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Abstract

Increasing the amount of charge carriers by molecular doping is important to im-
prove the function of several organic electronic devices. In this work, we use highly
fluorinated fullerene (CgF 45) to p-type dope common amorphous molecular host mate-
rials. We observe a general relation between the material’s electrical conductivity and
Seebeck coefficient, both strongly depending on the energy level offset between amor-
phous host and dopant. This suggests that the doping efficiency at similar doping levels
is mainly determined by the electron transfer yield from host to dopant. Indeed, the
dopant anion and host cation absorption strength correlate with the ionization energy
(IE) of the host material. Host materials with an IE significantly below the electron
affinity of the dopant yield the highest doping efficiency. Surprisingly, the doping effi-
ciency reduces only by about one order of magnitude when the IE of the host material is

increased by 0.55 eV, which we attribute to the disordered nature of the host materials
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Doping of small-molecule organic semiconductors had a major impact on the development
of organic light emitting diodes (OLED) and organic photovoltaics (OPV).'® Increasing
the amount of mobile charge carriers in transparent layers at the contacts helps in reduc-
ing injection and extraction barriers and facilitates charge transport from absorber or to
emission layers.* More recently it was shown that molecular doping can also significantly
improve the electrical properties of polymers for thermoelectric and bio-electronic applica-
tions.®% For optimized device performance it is therefore necessary to maximize the doping
efficiency, namely the fraction of mobile charge carriers introduced per dopant and avoid
charge carrier trapping or scattering at trap or dopant states possibly reducing the effective
charge carrier mobility in the film. There are two factors detrimental for the performance
of dopant-host systems. The first is a less-than-unity fraction of charges transferred be-
tween host and dopant.” % The second is the fact that only a fraction of the created charge
carriers is actually mobile and able to contribute to the electric current. The rest of the
charges is immobilized in integer charge transfer complexes.!! In contrast to inorganic dop-
ing, typical dopant concentrations in the percent range are required to introduce an amount
of mobile charge carriers, sufficient for practical applications in OLEDS and solar cells. %13
However, the molecular factors determining efficient dopant-host systems are currently un-
known. The performance of a dopant-host system is often evaluated by the increase in
conductivity, which is not only affected by the increased charge carrier density with doping
but also by the transport mechanism, energetic disorder and crystallinity of the investigated
systems. 1415 All these parameters heavily influence charge carrier mobility and a comparison
based on electrical conductivity alone is often insufficient for a deeper mechanistic under-
standing. A combination of different techniques able to independently assess the density
of carriers and the position of the Fermi-level or charge carrier mobility is therefore needed
to study the influence of molecular parameters on the doping process itself. Only a few
studies have systematically investigated the influence of the energy level offset between host

and dopant on the doping efficiency so far. For efficient charge transfer, using dopants with



higher electron affinity compared to the ionization energy of the host was found to be ben-
eficial in the case of p-type doping.” And while an influence of the electron affinity (EA) of
tetracyanoquinodimethane (TCNQ) based molecules was observed,!® a quantitative under-
standing of its influence is still missing. Similarly, in studies of n-doped Cgg, lower limits for
the doping efficiency of various dopants were derived, but without investigating the role of
the energy level alignment between host and dopant.!” Here, we study a series of amorphous
host materials with gradually increasing ionization energy (IE) to uncover its influence on
the host-dopant charge transfer efficiency, conductivity and thermoelectric properties. The
latter are closely related, since the Seebeck coefficient S at a temperature 7" depends on the

Fermi-level position Er and the energy dependent conductivity o(F) through®®

1 % (B = Ex)o(E)dE

= [>_o(E)dE

(1)

