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ABSTRACT: Organic heterostructures are a central part of a %’ ‘ﬂc
manifold of (opto)electronic devices and serve a variety of functions. s~ R / \
Particularly, molecular monolayers on metal electrodes are of /7~ -
paramount importance for device performance as they allow tuning PN ™~ - /NI N
energy levels in a versatile way. However, this can be hampered by - = 7 -:.\.’
molecular exchange, ie., by interlayer diffusion of molecules toward W—— VT s s o il
the metal surface. We show that the organic—metal interaction P20 g CuPe
strength is the decisive factor for the arrangement in bilayers, which is / \

the most fundamental version of organic—organic heterostructures. 72

The subtle differences in molecular structure of 6,13-pentacenequi- /7 =~ --ooeeeeoees > /', o
none (P20) and 5,7,12,14-pentacenetetrone (P40) lead to antithetic PR
adsorption behavior on Ag(111): physisorption of P20 but — S====c=—

chemisorption of P40O. This allows providing general indicators for

organic—metal coupling based on shifts in photoelectron spectroscopy

data and to show that the coupling strength of copper-phthalocyanine (CuPc) with Ag(111) is in between that of P20 and P4O.
We find that, indeed, CuPc forms a bilayer when deposited on a monolayer P40/Ag(111) but molecular exchange takes place
with P20, as shown by a combination of scanning tunneling microscopy and X-ray standing wave experiments.

Bl INTRODUCTION Although there are several studies about organic hetero-
The energy-level alignment between active conjugated organic structures olr;_gean metal surfa.ces focusing on bm;c_)llesczlilgg
monolayers, only few studies focus on bilayers™ 77"

materials (COMs) and metal electrodes is of paramount
importance for charge transport across the metal—organic
interface and thus an eminent factor for the efficiency of
organic (opto)electronic devices."”” Template layers between
the metal contact and the active material have been proven an
efficient way for engineering interface energetics and tuning

and bilayers of copper-phthalocyanine (CuPc) and 3,4,9,10-
perylene-tetracarboxylic-dianhydride (PTCDA) on Ag(111)
evolved as a model system.'"'*'>*%*> For PTCDA deposition
on a closed layer of CuPc on Ag(111), molecular exchange
takes place and PTCDA reaches the Ag(111) surface,"" whereas

energy barriers for charge injection/ withdrawal.”* However, for the inverse.z syste_m, 'i.e., Clzfﬁc on PTCDA, the initial l.)ilayer
molecular diffusion can be a serious issue in the actual arrangement is maintained. ™~ As expected, the coupling of
thi : ; CuPc with Ag(111) is relatively weak,”*>” whereas PTCDA is
arrangement within the bilayer that does not necessarily reflect nAg Y ) s
the deposition sequence.””” In particular, for weak coupling at comparatively strongly coupled to the same substrate.”"
an organic—metal interface, subsequently deposited COMs can Going beyond this model system, we show in the present work
diffuse through the template layer to the metal surface,”® " that the organic—metal interaction strength is indeed a decisive
making the template layer obsolete. Whether such molecular
exchange takes place is, moreover, a fundamental question by Received: February 12, 2018
itself, which has been addressed in bilayer model system Revised:  April 3, 2018
studies.” " Published: April 18, 2018
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factor for the sequential arrangement in organic hetero-
structures.

Interfacial “interaction strength” is well-defined and com-
parable from a theoretical viewpoint.”*"*> However, computing
reliable adsorption energies of COMs on surfaces involves an
advanced level of theory and, moreover, still requires
experimental input, e.g, surface unit cells.”**® Therefore, we
attempt to develop experimentally accessible indicators for the
organic—metal interaction strength based on:

(1) vacuum-level (VL) shifts (AVL),
(2) binding-energy (BE) shifts of:
i. valence electron features (AHOMO),
ii. core levels of aromatic carbon atoms (AC,),
iii. core levels of carbon atoms in functional groups

(Acﬁmct);
(3) averaged vertical bonding distances (dy).

Indicators #1 and #2 are based on widely used photoelectron
spectroscopy and indicator #3 can be accessed with the X-ray
standing wave (XSW) technique.””*® Although it is hard to
prove the absolute generality of these indicators, our work
shows that most of these indicators are consistent for the cases
considered.

