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ABSTRACT
With the aim of pushing the knowledge and understanding on mixed films of organic semiconductors forward, blends of ZnPC and F8ZnPC
in different ratios are manufactured. The films have a polycrystalline structure, as indicated by electron diffraction profiles and infrared-
spectroscopy. Photoluminescence data show completely different spectra for the blends, compared to the pure materials, which can be ascribed
to the suppressing of excimer formation and the appearance of a new charge-transfer excitation between the two different molecules in the
blends. This new excitation can also be seen in optical absorption. Momentum dependent measurements of the electronic excitations by
electron energy-loss spectroscopy confirm the localized character of the new charge-transfer excitation in the blends. Our experimental data
help understand the important issue of donor/acceptor coupling in organic semiconductors.

© 2021 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0037958

I. INTRODUCTION

Semiconductor devices have become an integral part of the
daily life, and for some years now, organic semiconductor devices
have become increasingly present, e.g., as organic light emitting
diodes (OLEDs) for displays in smartphones or TVs. To realize
efficient devices, it is essential to create perfectly adapted energy
structures, regardless of the material. In inorganic materials, this is
achieved by mixing compound semiconductors such as GaAs with,
e.g., AlAs. However, this approach did not seem to be possible
in organic semiconductors since these exhibit localized electronic
states instead of delocalized Bloch states. While first indications
showed tunability in organic solar cells in 2013,1 Schwarze et al.
showed in 20162 that a controlled shift of the ionization energy (IE)
can also be achieved in organic semiconductors by mixing molecules
with a halogenated derivative. This effect is based on interactions of
excess charge carriers with the quadrupole field in the thin film. The
model system for these studies was zinc phthalocyanine (ZnPc) and
its fluorinated derivatives.3 These materials are known, inter alia, as

absorber and donor materials in organic solar cells4–8 but are also
employed in OLEDs.9,10 The fluorinated derivatives are particularly
characterized by the fact that the fluorination shifts the energy levels
down with respect to the vacuum level, while the strength of the shift
depends on the number of fluorine atoms.11,12

Mixtures of other phthalocyanines with their fluorinated
derivatives have already been investigated; however, the focus was
on the analysis of the film structure, the optical properties, and
the mobility of the charge carriers.13–15 Based on Schwarze et al.,
the influence of quadrupole moments on different properties of
thin films and devices has been increasingly investigated in recent
years and ZnPc:F8ZnPc mixtures came into the field of attention
for application in organic field effect transistors (OFETs),16,17 also
in combination with doping.18,19

The aim of this paper is to provide insight into the behav-
ior of the electronic excitations in such blended layers and thus to
achieve a full picture of the effects that can occur. For this pur-
pose, we first apply infrared (IR) measurements to determine the
growth phase and the mixing ratio in the mixed layers. Subsequently,
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we discuss photoluminescence (PL) and UV–vis spectra and use
electron energy-loss spectroscopy (EELS) to check the momentum
dependence of the absorption features.

II. RESULTS AND DISCUSSION
A. IR-spectra

Thin mixed films (blends) with the molar ratios ZnPC:F8ZnPC
1:0, 3:1, 1:1, 1:3, and 0:1 were prepared via vapor deposition. In
Fig. 1, we present the IR-absorption data. The top curve shows the
spectrum of pure ZnPC, followed by those for the various blends and
pure F8ZnPC as indicated. In addition, the vertical lines denote wave
numbers that represent absorption by ZnPc (red lines), F8ZnPC
(purple lines), or both (gray lines).

The top spectrum of ZnPC is in very good agreement with
those reported in the literature for α-ZnPC.20,21 In combination with
the electron diffraction data (see the supplementary material), this
proves that our ZnPc films did predominantly grow in the so-called
α-phase. For F8ZnPC, the electron diffraction data agree well with
the literature (see the supplementary material). The relative spec-
tral weight of the IR-absorption peaks that stem from either ZnPc or
F8ZnPC only is expected to represent the mixing ratio in our blends.
Indeed, one can see that the ZnPC related peaks decrease upon
increasing the amount of F8ZnPC in the blend and vice versa. More-
over, the respective peak ratios confirm the changes in the com-
position of our blends (for further analysis, see the supplementary
material). Finally, neither the IR data nor the electron diffraction
showed a polarization or direction dependence, which demonstrates
the polycrystalline structure of all films.

