a) Absorbance per length of pure (undoped) P3HT and mixtures with F;TCNQ (molar mixing ratios given in the
figure) in chloroform solution. The undoped sample had a concentration of 2-g/1 P3HT in chloroform. Absorbance is cut off beyond 2 eV for
the 1:40-doped sample due to instrumental limitations. (b) Reconstruction of the P3HT polaron/F,TCNQ anion absorption of the 1:100-doped
P3HT sample from reference spectra. The F,TCNQ anion spectrum is reprinted with permission from Ref. 32. Copyright 1989 American

Chemical Society.
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TABLE I. Concentrations of ionized F, TCNQ found in a mixture
of F;TCNQ and P3HT in chloroform at various doping ratios.

P3HT*
Doping  repeat units F,TCNQ* F,TCNQ~" Tonized
ratio (1072 mol/l) (10 mol/1) (107> mol/l)  fraction
1:1000 1.19 1.19 0.6 0.50
1:400 1.18 2.96 2.0 0.68
1:100 1.13 11.3 7.5 0.66
1:40 1.03 25.8 18 0.70

“Intentionally applied amount in solution.
"Measured by decomposition of the optical spectra.

stoichiometry. A comparison between the reported spectra
and our own absorption measurements of neutral F,TCNQ
in chloroform solution gives a close absolute agreement of the
spectral shape and extinction coefficients. Another solution
sample with a high but unknown amount of ionized F4,TCNQ
matches the spectral shape of the crystal reference spectrum
with respect to the anion absorption bands in the NIR (see
Supplemental Material®” and Ref. 32 therein). A P3HT polaron
reference spectrum was realized by doping the neutral P3HT
powder in saturated iodine vapor. The exposed powder was
then dissolved into chloroform at a concentration of 0.025 g/1
(higher concentrations were not possible due to the limited
solubility of the doped compound).

The algebraic reconstruction of the F4sTCNQ-P3HT blend
spectra in solution allows for an estimate of the F4,TCNQ
anion concentration. Table I compares these values with the
concentrations of actually applied F4,TCNQ upon blending
with P3HT. Approximately 50-70% of the initial quantity of
F4,TCNQ is retrieved as anions. As expected, this ionization
efficiency is lower in very dilute solutions (see Supplemental
Material®’ and Ref. 38 therein). Assuming that the F;,TCNQ
anion and donor-acceptor charge transfer pair concentrations
are equal, we can now calculate the molar extinction coefficient
of the charge transfer pairs. At 1.52 eV, the notable minimum
in between the two major F4TCNQ anion peaks, the molar
extinction coefficient amounts to (8.3 & 1.8) x 10*1/mol/cm.
We use this value for a rough estimate of the concentration
of donor-acceptor pairs that have undergone charge transfer
in the F,TCNQ-doped P3HT layers, the results of which are
summarized in Table II.

It turns out that the concentration of ionized F4TCNQ is
only little lower than the molecular concentration calculated

TABLE 1II. Concentrations of ionized F,TCNQ found in
F4TCNQ-doped P3HT layers at various doping ratios.

F,TCNQ™? F,TCNQ"
Doping ratio (m™3) (m™3) Ionized fraction
1:200 (1.5+0.3) x 10% 2 x 10% 0.77 £0.17
1:100 (2.0£0.5) x 10 4 x 107 0.51£0.11
1:40 (6.3 +1.3) x 10 1 x 10% 0.64 £0.14
1:10 (2.7 £0.6) x 10% 4 x 10% 0.67 £0.15

“Measured by analysis of the optical spectra in Fig. 2.
®Intentional amount according to the doping ratio, assuming a mass
density of P3HT of p = 1.1 g/cm’.
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from the molar mixing ratio in solution (assuming a mass
density of 1.1 g/cm® of the solid film*®). This means that
the majority of the applied F,TCNQ acceptor molecules
undergoes integer charge transfer with P3HT. This is a
vitally important finding, because it is usually found from
electrical and electrostatic measurements that the density of
doping-induced free holes is drastically lower than the dopant
density,'>!7-20 as we will also show in the following. By the
same token, the significant formation of isolated clusters of
F,TCNQ, which has been suggested to explain the reduced
free-charge carrier density by some authors'4*’ and has been
excluded by others,#!¢ can be ruled out here as well.