The organic—metal interaction strength is the result of
various competing effects, such as van der Waals interactions,
charge transfer, or Pauli push back, and a broad range of
scenarios was reported in a number of detailed studies over the
last decades.'”*****~* As a striking example, for the subtle
competition of interactions, 6,13-pentacenequinone (P20) and
5,7,12,14-pentacenetetrone (P40) (chemical structures in
Figure 1) have been studied.** Both COMs are physisorbed

Ag(111) é} %

Figure 1. Bilayer formation (top) vs molecular exchange (bottom). In
both cases, CuPc (blue) has been vacuum-sublimed on a closed
monolayer of P40 (red) or P20 (green) on Ag(111). On the right
side, the chemical structures of CuPc, P40, and P20 are shown.

on Au(111) with a planar adsorption geometry and large
bonding distances. In contrast, on Cu(111) they are
chemisorbed involving a net electron transfer from the
substrate to the adsorbate, resulting in a (partially) filled
former lowest unoccupied molecular orbital (LUMO). The
monolayer core levels show strong chemical shifts, and the
molecules adsorb in a bent conformation with short bonding
distances. Ag(111) as a substrate provides an intermediate case,
and by simply adding two more oxygen atoms to the molecular
structure, the interaction can be changed from physisorption
(P20) to chemisorption (P40).**

For our model study, we use PxO (x = 2, 4) to modify
Ag(111). As shown by our ultraviolet photoelectron spectros-
copy (UPS) data, the vacuum level of Ag(111) decreases by
adsorption of a monolayer of P20 (mainly by push back) but
stays virtually constant for a monolayer of P40 (push back
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compensated by charge transfer). The vacuum level shift
induced by a monolayer of CuPc on Ag(111) is just in between
the AVLs of the two pentacene derivatives on the same
substrate. Assuming bilayer formation and vacuum-level
alignment at the organic—organic interface, precovering
Ag(111) by PxO should thus either lower the hole- or the
electron-injection barrier into subsequently deposited CuPc.
Importantly, by means of scanning tunneling microscopy
(STM) we show that bilayer formation takes place only for
P40 as a template layer. By XSW measurements, it becomes
apparent that bilayer formation has only a small impact on
vertical organic—metal bonding distances. X-ray photoelectron
spectroscopy (XPS) data reveal the chemical interaction of the
three COMs with Ag(111). Overall, we provide a compre-
hensive picture of lateral as well as vertical order, chemical
interaction at the inorganic/organic and organic/organic
interfaces, and interface energetics.

B METHODS

UPS, XPS, and low-energy electron diffraction (LEED)
experiments were carried out in an ultrahigh vacuum system™
consisting of three interconnected chambers: evaporation
chamber (base pressure: 3 X 107'° mbar), annealing and
sputtering chamber (3 X 107'° mbar), and analysis chamber
(base pressure: 2 X 107'° mbar). The Ag(111) substrate was
cleaned by several cycles of Ar* ion bombardment and
annealing (650—700 K). The COMs have been sublimated
onto the single-crystal surface (held at room temperature) by
physical vapor deposition from home-built, resistively heated
Knudsen cells with deposition rates of about 1—2 A/min. The
nominal film mass thickness was monitored with a quartz-
crystal microbalance positioned near the samples within the
deposition chamber. UPS experiments were performed using
monochromatized He I radiation (21.2 eV) and a Specs
PHOIBOS 150 analyzer. The energy resolution was set to 80
meV. The angle between the incident beam and the sample was
fixed to 40°. The spectra were collected at photoelectron take-
off angles (0) of 45° with an acceptance angle of +10° along
the I'—M direction of Ag(111). A sketch of the measurement
geometry can be found in ref 46. The secondary electron cut-off
(for determination of the vacuum level) was measured in
normal emission with a bias potential of —3 V. XPS was
performed using a monochromatized Al Ka source (1486.6
eV). The data analysis was carried out by a nonlinear least-
square fitting routine, using Gaussian/Lorentzian peak shapes
and a Shirley background. The error of BE values in UPS is
estimated to be +0.05 eV. LEED experiments were performed
using a Micro-Channel-Plate LEED (OCI BDL80OIR-MCP).
The normal-incidence XSW experiments were performed at
the beamline 109" of Diamond Light Source (DLS), Didcot,
UXK. The analysis chamber (base pressure, 3 X 107 mbar)
contains a VG Scienta EW4000 HAXPES hemispherical
electron analyzer, which is mounted at ~90° relative to the
incident X-ray beam. Sample preparation and measurements
took place in situ under ultrahigh vacuum conditions. A typical
nominal deposition rate was ~0.2 A/min. The reflectivity and
an XP spectrum of the core level of interest were recorded
simultaneously at different photon energies (31 data points)
within a +3 €V interval around the Bragg energy (~2.63 keV)
of the silver (111) diffraction planes. Considering the
experimental geometry, the photoelectron yield and the
reflectivity were modeled within the dipole approximation.
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Figure 2. Each row displays STM images of self-assembled monolayers of P40 (a, b) or P20 (e, f) on Ag(111) and subsequently deposited CuPc on
P40/Ag(111) (c, d) or P20/Ag(111) (g, h). The insets in (b) and (f) show the proposed unit cells of P40/Ag(111) (a = 1.70 nm, b = 1.12 nm, ¢
= 40°) and P20/Ag(111) (a = 0.81 nm, b = 1.59 nm, ¢ = 86°). All images have been measured with a tunneling voltage of —1 V and a tunneling