FIG. 1. IR-spectra for different mixing ratios with pure ZnPC at the top and pure
F8ZnPC at the bottom. Red lines denote typical peaks of ZnPC, purple lines denote
typical peaks of F8ZnPC, and gray lines denote peaks that are present in the spec-
tra of both materials. The spectra of the pure materials confirm the growth in the
α-phase, and a clear transition from one material to the other is visible in the peak
intensities of the blends. The IR modes as depicted in this figure can be roughly
classified into four subgroups, which are further discussed in the supplementary
material.

B. UV-vis spectra
In Fig. 2(a), optical absorption data at 77 K of the blends as well

as the pure materials are shown. Again, the data for the pure mate-
rials agree well with previously published measurements.22–24 Often,
the absorption spectra of phthalocyanines in the energy range shown
in Fig. 2(a) are referred to as Q-band. This Q-band absorption orig-
inates from a highest occupied molecular orbital (HOMO)–lowest
unoccupied molecular orbital (LUMO) transition. It is character-
ized by a substructure that is caused by a combination of symmetry
reduction, i.e., lifting of the LUMO degeneracy, Davydov-splitting,
and vibrational coupling.24–26

Given the similarity of the data for the two pure materials, it is
not surprising that the data for the blends also look relatively simi-
lar. However, zooming into the energy region below the absorption
onset of the pure materials reveals an additional small absorption
feature, as demonstrated in Fig. 2(b). Clearly, absorption at ener-
gies 1.5 eV–1.6 eV occurs in the blends. We assign this first absorp-
tion peak to a charge-transfer (CT) excited state of a pair of ZnPC
and F8ZnPC, as is schematically depicted in Fig. 3. Such pairs are
present in all blends, independent of the mixing ratio. Since fluori-
nation of ZnPc significantly shifts the molecular energy levels as, for
instance, observed in photoelectron spectroscopy studies,2,27,28 a new
charge-transfer (CT) excited state is possible in the blends at energies
below the absorption onset of the two pure materials, with the hole
residing in the highest occupied molecular orbital (HOMO) of the
ZnPC and the associated electron in the lowest unoccupied molec-
ular orbital (LUMO) of the adjacent F8ZnPC. The slight differences
of the observed CT peak positions (1.55 eV, 1.57 eV, and 1.49 eV for
the mixtures 3:1, 1:1, and 1:3, respectively) most likely result from
the different next-nearest neighbor combinations that are possible
in the blends, i.e., with increasing admixture of F8ZnPC to the blend
polarization screening of the CT excitation might change as well and
give rise to small energy differences (up to 80 meV).

C. PL spectra
A CT excited state as concluded above is also visible in the

photoluminescence (PL) spectra of the blends. In Fig. 4, we present
the PL data for pure ZnPC and F8ZnPC as well as for the three
blends taken at 13 K. Figure 4 demonstrates that the PL spectra of
the three blends differ substantially from those of the pure materi-
als. ZnPC shows main emission around 1.2 eV and 1.3 eV followed
by a small feature at around 1.45 eV, while the data for F8ZnPC are
characterized by two emission features at about 1.25 eV and 1.4 eV.
These results are in good agreement with previous reports.20,22,23 PL
at these energies well below the optical absorption onset (at about
1.6 eV, see above) has been interpreted to be a consequence of
excimer formation in pure ZnPC and F8ZnPC,22 a process that is
common to a number of organic semiconducting materials and that
results in a relatively strong red shift of the luminescence signal
compared to optical absorption.29

In contrast, the ZnPC:F8ZnPC blends are characterized by two
prominent emission maxima at about 1.5 eV and 1.8 eV. These max-
ima are relatively broad, and the peak positions are rather indepen-
dent of the mixing ratio in the blends, while the relative emission
intensity shows slight variations with the mixing ratio. Considering
the clear difference in PL between the pure materials and the blends,
it is evident that emission occurs from different excited states. In
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FIG. 2. Optical absorption data for ZnPC, F8ZnPC, and the blends [Fig. 2(a)]. Figure 2(b) focuses on the energy range close to the absorption onset. The new CT-related
peaks are denoted by dashed lines.

