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We use the electron spin as a probe to gain insight into the mechanism of molecular doping in a
p-doped zinc phthalocyanine host across a broad range of temperatures (80-280 K) and doping
(0-5 wt% of F6-TCNNQ). Electron paramagnetic resonance (EPR) spectroscopy
discloses the presence of two main paramagnetic species distinguished by two different g-tensors,

concentrations

which are assigned based on density functional theory calculations to the formation of a positive
polaron on the host and a radical anion on the dopant. Close inspection of the EPR spectra shows that
radical anions on the dopants couple in an antiferromagnetic manner at device-relevant doping
concentrations, thereby suggesting the presence of dopant clustering, and that positive polarons on the
molecular host move by polaron hopping with an activation energy of 5 meV. This activation energy is
substantially smaller than that inferred from electrical conductivity measurements (~233 meV), as the
latter also includes a (major) contribution from charge-transfer state dissociation. It emerges from this
study that probing the electron spin can provide rich information on the nature and dynamics of charge
carriers generated upon doping molecular semiconductors, which could serve as a basis for the design
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1. Introduction

The precise control of the charge carrier density and conduc-
tivity of organic semiconductors through molecular doping has
been critical for the successful commercialisation of organic
light emitting diodes (OLEDs) and has been used to improve
the performance of organic solar cells (OSCs) and organic field-
effect transistors (OFETs).' Despite the commercial success of
molecular doping in the multi-billion dollar OLED industry,
some fundamental aspects concerning charge generation and
transport mechanisms are not yet sufficiently understood.>* In
the last few years, molecular doping has attained renewed
interest sparked by the recent advancements that clarified the
elementary steps occurring after the introduction of dopant
molecules inside organic layers, and the rationalization of the
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of the next generation of dopant and host materials.

thermally-activated charge carrier transport.”™' This has

allowed for a better control of the doping process and has
demonstrated that a complete understanding of molecular
doping is essential to develop novel dopant molecules with
appropriately-tailored energetic levels and push forward the
performance of organic devices in which doped layers play
crucial roles.>">*°

The most recent doping model consists of three steps, as
schematically shown in Fig. 1 for the case of efficient p-type
doping.®'” The first step involves either host-dopant frontier
molecular orbitals hybridization or ground-state integer-charge
transfer (ICT) from donor to acceptor molecules. Ground-state
ICT appears more effective to achieve high doping efficiency
and constitutes the main subject of our research interest.
Ground-state ICT generates a coulombically bound electron-
hole pair, known as charge transfer (CT) state (Fig. 1a).>'° The
second step consists in the subsequent dissociation of the
formed CT state and the generation of separated charges
carriers (Fig. 1b).%'® To prevent later confusion, in this work,
the positively charged species, both bound (N¢r') and separated
(p) ones, are referred as positive polarons because of the
delocalized nature of the interaction between the hole and
the host lattice. Conversely, the negatively charged species,
both bound and separated ones (N, ), are referred as radical
anions since, as discussed in following, the electron is mostly

This journal is © The Royal Society of Chemistry 2021
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Fig. 1 Schematic representation of efficient molecular doping for host
material ZnPc (blue rectangles) with p-type dopant F6-TCNNQ (green
oval). (a) Firstly, a charge transfer (CT) state is generated by integer electron
transfer from the highest occupied molecular orbital (HOMO) of ZnPc to
the lowest unoccupied molecular orbital (LUMO) of F6-TCNNQ. The CT
state consists of a hole localized on the ZnPc molecule and an electron
localized on the dopant molecule, bound by an attractive Coulomb
interaction. (b) Secondly, the bound charge carriers (F6-TCNNQ anion
and ZnPc positive polaron) overcome the binding energy and dissociate,
thereby forming a charge separated (CS) state. (c) Thirdly, the separated

charge carriers can either move within the host material by a hopping
process or remain static in trap states.

—

localized on the dopant molecule. In the third step, after charge
dissociation, the separated positive polarons can either move
within the host material, likely by a hopping process, reflecting
the disordered nature of organic semiconductors, or remain
static in trap states (Fig. 1c).” The balance between mobile and
trapped species, as well as the concentration and temperature
dependence of doping efficiency, has a statistical nature and
has been described by Tietze et al.*'’

All three steps in Fig. 1 are characterized by the presence of
unpaired electron spins (S = 1/2), as a result of the ground-state
ICT process that generates an unpaired electron spin both on
the donor and acceptor molecules.'*'** Taking advantage of
the electron spin to investigate molecular doping represents a
new perspective from which to study charge generation and
transport in doped layers, since the electron spin is sensitive to
the magnetic interactions acting at the microscopic scale
allowing for new insights into molecular doping. In this
context, electron paramagnetic resonance (EPR) spectroscopy
provides a significant advantage to study molecular doping since
it allows the observation of only the spin-bearing species and is
unaffected by the diamagnetic species (e.g. non-ionized host and
dopant molecules), whose contribution often overlaps the sig-
nals of the polarons in optical absorption techniques.**™"
Although EPR spectroscopy has been used to study polarons
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and their microscopic dynamics in different m-conjugated
organic materials, a comprehensive picture that takes into
account the first steps of charge generation in doped organic
semiconductors and the effect of doping concentration and
temperature on the number, the chemical environment and
the microscopic dynamics of polarons is so-far missing.'***3°