current of 10 pA (a—d, f, h) or 100 pA (e, g).

All UPS, XPS, LEED, and XSW measurements were
performed at room temperature (295 K).

The STM measurements were performed using a commercial
low-temperature STM (LT-STM, Omicron NanoTechnology)
that contains two chambers: the preparation chamber (P-
chamber) with a base pressure of 2 X 107'° mbar and the STM
chamber (2 X 107" mbar). The Ag(111) single crystal was
cleaned by cycles of Ar* sputtering and a high temperature
annealing (740 K). A commercial three-cell evaporator (Kentax
GmbH, Germany) was used to sublime P20, P40, and CuPc at
413, 423, and 600 K, respectively. All samples were prepared in
the P-chamber and characterized by STM immediately after
deposition. All the STM images were obtained at liquid
nitrogen environment (77 K) with a home-built tungsten tip.

B RESULTS

All experiments on the heterostructures have in common that
first PxO layers on Ag(111) have been prepared by vacuum
sublimation. The coverage has been as close to a monolayer as
possible. In some cases, multilayers have been desorbed by a
careful annealing procedure (Figure S1). In a second step,
CuPc has been (stepwise) deposited on the PxO monolayers.
All preparation steps as well as XPS, UPS, and XSW
measurements have been performed at room temperature.
STM data were recorded at 77 K. Additional room temperature
LEED experiments of PxO monolayers on Ag(111) (Figure
S2) show that molecular order prevails at room temperature.

Molecular Rearrangement Determined by Scanning
Tunneling Microscopy. We start with the STM results,
which unambiguously show the actual arrangement of the
heterostructures. As shown in Figure 2a, P40 molecules form
well-defined monolayers on Ag(111). A corresponding
structural model is depicted in the inset of the magnified
STM image (Figure 2b). To investigate the mixed molecular
structure of CuPc on P40 precovered Ag(111) surfaces, CuPc
has been deposited gradually on the sample. With increasing
CuPc coverage, hardly any structural changes of the P40
monolayers are observed (Figure 2c,d). CuPc molecules adsorb
predominantly on P4O monolayers and are not able to disturb
the underlying P4O structure.
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Figure 2e shows the monolayer structure of P20. The
detailed packing structure of P20 can be gathered from a
magnified STM image and the corresponding structural model
(see Figure 2f and the inset). In striking contrast to the
previous heterostructure involving P40, CuPc deposited on
P20 can replace P20 molecules and form a well-ordered
structure directly on Ag(111) (Figure 2g) with a similar
packing motif as that of the CuPc/Ag(111) monosystem.** The
replaced P20 molecules adsorb preferentially on top of the
remaining P20 monolayer, forming the second layer. To
confirm the adsorption sites of the second P20 layer, molecular
manipulation by the STM tip is performed to remove some
P20 molecules in the second layer. On the basis of the STM
image (Figures S3 and S4), we can conclude that the layer
underneath is composed of well-ordered P20O. Only for a much
higher CuPc coverage, replaced P20 can also adsorb on top of
CuPc layer, forming a disordered structure (Figure 2h).