FIG. 3. Schematic energy level diagram for mixed pairs in the ZnPC:F8ZnPC
blends. The new CT excitation is outlined.

the mixed films, excimer formation is likely to be suppressed since
it requires a particular arrangement of two molecules with the pos-
sibility to form an excited dimer after excitation. In the blends, the
neighboring molecules can change in type and position, and both
will result in a suppression of excimer formation and the associated
PL signal.

The PL of the blends (Fig. 4) still starts below the optical absorp-
tion onset of the two materials involved (see above). Following the
above discussion, we attribute the first emission peak to arise from
CT excitations in ZnPC–F8ZnPC pairs; see Fig. 3. Since the energy
of this CT state is lower than the absorption onset of the two indi-
vidual materials, PL can appear at lower energies as compared to
the absorption of the pure materials. We note that the blends of
ZnPC and F8ZnPC do not form a charge-transfer salt, i.e., there is no
charge transfer in the electronic ground state of the blends. This is
documented by previous photoemission data,2 which could be mod-
eled very well on the basis of a superposition of ZnPC and F8ZnPC
molecular spectra.2

The second emission feature of the blends at about 1.8 eV
cannot arise from the CT state. We interpret this feature as the
emission from ZnPC or F8ZnPC molecules, which appears in
the blends due to the different nearest neighbors and disorder in

FIG. 4. PL spectra of ZnPC, F8ZnPC, and the blends. The spectra of the blends
are shifted drastically to higher energies compared to the spectra of the intrinsic
layers caused by a suppression of the excimer formation. The emission peak at
about 1.5 eV can be attributed to the new CT exciton, and the second peak at
1.8 eV arises from the single molecule emission of the molecules.

the blends as compared to the pure films. These effects suppress
emission from excimer states as observed for the pure films. The
energy of 1.8 eV agrees well with emission from single ZnPC
molecules in gas phase and solution, which is in good agreement
with this interpretation.30–32

In addition, we assign the very broad emission features to a
combination of two effects: the disorder induced energy differences
of the molecular orbitals, as the molecular arrangement in the mixed
films is statistically disordered, and vibrational broadening. A com-
prehensive microscopic description of the entire emission spectra
would require a detailed theoretical analysis, which is beyond the
scope of this paper. We emphasize that the energy of the lowest
emission peak (1.5 eV) in the blends corresponds very well with
the excitation energy as observed in the optical absorption data,
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FIG. 5. (a) EELS spectra of the 1:1 blend at different momentum values. Figure (b) shows the fitted spectra with a focus on the charge-transfer exciton. The localized
character of the CT exciton is clearly visible as it disperses less than 20 meV.

which supports our assignment to a new CT related excitation in
the blends.

Comparing the data from luminescence and absorption mea-
surements shows that the PL signal of the charge-transfer states
provides a significant contribution to the corresponding spectra,
while the direct excitation of this charge-transfer state appears rather
weak in the absorption data. This is most likely related to the relax-
ation mechanisms that occur before the luminescence decays, which
result in a high occupation of the CT state. The direct excitation in
the absorption process is weak due to the small matrix element for
transition to a neighboring molecule. A comparison of the optical
absorption data and those from luminescence measurements reveals
a negligible Stokes shift. This corresponds well to the observed very
small Stokes shift of about 20 meV only, which has been observed
for ZnPc in solution32 and the absence of a Stokes shift for ZnPC
in cryo-matrices.33 Moreover, looking at gas phase absorption data
of phthalocyanines,34 it is evident that vibrational satellites are very
weak as compared to other organic semiconductor molecules such
as the oligoacenes. This demonstrates a comparatively weak molec-
ular relaxation in the excited state and also explains a small Stokes
shift.

