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Semiconductor Halogenation in Molecular Highly-Oriented

Layered p—n (n—p) Junctions

lulia Cojocariu,* Matteo Jugovac, Sidra Sarwar, Jeff Rawson, Sergio Sanz, Paul Kogerler,

Vitaliy Feyer,* and Claus Michael Schneider

Organic p—n junctions attract widespread interest in the field of molecular
electronics because of their unique optoelectronic singularities. Importantly, the
molecular donor/acceptor character is strongly correlated to the degree of sub-
stitution, e.g., the introduction of electron-withdrawing groups. Herein, by grad-
ually increasing the degree of peripheral fluorination on planar, D, _symmetric
iron(ll) phthalocyanato (FePc) complexes, the energy level alignment and mole-
cular order is defined in a metal-supported bilayered Pc-based junction using
photoemission orbital tomography. This non-destructive method selectively
allows identifying molecular levels of the hetero-architectures. It demonstrates
that, while the symmetric fluorination of FePc does not disrupt the long-range
order and degree of metal-to-molecule charge transfer in the first molecular
layer, it strongly impacts the energy alignment in both the interface and topmost
layer in the bilayered structures. The p—n junction formed in the bilayer of per-
hydrogenated FePc and perfluorinated FeF,sPc may serve as an ideal model for
understanding the basic charge-transport phenomena at the metal-supported

1. Introduction

Metallic contacts in organic optoelec-
tronic devices determine their ultimate
performance.ll. Therefore, to define the
properties of devices with organic compo-
nents, like light-emitting diodes (LEDs),
photovoltaic (PV) cells, and ambipolar
field-effect transistors (FETs), one has to
consider the intrinsic properties of the
metal substrate, like transparency, reac-
tivity, and work function. As demonstrated
by several groups, the work function of the
metal can be tuned by depositing mole-
cules that form a highly ordered, thin,
2D layer that has a dipole in the desired
direction.?1 As an example, alkanethiols
and perfluorinated alkanethiols are known

organic—organic interfaces, with possible application in photovoltaic devices.
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to form such self-assembled monolayers
(SAMs)2>71 on metals, and since they
have opposite dipoles, they can be used to,
respectively, decrease and increasel? the
work functions of metals (i.e., shift the vacuum energy levels).[®!
Besides using the dipoles of SAMs to tune metal work func-
tions, the interface dipole formed by SAMs can control the
charge-carrier density in organic FETs.>?] We note that the for-
mation of a second layer in thiol-based hetero p-n junctions is
not trivial due to their autophobic behavior.

Metal phthalocyanine (MPc) compounds are often used
to frame SAMs because of their structural stability and com-
mercial availability. The controlled modification of peripheral
substituents, e.g., the halogenation of Pc, in particular fluori-
nation, is a well-established method to tune electron transport.
It is known that, in order for an organic material to transport
electrons with large charge-carrier mobility (n—type), it needs
to have an accessible low-energy unoccupied molecular orbital
(LUMO) for electron injection and sufficient 7—overlap between
molecules.'%] Therefore, molecules with strong electron-with-
drawing groups and extended 7—systems are good candidates as
n-channel semiconductors.'!l A rectifying junction could then
be formed with p-type unsubstituted MPc molecules.!>

It often remains challenging to form molecular heter-
ostacks where n- and p-type layers alternate in a well-defined
manner. Indeed, on weakly interacting substrates, where the
molecules are only physisorbed, intermixed phases are usu-
ally formed upon deposition of the second layer.™ To avoid
such an effect, one solution might be to enter the regime of
chemisorption, where the strong interaction at the molecular-
substrate interface can be effectively used to suppress the
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molecular rearrangement and avoid possible interlayer mixing
effects, thus allowing well-defined heterostacks to form. We
show hereafter, how the strong interaction between the silver
supporting electrode and the first layer of iron phthalocyanines,
independently of the degree of fluorination, enables the forma-
tion of a robust template for building up well-defined organic
hetero-architectures.

