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Abstract
Energy-level alignment at organic—metal interfaces plays a crucial role for the performance of
organic electronic devices. However, reliable models to predict energetics at strongly coupled
interfaces are still lacking. We elucidate contact formation of 1,2,5,6,9,10-coronenehexone
(COHON) to the (11 1)-surfaces of coinage metals by means of ultraviolet photoelectron
spectroscopy, x-ray photoelectron spectroscopy, the x-ray standing wave technique, and
density functional theory calculations. While for low COHON thicknesses, the work-functions
of the systems vary considerably, for thicker organic films Fermi-level pinning leads to
identical work functions of 5.2¢eV for all COHON-covered metals irrespective of the pristine
substrate work function and the interfacial interaction strength.

Keywords: organic—metal interface, energy-level alignment, photoelectron spectroscopy,
x-ray standing waves, density functional theory
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Introduction

Interfaces between conjugated organic molecules (COMs) and
metals are of key importance in the field of organic electronics
and the energy-level alignment is crucial for the performance
of organic devices [1-5]. For weakly interacting interfaces,
the energy-level alignment is well understood and—in a first
approximation—determined by the work function of the metal
(¢) and the ionization energy (IE) and electron affinity (EA) of
the COM thin film [6-8]. IE and EA are often approximated
by the onset energies of the frontier molecular orbital (highest
occupied molecular orbital, HOMO, and lowest unoccupied
molecular orbital, LUMO) with respect to the vacuum level
(VL). By taking these positions and additionally their asso-
ciated densities of states (DOS) into account, the coverage-
dependent evolution of the VL relative to the Fermi-level
(EF) can be modeled with high precision using electrostatic
models [9-12]. In contrast, at strongly coupled organic—metal
interfaces often charge transfer complex (CTC) formation
involving donation and backdonation of charges takes place.
Despite tremendous research effort [13-37] a generalization
of CTC formation is still lacking. Predicting interface dipoles
(AVL) at organic—metal interfaces thus still requires an
advanced level of quantum mechanical calculations [38—41].
The energy-level alignment of a COM on different sub-
strates can be often categorized into two regimes [7, 12, 42,
43]: for low and high substrate work functions, the VL of the
organic thin film is independent of the initial ¢, i.e. these sys-
tems are Fermi-level pinned. On the other hand, for interme-
diate substrate work functions the energy-level alignment is
vacuum-level controlled. Intriguingly, quite a few COMs are
either VL or Fermi-level controlled on all (11 1)-surfaces of
coinage metals, although these surfaces cover a work func-
tion range of almost 1 eV [44]. For example, for perylene [45],
pentacene (PEN) [46] and their derivatives perylene-3,4,9,10-
tetracarboxylic diimide (PTCDI) [29] and perfluoropenta-
cene (PFP) [47-49], the substrate ¢ is still reflected in the
VL positions of thin film multilayers on these substrates. The
energy-level alignment at these interfaces is, thus, VL con-
trolled. Conversely, for COMs like the perylene derivative
3,4,9,10-perylene-tetracarboxylic-dianhydride (PTCDA), the
VL in multilayers becomes independent of the initial substrate
¢, i.e. PTCDA is Fermi-level pinned on the (11 1)-surfaces
of coinage metals [50] and substrates spanning a ¢ range
from 3.3eV to 5.3eV [12]. Other examples are 2,3,5,6-tetra-
fluoro-7,7,8,8 tetracyanoquinodimethane (F4-TCNQ) [43] and
1,4,5,8,9,12-hexaazatriphenylene-hexacarbonitrile (HATCN)
[51-54], which are Fermi-level pinned on various substrates.
The EAs of FA-TCNQ and HATCN thin films (measured by
inverse photoemission, IPES) are larger than 5eV [53, 55, 56]
and the Fermi-level becomes pinned in the proximity of the
LUMO. The EA of PTCDA thin films, however, is only 4.10eV

[57] and the Fermi-level is thus pinned relatively far from the
LUMO (as well as the HOMO). This has been explained by
the broadening of the DOS of the frontier PTCDA orbitals due
to coupling with the substrates or by gap states [12].