Here, we investigate p-type doping by establishing new
connections between spin physics, through electron para-
magnetic resonance (EPR) spectroscopy and theoretical density
functional theory (DFT) calculations, and more conventional
characterisation methods, such as photothermal deflection
spectroscopy (PDS), electrical measurements, morphological
analysis and transport models. We carry out our analysis on a
model system of zinc-phthalocyanine (ZnPc), as the host
material, co-evaporated with the p-type dopant F6-TCNNQ at
different doping concentrations (0-5 wt%, molar ratio (MR) =
0-0.085) and measured at different temperatures (80-280 K).
The EPR and DFT analysis shows the presence of two different
paramagnetic species, whose g-values are attributable to the
F6-TCNNQ radical anion (gis, = 2.0034 + 0.0005) and the ZnPc
positive polaron (gis, = 2.0023 £ 0.0005). The EPR quantitative
analysis and DFT simulations shed light on the charge
generation mechanism in doped semiconducting organic
films and suggest an antiferromagnetic coupling mechanism
occurring among F6-TCNNQ radical anions at high doping
concentrations. The investigation of polaron motional
dynamics from the EPR line shapes clarifies the microscopic
transport mechanism of polarons based on a thermally-
activated (E, = 5 + 1 meV) hopping mechanism. All EPR results
are compared with electrical conductivity measurements that
instead show an activation energy of 233 4+ 1 meV. We associate
this larger activation energy to a dominant contribution arising
from CT state dissociation, while both bound and free polarons
contribute to EPR.

2. Experimental section
2.1 Sample preparation

All the samples were prepared using vacuum deposition. ZnPc
(Zinc phthalocyanine) was purchased from Luminescence
Technology Corp., Taiwan, and F6-TCNNQ (1,3,4,5,7,8-
hexafluoro-tetracyanonaphthoquinodimethane) from Novaled
GmbH, Germany. All organic molecules were purchased in
sublimed grade and used as received.

Films for cw EPR were processed on glass substrates (Brand
microscope cover glasses, 18 x 18 x 0.15 mm?). Substrates were
cut in stripes (width = 3 mm) using a diamond tipped glass
cutter and cleaned by sequential sonication in detergent (Hell-
manex GmbH), de-ionised water (DI), acetone and iso-propanol
(IPA) for 10 minutes each and finally UV-ozone treated for
10 minutes. Thin films were evaporated onto the substrate in a
custom vacuum deposition tool (Creaphys GmbH, Germany,
base pressure = 10 °-10~7 mbar) and transferred to a nitrogen-
filled glovebox without air exposure. The deposition rate
(~0.4 A s') was controlled by quartz crystal microbalances
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calibrated by X-ray reflectivity measurements. For doped films,
the relative deposition rate of the materials was varied to obtain
the desired ZnPc:F6-TCNNQ ratio. The samples were then
inserted within quartz EPR tubes (inner diameter = 3 mm)
and sealed with a two-part epoxy adhesive (UHU Plus Endfest).

2.2 EPR measurements

The cw EPR spectra were recorded on a Bruker Elexsys E680
X-band spectrometer equipped with a nitrogen gas-flow cryo-
stat for sample temperature control. The sample temperature
was maintained with an Oxford Instruments CF9350 cryostat
and controlled with an Oxford Instruments ITC503. Unless
specified in the text, the following experimental parameters were
used in all cw EPR measurements: modulation amplitude = 1 G,
microwave power = 0.2 mW (30 dB attenuation).

EPR spectral simulations were carried out using the routines
of Easyspin, a Matlab™ toolbox.**

All the films studied via EPR spectroscopy were fabricated
with the same thickness (100 nm) to allow a better comparison
of the acquired EPR spectra and a correct estimate of the
concentration of the paramagnetic species.

2.3 DFT calculations

The g-tensor values were calculated for a negative charged
F6-TCNNQ molecule sandwiched between two neutral ZnPc
molecules along the ZnPc stacking direction, at a distance of
3.77 A from the anion. The calculations were carried out using
the PBEO functional and the Def2-TZVP basis set for all the
atomic elements.*®* We also took advantage of the RIJCOSX
approximation along with the Def2/] and Def2-TZVP/C auxiliary
basis set, as implemented in the ORCA 4.2.1 software.>* The same
level of theory was used for the energy difference calculations
between a triplet and a singlet state in two F6-TCNNQ anions. In
order to describe this system, the Heisenberg-Dirac-vanVleck
(HDvV) Hamiltonian for two interacting magnetic centres with
localized spin S; and S, reads:

Hypyy = —2J1281°S>

If the parameter J;, > 0, the two centres are ferromagnetically
coupled and the highest spin-state is the lowest in energy,
while if J;, < 0, the coupling is antiferromagnetic and the
lowest spin-state is the most stable in energy. In our case, the
energies of the states with Sy« = 1 (a triplet state) and Sy, = 0
(a singlet state) have to be computed. If, on one hand, the
energy of the state with Sy, is well described by one single
Slater determinant using a spin unrestricted formalism, on the
other hand, the determination of the energy of the state with
Smin cannot be exactly computed with DFT, due to the single-
determinant nature of the Kohn-Sham implementation, but
only using multiconfiguration (i.e. MR-SCF) approaches.’”
Nevertheless, at the DFT level, a possible work-around to such
a problem is the so-called “Broken Symmetry (BS) approach”,
where the energy of the lowest spin-state (a pure spin-state) is
approximately computed as a projection from a state of mixed
spin and spatial symmetry (the BS state) obtained by an
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independent SCF calculation. Then, the following expression
can be used:

AEy_s = E(HS) — E(BS) o —/1»

2.4 Photothermal deflection spectroscopy

Films of 40 nm thickness were deposited on quartz substrates
and mounted in a cuvette containing the liquid FC75 without
any exposure to ambient atmosphere. A monochromatic beam
of light directed perpendicularly at the sample was obtained
from a xenon lamp followed by a monochromator. The absorption
of photons in the probed material causes heating of the sample
which subsequently heats the surrounding liquid. FC75’s
refractive index is highly temperature sensitive and the change
in refractive index caused by heating was detected via the
deflection of a laser beam that runs parallel to the sample
surface. The measurement signal at a quadrant photodiode is
proportional to the absorptance of the thin film from which the
absorption coefficient was calculated using the sample
thickness.*>*” Improved signal-to-noise ratio was achieved by
chopping the monochromatic light and lock-in detection.

2.5 Electrical measurements

Electrical conductivity measurements were performed on
Fraunhofer IPMS gen 4 OFET substrates with 230 nm SiO,
and gold interdigitated electrodes. Measurements were made
over channel lengths 2.5, 5, 10 and 20 pm. The transmission
line method was used to check that the contact resistance was
significantly lower than the sample resistance. Room temperature
measurements were made under a nitrogen atmosphere, with the
samples having had no exposure to air. A nitrogen cryostat was
used to cool the samples for measurements at low temperature.

2.6 Grazing-incidence wide-angle X-ray scattering

Grazing-incidence wide-angle X-ray scattering (GIWAXS) studies
are carried out during experiment SI20426-1 at the Surface and
Interface Diffraction beamline (107) at the Diamond Light Source
(DLS) using a beam energy of 20 keV (0.62 A) and a Pilatus2M
area detector. The samples are probed while inside a vacuum
deposition chamber at a pressure of around 10~% mbar with the
MINERVA setup.’® The sample-to-detector distance was 42.1 cm
as determined via AgBeh calibration. Images are converted to 2D
reciprocal space using the DAWN software package with an
applied polarisation and solid angle correction. The GIWAXS
figures were previously published in ref. 39 and more details can
be found there.

3. Results and discussion

As a baseline, we carried out reference EPR measurements on a
pure ZnPc film in the dark at 280 K to confirm the absence of
any paramagnetic species or impurities in the host material.
The corresponding EPR spectrum shown in Fig. SI1 (ESI{) does
not present any appreciable signal, confirming that there are no
detectable spins which could arise from partial intrinsic

This journal is © The Royal Society of Chemistry 2021
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oxidation of ZnPc pristine material or unintentional doping
due to the stock conditions.**

3.1 Two spin-bearing species generated by doping

The EPR spectrum of ZnPc doped with 1 wt% (MR = 0.017) of
the acceptor F6-TCNNQ, reported in Fig. 2a, shows two different
peaks with a narrow line shape and a field position, which are
typical of organic radicals.*" The presence of two EPR peaks was
attributed to two different paramagnetic species in the film, as
confirmed by saturation measurements (Fig. SI2, ESIt). From the
best-fit spectral simulations (Fig. 2a), the g-values of the two
species were obtained (g; = 2.0034 + 0.0005 and g, = 2.0023 +
0.0005). Comparing the g-values obtained from simulation with
literature values, we attribute species 1 as the radical anion
localized on F6-TCNNQ and species 2 as the positive polaron on
ZnPc.**** Given that the EPR signals of the two paramagnetic
species overlap and the literature value for the radical anion of
F6-TCNNQ is missing, the obtained g-value for F6-TCNNQ
represents only a rough estimate and does not provide any
information on its anisotropic nature. We therefore carried out
DFT calculations to get a deeper insight into the F6-TCNNQ
g-tensor (Table SI1 and Section SI-3 for further details, ESIt). The
calculated isotropic g-value (giso = 2.0034) matches the EPR
result, supporting our analysis. In addition, DFT calculations
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clearly show the anisotropic character of the F6-TCNNQ g-tensor
(gx =2.0026, g, = 2.0034, g, = 2.0041), which cannot be inferred by
EPR measurements in X-band. The anisotropy of the g-value
could be disclosed by using higher-field EPR spectroscopy (e.g.
W-band), which is outside the scope of our work and not relevant
for our conclusions. The calculated DFT g-tensor values are used
for all the best-fit spectral simulations carried out in the follow-
ing (further details in SI-4, ESIT). From the spectral simulation,
we obtained the relative EPR intensities (double integral of the
EPR line) for each species (Table SI2, ESIt). The obtained values
suggest an equal number of ZnPc positive polarons and
F6-TCNNQ anions in the sample at 1 wt% doping concentration.
These initial EPR results are consistent with the first step of the
doping mechanism outlined above. Namely, when ZnPc is doped
with the electron acceptor F6-TCNNQ, a ground-state ICT occurs
that results in an anion localized on the F6-TCNNQ and a
positive polaron on the ZnPc. These two species are both
paramagnetic (S = 1/2) and therefore detectable through EPR.
Notably, the F6-TCNNQ anion and the ZnPc positive polaron can
be either bound (CT state) or separated (CS state), as shown in
Fig. 1a and b. The EPR signal is the sum of both contributions.