Core-Level Shifts AC, and ACq,, Determined by X-
ray Photoelectron Spectroscopy. Having established the
lateral and the sequential arrangement of the heterostructures,
we now turn to the molecular core levels (Figure 3).
Chemisorbed systems usually exhibit strong core-level shifts
between (charged) monolayers and neutral multi-
layers,"**>**75? and these shifts (AC, and ACg,) can act as
indicators for the interaction strength.

The multilayer (nominally 48 A) C 1s spectrum of CuPc on
Ag(111) (Fi§ure 3a) resembles those of multilayers on other
substrates®>>° and the gas phase spectrum.’® The two main
peaks are attributed to carbon atoms in the benzene rings (C—
C) and the carbon atoms bound to nitrogen in the pyrrole rings
(C—N), respectively. The smaller peak (marked with a red star)
at higher BE is due to a shake-up satellite.”> For a nominal
coverage of 4 A, both monolayer (blue areas) and multilayer
(blue areas with pattern) contributions can be seen. In general,
for flat-lying COMs, a nominal coverage of around 4 A would
correspond to a closed monolayer’®” and the occurrence of
mono- as multilayer features for this coverage points thus to
island growth. The multilayer C—C-derived peak is found at
0.25 eV higher BE than the monolayer peak; this shift
corresponds to AC,. On the other hand, ACg, amounts to
0.56 eV. Such nonrigid shifts point to a charge-transfer reaction
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Figure 3. C 1s core-level spectra for homostructures (top row, CuPc in blue, P40 in red, and P20 in green) and heterostructures (bottom row).
The nominal coverages are 48 A (multi) and 4 A (mono). The fits are color-coded to mark contributions from the different COMs and to
distinguish between monolayer (full color) and multilayer (pale color with pattern) contributions. The red star (*) marks a shake-up satellite of
CuPc. For the heterostructures, CuPc was deposited on a PxO monolayer prepared via annealing a thick film.

of CuPc and Ag(111).*°%* P40 on Ag(111) (Figure 3b)
shows a similar phenomenon as that of CuPc. For a nominal
coverage of 4 A, monolayer (red areas) and multilayer (red
areas with pattern) contributions are found in the spectra. Here,
AC, is 1.00 eV and ACg, is 1.61 eV, which has been ascribed
to a charge transfer by surface-induced aromatic stabilization.**
The weak interaction of P20 with Ag(111) is reflected in the
similar shape and binding-energy position of monolayer and
multilayer spectra (AC, & ACgq, = 0.3 eV) and is fully
consistent with previously published data on the same
interface.™*

Taking advantage of real-time XPS during desorption (Figure
S1), monolayers of PxO could be prepared by thermal
desorption of multilayers and have been used as a template
for subsequent CuPc deposition. For C 1s, it is hard to
disentangle the different contributions of PxO and CuPc,
respectively (Figure 3ef). O Is spectra (Figure 4) give more
insight into possible chemical interactions at these interfaces.
Depositing nominally 4 A CuPc on a monolayer P40/Ag(111)
does not lead to significant changes in the shape or the BE
position of the O 1s peak. As surface-induced aromatic
stabilization of P40 leads to strong chemical shifts between
mono- and multilayer (Figure 4 b,c),* this further supports the
STM finding of bilayer formation. In contrast to P40, for P20/
Ag(111) multi- and monolayer O 1s spectra are quite similar
(Figure 4 e,f) and thus do not allow to judge whether, in the
heterostructure, P20 is in direct contact with Ag(111) or
pushed away by CuPc. Similarly, the rather weak N 1s signal
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Figure 4. O 1s core-level spectra for mono- and multilayers of PxO on
Ag(111) and for CuPc monolayer on the respective PxO monolayer
(by annealing procedure). In each case, the measured data points and a
smoothed curve are shown.

(Figure SS) of CuPc does not give further insight in the
heterostructure arrangement.
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The van der Waals radii are shown as dotted lines. Atoms are drawn to scale.

