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ABSTRACT: The double ionization of molecular dopants enables EA® =—— 3\ — EA°
the doping efficiency (free charges per dopant molecule) to rise Double doping! Small U Bipolarons!
above 100%. However, the current models of doped organic ond o to promote ond o
semiconductors based on Fermi—Dirac statistics fail to explain the v double doping
double ionization of dopants and also the analogous situation of V * J ’ y
bipolaron formation on a host polymer. Here, we address this IE?ﬁeuTal © EA+ neuTallEo
shortcoming by considering the renormalization of the state host EA 1y u p-dopant
energies upon electron transfer between host and p-dopant. We ";'] L?orgso?d ===

vary the model parameters—the reorganization energy and T biploarons i’

evolutions of ionization energies and electron affinities upon o-dopant J lhEost
charging—and plot the fractions of doubly ionized, singly ionized, anion cation

and neutral species. The model shows good agreement with

experimental measurements of doubly ionized p-dopants and bipolarons on a p-doped polymer. With these insights, we
suggest that the state energy renormalization upon charging is the key parameter to be minimized for double ionization of
dopants or maximized to avoid formation of bipolarons on the host.

he addition of impurities (here dopant molecules) to a materials. The density of charge carriers on the host and the

semiconductor can increase the conductivity of the density of ionized dopants are calculated by multiplying the

material over many orders of magnitude. For redox p- density of states by an occupation probability and integrating
doping of polymer semiconductors, this process involves two over energy. Such models have been found to reproduce the
steps: electron transfer from the host polymer to a dopant Fermi level shift as a function of dopant concentration'”"” and
molecule, followed by charge separation.l_3 The mobile hole doping efficiencies for various molecularly doped semi-
on the polymer then contributes to the increase in the conductors.' ¥’ These models can also account for the
material’s conductivity. With this description, the most formation of ground-state integer charge-transfer complexes3
effective dopants generate one free carrier per dopant molecule and/or the hybriiiiéation of the frontier molecular orbitals of
(doping efficiency # = 100%). However, there are now reports host and dopant.
of the double ionization of dopants,"™® where one dopant Here, we provide the necessary extension of these models to

account for the experimental observation by Kiefer et al.* of
doubly ionized dopant molecules. The extension considers
state energy renormalization after the first electron transfer
from host to dopant. This renormalization, based on Winkler
et al’s photoelectron spectroscopy study on p-doped Cg,'”
includes (i) the reorganization of the molecules on account of

molecule generates two charge carriers. These results have two
fundamental consequences. First, they allow for doping
efficiencies to rise above 100%. This means high conductivity
can be achieved with fewer dopant molecules, resulting in less
disruption to the film’s structure”® and a smaller reduction in
carrier mobility.”~"" Second, they raise an issue with the

current doping models,”>'*™'® where the host and dopant

density of states (DOS) are only considered for the ground- Received: July 10, 2022

state configuration, that is, before charge transfer. This prevents Accepted: August 11, 2022
these models from describing the double ionization of dopants. Published: September 14, 2022

In fact, these models"'>~'¢ estimate the density of charge

carriers and ionized dopants in doped organic semiconductors
based upon semiconductor physics developed for inorganic
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Figure 1. Change in state energies upon charging in a double doped organic semiconductor. (a) The configuration before charge transfer
from the strong p-type dopant. (b) After the first charge transfer, the dopant anion’s ionization energy IE~ shifts by the reorganization
energy A, relative to the neutral dopant’s electron affinity EA°. The dopant anion’s electron affinity EA™ sits at energy U above IE™. (c) After
the second charge transfer, the dopant’s now doubly occupied state again relaxes by 1, (Arrows denoting electrons are included to give an

intuitive correspondence with molecular orbital models.).

becoming charged and (ii) the evolution of the ionization
energies and electron affinities as a result of on-site Coulomb
interactions upon charging. These changes in state energies are
illustrated in Figure la—c, from the ground-state configuration
in 1a, to single charge transfer in 1b and double ionization in
Ic. The energies associated with the reorganization of the
singly ionized and doubly ionized molecules are marked as 4,
and A,, with the separation between the ionization energy and
electron affinity of the singly ionized molecule corresponding
to and labeled as Hubbard U.'*"’