The line width of the EPR signal can provide a qualitative
estimate of the average microscopic mobility of the studied
species, which we refer to as ugpg in the following.*>** Static
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Fig. 2 Spin generation and antiferromagnetic coupling mechanism. (a) Black line: cw EPR spectrum of ZnPc doped with 1 wt% (MR = 0.017) of
F6-TCNNQ recorded at 280 K. Red line: Spectral simulation of the EPR spectrum obtained as the sum of two contributions: F6-TCNNQ anion (dashed
orange line) and ZnPc positive polaron (dotted green line). (b) cw EPR spectra of ZnPc doped with F6-TCNNQ at different concentrations, from 1 wt% to
5 wt% (MR = 0.017-0.085). The spectra were recorded at 280 K. (c) Paramagnetic species concentration (red dots), positive ZnPc polaron concentration
(green dots, Net* + p) and F6-TCNNQ anion concentration (orange dots, No™) as a function of doping concentration, from 1 wt% to 5 wt% (MR = 0.017-
0.085), calculated by EPR quantitative analysis of spectra in Fig. 2b. The paramagnetic species concentration is the sum of ZnPc polarons and F6-TCNNQ
anion concentrations. (d) 2D contour plot of the energy difference between the triplet and the singlet states (AE+_s) of two coupled electrons localized
on nearby F6-TCNNQ molecules, as a function of the x and y relative displacement of one molecule with respect to the other (see Section SI-9 for
details, ESIt). The two molecules are distant by 3.00 A along the z axis. A total of 7 x 7 configurations were probed with Broken-Symmetry (BS) DFT
calculations.
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species usually possess a Gaussian-broadened and anisotropic
line shape that reflects local inhomogeneity in chemical and
magnetic environment.”® For species with higher mobilities,
the line shape becomes Lorentzian and narrower (motional
narrowing regime) as the signal tends towards the mean of the
distribution.*® In our samples, the line width of the positive
polaron on ZnPc is on average much narrower than the line
width of the F6-TCNNQ anion (Table SI2, ESIT). This suggests
that positive polarons, either bound or separated, have on
average higher mobility than the counterpart radical anion.
This result is further corroborated by considering the Lorentzian
nature of the ZnPc positive polaron EPR line, which confirms the
motional narrowing regime. Lower mobility of the F6-TCNNQ
anion is rationalized considering the large hopping distances
between F6-TCNNQ dopant molecules, given their lower number
compared to ZnPc host molecules.

3.2 Antiferromagnetic coupling mechanism

After having identified the nature of the paramagnetic species
generated by the electron transfer process, we focused our
attention on the effect of increasing doping concentrations.
The EPR spectra of ZnPc doped with F6-TCNNQ at different
concentrations (from 1 wt% to 5 wt%, MR = 0.017-0.085),
recorded at 280 K, are reported in Fig. 2b. The spectra at all
concentrations show the presence of the F6-TCNNQ radical
anion and the ZnPc positive polaron, as further corroborated by
the best-fit spectral simulations (Fig. SI4, ESIt) and the discus-
sion in the ESI (see SI-5). Even though this result seems in line
with the ground-state ICT between host and dopant, the relative
ratio of the EPR intensities of the two paramagnetic species
deviates substantially from 1:1 at higher doping concentra-
tions. To get a better understanding for the unexpected beha-
viour of the anion, we carried out EPR quantitative analysis.
From the EPR intensity (double integral of EPR line), it
is possible to calculate the concentration of ZnPc positive
polarons (both bound and separated) in the doped film, and
of FFTCNNQ anions, as reported in Fig. 2c. The details of the
quantitative analysis are described in the ESIf (see SI-6). The
quantitative EPR analysis underlines that the concentration of
ZnPc positive polarons (Ner' + p) increases monotonically with
doping level as expected, while the concentration of F6-TCNNQ
anions (N, ) shows a non-monotonic trend with a maximum at
3 wt% (MR = 0.052) dopant concentration. To confirm this
result, we performed photothermal deflection spectroscopy
(PDS) at room temperature for the same doping concentrations
studied with EPR (Fig. SI7, ESIt). PDS allows for the detection
of sub-band gap states whose absorption coefficients are
usually very low.*® Analogously to previous results,* from Fig.
SI6 (ESIT) two main peaks are observed in the absorption region
below the m-n transitions of phthalocyanine’s Q-band: one at
1.06 eV (1170 nm) and one at 1.24 €V (1000 nm). By plotting the
absorption coefficients of the peak at 1.06 eV (or alternatively
1.24 eV), which is attributed to the F6-TCNNQ anion,® a relative
quantification of the number of F6-TCNNQ anions in the film
can be obtained (Fig. SI7-S9, ESI{). The absorption coefficients
show the same non-monotonic trend as a function of the
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dopant concentration as observed via EPR, supporting the
EPR quantitative analysis. Further discussion of PDS analysis
is reported in Section SI-7 of ESL¥