B. Surface (Kelvin) potential measurements

Generally, a comparison of the surface potentials of an
uncovered conductive substrate and the same substrate coated
with a polymer yields combined information on the interface
energetics and on the electronic structure of the polymer
bulk.**> As we have shown recently, deposition of an undoped
conjugated polymer on an electrode with sufficiently small
work function leads to electron transfer from the electrode
into tail states of the polymer’s lowest unoccupied molecular
orbital (LUMO) manifold (see Fig. 4, left panels). This process
is accompanied by a continuous increase of the work function
of the sample (band bending) with increasing polymer layer
thickness.*> From a numerical analysis of the band bending,
quantitative information on the density of tail states (DOTS)
can be obtained. Similar to this, deposition of the same polymer
on an electrode with sufficiently high work function induces
holes into the polymer and allows for measuring the DOTS
derived from the HOMO manifold.

Experimental work functions at the surface of undoped
P3HT layers with varied thicknesses are plotted as solid
black symbols in Fig. 5(a). These measurements have been
performed with layers on aluminum (®gy, &~ 3.15-3.3 eV,
upper circles) and on copper (Pspp ~ 4.5-4.6eV, lower
triangles). Note that the work functions of the covered metal
electrodes can be offset from that of the bare metals due to
the formation of interface dipoles.** As for other conjugated
polymers, we find that the sample work function increases with
P3HT thickness on aluminum, while it decreases on copper.
The observation that both work function curves tend to saturate
at well-separated values is consistent with the injection of
electrons into LUMO-derived states on aluminum and the
injection of holes into HOMO-derived states on copper, as
explained above.

As seen in Fig. 5(a), the course of the work function of
F4,TCNQ-doped P3HT on aluminum as a function of film
thickness is qualitatively different from the undoped samples.
When a p-doped layer is deposited onto a low work function
metal such as aluminum, a classical Schottky contact is
formed. Thereby, mobile doping-induced holes in the HOMO
distribution of P3HT drift towards the aluminum contact and
get neutralized at the metal interface. The immobile F,TCNQ
anions are left behind and form a negatively charged depletion
zone (see Fig. 4, right panels). If all holes created by doping
were extracted, the charge density in the depletion zone would
be determined by the total density of ionized F, TCNQ. We will
show later that this is not the case in F4TCNQ-doped P3HT
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FIG. 4. (Color online) Scheme of the electron and hole transfer of undoped (left) and doped (right) P3HT layers on high (Cu, top) and low

work function (Al, bottom) metal substrates.

layers. For layer thicknesses that are thinner than the depletion
zone width, the work function curve has a parabolic shape
[see Fig. 5(a)], which implies a homogeneous distribution
of F4,TCNQ in the sample. From the width of the depletion
layer, the anion density—and, therefore, the mobile-hole
density—can be calculated. For larger layer thicknesses, the
work function of doped P3HT layers on both aluminum and
copper will merge to a common value, which is the bulk
Fermi level of the doped semiconductor. Note that this value
is about 4.45 eV, which is well within the tail of the typical
distribution of HOMO levels in P3HT. However, the change of
the surface potential of P3HT on aluminum is rather gradual.
In order to gather information on the density-of-states (DOS)
distributions and the hole densities in the polymer layers, we
have numerically analyzed the work function versus layer
thickness curves following the general procedures by Lange
et al.,*® but now including doping.

The surface potential is measured using the capacitor-like
configuration of a Kelvin probe setup. The potential difference
between the sample and a reference tip is adjusted such
that the gap in between those is field free. The electrical
potential ¢(x) in the polymer layer hence follows the Poisson

equation

d2¢ .
dx?

1)

[n(x) — p(x) 4 Na]
€,€0

with the boundary condition %(L) =0, where n(x) and
p(x) are the electron and hole densities in the LUMO and
HOMO, respectively, N, is the density of ionized F;,TCNQ
acceptor molecules, x is the distance from the electrode,
L is the total layer thickness, and €, = 3.5 is the relative
permittivity. The equilibrium local charge densities are related
to the HOMO- and LUMO-derived density-of-states (DOS)
distributions ggomo and grumo, the Fermi level E g, and the
local potential according to

© gLumo [E + ep(x)]
= dE d 2
n(x) /;oo 1+ exp (Ek_B?F) an )
* guomo [E + ep(x)]
= dE. 3
p(x) /_Oo 1+eXp(EkFB}E) (3)

