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ABSTRACT The molecule/metal interface is the key element in
charge injection devices. It can be generally defined by a monolayer-
thick blend of donor and/or acceptor molecules in contact with a metal
surface. Energy barriers for electron and hole injection are determined
by the offset from HOMO (highest occupied) and LUMO (lowest
unoccupied) molecular levels of this contact layer with respect to
the Fermi level of the metal electrode. However, the HOMO and LUMO

alignment is not easy to elucidate in complex multicomponent,
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molecule/metal systems. We demonstrate that core-level photo-
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emission from donor—acceptor/metal interfaces can be used to straightforwardly and transparently assess molecular-level alignment. Systematic experiments

in a variety of systems show characteristic binding energy shifts in core levels as a function of molecular donor/acceptor ratio, irrespective of the molecule or the

metal. Such shifts reveal how the level alignment at the molecule/metal interface varies as a function of the donor—acceptor stoichiometry in the contact blend.
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onor—acceptor/metal interfaces are

of utmost importance in organic

optoelectronics applications such
as solar cells.'~® Much insight into interface
properties can be gained by studying sim-
ple donor—acceptor/metal architectures,
such as two-dimensional (2D) donor—
acceptor networks, which, for example,
may segregate from multilayers or blends
and form the stable phase in direct contact
with the metal.? In this work, we use planar
aromatic molecules with conjugated &
planes because they possess the appropri-
ate morphology to investigate molecule—
molecule and molecule/surface electronic
interactions in 2D donor—acceptor/metal
systems.>~7 An important question that
arises is how such interactions affect the
molecular electronic level alignment; that
is, how do the highest occupied molecular
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orbital, HOMO, and the lowest unoccupied
molecular orbital, LUMO, align with respect
to the metal Fermi energy for a donor—
acceptor blend? Two radically distinct sce-
narios are generally considered, which
depend on the way molecules interact with
the metal electrode.®? For relatively strong
molecule/surface interactions, one expects
chemisorption and a high density of inter-
face states which pin the molecular levels
to the metal Fermi energy. One good ex-
ample is that of perylene tetracarboxylic
dianhydride (PTCDA) on metal surfaces.'®"
However, if molecule/surface interactions
are weak, the molecular levels might be
pinned to the vacuum level of the system,
like in condensed noble gases.'? This is im-
portant for devices based on donor—acceptor
blends since vacuum-level changes may
arise from changes in the donor—acceptor
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Figure 1. (a) C 1s core-level spectra and (b) valence band spectra from donor-rich (top) to acceptor-rich (bottom) monolayer
blends, measured by photoemission on the F;4CuPc-PEN/Au(111) system. The assignment of core-level lines to the
different atomic species is described in the Methods section. HOMO levels are identified from the comparison with thick
film spectra (see Supporting Information Figure S3). Features above the HOMO level and up to E; vanish in thick films and
hence are assumed as interface hybrids.16 (c) C 1s core levels for F;CuPc-PEN/Au(111) of varying concentration calculated
by DFT for free-standing monolayers. (d) Calculated (open squares) and measured (filled squares) A, and D, core-level shifts
for F,sCuPc-PEN/Au(111) interfaces. The HOMO peaks and changes in work function for varying stoichiometry are shown by
circles and diamonds. The dotted line corresponds to the estimated work function change using pure donor and acceptor
layers and eqgs 1 and 2 in the text. All core-level, HOMO, and vacuum-level shifts take the reference (zero shift) from
pure donor or acceptor layers and show comparable results. (e) Schematic diagram of the energy-level alignment of
single-component layers and donor—acceptor blends on metal surfaces. The varying vacuum level and the associated
shift of molecular levels upon donor—acceptor blend formation in a vacuum-level pinning scenario are highlighted by

dotted lines.

composition of the layer.'® Under these circumstances,
vacuum-level pinning would lead to an effective
shift of the Fermi level inside the HOMO—LUMO gap
and hence to a variable charge carrier injection/extrac-
tion barrier. These barriers, however, are often hard
to determine from valence band photoemission
spectra in complex multicomponent, molecular/metal
systems.”* We demonstrate that core-level photo-
emission from donor—acceptor/metal interfaces can
straightforwardly and transparently assess interfacial
energy-level alignment.