D. EELS spectra
Finally, our interpretation of the lowest absorption features in

the ZnPC:F8ZnPC blends implies that this excitation is localized
to a pair of molecules and thus should not show visible disper-
sion, i.e., visible energy-momentum dependence. Vice versa, dis-
persion of non-localized excited states in organic semiconductors
can occur and has been observed at some materials in the past.35–37

The method of choice for a measurement of such dispersion is elec-
tron energy-loss spectroscopy (EELS). We have performed EELS
measurements of the ZnPC:F8ZnPC blend with 1:1 composition, as
shown in Fig. 5.

The black curve for 0.1 Å−1 momentum transfer is the spectrum
in the optical limit. It can be compared to the optical absorption
spectra. Note that the spectra from absorption and EELS are not
identical since a different response function is probed. Neverthe-
less, the two spectra agree in the appearance of two main excitation
features. The fine structure as seen in the optical data is absent in
the EELS spectra due to much worse energy resolution. Importantly,

the additional new CT feature as found in the blends is also seen in
the EELS data. Its onset is at about 1.4 eV. Going to higher momen-
tum transfer, the second main maximum shows a clear downshift in
energy. The feature at around 1.8 eV also shows a downshift. This
is in good agreement with previous data on pure phthalocyanines
and can be interpreted as a negative dispersion of respective exci-
tations.37 The spectral onset, however, does not show a momentum
dependence, signaling the localized character of the corresponding
excitation [see Fig. 5(b)]. This behavior of the CT excitation can also
be seen in the other blends and confirms this localized character.

III. CONCLUSION
Mixed films of ZnPC and F8ZnPC in different ratios were

prepared. These were analyzed using photoluminescence, optical
absorption, and electron energy-loss spectroscopy. The PL spec-
tra of the blends substantially differ from the pure materials, and
the emission in the blends is assigned to charge-transfer excited
states in molecular pairs of ZnPC and F8ZnPC. Optical absorp-
tion reveals evidence for the related charge-transfer excitation. The
fact that EELS data do not show the momentum dependence of
the spectral onset corresponds well to the localized character of this
charge-transfer excitation.

IV. METHODS
Thin mixed films were prepared by thermal evaporation under

high vacuum (10−8 mbar). The film thicknesses were controlled
using a quartz thickness monitor. With a total rate of about
0.16 Å s−1, 100 nm thick films were evaporated onto a KBr substrate
kept at room temperature.

Optical spectroscopy was performed in the UV–vis range
and in the IR range at 77 K and atmospheric pressure using a
Bruker Vertex spectrometer equipped with a microscope. Photo-
luminescence (PL) measurements were carried out with a setup of
a helium–cadmium laser with 325 nm excitation wavelength. The
power was kept constant with a gray filter to 200 μW. A grating
monochromator in combination with a 2D-CCD camera was used to
detect the photoluminescence. All PL measurements were executed

AIP Advances 11, 025230 (2021); doi: 10.1063/5.0037958 11, 025230-4

© Author(s) 2021

https://scitation.org/journal/adv


AIP Advances ARTICLE scitation.org/journal/adv

at 13 K using a closed helium circuit. Momentum dependent mea-
surements of the excitation spectrum were performed using elec-
tron energy-loss spectroscopy (EELS). A high energy electron beam
(172 keV) is transmitted through the sample and is scattered inelas-
tically.38,39 Momentum values were chosen according to the electron
diffraction profiles, so they do not correspond to Bragg peak posi-
tions. As high energy electrons can damage organic samples and to
avoid thermal broadening, all measurements are performed at 20 K
and in ultra-high vacuum. Besides the excitation spectra, EELS can
also provide electron diffraction patterns, which allow us to draw
conclusions about the structure of our thin films. We have compared
the diffraction profiles to those of α- and β-ZnPC,40,41 showing that
all of our evaporated ZnPC films are grown in the α-phase (see the
supplementary material).

SUPPLEMENTARY MATERIAL

See the supplementary material for structural characteriza-
tion with electron diffraction and IR data composition and phase
information of the blends.
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