For an amorphous organic semiconductor film, we represent
the relevant state energies using Normal distributions and
calculate the occupation of each distribution by applying a
charge neutrality condition—that the number density of
charges on the polymer must equal the number density of
charges on the dopant. We model how the fraction of singly
ionized and doubly ionized dopants evolves as a function of
dopant concentration and how these trends change with
respect to the model parameters. The four model parameters
that we assess are the energy offset between the host’s and
dopant’s DOS, labeled E g, the standard deviation & of the
Normal distributions representing the DOSs, the reorganiza-
tion energy A of the molecules, and the energy difference U
between the ionization energy and electron affinity of the
singly ionized molecules. The A and U values are estimated
from long-range corrected density functional theory (DFT)
calculations. Considering these parameter values, we find good
agreement of the model to two sets of previously reported
experimental data, one for a system showing double dopant
ionization and another for bipolaron formation on a p-doped
polymer host. Finally, we state that U is the key parameter to
be minimized for double ionization of dopants or maximized to
avoid the formation of bipolarons on the host.

We now turn to a description of the model and the methods
for calculating A4 and U. We first define the DOS as following
Normal distributions, drawn for IE® and EA° energies in Figure
2a. With this description, the experimentally accessible
parameters of IESXp and EASXP are defined by a linear
extrapolation from the inflection point of the distribution
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toward x = 0. This places IE(e)xp and EASXP at an energy 20 away
from the distributions centers.” For example, in the double
doping case of Kiefer et al,,” the neutral p-dopant’s EASXP is 0.7
eV below the neutral host polymer’s IE(e)xp’ With an estimate of
the standard deviation at ¢ = 0.15 eV, the center of the

0
dopant’s distribution of empty states, g‘j‘g‘wm, sits 0.1 eV below

the center of the host’s distribution of occupied states, g{f,l;t
This value of 0.1 eV will be used later in our model.

Next, we consider the effects of charge transfer between host
and dopant on the DOS. In Figure 2b—g, we plot the DOSs,
before and after state energy renormalization, and the final
occupation of each distribution. We do this for strong p-type
molecular doping, showing two cases for a low (0.5 mol %)
and a high (25 mol %) dopant concentration. In Figure 2b,e,
we draw the ground-state configuration (i.e., before charge
transfer) with the neutral host’s distribution of occupied states,

labeled gﬁost, and the neutral dopant’s distribution of empty

0
states, ggoApam. In Figure 2¢f, we show how the dopant’s DOS
splits considering the state energy renormalization upon charge

transfer. The DOS for the dopant anion’s IE ggf,;,am shifts
downward in energy by 4, relative to g{}f}fm. The DOS for the

dopant anion’s EA ggoApant sits above ggipam by the Hubbard U
minus a second reorganization energy U-A,. In our modeling,
we approximate A; & A, = A. Finally, in Figure 2d,g, we
calculate the number density in each distribution by taking the
product of the DOS and the occupation probability f(E) and
integrating over energy. For example, the density of holes on
the host py. is calculated using the following integral

Prow = | 8 B)1 = f(E, E)] dE

with the occupation probability given by the Fermi—Dirac
distribution. The Fermi level E; is set by the neutrality
condition

anion dianion

dopant + 2"ﬂdopant

p host
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Figure 2. (a) The DOS for a neutral semiconductor’s distributions of ionization energies g'® and electron affinities g*, represented as