Here, we study systematically varied donor—acceptor
molecular networks on metal surfaces. These in-
clude blends of perfluorinated copper phthalocyanine
(F16CuPc, acceptor) with pentacene (PEN, donor) and
the combination of isomorphic molecules with inversed
donor/accector character, that is, perfluoropentacene
(PFP, acceptor) with copper phthalocyanine (CuPc,
donor). In a first step, we deposit donor—acceptor
monolayer blends of varying stoichiometry on Au(111),
Ag(111), and Cu(111) crystal surfaces held at 300 K.
In this context, we made the specific choice of a
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Cu-metalated phthalocyanine in order to minimize local
rehybridization of the organo-metal 3d states with the
substrate charge density and have molecule—substrate
interactions mainly mediated by molecular ligand
m-states.'® Subsequently, we analyze the electronic
properties of those blends exhibiting crystalline order,
as determined by scanning tunneling microscopy
(Supporting Information Figures ST and S2). We show
that the generic core-level shift that is observed as a
function of the donor—acceptor ratio can be directly
correlated to the interfacial energy-level alignment
regardless of the particular molecules and substrate.

RESULTS AND DISCUSSION

High-resolution C 1s core-level X-ray photoemission
(XPS) and valence band (VB) spectroscopy measure-
ments are depicted in Figure 1a and 1b as a function of
the donor/acceptor ratio of all observed crystalline
structures at the PEN-F,4CuPc/Au(111) interface. We
immediately notice the relative simplicity of the XPS
spectra (Figure 1a) versus the difficulties that arise in
the interpretation of the valence band of mixed layers
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(Figure 1b). In XPS, core-level lines from the different
atomic species and molecules can be readily assigned,
in contrast to VB spectra, where contributions from
both PEN and F;¢CuPc molecular levels largely overlap.
From comparison with thick film spectra (Figure S3) we
learn that the strongest VB peak for each molecule
corresponds to the HOMO level, while additional emis-
sion from interface hybrids (vanishing in thicker films)
is observed closer to the Fermi level E¢.'® In addition to
the spectrum's complexity, the low-energy onset,
which marks the true hole injection barrier,’” cannot
be defined and tracked as accurately as core levels.

A rightwards (to lower binding energy [BE]) shift is
clearly observed in the core levels of Figure 1a, as the
concentration of donor molecules decreases from pure
donor layers (top), through donor—acceptor blends,
to pure acceptor layers (bottom). The same trend
is detected for the valence band peaks, particularly
HOMO levels in VB photoemission spectra (Figure 1b),
and the same is also inferred for LUMO levels from near
edge X-ray absorption spectroscopy (NEXAFS) analysis
of the same system, as presented in Figure S4. These
results suggest a rigid donor—acceptor band structure
that shifts as a function of the blend stoichiometry.
Note that the rigidity of the molecular electronic band
structure allows charge injection/extraction barriers
to be followed through core-level shifts. Such core-
level tracking analysis has been historically applied
to the Schottky barrier problem at inorganic metal/
semiconductor interfaces,'® where the band gap edge
is, as in the present case, difficult to define in valence
band spectra.

The donor—acceptor core-level shift is both qualita-
tively and quantitatively reproduced by all-electron
DFT calculations within the local density approxima-
tion (LDA) of gas-phase, free-standing F,sCuPc-PEN
mixed layers, as shown in Figure 1c. In Figure 1d, we
compare measured core-level and HOMO shifts with
the calculated binding energy shift for both F,sCuPc
and PEN core levels. There is an excellent match
between experimental shifts and the free-standing
layer calculation. This demonstrates that, despite the
presence of interface hybrids, F;¢CuPc and PEN inter-
act weakly with the Au(111) substrate, and that this
weak molecule/surface interaction, typically involving
mostly molecular 7z orbitals and substrate d levels, is
not significantly altered upon blending.

To understand the nature of the core-level shift, we
may first consider intermolecular charge transfer. The
Bader analysis of the charge distribution in the 1:1, 1:2,
and 1:3 F;,CuPc-PEN free-standing blend indicates
significant electronic coupling in spite of the side-by-
side donor—acceptor geometry, leading to a net trans-
fer of ~0.3 e~ from the set of one, two, or three donor
molecules to the acceptor molecule. The intermolecu-
lar electronic coupling is presumably enhanced by the
numerous hydrogen bonds present in the blends,
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which have previously been shown to provide elec-
tronic coupling even surpassing that of interfaces
composed entirely by C—C o bonds.'® Further evi-
dence of intermolecular hybridization is shown in
Figure S5, depicting how the PEN HOMO level hybri-
dizes with the levels of F atoms of neighboring F,¢CuPc
molecules.