We rationalize the trend of the F6-TCNNQ anion signal as
follows: after the ground-state electron transfer process, the
number of ZnPc positive polarons and F6-TCNNQ anions is
equal because of the conservation of charge. This means that
for each ZnPc positive polaron generated, a negative F6-TCNNQ
anion is created as well. Each species possesses an unpaired
spin. At low doping concentrations, the distances between the
spin-bearing species are usually large and no magnetic
interaction occurs among them. In this case, both species
contribute equally to the EPR signal. Conversely, if the distance
between two spin-bearing species decreases and becomes small
enough, a coupling between the two magnetic centres can
occur. In the latter scenario, two spins can couple either in a
ferromagnetic (where the triplet state has a lower energy than
the singlet state, AEy_s = Er — Eg < 0) or in an antiferromag-
netic (where the singlet state has a lower energy, i.e. AEp_g > 0)
fashion. In the antiferromagnetic coupling case, the total spin S
is equal to zero and the coupled spins do not contribute
anymore to the overall EPR signal, as this is only sensitive to
unpaired spins. Such a magnetic coupling is expected to appear
at higher doping concentrations where dopant molecules are
more likely to be close to each other, due for example to
clustering.*®*” We thus hypothesize that, when two F6-
TCNNQ anions are localized on nearby molecules, the two
unpaired spins magnetically interact in an antiferromagnetic
way thus turning these paired spins EPR silent. To demonstrate
our hypothesis, we carried out DFT calculations on two
negatively charged F6-TCNNQ molecules, applying the Broken
Symmetry (BS) formalism (see Methods and Section SI-9 for
details, ESIT).*® In absence of direct structural or morphological
information about dopant clustering, we first assumed a cofa-
cial arrangement of the F6-TCNNQ molecules with an inter-
molecular separation of 3.00 A along the z axis (see Fig. 2d), in
accordance with structural reviews and computational studies
by Miller*® on related TCNQ and TCNE radical anion salts and
further structural studies on TCNQ derivatives salts by Sutton.*'
Then, we assessed the energy difference between the highest
spin state, ie. the triplet state, and the BS state, i.e. a non-total
symmetric singlet state, as a function of sliding one F6-TCNNQ
molecule with respect to the other in the x and y directions. The
theoretical results support the view that an antiferromagnetic
arrangement of the coupled spins (AEp_g > 0) is preferred over
a broad range of molecular packing arrangements (with only
few structures yielding a very small, negative singlet-triplet gap,
shown as purple regions in Fig. 2d). This hypothesis is further
corroborated indirectly from EPR and PDS analysis, while other
possible scenarios like MW power saturation or di-anion for-
mation are ruled out (see SI-5, ESIt). At this point, it is worth
mentioning that the proposed antiferromagnetic mechanism
appears to be relevant also at relatively low doping concentrations
(MR = 0.034), which can occur only if an inhomogeneous dopant
distribution is taken into account. In this regard, we performed
statistical simulations which suggest that in our doped ZnPc

This journal is © The Royal Society of Chemistry 2021
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Fig. 3 Microscopic vs. macroscopic transport dynamics. (a) Lorentzian peak-to-peak line widths obtained from spectral fits of the EPR signals of ZnPc
polarons reported in Fig. 2b and Fig. SI4 (ESI) as a function of doping concentration. The EPR peak-to-peak line width is inversely proportional to uepr

(red arrow: direction of increasing microscopic mobility). (b) Conductivities

of ZnPc layers doped with F6-TCNNQ as a function of doping concentration.

(c) Conductivity (dots) of ZnPc layers doped with F6-TCNNQ as a function of polaron concentration (Nct* + p) obtained via EPR quantitative analysis and
best linear fit (red line). The values obtained from the linear fit are reported in Section SI-10 of ESI.¥

films, dopants tend to cluster as further discussed in Section SI-8
of ESI.T More generally, our results provide a promising route for
further investigations into dopant clustering in organic semi-
conductors, an effect that is often difficult to determine at device
relevant doping concentrations. All in all, this antiferromagnetic
coupling mechanism, which to our knowledge has never been
mentioned in literature, appears intriguing since it occurs also at
room temperature and at relatively low, but device-relevant,
doping concentrations (~few%) and suggests that, if further
investigated, molecular doping can play an important role in
the exciting field of organic spintronics.