Normal distributions. The experimentally accessible parameters of IE,,,

0

and EAS,‘P are defined as shown, by a linear extrapolation from each

distribution’s inflection point. This definition places IE, and EAZ_ at an energy 26 away from the distribution’s center. In the right-hand six
panels: change in DOS upon charging in a (b—d) lightly and (e—g) heavily p-doped organic semiconductor. (b, e) The ground-state DOS for
host and dopant. The filled color represents occupied states, and the hatch pattern represents unoccupied states. (c, f) The DOSs redrawn

considering one charge transfer. gff,;,am shifts down in energy by the reorganization energy A,, with the upper manifold, ng:;m, separated by

energy U-A,. (d, g) The occupation of the DOSs considering the shifts in energy upon charging. The electron densities are marked nfi]::,;,am and

nﬁoAl;am, and the host polymer’s hole density is marked py, . The parameters used to generate the six right-hand panels are set as T = 300 K,

E,fee = —0.1eV, 6 = 0.15eV, A = 0.4eV, and U = 1.0 eV.

stating that the number density of holes on the host, py. is
equal to the number densities of singly charged dopant anions
nanion dianion

dopant Plus twice the doubly charged dopant dianions nggpan; -

. . anion _ _IE~ EA™ dianion _ _EA™
COHSIderlng that ndopant - ndopant - ndopant and ndopant = ndopant)

the neutrality condition, in terms of the quantities plotted in
Figure 2, reads

phost = ncllloapant + n(f‘(:)ant

With the model defined, we now discuss calculating A and U.
We evaluate 4 and U for a representative host/dopant system
at the DFT level. We consider a molecular complex consisting
of the p-dopant 2,3,5,6-tetrafluoro-7,7,8,8tetracyanoquinodi-
methane (F4TCNQ) and a dimer of the bithiophene-
thienothiophene polymer p(g42T-TT), see Figure 3. The
complex is optimized at the unrestricted long-range corrected
LC-whPBE/6-31G** level of theory with the GD3B]J
dispersion correction. We account for the medium polarity
(dielectric constant ¢ = 7) via the polarizable continuum
model (PCM), in order to match the sample fabrication
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condition in a 1:1 CH;CN/CHCI; mixture; we note that this
approach was also applied in the earlier DFT calculations for
double dopant systems.” We start with the molecular complex
and each individual component in their neutral ground state,
which we call the 0/0 complex. From the initial optimized
geometries, we perform constrained-DFT calculations, at the
same level of theory, with constraints of +1/—1 and +2/-2
charges on the dimer/F4TCNQ components in the complex,
respectively. This allows us to evaluate the single and double
dopant ionizations. Note that the total charge of the whole
complex is set to zero. The U value is then estimated from
20

fomplex = E[(polymer(+2) + dopant(—2)]
+ E[(polymer(0) + dopant(0)]
— 2 X E[(polymer(+1) + dopant(—1)]

where 0, +1 (or +2), and —1 (or —2) represent the neutral,
singly (or doubly) positively charged, and singly (or doubly)
negatively charged states, respectively.

https://doi.org/10.1021/acsmaterialslett.2c00619
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Figure 3. Molecular configurations of the p(g42T-TT) dimer/F4TCNQ_system fully optimized in the overall neutral ground state at the
unrestricted LC-whPBE/6-31G** level of theory with the GD3BJ dispersion correction and & = 7. The relative energy (E) and U values are

given.
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Figure 4. Fraction of doubly ionized, singly ionized, and neutral species as a function of molar dopant concentration (a) from the p-dopant
side, (b) from the host side. The Hubbard energy is varied. U = 0.95, 1.00, and 1.05 eV with all other parameters constant: T = 300 K, E .

—0.1 eV,06 =0.15 eV, and A = 0.4 eV.

The reorganization energy (4) of an isolated dopant
F4TCNQ is evaluated at the same level of theory as for the
complex. The total energies of the singly charged and neutral
species of FATCNQ, in each case on fully optimized
geometries, are calculated to obtain the ionization energy
(IE), electron affinity (EA) and, consequently, A

idopant = IEdopant(_l) - EAdopant(O)
= [E°(=1) = E7(-1)] = [E°(0) = E7(0)]

where E*(B) denotes the energy of the A charged species at
the geometry optimized in the B state. All DFT calculations are
carried out with the Gaussian 16 prograrn,20 with the exception
of the constrained DFT calculations performed with the Q-
Chem 5.3 package.”'