Adsorption Distances d,; Determined by X-ray Stand-
ing Wave Measurements. Adsorption distances can be
measured very precisely with the XSW technique. The analysis
of the photoelectron yield (Figure S6) of an adsorbate
measured in the standing wave field generated by the
interference of incident and at-the-substrate Bragg-diffracted
X-ray waves gives the coherent position (Py) and coherent
fraction (fy).”*~* Py can be used to determine the averaged
vertical bonding distance (dy) of the different adsorbate atoms
by dy = dy;1(n + Py), with dy;; as the lattice spacing of the
substrate and n being an integer number, that arises from the
periodicity of the standing wave field, which is important when
distinguishing between the molecules adsorbing in the first
layer and those in the second. fi; is a measure for the degree of
vertical order of the respective adsorbate atoms.

For monolayers of PxO on Ag(111), the bonding distances
are essentially the same as previously reported.** P20 exhibits a
planar adsorption geometry with rather long bonding distances.
For P40, the bonding distances are shorter and the oxygen
atoms are bent below the plane of the carbon skeleton. The
coherent fractions of the carbon and oxygen atoms for P4O are
0.75 and 0.95, respectively, and thus relatively large for these
systems. This is due to the strong interfacial coupling, and
consequently the coherent fractions for physisorbed P20 are
much lower (0.29 and 0.41, respectively). Overall, the coherent
fractions of the monolayers prepared by desorbing multilayers
(this work) are higher than those for the directly vacuum-
sublimed-grown (sub)monolayers.** This indicates that the
method used here to prepare the monolayers may help to
improve the ordering (higher fi;) of the remaining layer.
However, as fy depends on the specific experimental

conditions*>" and as especially the employed setup tends to
overestimate coherent fractions,”” we refrain from further
discussion.

For the heterostructures (Figure S), coherent positions and
fractions could be measured for O, Cu, and N atoms. For C
atoms, the photoelectron yield could not be properly evaluated
because the contributions of PxO and CuPc to the C 1s signal
could not be disentangled. Nonetheless, the deposition of CuPc
on a monolayer P40/Ag(111) leaves the oxygen atoms
unaffected, similar to the CuPc/PTCDA case.'"> The N atoms
of CuPc are found 3.35 A and the Cu atoms 3.28 A above the
O atoms of P40 (Figure 5a), similar to those of CuPc on
PTCDA." For the deposition of CuPc on P20/Ag(111), the
results are in line with the STM finding of the molecular
exchange, since physically meaningful adsorption distances can
only be obtained by considering that CuPc is in direct contact
with the substrate and P2O occupies positions in the first as
well as in the second layer. The N and Cu atoms of CuPc have
averaged bonding distance of 3.23 and 3.06 A, respectively,
which is slightly higher than that for CuPc (sub)monolayers on
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Ag( 111).”” The coherent fractions of the O atoms are rather
low (0.24) and do not allow a proper assignment of bonding
distances, which is due to P20 molecules being present at
different vertical sites (Figure Sb). In this scenario, the
measured shorter adsorption distances of CuPc, when
coexisting with P20 in the first layer, are in line with other
investigated heteromolecular monolayers, where a change in
adsorption distances takes place.'"*™®° In particular, the
molecules with the strongest donor character move closer to
the substrate and those with an acceptor (or weaker donor)
behavior move away from it.”*~°> Therefore, we expect P20 to
have a reduced adsorption distance compared with the
monomolecular film, possibly involving the slight bending of
the oxygen atoms relative to the carbon core.

Valence-Level Shifts AHOMO Determined by Ultra-
violet Photoelectron Spectroscopy. The coverage-depend-
ent evolution of valence-electron spectra of the homostructures
(Figure 6) confirms previous results.””****°° Deposition of
CuPc on Ag(111) (Figure 6a) attenuates the intensity of the
substrate-derived Fermi edge, and two CuPc-derived peaks
arise: the highest occupied molecular orbital (HOMO)-derived
peak centered at 1.37 eV (for a nominal coverage of 4 A) and a
peak close to Ep, derived from the former, now partially filled,
LUMO (F-LUMO).”” The intensity of this peak becomes
strongest at nominal monolayer coverage (4 A), and increasing
the coverage leads to an attenuation of this feature as the charge
transfer does not extend beyond the monolayer. For multilayer
coverage, the HOMO peak shifts to higher BE (AHOMO =
0.35 eV) and, moreover, its shape is distinctively different to
that in the monolayer, which is due to molecular relaxation
upon charge transfer and is in good agreement with a previous,
very detailed, study.”” Likewise, also for P40 on Ag(111)
(Figure 6b), spectral features assigned to HOMO and F-
LUMO™ can be observed for monolayer coverage. The shift of
the HOMO position between mono- and multilayer coverage
amounts to AHOMO = 0.95 eV. For physisorbed P20 on
Ag(111) (Figure 6c), almost no F-LUMO-derived photo-
emission intensity can be observed and the shift of the HOMO
(AHOMO = 0.50 eV) can be mainly ascribed to the screening
effect.** A closer look reveals a small photoemission intensity
close to Eg, which becomes more prominent for the annealed
monolayer (Figures 6e and S7). As detailed in the Discussion,
this observation is most likely due to Fermi-level pinning®”*® of
the P20 LUMO and thus not conflicting with the
physisorption scenario, which has been suggested in ref 44.