In the past, FePc molecules and their derivatives, self-assem-
bled in sub-monolayer and monolayer (ML) coverages on metal
and oxide surfaces, have been already intensively studied by
a variety of surface-sensitive techniques, among them scan-
ning tunneling microscopy (STM),!'®! photoelectron spectros-
copy (PES),] and near-edge X-ray absorption fine structure
(NEXAFS).81 - Although these integrated surface analysis
methods are sensitive, they cannot be readily applied to study
the multilayer systems and organic—organic interfaces because
they do not selectively probe each molecular layer individually.
Therefore, a non-destructive technique that investigates each
layer individually is desirable for heterolayered organic systems,
especially considering the potential of phthalocyanine-based
organic heterostructures in organic device applications.”l In
the present work, we prove photoemission tomography (PT) as
a method that very well matches these requirements and pre-
sents itself as a perfect non-destructive tool to study the impact
of fluorination on the electronic and structural properties of
different FeF,Pc molecules in both monolayer and bilayer
regimes. Thanks to the well-distinguishable highest occupied
molecular orbital (HOMO) features associated with the inter-
face and the topmost layer, we use PT to study the electronic
level alignment, azimuthal orientation as well as the contact
angle in the molecular bilayer systems, disentangling the con-
tribution of each layer in the stacked molecular (p—n) hetero-
junctions with no erosion or other processes required unlike in
the case of STM measurements./2%]

In particular, we observe that in the case of homobilayered
stacks of FePc, the LUMO level in the first layer is fully filled
by the charge transfer from the metal substrate, while the FePc
in the second layer is fully decoupled from the substrate and no
charge transfer is manifested. Interestingly, fluorination does
not influence the charge transfer at the interface. However, in
homobilayered structures of fluorinated FeF,Pc molecules, those
in the second layer are oriented differently compared to the first
one. Moreover, depending on the order of deposition of perhy-
drogenated FePc and perfluorinated FeF¢Pc, well-defined n—p
and p—n junctions have been successfully designed and their
intrinsic electronic properties at molecular level have been char-
acterized by photoemission spectroscopy. These uniform bilayer
stacked structures with well distinct n/p type organic semicon-
ductor layers can be used in future molecular-based PV devices.

2. Results and Discussion

2.1. Energy Level Alignment and Molecular Arrangement
in FeF,Pc Monolayers

The first step toward the fabrication of bilayer structures is to
obtain an ordered first layer characterized by sufficient interac-
tion with the surface for interlayer mixing to be avoided. We
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thereby study in the present section the molecular order and
energy alignment of the phthalocyanine monolayer on Ag(110).
Having in mind that atom substitution, such as fluorination,
can tune the interactions in the assembled molecular layer,
three different molecules, with a increasing degree of periph-
eral fluorination, FePc, FeFgPc, and FeF4Pc, all of which are
charge-neutral, have been assembled on the metal electrode.

XPS is employed here to demonstrate that the stoichiometry
of each compound is preserved after deposition upon the sur-
face. Figure 1a shows the C 1s core-level spectra of the FeF,Pc
monolayers on Ag(110). Three main components are used to
deconvolute the spectra, which correspond to carbon atoms
bonded to other carbon atoms (C—C), carbon atoms bonded to
nitrogen atoms (C—N), and carbon atoms bonded to fluorine
atoms (C—F). For each component, a shake-up satellite peak
was added at 1.2 + 0.1 eV from the main component. The rela-
tive peak areas, labeled as I¢c, Icy, and Icp for the above-men-
tioned components, are in good agreement with the stoichiom-
etry of the considered molecules. Icg:Icn:Icc ratio is 0:1:3, 1:1:2
and 2:1:1 for FePc, FeFgPc, and FeF4Pc, respectively.