Starting from several initial geometries of the dimer/
F4TCNQ complex, two optimized configurations stand out,
see Figure 3. The first, referred to as complex 1, has the dopant
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intercalated between the polymer side chains; this config-
uration is consistent with the experimental data and DFT
calculations reported in ref 4. The complex 2 configuration has
F4TCNQ _lying flat on top of the polymer backbone, which
maximizes the 7—z dispersion interactions. While, as a result,
complex 2 is more stable than complex 1 by some 0.62 eV (ca.
14 kcal/mol), in practice, this configuration is less expected to
appear, as it implies that the dopant has to separate interacting
polymer backbones to intercalate in between them. Thus, our
focus here is on complex 1, for which we calculate U to be 0.96
eV. The reorganization energy of the dopant, estimated from
the difference between the vertical IE of the anion and the
vertical EA of the neutral species, is 4 = 0.39 eV.

In Figure 4a, we plot the fraction of dianions, anions, and
neutral dopant molecules as a function of molar dopant
concentration. We show the case for a strong p-type dopant,
with the model parameters set identically as that for Figure 2.
At very low dopant concentrations (below 1 mol %), all

https://doi.org/10.1021/acsmaterialslett.2c00619
ACS Materials Lett. 2022, 4, 2051-2057
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Figure 5. Model vs experimental data for two systems. (a) Dianions, anions, and neutral p-dopant molecules of FATCNQ_in polymer host
p(g42T-TT). Experimental data from ref 4. (b) Bipolarons, polarons, and neutral host molecules of P3HT p-doped with Mes,B*[B(C¢Fs),]".
Experimental data from ref 21. The shaded regions represent an estimate of uncertainty in the model.

dopants are doubly ionized with the Fermi level above both the

dopant anion’s gfif,\};am and ggi;,ant distributions. As the dopant
concentration increases and the Fermi level shifts to within

do;am, the fraction of dianions decreases. At this point, g[d}:;;am is
still below the Fermi level and, so, remains filled. Therefore,

the fraction of anions (ngf);am - nﬁé\;am) begins to increase. At
high dopant concentrations (above 10 mol %), the Fermi level

drops to within gﬁl:‘,;am. Decreasing occupation of the ggf,;ant
distribution directly corresponds with a decreasing fraction of
anions and an increasing fraction of neutral dopant molecules.

Next, we test how the splitting between the dopant’s g‘S‘OA};ant

and gﬁipant distributions affect the fraction of dianions, anions,
and neutral species as a function of dopant concentration. In
Figure 4a, we vary U (0.95, 1.00, and 1.05 eV) with all other
model parameters constant. The generation of dianions is

favored with smaller U, as ngfl;an
becomes more accessible.

We investigate the analogous situation of bipolaron
formation on a polymer semiconductor. For these calculations,
the neutrality condition is adjusted so that we also consider the

. shifts to lower energy and

R
densities in the host cation’s occupied pi-, and unoccupied

piay distributions as follows.

+

IE EA" IE” EA
P host

+ phost = ndopant + ndopant

In Figure 4b, we plot the fraction of bipolarons, polarons,
and neutral host molecules (neutral segments on the polymer)
as a function of dopant concentration. For dopant concen-
trations below ~25 mol %, we see a linear increase in polaron
formation. Above ~25 mol %, the fraction of bipolarons begins
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to increase. In terms of the Fermi level position, the formation
of bipolarons occurs when the Fermi level shifts to sit within

the host cation’s distribution of singly occupied states, g‘}ist
Therefore, high dopant concentrations are required to generate
bipolarons. Again, we vary U = 0.95, 1.00, 1.05 eV with all
other model parameters constant. We find that bipolaron
formation tends to be suppressed with increasing U.