Due to the large reservoir of electrons, the common Fermi level
is assumed to be equal to the work function of the (metal)
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FIG. 5. (Color online) (a) Experimental data (symbols) and numerical calculated work functions (lines) of undoped and F,;TCNQ-doped
P3HT layers on aluminum and copper. Numerical calculations assume Arkhipov’s DOS distribution including doping-induced tail states (solid
lines) or a single-Gaussian DOS shape (dashed lines). (b) Corresponding HOMO DOS distributions based on Arkhipov’s model. The unshaded
energy range is probed in the Kelvin probe experiment. A minor contribution of LUMO levels (dotted line) is inferred from the work-function

curve of undoped P3HT on aluminum.

substrate (Pgy, = —EF). The work function at the organic
semiconductor surface can be calculated by

Dosc(L) = Psup — ¢(L). 4

Unfortunately, a direct extraction of the DOS distributions
from work-function data is not possible and therefore an a
priori assumption about its functional form is indispensable.
At first, we attempt to reconstruct the work-function curves
by assuming a single Gaussian-shaped ghomo(E). Close
reproduction the work-function data of undoped P3HT on
copper, and our previous analysis of the hole mobilities
in FyTCNQ-doped P3HT layers'> suggest to set the total
density of states N to 7 x 10?® m~2 and the width parameter
o to 78 meV. In the work-function calculations of the
doped and undoped samples, the center of the HOMO DOS
distribution Egomo varies from —4.75 to —4.83 eV. For a
proper description of the undoped-P3HT work-function data,
a minor injection from aluminum into the tail of the P3HT
LUMO distribution has been taken into account in these
calculations and in the following [see Fig. 5(b)].

While the calculated work functions for layers with dif-
ferent thicknesses on copper (not shown) are in satisfactory
agreement with the experimental data, there are distinct
discrepancies for the doped P3HT layers on aluminum (dashed
lines in Fig. 5). Most strikingly, the assumption of a simple
Gaussian DOS shape is not in line with the long tail of the
work-function curves towards saturation, which indicates that
a proper description must account for doping-induced states at
the low-energy tail of the DOS distribution.

The broadening of the DOS distribution due to ionized
dopants has been repeatedly suggested.??**8 Arkhipov
et al. discussed a model that accounts for the Coulomb
interaction of the doping-induced charge carriers with the left-
behind ionized dopants.>*»?* In this model, the superposition
of the original DOS distribution and the Coulomb wells of the
ionized dopants is simplified by considering the site nearest to

a dopant ion as a trap. The resulting HOMO DOS reads

N — Ny
grHomo(E) = Tgi(E)

T Nd E 62
N &i dmepera

where N is the total site density in an undoped sample,
Ny is the density of left-behind ionized (acceptor) dopants
(assumed to be equal to the mobile-hole density), and g;(E)
is a Gaussian-shaped DOS distribution centered at Epomo
with a width of o. The density of ionized dopants causes
a reduction of the intrinsic (undoped) DOS (first term) and
a subsequent formation of an equal amount of trap states
shifted by the energy of the Coulomb interaction (second
term). Since the DOS distribution of the undoped material
is Gaussian, the distribution of the trap states is chosen to
be Gaussian accordingly. Thereby, a represents the typical
distance between a dopant ion and the trapped charge carrier.
Physically, a should correspond to the distance between the
dopant ion and an adjacent site of the semiconductor. The
interaction energy is corrected for the overlap of the Coulomb
potentials of neighboring dopant ions at high doping ratios
by the nontrivial value of U, (N,;). For simplicity, the width
parameter o is assumed to be equal for both overlapping Gauss
functions g;. Within our previous numerical computation of
hopping mobilities, Eq. (5) proved to be eligible to reproduce
the doping ratio dependence of the hole mobility in F;TCNQ-
doped P3HT layers.!> In addition, note that a Gaussian-
shaped distribution of subband gap states was reported for
F4,TCNQ-doped N,N’-diphenyl-N,N’-bis(1-naphthyl)-1,10-
biphenyl-4,4”-diamine («-NPD) as inferred from Kelvin probe
force measurements on organic field-effect transistors.*®
Using the DOS function from Eq. (5) and the parameters
in Table III, a good agreement between the calculated and
the experimental work functions is reached [see solid lines
in Fig. 5(a)]. The according DOS distributions are plotted in
Fig. 5(b). Most remarkably, the calculated curves feature the

- Um(Nd)i| . )
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TABLE III. Parameters of the DOS distributions according to
Arkhipov’s model, which have been used for the calculation of surface
potentials in Fig. 5.*

Doping ratio Ng® (m~3) Enomo® (V)
Undoped 1.16 x 10?! —4.83
1:5000 5.5 x 102 —4.89
1:2000 1.5 x 10% —4.89
1:200 5 x 10% —4.94

Total site density N = 7 x 10%® m?, DOS width parameter oyopmo =
78 meV, anion-trapped hole pair distance ¢ = 0.57 nm.