Systems that undergo pinning on various substrates are
preferred for electronic applications: for example, a several
nm thin layer of HATCN on virtually any substrate provides
a versatile hole injection electrode with a work function of
~5.5eV [51-54]. HATCN is indeed frequently used in
organic optoelectronic devices [58—61]. For VL-controlled
systems, however, energy-level engineering is less straight-
forward. Another factor hampering possible device applica-
tion is molecular diffusion through organic layers, which has
been observed for F4-TCNQ [62-68]. It has been suggested
that larger molecules are less prone to diffusion than smaller
molecules [62, 69].

In this contribution, we show that the energy levels of
the relatively large molecule 1,2,5,6,9,10-coronenehexone
(COHON) [70] are Fermi-level pinned on the (11 1)-surfaces
of coinage metals. Moreover, following a multi-technique
approach we get deep insight into the interaction of organic
adsorbates with metal surfaces: in addition to ultraviolet pho-
toelectron spectroscopy (UPS) that yields the energy-level
alignment, we measured x-ray photoelectron spectroscopy
(XPS) to access interfacial chemical interactions. We also
employed the x-ray standing wave (XSW) technique [71,
72] for submonolayers of COHON on Cu(111) to determine
element-specific vertical bonding distances at this interface
with high precision. These experiments are complemented
by density functional theory (DFT) calculations. In addition,
we performed a full characterization of 1,2,6,7-pyrenetetrone
(PYTON) [73] on Cu(1 1 1) (see data in the supoorting informa-
tion, available online at stacks.iop.org/JPhysCM/31/194002/
mmedia). For comparison, we measured the VLs of 6,13-pen-
tacenequinone (P20) and 5,7,12,14-pentacenetetrone (P40)
on the (11 1)-surfaces of coinage metals. For these systems
the coupling is well understood [21], however, the VLs have
been only published for P20 and P40 thin films on Ag(111)
[74].

Experimental and computational details

COHON and PYTON were synthesized according to [75].
P20 and P40 were purchased from Sigma Aldrich. Metal
single crystals were cleaned by repeated cycles of annealing
(up to 550 °C) and Ar-ion sputtering. Organic materials were
sublimed on the clean surfaces from resistively heated sources.
The nominal mass-thickness of the organic layers was moni-
tored with a quartz crystal microbalance. During deposition
of COMs and during all measurements the substrates were
kept at room temperature. Photoelectron spectroscopy experi-
ments were performed at the endstation SurlCat (beamline
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PM4) [76] at the synchrotron light source BESSY 1II (Berlin,
Germany). Spectra were collected with a hemispherical elec-
tron energy analyzer (Scienta SES 100) using an excitation
photon energy of 35eV for UPS and 620eV for XPS. The
secondary electron cutoff (SECO) spectra were obtained with
the samples biased at —10V in order to compensate for the
analyzer’s work function. The experimental setup consists of
interconnected sample preparation (base pressure <7 x 1077
mbar) and analysis (base pressure 1 x 10~'° mbar) chambers.
The error of all energy values reported here is estimated to be
40.05¢eV.

The XSW experiments were done in back-reflection geom-
etry at beamline ID32 of the ESRF (Grenoble, France) [77]
with the hemispherical electron analyzer (PERKIN Elmer PHI
model) mounted at an angle of 45° relative to the incoming
x-ray beam at a base pressure of 3 x 107! mbar. COHON
and PYTON (nominal thickness: 2 A) were evaporated
directly in the analysis chamber. Analysis of the XSW data
was performed using the software package dare (developed
by JZ). The errors of the average bonding distances are esti-
mated to be +0.05 A and the error of the coherent fractions
to £0.10. The non-dipole contributions have been taken into
account according to [78, 79].