The Seebeck coefficient contains therefore only information on the carriers contributing to
conductivity. In order to characterize the total amount of (mobile and trapped) charges
introduced by the dopant, we use UV-VIS-NIR absorption measurements to characterize
the relative density of transferred carriers from their optical signatures and relate them
to the thermoelectric properties. By combining these methods it is possible to investi-
gate the influence of molecular parameters, i.e., the IE of the host materials determined
by UPS, on the doping efficiency. We study relevant materials, which are used in vacuum
deposited OLEDS and OPV, in particular, typical small-molecule hole transport materials
N,N’-Di(naphthalen-1-y1)-N,N’-diphenyl-benzidine (a-NPD), N,N’-((Diphenyl-N,N’-bis)9,9,-
dimethyl-fluoren-2-yl)-benzidine (BF-DPB), 9,9-bis[4-(N,N-bis-biphenyl-4-yl-amino)phenyl]-
9H-fluorene (BPAPF) and 4,4’ ,47-tris(carbazol-9-yl)-triphenylamine (TCTA),!*2?° all based
on triphenylamine building blocks. The IE of these hosts change approximately in steps of
0.1-0.2 eV and are higher (lower) than the EA of the dopants used in this study. We find that

increasing energy level offset between host and dopant leads to a strongly reduced doping



efficiency. Nevertheless, even when increasing the ionization energy by as much as 0.55 eV
significant charge transfer and an increase in conductivity can still be observed. However,
to achieve the highest doping efficiency, the electron affinity must be sufficiently high, above
the ionization energy of the host.

TCTA and a-NPD are well studied materials, mainly used in OLED applications, while
BF-DPB and BPAPF are more commonly found in transport layers of organic solar cells.
All host materials predominantly form amorphous layers. The ionization energy measured
by ultra-violet photoelectron spectroscopy in thin films gradually changes from 5.85 eV for
TCTA, 5.6 eV for BPAPF, 5.45 ¢V for a-NPD to 5.3 eV for BF-DPB (Figure 1). The host

4.5 eV
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Figure 1: The ionization energies of the hosts measured by UPS gradually change from 5.3
to 5.85 eV. Electron affinities ranging from 5.1 to 5.5 eV are reported for CgoF 5, while 0.6
eV lower values are observed for CggF 6.

materials are doped with the fluorinated fullerene dopant CgoF 5 at different doping concen-
trations. Depending on the characterization method a range of values for the EA of CgoF g
is reported literature. The EA of fluorinated fullerenes shift due to fluorination, showing a
linear dependence on the number of fluorine atoms. The gas-phase EA value determined for
CeoF4g by Fourier transform ion cyclotron mass spectrometry (FTMS) bracketing method is
reported as 4.1(3) eV,2! which is 1.3 eV higher than the EA of CgFy,?? while a shift from

2.7 eV of Cgy to 5.0 €V and 5.6 €V in the case of open-shell species CgoF35 and CgoF 4y re-



spectively was determined by photoelectron spectroscopy.?® A similar trend was observed in
CV measurements, where a LUMO shift 0.58 eV was derived from the half-wave reduction
potentials, when increasing the number of fluorine atoms from 36 to 48,2* whereas the CV-
derived LUMO shift from Cg, to CgoF4s was reported as 1.38 eV.2> While these values are not
always comparable to thin-film electron affinities, the EA of CgyF,5 determined from surface
doping experiments was found to be higher than that of the more commonly used dopant
F4-TCNQ with an EA between 5.1 to 5.4 €V.252 An estimation of the electron affinity from
electrochemical potentials and the electron affinity of Cg, from inverse photoelectron spec-

30734 vields a similar value of roughly 5.5 eV.

troscopy (IPES) measurements on thin films
This suggests that the LUMO energy of CgyF4g is close to the energy of the highest occupied
molecular orbital (HOMO) of BF-DPB, the host material with the lowest IE used in this
study, which is also doped with CgF35. HOMO (LUMO) refers here to the energetic position
of the maximum in a disordered density of states, while IE (EA) is usually determined from
the onset as specified in the supporting information.