"Tonized dopant density (equal to the free-hole density).

“Center of the bulk Gaussian distribution.

characteristic long tails before the work function saturates.
Note that, for simplicity, we have fixed the values of a and
o to 0.57 nm and 78 meV, respectively, assuming that the
morphology of the P3HT layer remains unchanged up to a
doping ratio of 1:200, which is in line with the observations of
Duong et al..** A further improved agreement between experi-
mental and calculated data might be achieved by relaxing these
constraints or, in particular, by choosing a broader shape for the
trap state distribution, being closer to the exponential-like line
shape commonly observed in undoped small-molecule organic
semiconductor films.’*2 Above all, our calculations substan-
tiate that a proper description of the gradual approach of the
work function towards the bulk limit of F4sTCNQ-doped P3HT
on aluminum must generally take into account that additional
sites in the polymer HOMO are created via the introduction of
ionized acceptor molecules. The accuracy of this approach is
supported by the good agreement between the density of these
sites determined from the fits at larger thicknesses and the
value for the ionized acceptor concentration extracted from the
initial parabolic shape at smaller film thickness. In conformity
with the interpretation of the absorption data, we do not see a
significant amount of LUMO states that could stem from the
formation of hybrid charge transfer complexes. If such species
were formed between F,TCNQ and P3HT in the vicinity of
the aluminum bottom electrode, we should observe a rather
sudden increase of the work function from ®,; to the level
of those LUMO states according to the density of applied
F4,TCNQ acceptor molecules.

Free-hole densities (equivalent to the densities of ionized
F4,TCNQ molecules that yield mobile holes) derived from the
simulations are given in Table III and plotted as a function of
the doping ratio in Fig. 6. We observe that the charge density
in the depletion zone is only approximately 5% of the present
F,TCNQ molecules. These values complement well the free-
hole densities which we have independently determined from
our previous capacitance-voltage (C-V) measurements on
layers in a metal-insulator-semiconductor (MIS) geometry (see
Fig. 6)."° Note that the coincidence of the free-hole densities
from Kelvin probe and C-V measurements on different sample
geometries including various metal electrodes substantiates
that these densities are characteristic for the bulk of the doped
layers. Since we have shown above that almost every F,TCNQ
is ionized, this implies that only every twentieth ionization
event creates a mobile hole that can diffuse to the polymer/Al
interface, and that can thus contribute to the Fermi level
alignment in the samples on aluminum.
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FIG. 6. Free-hole densities as determined by C-V measurements
of layers in MIS geometry (see our previous work, Ref. 15) and
by numerical modeling of the thickness dependence of the work
function of F,TCNQ-doped P3HT layers on metal substrates. The
line corresponds to the linear function p = 2.0 x 10 m™3x + 1.2 x
10! m=3.

The observation that approximately 95% of the hole-
F,TCNQ anion pairs are bound may be explained by the low
permittivity of hydrocarbon-based semiconductors. Assuming
that a purely thermal activation process causes free charge
carrier formation via charge-pair dissociation requires an
activation energy of 77 meV at a temperature of 300 K,
which is much lower than the typical exciton binding energy
of 0.2-0.5 eV in organic semiconductors.' A recent simulation
of Mityashin er al. indicates that the splitting of these
charge pairs is favored by dissociation pathways within the
energetic landscape of transport sites which might resolve
this discrepancy.”® According to Mityashin and co-workers,
however, these pathways are due to the electrostatic interaction
of neighboring charge pairs, which implies a doping ratio
dependent dissociation efficiency and, in particular, that almost
no dissociation occurs at low doping ratios. This is in clear
contrast to our observation that the dissociation efficiency
is constantly 5% in a broad range of doping concentrations,
including very low doping ratios.

C. Electrical conductivity and free-hole mobility

The electrical conductivities of undoped and F4;TCNQ-
doped P3HT layers are shown in Fig. 7. Part of the data
stem from our previous analysis of the admittance spectra of
MIS devices.'> We consolidate this data with current-voltage
(I-V) measurements of hole-only devices. The respective
I-V characteristics show a symmetric and linear behavior
around O V and up to |V| ~ 1 V. At high doping ratios, the
hole-only conductivities connect well to the previous data. The
undoped and weakly doped samples suffer from an increased
conductivity, which is probably due to the degradation of
the polymer sample during the more-than-one-year delay
between the /-V and the previous admittance measurements.
To support this interpretation, we repeated the admittance
measurement of a freshly prepared undoped P3HT layer in the
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FIG. 7. Conductivities as determined by admittance measure-
ments of layers in MIS geometry (solid symbols)!® and I-V
measurements of hole-only devices (open symbols). The line is the
predicted conductivity based on the mobility model by Arkhipov
et al.?>>* and the hole densities from Fig. 6. The inset shows the
calculated mobility values.