Density functional theory calculations were performed
using the Fritz-Haber-Institute ab initio simulation package
(FHI-aims) [80] using the converged ‘tight’ default set-
tings. We employed the PBE functional [81]. To account
for long-range van-der-Waals interactions, the functional
was augmented by the Tkatchenko—Scheffler scheme, which
employs a density dependent Cg/r® correction [82]. For Cu,
the van-der-Waals parameters were obtained by combining
the free atom parameters with the Zaremba—Kohn-Lifshitz-
theory [83]. For molecules adsorbed on coinage metals, this
method has been shown to yield both accurate adsorption
geometries [8§3—85] and adequate interface dipoles, for which
computationally more expensive hybrid functionals yield
only minor improvements [20]. COHON and PYTON were
put on 5-layer slabs of Cu and the top two metal layers were
fully relaxed. In lieu of an experimentally determined unit
cell, a 5 x 3v/3 cell was assumed with only one molecule
per supercell (see supporting information), including 50 A
of vacuum above the surface. Such a unit cell corresponds
to a moderate packing density in which the interactions
between the individual molecules are sufficiently small to
avoid artifacts from incorrect packing. The reciprocal space
was sampled by a 3 x 3 x 1 Monkhorst—Pack [86] grid. All
states were broadened using a Gaussian occupation scheme
with 0.1eV broadening. Electrostatic interactions between
periodic replicas of the unit cells to the surface were pre-
vented using a self-consistent dipole correction.

Evolution of the VL

A common descriptor for the energy-level alignment at
organic-inorganic interfaces is the so-called ‘slope param-
eter’ S derived from plots of the adsorbate VL versus the
substrate ¢. In case of Fermi-level pinning S is 0, while for
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Figure 2. Thickness-dependent evolution of the VL of P20, P40
and COHON on Au(111), Ag(111) and Cu(111), respectively. The
initial work functions of the clean substrates were 5.50eV, 4.60eV
and 4.95eV, respectively. All values are taken from the SECO
positions of UPS measurements. The insets show the chemical
structures of the COMs.
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Figure 3. Valence electron spectra of COHON on X(1 1 1). # denotes the nominal thickness and Ep the Fermi-energy. All spectra are
collected at an emission angle of 45°. Vertical lines are guides to the eye and indicate the evolution of the HOMO and the former LUMO

derived peaks.

the VL-controlled energy-level alignment S is 1 [7, 11, 87].
Figure | shows the vacuum levels with respect to the substrate
Fermi-level (as deduced from the UPS SECOs) for COHON
thin films with different nominal thicknesses on the (1 1 1)-sur-
faces of coinage metals. Interestingly, with increasing thick-
ness S changes from a1 to ~0, i.e. from a VL to a Fermi-level
controlled situation.

To understand this behavior, we start with a discussion of
the VLs of P20 and P40 thin films with increasing nominal
thickness on the same surfaces (figure 2). In the contact layer
to clean metals, vacuum-sublimed COMs usually adopt a
face-on (flat-lying) orientation. Then a nominal thickness of
around 4 A corresponds to a wetting layer [3, 24, 72, 88].
Indeed, P20 and P40 have in common that their VLs decrease
up to a nominal thickness of 4 A. Due to the coarse deposition
step-width and island growth of P20 and P40 on the surfaces
under investigation [21], a precise assignment of nominal
monolayer coverage is not possible. Nevertheless, the VL
stays almost constant for larger thicknesses on almost all sub-
strates. The only exception is P40 on Ag, which exhibits a
small increase in the VL upon monolayer formation.

For P20 the decrease of the VL is between —0.6eV and
—0.7eV on all substrates and the different work functions of
clean metals (¢ay = 5.50 €V; pa, = 4.60 eV; ¢y = 4.95eV)
are still reflected in the VLs of P20 multilayers. The energy-
level alignment at these interfaces is thus VL-controlled. On
the other hand, P40 multilayers (with a nominal thickness of
300 A) have almost the same VL (4.75¢eV on Au and Cu and
4.65eV on Ag) and are Fermi-level pinned.

To understand this contrasting behavior of these rather
similar pentacene carbonyl-derivatives, it is helpful to take
the contributions to AVL into account. The coupling between
PxO and Au, and P20 and Ag is weak [21] and the decrease
in the VLs can be mainly ascribed to the so-called push-
back effect by COM adsorption [6, 89, 90], i.e. the reduction
of ¢ by pushing back some of the electron density spilling

out into the vacuum at clean metal surfaces [91]. On the
(11 1)-surfaces of coinage metals the push-back effect leads to
AVLs of typically 0.5 eV-1.0eV [92-94], which is line
with the observed VL-shifts. P40 on Ag and PxO on Cu are
strongly coupled involving CTC formation and a (partial)
filling of the former LUMO [21]. In these cases, a net electron
transfer into the molecules in the monolayer can be expected,
resulting in an additional interface dipole, which counteracts
the push-back effect [15, 95, 96]. One driving force for charge
transfer is surface-induced aromatic stabilization [97, 98], as
for P20 and P40 in the gas phase the conjugation does not
extend over the entire molecule but is broken by the carbonyl
groups. By CTC formation and hybridization with the surface,
the m-system can extend over almost the entire molecule [21].