Figure 6d,e shows the spectra of CuPc (blue lines) deposited
on PxO-precovered Ag(111) (red and green lines). The shape
and the position of the HOMO-derived peak of CuPc
deposited on P40 Ag(111) do not show a notable coverage-
dependent change and are reminiscent of the CuPc multilayer.
This is in line with CuPc and P4O forming a bilayer system on
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Figure 6. (a—c) UP spectra for stepwise deposited COMs on
Ag(111). Monolayer and multilayer spectra are highlighted by darker
lines. (d, e) UP spectra for stepwise deposited CuPc on monolayers of
PxO/Ag(111) (prepared by thermally desorbing the multilayers). For
CuPc on P20/Ag(111) also, the first CuPc spectrum dominated by
multilayer features is highlighted. Vertical lines highlight the position
of the HOMO and the F-LUMO. Survey spectra (up to 14 eV BE) of
these interfaces can be found in Figure S8.

Ag(111). The situation is strikingly different for CuPc
deposited on a P20 monolayer on Ag(111). Here, CuPc
monolayer features become visible, which can be explained with
CuPc reaching the metal surface and forming a charge-transfer
complex with Ag(111).

Vacuum-Level Shift AVL Determined by Ultraviolet
Photoelectron Spectroscopy. The vacuum level (VL)
position with increasing film coverage (Figure 7) provides
further insight into the interfacial interaction strength at the
organic/metal and organic/organic interface and the morphol-
ogy of the thin film.®”~"" In all cases, the work function of clean
Ag(111) is 4.60 eV. Upon initial deposition of CuPc or P20,
the vacuum level shows a steep decrease, which almost saturates
at a nominal coverage of 4 A and stays essentially constant for
higher coverages. This behavior confirms flat-lying molecules in
the monolayer and predominat multilayer growth for
thicknesses larger than 4 A. For P20, AVL is 0.60 eV and
can be mainly ascribed to the push-back effect,”””* with AVL
increasing for decreasing adsorption distance.”*”> For CuPc,
AVL is smaller (0.41 eV), as the push-back induced decrease of
the VL is partly counteracted by a charge transfer from the
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Figure 7. Coverage-dependent evolution of vacuum levels wrt the
Fermi level for all investigated thin films on Ag(111). “Bottom” and
“top” COM denote the deposition sequence and not the actual
arrangement of the thin films. The solid lines correspond to the
homomolecular systems and are referred to the bottom abscissa. The
dashed lines describe the heteromolecular systems created upon the
deposition of increasing coverages of CuPc (referred to the top
abscissa) on a full monolayer of PxO.

substrate.””’® For P40 on the clean substrate, AVL is
negligible for coverages less than 4 A, reflecting the larger net
electron transfer from the substrate compared with CuPc. For
coverages beyond a monolayer, the VL increases slightly, which
is most likely due to a band-bending-like effect®”*® in
multilayers.

Deposition of CuPc on P40/Ag(111) does not result in
notable changes of the VL because of the weak coupling at this
interface. Deposition of CuPc on P20/Ag(111), however,
increases the VL due to the charge transfer between CuPc and
Ag(111). The shift saturates for a nominal CuPc coverage of 8
A at almost the same value (~4.15 eV) than for CuPc deposited
directly on Ag(111). This shows that (i) in the heterostructure,
almost the entire metal surface becomes covered by CuPc
molecules and (ii) that the energy-level alignment in this case is
predominantly determined by the interface dipole upon CuPc
monolayer formation.