For all CgoF,5-doped host materials, with molar dopant-host ratios from 0.001 to 0.1,

we find an increasing electrical conductivity with increasing doping concentration (Figure

2). At the same time, the Seebeck coefficient decreases significantly from approximately
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Figure 2: Electrical conductivity and Seebeck coefficient of the investigated dopant-host sys-
tems. Seebeck coefficient and conductivity are strongly related, independent of the material
combination. As the ionization energy of the host increases, the conductivity is reduced and
the Seebeck coefficient increases.



1000 pV/K at the lowest doping concentration to 300 ©V/K at high concentrations. All
samples show a positive Seebeck coefficient indicating hole transport and p-type doping.
Comparing the different systems at similar dopant-host stoichiometries, we find significant
differences, with higher IE host materials exhibiting a reduced conductivity and increased
Seebeck coefficient. Nevertheless, even the highest IE material, TCTA, shows a significantly
increased conductivity upon doping with CgFys. At the same molar ratio, the conductivity
of BF-DPB is roughly one order of magnitude higher than that of TCTA. The superlinear
conductivity increase with doping concentration observed in all systems is an indication
for the presence of tail states that are subsequently filled upon doping.!? Despite the wide
range of conductivities spanning three orders of magnitude, its relation with the Seebeck
coefficient is very similar for all materials, following an apparent power law dependence of
S ~ o714 as it has been observed before in the case of doped polymers.3® This behavior is
characteristic for materials that are dominated by static disorder.3¢ The fact that we observe
this relation with only little variation for all materials indicates that energetic disorder and
reorganization energies are very similar in the investigated host materials. The differences
in Seebeck coefficient and conductivity for different hosts are therefore solely related to the
total density of mobile charge carriers introduced by the dopant. This is also valid when
CeoF s is exchanged by the weaker dopant CgyFs6.2"%® When CgoF34 is doped in BF-DPB,
we observe a significantly higher Seebeck coefficient and lower conductivity.

As we have established above that the differences in conductivity and Seebeck coefficient
must come from a different number of mobile carriers introduced by the dopant, we now
use optical spectroscopy to determine trends in the fraction of charges transferred. While
undoped, only a single absorption feature for wavelengths around 400 nm is visible for all
host systems. Upon doping with CgoFys, new features, slightly red-shifted as compared to the
main absorption peak, appear, together with a broad near-infrared absorption (Figure S1).
Such features have been previously attributed to cation absorption in triphenylamine-based

39-42

molecules and indicate integer charge transfer from host to dopant. Cation absorption



is also found when the IE is as high as 5.85 ¢V in the case of TCTA. No characteristic
absorption peaks of CgyF4g molecules are visible in the investigated wavelength range from
290 to 2500 nm due to its large optical gap.?® A similar behavior was observed in MeO-TPD
doped with CgoFs.4* The doping related absorption increases with doping concentration and
is the strongest for the lowest IE materials BF-DPB and o-NPD, while changes are hardly
visible in BF-DPB doped with CgoF34 (Figure S2), even at the highest doping concentration
at a molar ratio (MR) of 0.2. In recent studies, no significant amount of charge transfer
was observed when doping TCTA with F6-TCNNQ, even though a thin-film electron affin-
ity of 5.6 ¢V was determined. 64> This suggests an improved doping strength of CgoFys, as
compared to more commonly used dopants F4-TCNQ, F6-TCNNQ and CgoF36. The clearly
visible cation features in the absorption spectra of CgoF5-doped samples allow an estimation
of the relative fraction of dopant induced charges by comparing their integrated absorbance.
Since neither CgoF4g nor its anion show any characteristic absorption features in the investi-
gated wavelength range, the molar absorptivity of the NIR peaks is estimated using CN6-CP
with a LUMO energy of 5.87 ¢V as a dopant.® This molecule has a characteristic anion ab-
sorption that can be used as a reference (detailed evaluation in Supporting Information) by
comparing the integrated dopant anion and NIR cation absorption of the host materials.
The estimated charge transfer efficiency relative to the lowest IE host BF-DPB, which
exhibits the highest degree of charge transfer to the dopant is shown in Figure 3. Increas-
ing the ionization energy from 5.3 €V to 5.85 €V leads to a reduction of the charge transfer
efficiency by a factor of 10 in the CgoFys-doped films, while a slightly reduced charge trans-
fer efficiency can already be observed when the IE is increased by 0.15 eV. It may seem
surprising, that even when the HOMO of the host is significantly lower than the LUMO
of the dopant, as much as 0.55 eV, integer charge transfer and a conductivity increase can
still be observed. This rather slow decay in charge transfer efficiency can be rationalized
by the strong disorder of the investigated host materials in the order of hundred meV,? as