For COHON on Au (figure 2) the VL decreases by 0.30eV
upon deposition of nominally 6 A COHON and stays con-
stant for larger thicknesses. On Ag the VL increases up to a
nominal COHON thickness of 24 A, which is clearly beyond
monolayer coverage for face-on COHON. A similar behavior
is observed on Cu. However, here the VL initially decreases
up to a nominal thickness of 6 A. This unusual trend of
the VLs on Ag and Cu leads to the thickness-dependent
transition from VL-controlled to Fermi-level pinned (figure
1). It can have several reasons: (i) a low sticking coefficient
of COHON on Ag and Cu [99, 100], (ii) pronounced island
growth and/or dewetting [101-103], (iii) an edge-on orien-
tation [104] or (iv) a reorientation from face-on to edge-on
[30, 105]. As detailed below, the most plausible scenarios are
edge-on COHON on Ag and a reorientation from face-on to
edge-on COHON on Cu.

Valence electronic structure

We now turn to the valence electron region spectra of COHON
on X(111) measured by UPS (figure 3). On Au, the absence
of molecule-derived features close to Er for low thicknesses is



J. Phys.: Condens. Matter 31 (2019) 194002

M-T Chen et al

indicative of weak interfacial interaction. For multilayer cov-
erage (in this case a nominal thickness of 100 A) the onset of
the HOMO-derived peak is found at 1.85eV binding energy
(BE). For lower thicknesses, the position of this peak cannot
be determined as it is masked by the photoemission intensity
from Au d-bands in the BE range of around 1.5 eV—4.5¢eV.

For low thicknesses on Ag two adsorbate derived features,
centered at 0.60eV BE and 2.40eV BE, can be observed. They
are most pronounced for a nominal thickness of 12 A, which
is around monolayer coverage for edge-on COHON, and their
intensity decreases with increasing thickness. This behavior
is similar to that of other COMs on metal surfaces with CTC
formation [21, 96, 106, 107]. In analogy, the peak at lower BE
can be assigned to the former LUMO and the one at higher BE
to the relaxed HOMO of COHON in immediate contact with
Ag. The HOMO of neutral multilayers (visible for nominal
thicknesses of 24 A and 50 A) is centered at 3.20eV BE and
its onset is at 1.85eV BE.

Also on Cu an interface state appears due to CTC for-
mation. We attribute the shift of the peak maximum from
0.65eV BE (6 A thickness) to 1.05eV BE (100 A thick-
ness) to a reorientation from face-on to edge-on: due to a
cooperative impact of intramolecular dipole moments, EA
(and IE) of molecular thin films depend on the molecular
orientation [30, 108—110]. For COHON a transition from
face-on to edge-on leads to an increase of EA and thus to a
shift of the former LUMO derived UPS-peak to higher BE.
A similar shift due to reorientation has been observed for
NO,-PYTON on Ag(111) [30]. The interface state is still
visible for a nominal thickness of 100 A, which is clearly
beyond monolayer coverage even for edge-on molecules.
The Fermi-edge is, however, not visible for nominal thick-
nesses larger than 24 A. This points to pronounced island
growth on a wetting layer of edge-on COHON. As on Au
and Ag, the onset of the HOMO-derived peak of neutral
multilayers is found at 1.85eV BE and the IE (determined
by this onset and the VL) is 7.05eV.

Interfacial chemical interaction

The UPS data could establish that the interaction between
COHON and Au is weak and the interaction with Ag and Cu is
more chemisorptive and involves a larger net electron transfer.
The discussion of the Cls and Ols core-level spectra gives
more detailed insight into the chemical interaction at these
interfaces. Figure 4 shows fits to spectra dominated by mono-
layer features (nominally 6 A onall substrates) and multilayer
features (100 A on Au and Cu and 50 A on Ag), respectively.
The full data set of thickness-dependent spectra is included in
the supporting information.