The identity of the adsorbate and ordering at the interface
influence the vacuum level alignment. These changes can be
appreciated by measuring the difference between the metal
work function (A®,,) before and after deposition of a saturated
monolayer, determined by measuring the secondary electron
cutoff of the bare metal and the monolayers (see Figure 1b).
While a monolayer of FePc decreases the WF (A®,, =-0.2 eV),
increasing the electron affinity, FeF;sPc monolayer increases it
(AD,, = +0.35 eV), leading to the lowering of the hole-injection
barrier. Deposition of FeFgPc does not significantly perturb the
metal WF. All the variations in the work function, Ad,,, can be
linked to surface dipole variations induced by molecular adsorp-
tion, which depending on the molecular dipole at the surface
created at the organic/metal interface, may have positive or
negative signs.[?'23l The molecular dipole at the organic/metal
interface is localized foremost at the first molecular layer, and
the sign of the dipole moment of the fluorinated molecule is
opposite to that of the non-fluorinated one.?3 This often causes
the energy shift of former LUMOs below the Fermi level.[?4]

We measured the UV photoelectron spectra (UPS) of FePc/
Ag(110), FeFgPc/Ag(110), and F;FePc/Ag(110) interfaces as well
as the bare Ag(110). While the valence band spectrum of the bare
Ag(110) substrate shows a rather featureless plateau associated
with the silver sp-bands, prominent molecular features appear in
the three molecular/metal interfaces (see Figure 1b). Interestingly,
the spectra of the molecular films show two prominent features
at 0.48 and 1.30 eV binding energy (BE). To identify the origin
of the features observed in the spectra, we have measured 2D
momentum maps at corresponding BE values for the three inter-
faces reported in Figure 1c. Next, the experimental data have been
compared to the square modulus of the Fourier transform (FT)
of the real space molecular orbitals calculated for the gas-phase
FePc, FeFgPc, and FsFePc molecules within the PT approach.

Within the PT approach, photoelectrons emitted from an
orbital in the full half-space above the sample are collected
and recorded according to their momentum distribution. This
leads to so-called momentum maps, which are tomograms of
the momentum distribution of the molecular orbitals.?>2% The
direct comparison of the momentum maps with the square
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modulus of the FT allows to unambiguously assign the photo-
emission features to molecular orbitals and to accurately
determine the azimuthal orientation and the tilt angle of the
molecule. In the past, the PT approach has been already suc-
cessfully employed to study the geometry and electronic struc-
ture of molecular semiconductors, such as metal porphyrins
and phthalocyanines, in self-assembled single-layered arrays
on metal substrates.””?%l From Figure 1c, we note that the
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Figure 1. XPS C Ts core level spectra, along with the deconvoluted components (a), energy level diagram referred to the clean Ag(110) substrate (b)
and comparison between experimental (top half) and simulated momentum maps (bottom half) on the HOMO and LUMO/LUMO+1 levels (c) for
FePc, FeFgPc, and FeFsPc monolayers deposited on Ag(110). Ag sp-band position marked by dashed line.

resemblance of simulated and measured HOMO state of ay,
symmetry (BE = 1.30 eV) and two degenerate LUMO/LUMO+1
states of e, symmetry (BE = 0.48 eV) is clear; thus, the emission
peaks can be assigned to the two molecular states of MPc. The
adsorption onto the silver substrate lowers the HOMO-LUMO
energy gap to 0.82 eV, substantially reduced compared to the
isolated molecule, where theoretically, a value of 1.58 eV has
been reported.
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Moreover, the detection of the LUMO confirms that electron
donation from the metal to the LUMOs of FePc and FeF4Pc is
similar independently of the molecular fluorination, while the
WF manifests a difference of =0.45 eV between these two sys-
tems, rising from the different molecular polarity.