3.3 Microscopic vs. macroscopic transport dynamics

In addition to the EPR intensity, additional information can be
obtained from the EPR line widths in Fig. 3a. Here, we focus
our attention on the dominant ZnPc polaron contribution to
track the electrical properties of our films as a function of
doping level. Specifically, the EPR line width drops with
increasing doping concentration, implying an increase in the
average microscopic polaron mobility.>”°

We performed electrical conductivity measurements of the
ZnPc films doped with F6-TCNNQ to verify the effect observed
by the EPR measurements. Fig. 3b shows the conductivity
plotted against doping concentrations 1-5 wt% (MR = 0.017-
0.085). The increase in conductivity with doping concentration
is in excellent agreement with the increase in polaron density
observed via EPR. To further elucidate this point, the linear fit
of conductivity as a function of polaron density and the best-fit
values are reported in Fig. 3c and Section SI-10 (ESIt), respec-
tively. The linear fit shows a strong positive correlation (R,q;. =
0.984) thereby confirming the linear dependence between the
conductivity and the polaron density. The absence of deviations
from the linear relationship highlights that both the ratio
between bound and free polarons (N¢r'/p) and the macroscopic
mobility (1) of the polarons are constant, as discussed in SI-10
(ESIt). On the one hand, the constant Ncr'/p ratio is in line with
the Tietze model® for the studied doping range and underlines
that the charge separation efficiency of the CT state does not
significantly change in the studied doping range. On the other
hand, the constant electrical mobility (x) obtained from con-
ductivity measurements appears at first glance inconsistent

This journal is © The Royal Society of Chemistry 2021

with the changes in polaron transport (ugpr) probed with
EPR. The key to understand these different behaviours is
that electrical conductivity results from macroscopic charge
transport phenomena that covers processes over several length
scales, while EPR only probes the microscopic movement of
charges originating from local fluctuations in the environment
of the charges within the EPR time resolution. In addition, both
bound and free polarons contribute to EPR, while electrical
conductivity is sourced only by the free holes. This result is
further corroborated and clarified through temperature-
dependent measurements below.

3.4 Spin-bearing species as a function of temperature
(80-280 K)

To study the effect of temperature on the equilibrium and the
dynamics of the spin-bearing species, similar EPR measure-
ments were performed on the same samples at different
temperatures (80-280 K), as reported in Fig. SI14 (ESIt). The
spectra at lower temperatures appear similar to those recorded
at 280 K and confirm the presence of the same two para-
magnetic species, previously discussed, at all temperatures.
From the best-fit spectral simulations, the relative weights of

the EPR intensities of the ZnPc positive polaron
+ Ner d F6-TCNNQ anion (1 )

cA = ———— ] an - anion -c
ATl Y Nert + Na- A

were obtained (Fig. SI15, ESIt). From the analysis, the polaron
ratio (c,) does not seem to significantly depend on temperature.
This result underlines that although the transition from the
antiferromagnetic coupling regime to the paramagnetic regime
is in principle thermally activated, its activation energy is high
compared to the thermal energy at room temperature (kgr &
25 meV). This conclusion is further corroborated by the AEr_g
values obtained by DFT calculations (Fig. 2d). Conversely, the
ratio is clearly dependent on the doping concentration (Fig.
SI15, ESIt), given that at higher doping concentrations dopant
clustering is more likely leading to a reduction of the distance
between unpaired spins.

Since the EPR intensity (double integral of the EPR spectra)
is proportional to the spin susceptibility of the sample, the
investigation of the EPR intensity of ZnPc positive polaron as a
function of the temperature provides insight on how the
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Fig. 4 Spin susceptibility and charge transport as a function of temperature. (a) EPR intensity (dots) of ZnPc films doped with F6-TCNNQ at different
concentrations (1-5 wt%, MR = 0.017-0.085) as a function of the inverse of the temperature and best linear fit (dotted lines). The EPR intensity is directly
proportional to the spin susceptibility (brown arrow: direction of increasing spin susceptibility). The values obtained from the linear fit are tabulated in
Table SI3 (ESIT). The EPR intensities have been calculated by performing the double integral of spectra in Fig. SI14 (ESIt) and taking into account the
weighting factor ca. (b) Peak-to-peak line widths of the polaron contribution of EPR spectra in Fig. SI14 (ESIt) as a function of temperature at different
doping concentrations. The EPR peak-to-peak line widths, which in the motional narrowing regime are inversely proportional to ugpr (red arrow:
direction of increasing microscopic mobility), have been obtained by the best-fit spectral simulations of spectra in Fig. SI14 (ESI}). (c) FWHM (dots) of the
polaron contribution of the EPR spectrum of 3 wt% (MR = 0.052) sample as a function of temperature. FWHM is related to the peak-to-peak Lorentzian
line width by the following relationship: P2P = FWHM/+/3. The linear fit (red line) provides the activation energy for the intra-grain polaron hopping Ex =
(5 £ 1) meV. (d) Electrical conductivity (dots) of ZnPc doped with 3 wt% (MR = 0.052) of F6-TCNNQ as a function of the inverse of the temperature. The

linear fit (dotted red line) provides the thermal activation energy of the conductivity.

number of polarons and ultimately the electron transfer
process are affected by temperature.25 In Fig. 4a, we report
the EPR intensities of ZnPc positive polarons at different
doping concentrations as a function of the inverse of the
temperature. In the absence of couple-exchange spin pairs,
the spin susceptibility for an organic semiconductor can be
well rationalized by the sum of two contributions: the Curie
(proportional to N/T, where N is the number of spin-bearing
species and T is the temperature) and the Pauli terms
(temperature-independent).>>** The Curie term arises from
isolated spin-bearing species. In contrast, the Pauli term is
typical of conduction electrons or holes and might play an
important role at very high doping concentrations where the
behaviour of the doped film resembles the behaviour of
metal.”> We performed a linear fitting of EPR intensities as a
function of 1/T in order to differentiate these two contributions
(Igpr = A + B/T, where A is the Pauli term and B the Curie term).
From the analysis, whose values are reported in Table SI3
(ESIT), we observed that at all the investigated concentrations,
the Pauli contribution is not significant and the EPR intensities
can be well described only considering the Curie term. This
result highlights two important points. First, at the studied