While “oxidation” (“reduction”) of donor (acceptor)
molecules shifts core levels to higher (lower) binding
energy, our observed shifts follow the opposite direc-
tion. In reality, as shown in previous theoretical
work on free-standing PFP-CuPc blends,?® the oxida-
tion—reduction effect in the core levels due to the
donor-to-acceptor charge transfer exists and follows
the argument above. However, in addition to the
charge state of the atoms, core-level energies are
known to be determined also by the effect of screening
of the atom by the external environment. In the
absence of major chemical interactions, the screening
can be estimated by the effective potential created by
the external environment at the atomic position, and
core-level shifts can be reproduced by an additively
separable function of charge transfer and change in
external potential.”® Comparing single-component
layers and blends, the potential from the substrate
remains virtually unchanged and can be neglected,
allowing comparison of free-standing molecular layers.
Donors create a more binding potential than accep-
tors, shifting acceptor core levels to higher binding
energies as their environment includes more donors
and vice versa. By way of example, the effective poten-
tial comparing pure F;5CuPc layers with F,sCuPc:PEN
blends in a 1:3 ratio changes by —0.34 and —0.25 eV on
the F;4CuPc benzene C—C and Cu atoms, respectively.
The core-level shift for the benzene C—C component
calculated by all-electron DFT and shown in Figure 1c
amounts to —0.21 eV, and the difference can be
ascribed to the contribution of the transferred charge,
distributed over the molecule. That is, minor oxidation/
reduction effects are compensated and even reversed
by the effective potential, which correlates with the
molecular ionization potential (IP). In turn, the IP of
free-standing layers is analogous to the work function
¢ of the molecular layer/substrate system.

We have measured the work function for each
different layer and included the variations, referred to
that of pure donor or acceptor monolayers, in
Figure 1d. The match between the shifts of core levels
(whether measured or calculated) and work function
changes as a function of varying stoichiometry is
excellent. Such good matching supports the ideal
interfacial vacuum-level pinning scenario depicted in
Figure 1e, where changes in the vacuum level rigidly
shift all molecular levels by the same amount. Under
these circumstances, core-level shifts are directly asso-
ciated with the variation of the charge carrier injection/
extraction barriers, which in turn can be directly
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Figure 2. Core levels for monolayer crystal phases of PFP-CuPc on (a) Au(111) and (b) Ag(111), exhibiting the rightward
donor-to-acceptor core-level shift. By contrast, in the donor—donor CuPc-PEN/Au(111) blend in (c), core levels show no shift.
(d) Summary of F 1s and C 1s core-level shift data in all donor—acceptor/metal interfaces. We represent the lower binding
energy component of C 1s for donors (D), which is less affected by the overlap with other components, while for acceptors,
we choose F 1s and the C—C satellite of the C 1s spectra (A,). All systems exhibit the same trend, namely, a shift to lower
binding energy as we move from donor-rich to acceptor-rich interfaces.

inferred from work function variations A¢. Assuming
a linear dependence of the interface dipole with
the partial coverage of each molecule,”’ A¢ can be
estimated from work function measurements of pure
donor and acceptor layers as

Sd

Ay = T‘insacc(adon — Oacc) (M
Adgon = i((7acc — Odon) )]
on Sdon + Sacc

where Sqon and S, are the surface area covered by the
different molecules, and 04, and 0, are the interface
dipoles associated with pure donor and acceptor
monolayers, respectively (Figure 1e). Application of
this simple model to the F;4CuPc-PEN/Au(111) system
results in the dotted line included in Figure 1d. The
excellent agreement with the experimentally mea-
sured shifts in each of the molecular blends highlights
the predictive power of this model using only data of
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single-component layers, available for a great number
of metal—organic systems in the literature.'”*>** How-
ever, it is important to remember that vacuum-level
pinning occurs only for weakly interacting molecule/
substrate systems as the case described above. Here,
the induced density of interface states (IDIS) within
the F;CuPc HOMO—LUMO gap is still away from the
Fermi level, providing an interfacial energy-level
alignment scenario similar to that in the absence
of gap states. On the other hand, the IDIS within the
PEN HOMO-LUMO gap is low enough to cause
only minor deviations from the vacuum-level pinning
scenario. As shown next, deviations from this model
increase for increasingly strong molecule/substrate
interactions.