On Au, the Cls derived peak is split into two components
which are (for monolayer coverage) centered at 284.25eV BE
and 286.85eV BE, respectively. From their energetic posi-
tions and intensity ratio, these peaks can be assigned to aro-
matic carbons (lower BE) and carbonyl carbons (higher BE),
respectively. For multilayer coverage the Cls peaks are cen-
tered at 284.85eV BE and 287.15eV BE. Such almost rigid

shifts can be mainly ascribed to the final state screening effect
[29, 111, 112] and are typical for weakly interacting systems.
The multilayer Cls spectra of COHON on Ag and Cu exhibits
two pronounced peaks at similar energetic positions as on
Au, which can, again, be assigned to aromatic and carbonyl
carbons. However, for lower thicknesses the carbonyl-carbon
derived peaks exhibit strong chemical shifts (by 1.9eV on Ag
and by 1.8eV on Cu) towards lower BE, i.e. towards the aro-
matic carbon peak. This is fully in line with surface-induced
aromatic stabilization of COHON on Ag and Cu, as in the
charged monolayer all carbon atoms acquire a more aromatic
character [21].

For monolayer coverages of COHON on Au, the Ols-
derived peak is centered at 531.10eV BE and exhibits a
shoulder at the low BE side. Upon increasing thickness,
the main peak shifts to higher BE (final value: 531.50eV
BE) and the relative intensity of the shoulder decreases.
The shift can, again, mainly be attributed to the screening
effect. The shoulder (with a comparably low intensity) can
be associated with a weak interaction between COHON
and Au. An interaction beyond physisorption has been
also suggested for COHON on polycrystalline Au [113].
The situation is strikingly different on Ag and Cu. In both
cases, the Ols derived peak shows strong chemical shifts
between mono-and multilayer (1.7eV on Ag and 0.8 eV on
Cu). This hints towards CTC formation between COHON
molecules in the contact layer to Ag and Cu and suggests
neutral multilayers.

Bonding distances

Having described the electronic structure, we now turn to the
impact of CTC formation on the bonding distances, which we
discuss using the example of COHON on Cu. Employing the
XSW technique to (sub)monolayers of lying organic adsor-
bates on metallic single crystalline substrates allows deter-
mining element-specific averaged bonding distances with high
precision [72, 114, 115]. The photoelectron yield (Y,), i.e. the
adsorbate core-level XPS intensity, is measured as function of
excitation energy around the Bragg-energy. This allows deter-
mining the coherent fraction (fy), which is a measure for the
degree of order of the adsorbate, and the coherent position
(Pp). For an edge-on orientation the individual carbon atoms
of one molecule have rather different vertical adsorption dis-
tances resulting in fy close to 0. In that case an averaged Py
cannot be determined. Basically, i.e. without going into the
details of non-dipole corrections, the photoelectron yield is
given by [116, 117]:

Y, = 1 + R+ VRfy cos(v — 2nPy) )

with R being the reflectivity and v the relative phase of the
interfering wave fields. The element specific average adsorp-
tion distance (dp) can then be determined by:

dy = do(n+ Py) )

with n being an integer and dp = 2.09 A the lattice plane
spacing of the (11 1) reflection of Cu. Figure 5 includes the Y,
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Figure 4. Cls and Ols spectra of COHON on the three investigated surfaces. In each plot, spectra for nominal monolayer (bottom) and
multilayer (top) coverage and corresponding least mean square fits are displayed. Due to Stranski—Krastanov growth, most spectra include
monolayer as well as multilayer contributions; the latter are displayed in darker colors. In the C1s spectra, contributions of aromatic
carbons (C—C) are displayed in green and carbonyl carbons (C—O) in orange. In the Ols spectra, blue areas stem from oxygen atoms in
neutral molecules and pink areas from those in charged molecules. Stars mark shake-up excitations.

data with the fits and the parameters fy, Py as well as a sketch
of the adsorption geometries for COHON on Cu. They are
in excellent agreement with the bonding distances computed
with DFT (vide infra).