2950 | J Mater. Chem. C, 2021, 9, 2944—-2954

concentrations, the ZnPc polarons do not have any metallic
character and behave like isolated spin-bearing species. This
behaviour is typical of moderately doped organic
semiconductors.>® Second, the absence of other contributions
besides that of the Curie term underlines that the number of
paramagnetic species (N) does not vary with temperature in the
investigated temperature range. In the presence of a different
number of spin-bearing species at different temperatures, the
linear trend of EPR intensity as a function of 1/7 would be lost.
The latter appears particularly important since it suggests that
the formation of the CT states is temperature independent.
This result is in excellent agreement with the recent optical
measurements by Tietze et al., confirming that the first step of
the two-step model is temperature independent.®

3.5 Thermal activation energies for polaron transport

In contrast to the ground-state charge transfer (ionization) step,
the separation of the CT state and the mobility of the charge
carriers are dependent on temperature. To shed light into this
aspect, we first investigated the EPR line widths of our samples
at different temperatures. Analogously to the previous section,
we focused our attention only on the ZnPc positive polaron

This journal is © The Royal Society of Chemistry 2021
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contribution. The peak-to-peak line widths of the EPR spectra
of ZnPc positive polarons are reported in Fig. 4b. At all
temperatures, the EPR line widths decrease at increasing
doping concentrations confirming the motional narrowing
regime already observed at 280 K. Notably, a similar trend
can be observed as a function of temperature. At increasing
temperature, the EPR line width decreases, suggesting an
average increase in the microscopic mobility (ugpr) of the
positive polarons. It might be worth mentioning here that the
trend in EPR line width as a function of temperature can be
explained either by charge hopping (mobile spin picture) or it
could equally be due to dynamic fluctuations of the environ-
ment for a single charge sitting on the same molecule (static
spin picture). The Lorentzian line shape with no hyperfine
splitting is supporting the former hypothesis that the ZnPc
positive polarons are mobile species. Indeed, ZnPc molecules
possess many magnetic nuclei such as hydrogen (I = 1/2 for 'H)
and nitrogen (I = 1 for *N) atoms which should show strong
hyperfine coupling with the polaron spin. The absence of any
hyperfine broadening in the line shape as confirmed by our
best fit spectral simulations is in favour of the mobile spin
picture which is discussed in the following.

With the aim to get a deeper insight into the microscopic
mechanism of thermally-activated hopping, we focus our
attention on the ZnPc film doped with 3 wt% (MR = 0.052) of
F6-TCNNQ. We chose the 3 wt% sample as a representative case
as it features an intermediate doping concentration in the
range investigated. In Fig. SI16 (ESIt), we report the
temperature-dependent EPR spectra for our reference ZnPc
sample (doped with F6-TCNNQ at 3 wt%). From best fit spectral
simulations, we obtained the FWHM of the EPR contribution
from ZnPc polarons. These are plotted on a logarithmic scale as
a function of the inverse of the temperature in Fig. 4c. We
decided to fit the observed trend to provide a rough estimate of
the activation barrier for the microscopic transport mechanism
of the charge carriers in our doped films. From the linear fit, we
obtain an activation barrier of (5 = 1) meV that is similar to
activation barriers probed via EPR reported for different
polymers.*® The observed low value of activation energy
suggests that in our samples the polaron microscopic transport
takes place through the hopping of carriers from one localized
state to another, differently from a transport mechanism based
on extended states with periodic trapping-detrapping in loca-
lized states. To have a closer look at this result, we carried out
temperature-dependent conductivity measurements performed
on the same 3 wt% (MR = 0.052) doped ZnPc samples, shown in
Fig. 4d. The measurements can be fitted using an Arrhenius law
with an activation energy of 233 + 1 meV. This is in close
agreement with values reported in the literature and ~ 40 times
larger than the EPR value.” The activation energy measured
from electrical measurements is the sum of the CT state
binding energy and the hole transport activation energy. The
CT binding is the dominant contribution to the activation
energy of conductivity, as demonstrated by Schwarze et al
who indeed found a clear dependence of the thermally-
activated conductivity on CT state dissociation.” This result
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has been recently further corroborated by a computational
analysis indicating a Coulomb binding energy for the CT state
of similar zinc-phthalocyanine systems in the range of ~200-
300 meV.>® We are thus left to conclude that the hole transport
contribution to the activation energy is minor. It is important to
keep in mind that the activation energy for charge hopping is
the sum of two terms, one that depends on the standard
deviation of the (Gaussian) static disorder, o, of the form ¢/
kT, and one that scales with the polaron relaxation energy, as 4/
4.°" Since the EPR line width probes polaron transport at the
microscopic level, the static disorder is likely negligible as ZnPc
is polycrystalline and the order within the crystalline grains is
high. This result has been also confirmed by Grazing Incidence
Wide Angle X-ray Scattering (GIWAXS) measurements reported
in the SI-12 (ESIt). The remaining term is the classical (low-
frequency) part of A, which in rigid molecules like ZnPc is very
small. We note that an accurate assessment of the external
reorganization energy in acenes has been calculated to be ~40
meV,>> which translates into an activation energy for polaron
transport of 10 meV, in agreement with the activation energy
provided by EPR measurements.