Thus, we examine how general these findings are.
Figure 2a depicts all core levels resulting from a
swapped donor—acceptor character of the molecules
by combining PFP and CuPc, and in Figure 2b, the
substrate is changed to Ag(111). The behavior is the
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same as in Figure 1 in all N, C, and F 1s core levels; that
is, we observe an overall shift to lower binding energies
from the top spectra, the donor-like molecule/metal
interface, to the bottom one, the acceptor-like system.
As discussed before, the sign of the shift is at odds with
the charge flow direction from donors to acceptors.
However, it is in agreement with work function varia-
tions since a characteristic property of donor/metal
and acceptor/metal interfaces is their different work
function, which is generally lower for donor than
acceptor monolayers. The Pauli repulsion is larger for
the donors CuPc and PEN, as they lie closer to the
surface than F,4CuPc and PFP (Figure 51).23~ 28 Regard-
ing molecular polarization, fluorinated molecules on
strongly interactive metals such as Cu have fluorine
atoms located above the C backbone, thereby creating
a dipole moment directed toward the surface.**
Besides, donors are expected to donate more charge
to the substrate. All of the above explain the lower
value of the work function for donor monolayers
compared to acceptors and thereby the core-level
shifts in a scenario of stoichiometry-dependent work
function and weakly interacting molecule/substrate
interfaces. In Figure 2¢c, we level the donor character
of the pair by mixing PEN and CuPc. The obtained shift
is negligible in all core levels, as expected from the
comparable ionization potential of the molecules.’
Figure 2d summarizes the shifts obtained for the full
variety of donor—acceptor interfaces. In all cases, one
can observe the same characteristic, rightwards donor-
to-acceptor core-level shift, which does not depend
upon the nature of the donor or the acceptor nor the
core level or the metal substrate.

The core-level shift trend being universal, Figure 2d
shows that its magnitude varies from system to system
and between core levels. In general, the shift of donors
appears to be smaller than that affecting acceptors,
being smallest for CuPc donors and for Cu(111) inter-
faces. The quantitative differences are better observed
in Figure 3, where we represent core-level shifts
only for 1:1 mixtures on the three substrates. These
have the advantage of exhibiting the same 2D crystal
structure (Figure S1), implying that changes in the
electronic properties of molecular blends from sub-
strate to substrate can be directly ascribed to different
molecule—substrate interactions as opposed to inter-
molecular effects. In the F;sCuPc-PEN/AuU(111) case, we
add the vacuum-level shift, which falls close to the
calculated core-level shift within 0.1 eV, proving
their intimate connection, as discussed before. For
acceptors, measured and calculated core-level shifts
show a good match, from which we conclude that
acceptors, which lie relatively far from the substrate
(Figure $1),27?% pin their molecular levels to the
local vacuum level. In contrast, the core-level shift for
donors is reduced with respect to the free-standing
film, particularly in CuPc, where it is nearly zero.
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Figure 3. Summarized core-level shifts in 1:1 blends. Data
points correspond to the same C 1s core-level shifts of
Figure 2. Vertical gray bars mark the corresponding core-
level shifts calculated for 1:1 F,;sCuPc-PEN and 1:1 CuPc-PFP
free-standing films, the latter presented in ref 20. For the
Au(111) interface, we include the vacuum-level shift
(small bars). The latter has been either measured (light
colored, blue framed) or estimated through eqs 1 and 2
(dark colored) using values of interface dipoles in single-
component layers.'”’?? Calculated and measured core-
level shifts show good agreement for acceptors, whereas
strong deviations are found for donors. Such difference is
explained by weak acceptor/metal versus strong donor/
metal interactions that pin molecular levels to the local
vacuum or the Fermi levels, respectively.

We rationalize this by a stronger molecule/metal inter-
action in donors, which lie closer to the substrate.
The proximity induces a larger density of hybrid states
inside the HOMO—LUMO gap that pin the molecular
orbitals to E. A high density of gap states allows the
system to accommodate donor—substrate charge
transfers without affecting the Er position signifi-
cantly.® In fact, pinning is most apparent in the N 1s
core level, as can be understood from the spatial
distribution of the CuPc HOMO, which shows higher
density of states on the N atoms.”® Local physical—
chemical phenomena such as hybridizations and
charge transfer, associated with orbital symmetry and
distribution, are therefore held responsible for the
differences in the shifts between core levels.

CONCLUSIONS

In conclusion, we observe a rigid connection of core
levels and frontier HOMO and LUMO levels in do-
nor—acceptor/metal interfaces, which enables the
analysis of charge carrier injection/extraction barrier
changes through core-level shift analysis. A character-
istic core-level shift in monolayer donor—acceptor
blends is observed as a function of the donor/acceptor
ratio, which follows the stoichiometry-dependent work
function variation according to a local vacuum-level
pinning scenario. Deviations thereof, reflecting Fermi-
level pinning rather than vacuum-level pinning, affect
mostly donors and Cu interfaces and relate to stronger
molecule—substrate interactions. With this work, we
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do not only advance in the understanding but
provide a handle for the control of charge injection

METHODS

The Au(111), Ag(111), and Cu(111) surfaces were prepared by
standard sputtering and annealing cycles, and their cleanliness
checked by XPS or STM prior to molecular deposition. CuPc,
F16CuPc, and PEN were purchased from Sigma-Aldrich, and
PFP from Kanto Denka Kogyo. The molecules have been used
as received, except F1sCuPc, which was additionally purified by
gradient sublimation. Deposition took place from resistively
heated Knudsen cells at temperatures around 380 and 190 °C
for the phthalocyanines and acenes, respectively, onto single-
crystal surfaces held at room temperature. Careful thickness
calibration was achieved by use of a calibrated quartz crystal
microbalance and corroborated by detailed analysis of the
relative core-level peak intensities.