The experimental patterns are shown in the top half panels
of Figure 1c. In addition to the features originating from the
molecular states, it also contains sharp sp-band contributions
from the Ag(110) surface (visible at |k = 1.2 A™"). Exploiting
these features of the Ag substrate as a gauge in the momentum
maps and comparing the calculated and measured momentum
maps, the azimuthal orientation of the molecule with respect
to the substrate’s high symmetry directions can be determined,
allowing us to probe the effect of H---H and F---F steric
repulsions at the monolayer/substrate interface. Moreover, the
symmetry of the Ag(110) substrate leads to two mirror domains
with oppositely tilted azimuthal angles of the molecules, and
as a consequence, both of them must be taken into account
for the simulated patterns. The best agreement between all
experimental and corresponding simulated momentum maps
is found for an azimuthal orientation of FePc, FeFgPC, and
FigFePc of +28°, £31°, and +34° relative to the [110] direction
of the substrate, respectively, with the molecules lying parallel
to the surface (tilt angle 0 £5°, see Figure S1, Supporting Infor-
mation). The result depicted from molecular maps for FePc/
Ag(110) interface agrees well with the previously published STM
data.l?% Notably, the gradual increase of the degree of fluorina-
tion induces a continuous increment of the azimuthal angle
(+3°) in an effort to minimize the intermolecular repulsions.

Structural ordering at the saturated monolayer regime has
been evaluated by means of low energy electron diffraction
(LEED) patterns acquired at a fixed incidence electron energy
of 14 eV for the three systems under investigation. In all mole-
cular systems, the superstructure is commensurate and the
relative matrices are reported in Figure 2. The increased degree
of fluorination leads to the increase of the azimuthal angle and
area of the unit cells in order to minimize intermolecular steric
repulsions.

The expansion of the unit cell area with respect to the FePc
(188.82 A?) is 12.5% (212.39 A?) and 25% (236.03 A?) for FeFgPc
and FeF4Pc, respectively. The area increment between the per-
hydrogenated system and the perfluorinated one is comparable
to the increase in the van der Waals radius (1.20 A for H and
1.47 A for F).BU

2.2. Layered Homojunctions

By depositing a second layer of compound atop the first well-
defined homojunctions may be fabricated. The energy level
realignment in the homojunction and the molecular ordering
on the topmost layer are discussed in the following. To address
these points, we performed valence band measurements, in par-
ticular PT mapping and WF determination, for FePc, FeFgPc,
and FeF;Pc molecules in the homobilayer films supported by
the Ag(110) surface (see Figure 3). As mentioned above, the PT
approach is one of the best-suited methods for determining
the azimuthal angle and energy level alignment of molecules
in the topmost as well as in the interfacial layer in the bilayer
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FeF.,Pc/Ag(110)

Figure 2. Sketch of the superstructure ordering, relative LEED pattern
acquired at 14 eV and derived superstructure matrix for the self-assem-
bled monolayers of FePc, FeFgFePC, and FeFsPc on Ag(110).

systems,*? with no erosion or other processes required unlike
in the case of STM measurements./?%) Indeed, the features asso-
ciated with the HOMOs of the first (HOMO) and second layer
(HOMOy;) are well separated in energy (see Figure 3).
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Figure 3. Energy level diagram referred to the clean Ag(110) substrate (top) and comparison between experimental and simulated momentum maps
on the HOMOy; level (bottom) for FePc, FeFgPc, and FeF;sPc homobilayers deposited on Ag(110).

The formation of the bilayered homojunction induces a
vacuum level realignment, evidenced by the changes in the
work function value, which incrementally increases with the
degree of halogenation; variations from 100 to 200 meV are
observed on the FePc and the FeF4Pc bilayers, respectively. The
presence of the second layer also induces energy shifts on the
molecular levels of the first layer, despite its strong coupling to
the silver electrode. In the absence of fluorination, the bottom
FePc layer exhibits a downshift in energy by 50 meV in the
presence of the second layer. On the other hand, a second layer
of FeFgPc shifts the levels of the underlying layer by 100 meV,
and for FeF ¢ Pc the upshift is by 150 meV.