All in all, our EPR analysis sheds light into the thermally-
activated polaron transport at microscopic level from a ‘“spin-
centered” perspective. Most importantly, the activation barrier
extracted from the EPR measurements is very low (~5 meV)
and thus confirms that the much larger energy activation
associated to electrical conductivity measurements is in fact
dictated by dissociation of the bound polarons. Thus, EPR
demonstrates to be an handy tool in order to obtain direct
information on polaron hopping transport, which is difficult to

Doping concentration Doping concentration
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Fig. 5 Schematic representation of ZnPc p-doped with F6-TCNNQ from
the electron spins’ point of view. After the single electron transfer, two
spin-bearing species are generated: a positive polaron localized on the
ZnPc (red charge, figure on the left hand side) and a negative anion
localized on the F6-TCNNQ (blue charge, figure on the right hand side).
At higher doping concentrations, the EPR intensity (and then the number)
of the polarons increases monotonically, while the EPR intensity of the
anions show a maximum at 3 wt% (MR = 0.052) doping concentration as
an effect of an antiferromagnetic coupling mechanism occurring at high
doping concentrations. At different temperatures, the number of the spin-
bearing species does not change, underlying a temperature-independent
electron transfer at the basis of charge generation in doped films.
The microscopic polaron transport shows a positive trend as a function
of doping concentration and temperature, which is confirmed by
conductivity measurements. The red arrow thickness is proportional to
the microscopic mobility.
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obtain with other techniques. Although further analysis is needed,
this rationale can be extended to most of the polycrystalline
organic semiconductors based on evaporated small molecules.

4. Conclusions

Our work sheds light into the equilibrium and the transport
dynamics of the species generated in the molecular doping of
organic semiconductors by taking advantage of their electron
spin. The analysis was possible thanks to the use of electron
paramagnetic resonance (EPR) spectroscopy, which provides
the fundamental advantage of directly detecting all the spin-
bearing species generated in the doping process, combined
with electrical measurements and theoretical DFT calculations.
The investigation performed on a model system composed of a
layer of ZnPc as a host, p-doped with the acceptor F6-TCNNQ,
highlights the presence of two spin-bearing species (S = 1/2),
whose g-values are attributable to the F6-TCNNQ radical anion
(giso = 2.0034 £ 0.0005) and the ZnPc positive polaron (gis, =
2.0023 £ 0.0005). This result confirms the presence of a
full electron transfer event at the basis of the doping process.
The systematic analysis carried out at different doping concen-
trations (0-5 wt%, MR = 0-0.085) and temperatures (80-280 K)
clarifies the generation of the charge carriers and the polaronic
transport at microscopic level in doped organic semiconductors,
as schematized in Fig. 5. At higher doping concentrations, a
monotonic increase in the number of ZnPc positive polarons is
derived from quantitative analysis of the EPR data. Conversely,
a non-monotonic trend with a maximum at 3 wt%-doping
concentration is observed for the F6-TCNNQ anion. Based on
quantum-chemical modelling, we propose that an antiferro-
magnetic coupling between the electron spins prevails at higher
doping concentrations. This antiferromagnetic coupling
mechanism occurring also at room temperature and device-
relevant doping concentrations (~ few wt%) suggests the presence
of dopant clustering in doped polycrystalline films based on small
organic molecules and could pave the way for new technological
applications of doped layers in the burgeoning field of organic
spintronics.” The investigation of the microscopic polaron trans-
port (ugpr), as derived by EPR line width, suggests that charge
carriers move via a thermally activated hopping process between
localized states. In particular, a positive trend in the mobility as a
function of increasing temperature confirms that hole polarons
migrate through a thermally activated hopping process (E, = 5 +
1 meV). Temperature-dependent conductivity measurements
show a much larger thermal activation energy (E, = 233 =+
1 meV), which is dominated by CT state dissociation but also
possibly includes a contribution from static energetic disorder
(grain boundaries, etc.). This result is likely extensible to other
polycrystalline semiconductors based on small molecules and
suggest that further EPR analysis will allow to disclose general
design rules for polaron transport in organic semiconductors.

In summary, the models and analysis developed in this
work demonstrate that temperature-dependent EPR is a highly
sensitive method that by itself can provide a wealth of
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information on doped organic systems. This information
includes the doping efficiency, the nature of formed mobile
polarons and static anions, the microscopic polaron mobility,
the activation energies for microscopic charge transport, the
spin coupling, and the indication for dopant clustering. The
latter bears high technological significance when doped layers
are applied in functional devices such as solar cells or OLEDs.
Such information is relevant for fundamental research into
the doping mechanism of organic semiconductors, opens new
avenues in the field of organic spintronics, and for technological
applications requiring excellent control over doping processes.
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