MIS geometry, and this experiment yielded increased values
of the free-hole density and bulk conductivity as compared to
the data published previously.

The measured conductivities increase monotoneously and
nonlinearly with increasing doping ratio. This implies, in
conjunction with a strictly linear increase of the free-hole
density upon doping, a rather complicated relationship be-
tween the doping ratio and the hole mobility. In particular,
we find a sublinear increase of the conductivity at low to
moderate doping ratios (x < 107*), which means that the
mobility decreases in this regime. At higher doping ratios,
the conductivity increase is superlinear and, thus, linked with
an increase of the free-hole mobility.

Our updated calculations of mobility and conductivity
using the mobility model for doped organic semiconductors
of Arkhipov et al.?*>* agree excellently with the extended
experimental data in the full range of doping ratios (see Fig. 7).
Note that we have used similar parameters as in our previous
work (see Table IV) and the same DOS distributions as in the
above simulation of the work function curves (i.e., the same
values for N, o, and a).

Following the model of Arkhipov and co-workers, we
explain the mobility decrease at low to moderate doping ratios

TABLE IV. Parameters used in the calculations of the free-hole
mobility and conductivity in Fig. 7.

Total density of states N 7 x 10% m—3

DOS width parameter o 78 meV
Anion-trapped hole pair distance a 0.57 nm
Inverse hole localization radius y 2.9 nm™!
Attempt-to-hop frequency vy 3 x 102 57!
Electric field F 2x10*Vm™!
Temperature 7' 300 K
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with the broadening of the DOS distribution by the attracting
Coulomb potentials of the ionized F,TCNQ molecules [see
Fig. 5(b)]. The occurrence of these Coulombic traps counter-
acts the fill-up of the low-mobility tail of the DOS distribution
upon doping. At the low-to-moderate doping regime, this can
lead to a reduction of the mobility as seen here. At higher
doping ratios, the Coulomb potentials of individual ionized
F,TCNQ dopants overlap such that the effective barrier for the
release of trapped holes is lowered. This is accounted for by
the term U,,(N,) in Eq. (5). As a consequence, the mobility
becomes increasingly controlled by the fill-up of the DOS
distribution in the strong doping regime and, hence, increases.

IV. SUMMARY

In summary, we derived a conclusive picture of the ionized-
dopant and free-charge carrier formation in P3HT doped with
F,TCNQ. In this system, charge transfer is very efficient and
leads to a full onefold ionization of both the donor and acceptor
moieties. Thereby the majority of the F,TCNQ dopants
undergoes charge transfer, ruling out significant formation
of isolated domains of neutral F;,TCNQ. However, most of
the charge carrier pairs remain strongly bound and are not
available for electrical conduction. Dissociation, which occurs
for only 5% of these pairs, might be favored by dissociation
pathways through the energetic distribution of transport sites.

As a consequence of charge carrier pair dissociation, doped
layers exhibit an increased density of mobile holes. The
corresponding electrons remain localized at the F,TCNQ
dopants, which are dispersed in the P3HT matrix. Due to
the low permittivity, the Coloumb potentials of the ionized
F,TCNQ molecules have a rather long range and therefore
affect the energetic and charge transport properties of the
layer. We have shown that the HOMO-derived density-of-
states distribution of P3HT is broadened upon doping with
F,TCNQ and that this broadening serves to explain the
complex conductivity-doping ratio relationship. In particular,
the presence of F;TCNQ anions leads to a decrease of the hole
mobility at low to moderate doping ratios.

Finally, we would like to point out that the integer charge
transfer mechanism of P3HT and F4TCNQ may not be antici-
pated for conjugated organic donors and acceptors in general.
Intermolecular electronic interactions depend critically on the
overlap of the relevant wave functions and are governed by
the minimization of energy. Therefore partial charge transfer,
i.e., the formation of hybrid charge transfer complexes,
may occur for other donor-acceptor pairs as suggested in
literature. The possible variety of doping mechanisms has
to be considered when investigating organic semiconductor
doping-related phenomena.
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