At the same time, the first layer in direct contact with the
metal electrode acts as a decoupling layer for the topmost layer,
effectively screening it from the substrate. No occupation of the
LUMO is observed on the second layer, and only the feature
labeled as HOMOy,; rises in the spectra as a consequence of the
additional deposition. Moreover, the absence of the LUMO peak
for the second layer clearly indicates that the HOMO-LUMO
gap for both FePc and FeFsPc systems in the topmost layer
is larger than the underlying layer directly contacted with the
metal substrate.

To determine the stacking geometry of the FeF,Pc bilayer
systems, we have measured molecular maps of HOMOy,; of the
molecules in the topmost layer and determined the azimuthal
angle in order to compare them with the ones obtained previ-
ously for the monolayer system (see Figure 3).

Substantial differences in the molecular arrangement are
observed in the second layer. The azimuthal angles change
drastically in the case of the fluorinated FeFgPc and FeF(Pc
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second layer, while the FePc second layer preserves the order
register of the first underlying layer, in agreement with STM
measurements on the FePc bilayer.’) The azimuthal angle of
110° observed for the bilayered FeFgqPc, where the periphery
is occupied by both hydrogen and fluorine, suggests that the
second layer absorbs in such a way as to avoid any proximity
between groups of the same nature, with the fluorine atoms sit-
ting on top of the hydrogen present on the first layer and vice
versa.

2.3. Layered Heterojunctions

By depositing a layer of perhydrogenated FePc atop perfluori-
nated FeFcPc (n-type), it is possible to design donor-acceptor
(D-A) junctions in heterobilayer systems.

The second layer possesses a long-range order that is testi-
fied by the quite sharp molecular momentum maps reported
in Figure 4 with well-defined molecular azimuthal angles in the
topmost and interface layers. The flat-lying adsorption geom-
etry of the first layer is essentially preserved also in the second
layer, where a tilt angle of 3 £ 5° is derived (see Figures S2 and
S3, Supporting Information). Moreover, the adsorption geom-
etry and azimuthal orientation are preserved from the first layer
as no steric repulsion between the peripheral groups needs to
be minimized due to their different nature in the heterojunc-
tions. Analogously to homobilayers, the first layer decouples
the second one from the substrate, resulting in the occupa-
tion of the sole HOMO (labeled as HOMOy; in Figure 4) and
leaving the LUMO of the second layer unoccupied.
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Figure 4. Energy level diagram referred to the clean Ag(110) substrate (top) and comparison between experimental and simulated momentum maps
on the HOMOy; level (bottom) for heterobilayers deposited on Ag(110).

Interestingly, by assembling the n-type perfluorinated layer
on top of the p-type FePc one, the work function of the system
significantly increases (0.70 eV) and the levels of the layer in
direct contact with the electrode are upshifted by 100 meV; the
FeFsPc layer lowers the hole injection barrier, acting as the
acceptor layer. The properties of this first heterojunction cor-
respond to a donor—acceptor interface (n-p junction). The oppo-
site is true when the order of the molecular layers is reversed.
The deposition of a FePc layer on top of the perfluorinated first
layer leads to the lowering of the work function by 0.15 eV,
which corresponds to a donor character of the layer (p-n junc-
tion). The adsorption of the second layer still induces the
upshift in the energy of the levels of the first layer.

3. Conclusion

In summary, we present how peripheral fluorination on FePc
molecules (FeFgPc and FeFsPc) impacts the structure and
electronic properties of the commensurate monolayers they
form atop Ag(110). Remarkably, we underline, that the strong
molecular surface interaction in the interface layer, indepen-
dently of the degree of fluorination, can be exploited as a robust
template for large-scale fabrication of well-defined layered p-n
and n-p heterojunctions, depending on the stacking order. Sig-
nificant are also the changes in the hole injection barrier that is
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lowered as the degree of fluorination increases. Moreover, the
steric repulsions define the adsorption geometry of the topmost
layer in the fabricated homojunctions, where significant devia-
tions of the azimuthal angles are observed for the fluorinated
molecules, as revealed by PT. In the highly oriented molecular
p—n heterojunction here designed, the hole injection barrier is
effectively reduced, paving the way for its implementation in
solar cells and/or light emitting diode (LED-type) devices.