found in UPS measurements (Table S7). Furthermore, the relative charge transfer efficiency
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Figure 3: Relative charge transfer efficiency as a function of ionization energy. Increasing
the ionization energy reduces the charge transfer efficiency estimated from UV-VIS-NIR
measurements of CgoF 5-doped films. Using CN6-CP, a reduced charge transfer efficiency is
only observed at IE above 5.6 eV

increases with doping concentration. While this behavior seems counter-intuitive at first, it
is explained by a further broadening of the density of states occurring at high doping con-
centrations.*”*8 This trend is reproduced when calculating charge transfer by solving charge
neutrality equation for Gaussian density of states numerically?® (Figure S9). Comparing
the anion absorption peaks of CN6-CP-doped samples, we find that the charge transfer effi-
ciency is comparably high in BF-DPB, a-NPD and BPAPF but reduced by a factor of 2 in
TCTA. Both dopants, CgFys and CN-6CP, show significant charge transfer even in TCTA,
which, in the case of molecular doping, has only been reported for transition metal oxides
so far.®® The drop in charge transfer efficiency occurs at 0.3 to 0.4 €V higher ionization en-
ergies compared to CgoF4g, hinting at a difference in their EA of the same magnitude. As
the difference between the LUMO levels of CN6-CP and F6-TCNNQ is reported to be in
the range of 0.5 to 0.6 eV4°! an estimation from our optical measurements yields an EA
of CgoF4g in the range of 5.8 €V, slightly higher than F6-TCNNQ. Within the limitations to
accurately determine the electron affinity this agrees very well with the lower doping strength
observed of F6-TCNNQ in TCTA.*> Correcting the doping concentration by the relative in-

tensities we can relate charge carriers introduced by doping to the fraction of mobile charge



carriers by plotting the conductivity and Seebeck coefficient as a function of the relative car-
rier density. We find that the electrical properties are comparable at similar charge carrier
densities, independent of the host material. This supports the idea that the differences in
Seebeck coefficient and electrical conductivity measured at different doping concentrations,
and therefore in doping efficiency, are indeed caused by the different degree of charge transfer
that originates from the IE differences. The doping efficiency of TCTA is slightly lower than
expected from the thermopower-conductivity relation, however, the spread of conductivity
and Seebeck coefficient between different materials is significantly reduced (Figure 4).

< 1500

X
3 o - BF-DPH
= o - O - a-NDP
$1000F V--.Z1-0-._ BPAPF
° V- gito-
£ SITIeA L A - ¢ -TCTA
3 V‘*~;°*~ \‘.O‘
© 500 |- TV 00Tk
x <
[ vV ©-==+.0n
Qo
Q
S 0

1E-3
= a
3 .

S 1E-4 | _.-~-0
Z) LV o

> v ol
SEs V.’__-:y°
3] - VYo o
3 =it
2 1E-6 | vt Y L on”
8 v 8 o -

1E-7 1 1

1E-3 1E-2 1E-1

relative charge carrier density

Figure 4: Conductivity and Seebeck coefficient as a function of relative charge carrier density.
The relative charge carrier density was calculated from the molar doping ratio and the relative
charge transfer efficiency determined from absorption measurements at a molar ratio of 0.1.