The XPS experiments were performed at the ALOISA beam-
line of the Elettra synchrotron in Trieste.”” The XPS data were
collected by means of a hemispherical electron energy analyzer
characterized by a +1° angular resolution, with a photon energy
of 140 eV (valence band), 530 eV (C 1s, N 1s), and 810 eV (F 1s).
The binding energy of core-level spectra is carefully calibrated
taking the substrate core-level energies as absolute references.
The fitting of all XPS spectra was done using a Shirley back-
ground and Voigt integral functions. Due to the high complexity
of the C 1s spectra of the blends, the Lorentzian width, fwhm,
and intensity ratio among the different components of the
same species are inferred from the analysis of the pure mono-
layer spectra and kept almost fixed across the mixed phase
spectra series, while BEs are left as free parameters of the fit.
In the C 1s spectrum of a F;CuPc ML (bottom part of Figures 1
and 2d), three core-level states are clearly observed. The assign-
ment of the different core-level lines is based on previous
findings*>3° 32 in which the components deriving from ben-
zene C—C (A;), pyrrole C—N (A,), and benzene C—F (A3) are
singled out. The fitted intensity ratios for the different carbon
peaks agree well with the expected (2:2:4) C—C, C—N, C—F ratio
for this molecule. In the case of the PEN monolayer, the
deconvolution of the C 1s spectra into two components
(D; and D, in Figures 1a and 2c, whose main contribution
corresponds to the Catoms bonded to H atoms for the former or
solely to C for the latter) leads to an excellent fit. While a more
rigorous four-component model supported by theoretical
calculations® and corroborated in a number of studies”>* could
have provided a satisfactory fit as well, we have opted for
a lesser number of peaks in order to simplify the analysis of
the mixed phase spectra. The C 1s spectrum of PFP (Figure 2)
displays two components that originate from the 8 C atoms
bound to neighboring C atoms (A;) and to the 14 C atoms
directly bound to F (A3), as previously suggested for XPS spectra
of PFP on Cu(111) and Au(111).23? Finally, when CuPc is
deposited on Au(111), the C 1s spectrum is well reproduced
by two peaks, one arising from the carbon atoms bound to H,
together with those bound solely to C (labeled D, in Figure 2a)
and another from C atoms with bonds to N (D,). On the other
hand, an additional component is required when CuPc is
deposited on Ag(111) (labeled Dy, in Figure 2b), attributed to
the C atoms bound solely to C atoms, now differentiated from
those with C—H bonds.

Valence band spectra were taken at a photon energy of
140 eV with an overall energy resolution of 200 meV. The
surface was oriented with both the electric field incidence
and the emission direction (detector orientation) at the magic
angle (~55°). The spectra were aligned at Fermi level and
normalized to the photon flux. For the fitting analysis, the clean
gold VB spectrum was previously subtracted. The fit procedure
of all the VB spectra was then made using a Shirley background
and Voigt integral functions. The work function was determined
by measuring the variation of the low-energy electron's
cutoff (sample bias of —35.00 V), the Fermi edge, and the
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barriers in technologically relevant donor—acceptor/
metal interfaces.

corresponding absolute photon energy (from the difference
between the Au 4f peak measured at the first and second
diffraction order of the monochromator at a first order photon
energy of ~180 eV). All the A¢ measurements are referred to
the low-energy cutoff of the freshly prepared Au(111) surface.
After each cleaning cycle, the work function of the Au(111), ¢r,,
varied between 5.48 and 5.56 eV.

STM measurements were performed at room temperature
in commercial Omicron VT-STM and JEOL STM systems in
constant current mode. Subsequent analysis of the STM images
has been performed with the freeware WSxM from Nanotec
Electronica S.L.>°

The details of the theoretical procedure used in Figure 2 have
been published elsewhere.?’ We use the lattice parameters of
the corresponding F;¢CuPc-PEN phases as determined by STM.
Core-level energies are obtained using an all-electron calcula-
tion within the projector augmented wave function methodol-
ogy using the local density approximation. The overall accuracy
is 50 meV.
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