4. Experimental Section

Synthesis: The blue powder of Iron(Il) phthalocyanine (FeH;sPc)
was obtained from Alfa Aesar (purity 96%) and was sublimed
to achieve further purification. Hexadecafluorinated iron(II)
phthalocyanato (FeF4Pc) was synthesized as described in the
literature.?3] The newly synthesized octafluorinated iron(II)
phthalocyanine (FeHgFgPc) was prepared by slight modifica-
tions of the procedure reported for FeFPc. Under an argon
atmosphere, a solution (3 mmol, 0.4 mL) of iron(0) pentacar-
bonyl (Sigma-Aldrich, 99.9%) in 8 mL of 1-chloronaphthalene
was dropwise added to a refluxing solution of 4,5-difluorophtha-
lonitrile (synthesized as previously reported®#) (12 mmol, 2 g)
in 25 mL of 1-chloronaphthalene. The reaction mixture turned
blue—green within an hour and was left under reflux overnight.
Upon cooling, the reaction mixture was diluted with 50 mL
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of hexane and filtered. The resulting solid was washed with
hexane, acetone, and diethyl ether to obtain dark blue powder
(vield 1.4 g, 66%), which was sublimed (107> mbar, 520 °C)
for further purification. Elemental analysis: calculated for
Cs,HgFgNgFe: C 53.96, N 15.73, H 1.13, F 21.34, and Fe 784%.
Found: C 54.2, N 15.7, H 1.32, F 21.02, and Fe 771%. MALDI-
MS: m/z calculated for Cs;,HgFgNgFe [M + 1e]” 712.009, found
711.999 (100% relative abundance). FT-IR (KBr, v / cm™): 2923
(W), 2851 (w), 1622 (m), 1475 (s), 1429 (m), 1340 (w), 1286 (w),
1181 (w), 1087 (m), 1041 (m), 882 (m), 822 (m), 748 (m), and
510 (w).

Sample Preparation: The clean Ag(110) surface was prepared by
a standard procedure, cycles of Ar* ion sputtering at 2.0 keV
followed by annealing at 800 K, while the surface quality was
monitored by LEED. The molecules were thermally sublimated
at 680 K (FePc), 690 K (FeFgPc), and 700 K (FeFysPc) from a
homemade Knudsen cell type evaporator onto the silver sub-
strate kept at room temperature. The chemical stoichiometry of
the deposited molecules has been checked by measuring the F
1s, C 1s, and N 1s XPS spectra.

Matrix-assisted laser desorption ionization mass spectrum
(MALDI-MS) was recorded on a Thermo Scientific MALDI LTQ
Orbitrap XL mass spectrometer. The Fourier-transform infrared
spectrum (FT-IR) was collected on a Bruker Vertex 70 spec-
trometer using KBr pellets of the compound. Elemental anal-
yses (ICP-OES, IC, and CHN) were performed by the Central
Institute for Engineering, Electronics, and Analytics (ZEA-3),
Forschungszentrum Jillich GmbH (Jiilich, Germany).

The valence band photoemission spectra, core levels and
work function scans were acquired in normal emission geom-
etry at the NanoESCA beamline of Elettra, using an electro-
static photoemission electron microscope (PEEM) setup.l!
The data were collected with a photon energy of 30 eV for
the valence band, 380 eV (C 1s) and 515 eV (N 1s) for the core
levels, with a total energy resolution of 50, 120, and 150 meV,
respectively, using p-linearly polarized light impinging with
an angle of 65° with respect to the surface normal. During the
photoemission experiments, the sample was kept at 90 K.
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