The coherent fractions are in the range of 0.30-0.50, which
points—for this particular experimental setup [118]—to
rather flat lying molecules [72, 89, 119]. The nominal thick-
ness for XSW measurements was 2 A and for this thickness
a face-on orientation has been also suggested by the UPS
results. The finding of coherent fractions for carbons being
smaller than those for oxygens can be explained by the exper-
imental averaging over all carbon atoms in the respective mol-
ecules. The experimentally determined molecular distortion
(~0.30 A) is virtually the same distortion as for P20 and P40
on the same substrate [21]. There, the out-of-plane bending
of the C-O bond was explained by the tendency of this bond
towards sp>-hybridization upon CTC formation [21].

Charge rearrangements upon contact formation

For a better understanding of VL-shifts by organic/inorganic
contact formation, the calculated total change of the VL, i.e.
the interface dipole AVL, is often split into two components:
a contribution due to the molecular dipole perpendicular to the
surface (which can be influenced by geometry rearrangements
upon adsorption), AVL,,, and the bond dipole, AVLyguq:

AVL = AVLye + AVLpong. 3)

AVLyog represents the shift in the electrostatic potential
due to adsorption-induced charge-rearrangements Ap, which
are calculated as the difference of the total electron density of
the combined metal/organic interface (p*¥®) and the non-inter-
acting densities of metal (pM¢®') and monolayer (pMor°laver) on
their own (where the geometries of the sub-systems are fixed
at those calculated for the interacting case):
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Ap _ psys o (pmelal + pmonolayer). (4)

From Ap, AVLpeng is then obtained by solving the Poisson
equation. At this point it is important to remember that for
molecules that undergo charge-transfer reactions with the
surface, AVL ;o1 and AVLyeng are not independent. Rather,
any error in the description of the bending is made up for by
a change in charge-transfer. This makes AVL, which is the
experimental observable, a very robust quantity [120].

In the gas phase COHON is planar. Thus, all contrib-
utions to AVL,, are due to adsorption-induced confor-
mational changes. The bending of COHON (see figure 5),
induces a decrease in the VL of —0.56eV. The molecular
dipoles AVL,,, are partially compensated by the charge-
transfer from the metal to the molecule [120], which leads to
AVLpong of +0.54eV and, eventually, to AVL of —0.02¢V
for COHON on Cu. On first sight, this seems to be at variance
with the measured AVL (4+0.27¢eV). However, the calcul-
ations were performed for a monolayer of face-on COHON
(supercell in the supporting information) and also the exper-
imentally determined VL decreases slightly up to a nominal
COHON thickness of 6 A (figure 2). The increase in the VL
sets in only for larger thicknesses. This suggests that it is not
caused by a face-on COHON monolayer. In analogy to the
situation in NO,-PYTON we hypothesize that the increase in
VL can be ascribed to the reorientation of COHON, which is
not considered in the calculations. To gain microscopic insight
into what happens for the flat-lying layer, figure 6 displays the
calculated charge rearrangements upon contact formation for
COHON on Cu averaged over the xy-plane (left panel) and
in 3D (right panel). A characteristic double-peak structure
above and below the molecule is found, which is indicative of
a filling of a previously unoccupied -orbital.

Discussion and conclusion

Multilayers of COHON on all three investigated substrates are
Fermi-level pinned: they show identical onsets of the HOMO-
derived peak (at 1.85eV BE) as well as identical VLs of
5.20eV and, consequently, also the same IE of 7.05eV (figure
7). Based on the thickness-dependent VL evolution (figure 2)
also P40 is Fermi-level pinned on all substrates, whereas P20
is VL controlled.