B DISCUSSION

From a device perspective, P40 serves the purpose of lowering
the hole injection barrier into multilayers of CuPc on Ag(111)
(compare Figure 6a,d), whereas P20 clearly does not decrease
the electron-injection barrier (compare Figure 6a,e). The
reason for this different behavior becomes evident from STM
(Figure 2) and is schematically summarized in Figure 1: CuPc
on P40 on Ag(111) forms indeed a bilayer, whereas CuPc
deposited on P20 on Ag(111) undergoes molecular exchange
and reaches the metal surface.

On the lateral length scale of the STM images, the P20
monolayer is almost closed and rather defect-free (Figure 2e,f).
LEED (Figure S2) confirms that order is also preserved at
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room temperature (at which thin-film deposition took place).
Moreover, we could not observe any changes in the
arrangement of P20—CuPc heterostructures on a time scale
of several minutes to several hours after deposition of CuPc.
This implies that molecular exchange happens immediately
after thin-film preparation and shows that (i) the barrier for
replacement is low and (ii) the driving force is high, ie. as
shown by the indicators, CuPc is significantly more favorable
on Ag(111) than P20. Moreover, from STM, it becomes
apparent that CuPc and P20 have also no favorable in-plane
interaction as they show lateral phase separation after molecular
exchange (Figure 2gh).

Figure 8 shows the five indicators for organic—metal
interaction strength. In addition to the indicators for the
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Figure 8. Vacuum-level shift (AVL) between clean Ag(111) and a
monolayer of the respective COM. Binding-energy shift between
monolayer and multilayer of the HOMO-maximum (AHOMO) and
the C 1s peak of the molecular backbone (AC,) and the functional
group (ACg,.) of the respective COM on Ag(111). Averaged
bonding distance (dy) of the carbon atoms in the molecular core in
sub-monolayers on Ag(111). All values of PxO as well as AVL,
AHOMO, AC,, and ACq,, of CuPc are from this work; dy; of CuPc is
taken from the literature.”” For PTCDA, AVL, and AHOMO are
taken from ref 30, dy from ref 77, and AC, and ACg,, are estimated
from refs 31 and 17.

interaction of CuPc and PxO with Ag(111), also PTCDA
values taken from literature'***"”” are included for compar-
ison. Almost all of these values show the same trend in the
interaction strength with Ag(111) that increases following the
order P20, CuPc, PTCDA, P40. This serial order confirms
that the rearrangement in the measured bilayers (this work and
refs 11, 15) is indeed determined by the coupling of the
monolayer with the substrate. As detailed below, all of these five
indicators are the result of various (partially competing) effects
and their consistency is thus remarkable.

Prior to discussing the UPS- and XPS-derived indicators, it is
helpful to distinguish between shifts related to interfacial
chemical interactions (and thus to the interaction strength) and
shifts having purely electrostatic reasons. The most prominent
of the latter one is Fermi-level pinning at the density of (gap)
states of the HOMO or LUMO of the adsorbate.””*®”* This
usually leads to integer charge transfer’’”*" and results in a
rigid shift of the VL, HOMO (and deeper lying valence levels),
and all core levels. From the investigated systems, the LUMO-
derived peak in the P20 monolayer (Figure 6¢,e) is most likely
related to Fermi-level pinning; this is consistent with the onset
of the HOMO at around 3 eV below Eg, which is in the range
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of the optical gap of P20 thin films (2.92 eV).*" Also, the small
VL increase (~0.1 eV) found for P40 on Ag(111) beyond
monolayer coverage (Figure 7) points to Fermi-level pinning
(at the P40 LUMO). However, the expected shifts in valence
and core levels are overcompensated by the strong chemical
coupling at this interface. Other electrostatic effects at organic—
metal interfaces include the push-back effect’””* and the image-
charge effect (often called screening),82’83 which can be held
responsible for the rigid shift of HOMO and core-level features
for physisorbed P20 on Ag(111). In contrast, chemical
interactions usually lead to fractional charge transfer’>”” often
involving donation and backdonation of charges®”**** and thus
to nonrigid (chemical) shifts.