Even though structural relaxation might change the energy level offset leading to a dif-
ferent doping efficiency than anticipated from the energy levels of the isolated materials®?>4
, the observed trend of the CT efficiency with the change in IE is clear. For a more detailed
insight a determination of the host-dopant electronic structure in a blend film is preferable
but experimentally challenging.

In summary, using the highly fluorinated dopant CgyF g it is possible to dope and investi-
gate the thermoelectrical and optical properties of amorphous hole transport materials with
ionization energies as high as 5.85 eV. Comparing optical and electrical measurements we

find that the electrical conductivity and Seebeck coefficient are strongly related in the inves-
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tigated systems. Differences found at the same molar ratio originate from a different fraction
of ionized dopants, leading us to the conclusion that the amount of charges transferred mainly
depends on the energy level difference between host and dopant and that other properties
such as the width of the densities of states and transport mechanisms are very similar in the
investigated hole transport materials, typically used in vacuum deposited OLEDs or OPV.
The steady decay in doping efficiency observed when increasing the ionization energy high-
lights the importance of the energy level alignment in the case of integer charge transfer to
achieve the highest doping efficiency. However, due to the energetic disorder present in the
investigated materials, polaron absorption originating from charge transfer can be observed
in a broad energy range, even at large energy level offsets. The still high charge transfer
efficiency of both dopants, CN6-CP and CgF 45, in TCTA makes them promising candidates

for the electrical doping of other host materials with similarly high TE.

Experimental

The dopant material, CgF45, was synthesized by direct fluorination of 99.8% Cgy (MTR
Co.) with Fy gas at elevated temperatures as described elsewhere.?>% The sample was an-
alyzed by negative-ion atmospheric pressure chemical ionization mass spectrometry (2000
Finnigan LCQ-DUO mass-spectrometer), F NMR (Varian INOVA 400 MHz) and HPLC
(Shimadzu LC-6AD with a SPD-201A UV-VIS detector, Japan) which showed 98%+ com-
positional purity and 95%+ isomeric purity of D3-CgF4g (with a minor CgyF 45 isomer of Sg
symmetry). No further purification was done. CgoF35 dopant was prepared using previously
described method®” and characterized to be 98%+ compositional purity (consisting of one
major isomer of Cz-symmetry and two minor ones of C; and T-symmetry), after purification
by sublimation. TCTA and a-NPD were purchased from Sensient, BF-DPB and BPAPF
from Synthon and Lumtec, respectively. All hole transport materials were sublimed at least

twice before being processed. The doped films were prepared on glass substrates under vac-
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uum atmosphere at pressures of approximately 10~ mbar by thermal co-evaporation of host
and dopant. The deposition was monitored using separate quartz microbalances. Typically
films with a total thickness of 60 nm were prepared at deposition rates of 0.3 A/ s for elec-
trical characterization, while in the optical characterization films with a constant thickness
of the host of 100 nm was used. Electrodes of 20 mm width were deposited prior to the
organic materials at a distance of 5 mm using 40 nm of gold on top of a 3 nm chromium seed
layer. After the deposition the films were heated for four hours at 90 °C (80 °C in the case
of a-NPD due to the low glass transition temperature) to ensure that a stable film configu-
ration was reached. Thermovoltage and electrical conductivity were measured in-situ using
a Keithley 236 SMU without breaking vacuum. The Seebeck coefficient was determined at
a temperature gradient of 5 K, electrical conductivity was measured at a voltage of 1 V.
Absorption measurements were performed in air using a Shimadzu SolidSpec-3700 UV-VIS-
NIR. The absorption of a reference glass substrate was subtracted from all measurements.
The IE of the intrinsic host materials was determined by UPS. Spectra were recorded with a
PHOIBOS 100 analyzer system (Specs, Berlin, Germany) at base pressures of 10'° mbar. He
I excitation lines (21.22 eV) from helium discharge lamp were used as illumination source.
The energy resolution of the System was determined as 150 meV. Samples were prepared
on silver substrates at thicknesses of 20 nm. The IE is obtained from the sum of the work

function and the HOMO onset.
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