In order to understand the energy-level alignment mech-
anisms in more detail, first some pitfalls for extracting rel-
evant parameters from UP spectra will be discussed. UPS (and
XPS) measurements cannot give conclusive proof about the
orientation (face-on or edge-on). Moreover, due to the ten-
dency for Stranski—Krastanov or island growth for all inves-
tigated systems, pure ‘monolayer’ or ‘multilayer’ spectra are
often not accessible. Special care has to be taken for the cor-
rect assignment of the VL as, in case of a laterally non-uniform
VL directly above the sample, the VL measured by UPS is in
between the limiting VL values [121]. Island growth can, thus,
create the impression of a coverage-dependent shift of the VL.
This also impacts the correct assignment of IEs [122-124],
which is further complicated by dominating photoemission
intensity from metal d-bands for low molecular coverage. For
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Figure 5. Photoelectron yield Y, of Cls and Ols core levels

of COHON on Cu(111) as well as reflectivity R as function of
energy relative to the Bragg energy Eprg, = 2.97 keV. Symbols
correspond to experimental data and lines to least mean square fits,
from which the coherent fractions (fz) and the coherent positions
(Pp) are determined. Curves are vertically shifted for the sake of
clarity. On top schematics (not to scale) of the bonding geometry
and the averaged bonding distances for carbon (black) and oxygen
(blue) atoms from XSW experiments (bold) and DFT calculations
(semibold italic) are given.
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Figure 6. Left panel: plane-integrated charge rearrangement (Ap)
perpendicular to the surface upon formation of the organic—metal
interface for COHON on Cu(1 11). The dashed lines mark the top
metal layer (set to zero) and the averaged DFT calculated bonding
distances of carbon and oxygen atoms. Right panel: electron
accumulation (light gray) and electron depletion (dark gray) upon
contact formation.

example, the HOMO positions of a monolayer of COHON
on Au and on Cu cannot be extracted from UPS data (figure
3) and are consequently just estimated in the energy-level
diagram (figure 7). Moreover, due to experimental difficul-
ties IPES experiments at organic—metal interfaces are not
routinely performed [6, 125-128] and LUMO positions are
often approximated by the optical gap plus an (estimated)
exciton BE [129]. Overall, the most reliable experimentally
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Figure 7. Schematic energy-level diagrams for COHON on X(111). In each case, on the left the respective metal substrate with its work
function and Fermi-level (Ey) is displayed. Each middle panel corresponds to a COHON monolayer and reports the position of the (former)
LUMO, the HOMO position and the energetic position of Cls and Ols core-levels. In addition, for multilayer coverage (right panels) also
the position of the VL, the onset of the HOMO and the resulting IE values are displayed. All energies are given in eV, energy axes are not to
scale. Levels, which were not directly measured, are indicated by dotted lines. This applies in particular to the VL for monolayer coverage
and the LUMO position in multilayers, which are estimated by the optical gap (3.30eV, measured in solution) [70].

accessible parameters for the discussion of energy-level align-
ment mechanisms at organic—metal interfaces are, thus, multi-
layer IE and VL (figure 7).

With the available data for COHON, the energy-level align-
ment on Ag and Cu can be well explained: in both cases the
coupling is strong and involves CTC formation. Consequently,
COHON thin films on both substrates are Fermi-level pinned
and have the same VL. Due to the reorientation of COHON on
Cu, Fermi-level pinning is fully effective only for a relatively
large thickness (figure 1). Seemingly, the reasoning of strong
coupling cannot be applied to COHON on Au, which, based
on UPS and XPS, only involves weak interaction. However,
the small shoulder at the low BE side of the Ols-derived
peak (figure 4) points to interaction beyond physisorption.
Moreover, also the relatively small AVL (0.30eV) points to
organic—metal charge transfer counteracting push-back. The
associated additional density of occupied states by partial
filling of the COHON LUMO could be simply rather small and
beyond the detection limit of conventional UPS [130-132].

In conclusion, for sufficiently high nominal thicknesses,
thin films of COHON and P40 on the (11 1)-surfaces of
coinage metals are found to be Fermi-level pinned irrespec-
tive of the wide range of the work functions of the pristine
metal substrates.This, in fact, applies to the weakly interacting
interface on Au and to the strongly chemisorptive interfaces
on Ag and Cu and is, thus, independent of the interaction
strength. The energy-level alignment of P20, on the other
hand, is vacuum-level controlled on the same surfaces. The
VL of COHON thin films on the (11 1)-surfaces of coinage

metals (5.20eV) is much further from the Fermi-level than
that of P4O or PYTON thin films (4.60 or 4.70eV). COHON
covered metals are, thus, highly promising as hole injection
electrodes for organic electronics devices.
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