Starting the discussion of the indicators with AVL, it is
noteworthy that for none of the COMs the vacuum level
increases upon monolayer formation, which could be naively
expected, as in all cases the LUMO becomes (partially) filled
for the monolayers on Ag(111). However, AVL is the result of
many competing effects and without advanced theoretical
modeling it is impossible to say whether the expected VL
increase is mainly compensated by the push-back effect,
backdonation of charges, or distortion-induced intramolecular
dipoles. Moreover, obviously a large decrease in the VL as a
sign for weak interaction only holds for electron-accepting
molecules as for donors, the net electron transfer from the
COM to the metal leads to a decrease of the work function
beyond push back.** Consequently, the correct order, with the
lowest AVL for the strongest interaction, could be merely
coincidental and the vacuum level can be considered a weak
indicator for interaction strength. A stronger indicator is
AHOMO, which can distinguish between weak (P20 and
CuPc) and strong (PTCDA, P40) coupling. In the former
case, AHOMO is dominated by electrostatic effects and in the
latter case by molecular relaxations upon charge transfer.*”"’ In
general, the fine structure of valence electron features of
molecular thin films depends, in addition to interfacial chemical
interactions, critically on the thin-film structure. This holds for
hole—phonon  coupling,*** band dispersion,”*™> and the
photoelectron angular distribution.”>”* If the molecular thin-
film structure in the multilayer differs from that in the
monolayer, these effects can lead to an apparent peak maximum
shift and can explain the larger shift of P20 compared with
CuPc.

Considering the core-level shifts, it is reasonable that the shift
of the aromatic carbons’ C 1s signal (AC,) is similar to that of
the HOMO, as for all four COMs, the HOMO is relatively
delocalized over the whole molecule. The widest range (1.6 €V)
in BE shifts can be found for the C 1s signals of carbon atoms
in functional groups, i.e,, C=0 or C—N (ACg,,). This is, on
one hand, not surprising, as for hydrocarbon systems, charge
transfer is often mediated by functional groups or heter-
oatoms.**”> Then again, the functionality of the heteroatoms is
distinctly different for PxO, CuPc, and PTCDA and it is not
straightforward that also ACg,, follows the general trend. The
same holds for dy;, as averaged vertical bonding distances (and
even possible molecular distortions) alone are no clear
indication for bonding strength.40’50’96 For example, it was
shown that additional bulky side groups increase the averaged
carbon bonding distance of a pyrene derivative on Ag(111)
without notable changes in the interaction strength, as
measured by UPS and XPS.** Moreover, it is only useful to
compare bonding distance of different COMs on the same
surface.
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Overall, the core-level shifts (AC, and AC;,,.) are the most
reliable indicators for organic—metal coupling strength. They
have furthermore the advantage that, in contrast to dy, no
advanced synchrotron-based measurements are necessary to
access them. This applies likewise for valence electron spectra.
However, the complex relation of thin-film structure and
electronic structure even for weakly interacting systems does
not allow to precisely estimate the coupling strength based on
single parameters (AVL or AHOMO). For the considered
systems, the indicators predict the sequential arrangement in
heterostructures correctly. We note that also other factors such
as the particular molecular weight or shape (“bulkiness”) may
also condition the molecular e)(c:helnge,97’98 besides the
organic—metal interaction strength.

B CONCLUSIONS

The arrangement in organic heterostructures is of utmost
importance for controlling the performance of organic
(opto)electronic devices, and predicting possible molecular
exchange for a COM-pair on an inorganic substrate is
indispensable for rational device design. However, even for
model systems, molecular exchange mechanisms are not fully
understood. The pentacene oxo-derivatives P20 and P40 help
to overcome this issue, as a subtle change in chemical structure,
adding two more oxygen atoms, has a paramount effect on
interfacial coupling with Ag(111): P20 is physisorbed whereas
P40 is clearly chemisorbed, as evidenced by UPS, XPS, and
XSW. Therefore, subsequently deposited CuPc diffuses through
P20 monolayers but forms bilayer structures on P40, as
evidenced by STM. We could show that organic—inorganic
coupling is crucial for molecular exchange and that organic—
organic coupling plays a minor role in this context. Moreover,
we developed simple indicators, i.e., binding-energy shifts in
UPS or XPS, which can reliably predict molecular exchange of a
COM-pair on a specific substrate. Moreover, quantification of
coupling strength based on relatively routine photoemission
experiments would be an important step to come closer to a
simple and reliable prediction of energy-level alignment at
organic—metal interfaces.
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