We compare our model to experimental data from two
previous studies. The first data set comes from UV—vis
absorption measurements on thin films of p(g42T-TT)/
F4TCNQ." Kiefer et al. determined the fractions of dianions,
anions, and neutral species of FATCNQ_ by fitting absorption
coefficients using the method of least-squares. We plot the
experimental data as points in Figure 5a, with a panel for each
species. We set the energy offset between the host and dopant
manifolds by reference to cyclic voltammetry measurements”
at E g = —0.1 eV. The standard deviation of the DOSs is
estimated at 6 = 0.15 eV. We vary the last two model
parameters to best fit the experimental data, giving values of A
= 04 eV and U = 1.0 eV. These results are in remarkable
agreement with the DFT-derived values of 4 = 0.39 eV and U
= 0.96 eV for complex 1, which supports that, in the double-
doping system, the dopant intercalates in between the polymer
side chains.

In Figure 5, we also display a shaded region to represent the
sensitivity of the model to changes in the A and U parameters.
This region is determined by varying A and U by +0.05 eV and
rerunning the calculations. Our best-fit parameters along with
our uncertainty estimates are summarized in Table 1.

We repeat our fitting process using a second set of
experimental data from ref 21. In the referenced report,
bipolaron formation is observed in poly(3-hexylthiophene-2,5-
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Table 1. Values of the Model Parameters Used to Fit the
Experimental Data in Figure 5%

E et 4
(eVv) (eV) A (eV) U (eV)
p(g42T-TT)/FATCNQ.  —0.10 0.15 040 +£0.05 100 + 0.0S
P3HT/ —0.60 0.15 0.40 + 0.05 0.90 + 0.05
Mes,B*[B(C4Fs),]™

“Eofisee and o are fixed, while A and U are varied freely. The uncertainty
in A and U corresponds to the lightly shaded regions in Figure 5.

diyl) (P3HT) heavily p-doped with an organic salt consisting
of a diarylborinium ion (Mes,B*, Mes = mesityl) and a
tetrakis(pentafluorophenyl)borate anion ([B(C4F;)4]7)
(Mes,B*[B(C¢Fs),]7). Wegner et al.””* determined the
fractions of bipolarons, polarons, and neutral P3HT by an
analysis of the sulfur core-level spectra as measured by X-ray
photoemission spectroscopy. We plot these experimental data
and our model fit in Figure Sb. As before, we observe good
agreement between the trends in the experiment and the
trends in the model. The best-fit values and uncertainty are
summarized in Table 1.

Overall, the model with our values of 4 and U produces
trends that match the experimental data very well. Despite this,
the model does neglect several physical details, which may be
relevant for future work. For example, we do not consider
entropic contributions that would promote charge transfer for
cases where a dopant is surrounded by many host polymer
segments. We speculate that ignoring entropy leads to an
underestimation of charge transfer and of U. Also, we only
consider energetic disorder and not spatial disorder. The
molecular/polymer segment states represented by the Normal
distributions in Figure 2 are disordered with respect to energy.
However, in reality, these states may also be spatially separated.
This puts an additional requirement on charge transfer
between host and dopant—not only must the energetic offset
be favorable for charge transfer but the states must also
correspond to neighboring molecules. Again we speculate that
neglect of spatial disorder leads to an overestimate of the
charge transfer and of U, particularly for high dopant
concentrations.

To conclude, we report that the double ionization of
dopants can be understood by considering the change in state
energies upon charging. We present a model that uses Normal
distributions for the densities of states and Fermi—Dirac
statistics to numerically solve for the Fermi level at each
dopant concentration. Unlike previous models, which consider
only the ground-state configuration, we allow the state energies
to shift by A and U upon charging. In this way, the model
allows for the double ionization of the dopant and,
analogously, bipolaron formation on the host. In combination
with DFT estimates of A and U, the model shows good
agreement with experimental measurements of the fraction of
dianions, anions, and neutral species in a p-doped sample. The
model also shows good agreement with measurements of the
fractions of bipolarons, polarons, and neutral species in a
heavily p-doped P3HT film. Based on these findings, we
suggest that the state energy renormalization upon charging is
the key parameter to be either minimized for double ionization
of dopants or maximized to avoid the formation of bipolarons
on the host.
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