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Abstract. The growth of high-quality thin films is a key issue in the ability
to design electronic devices based on organic materials and to tune their
properties. In this context, the interfaces between metals and organic films play
a decisive role. Here, we report on the interface formation between copper-
phthalocyanine (CuPc) and an Ag(111) surface using various complementary
methods. High-resolution low-energy electron diffraction revealed a rich phase
diagram for this system with disordered (two-dimensional (2D)-gas-like) and
ordered structures (commensurate and point-on-line). In particular, a continuous
change in lattice parameters with increasing coverage was found for long-range
ordered structures, indicating a substrate-mediated repulsive intermolecular
interaction similar to the case of tin-phthalocyanine/Ag(111). Chemisorptive
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bonding to the substrate was found by x-ray standing waves and ultraviolet
photoelectron spectroscopy, and this weakened with increasing coverage at low
temperature. This remarkable effect is correlated to a shift in the highest occupied
molecular orbital (HOMO) and a HOMO-1 split off band to higher binding
energies. Based on our experimental results, we present a comprehensive study
of the adsorption behavior of CuPc/Ag(111), including the mechanisms for
phase formation and molecular interaction.
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1. Introduction

The growth of organic thin films on metallic substrates has become a major field of
interest for the organic electronics and surface science community. Understanding and—
consequently—controlling the layer properties is the main issue in successfully designing
organic semiconductor devices (organic light emitting diodes (OLEDs), organic field effect
transistors (OFETs), organic solar cells, etc). Organic—inorganic interfaces play an important
role in this context, since their formation as well as their geometric, electronic and possibly also
spintronic properties define the characteristics of the films and devices. Therefore, the formation
of the first molecular layer on a metallic surface, which acts as a template for multilayer growth,
is the subject of many recent investigations.

Regarding the nature of organic—metallic bonding, noble metal surfaces represent the
most interesting choice because of their medium interaction strength with adsorbates, which
stems from a sophisticated interplay of weak chemisorption and van der Waals forces. This
prevents dissociation and enables high mobility of the molecules on the surface, but also allows
electronic interaction with the surface. The consequence is the general phenomenon of island
formation in the sub-monolayer (sub-ML) regime, since usually attractive intermolecular forces
in combination with high mobility lead to clustering of molecules. Due to the complexity
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Figure 1. Atomic model of the copper-phthalocyanine molecule CuCs3,NgH .

of substrate—molecule and molecule-molecule interactions, m-conjugated molecules show a
diversity of phases that can strongly depend on coverage, temperature, substrate and film
preparation parameters [1, 2], as well as the shape of the molecule and possible reactive side
groups. A systematically studied prototype for these kinds of model systems is 3,4,9,10-perylene
tetracarboxylicacid-dianhydride (PTCDA) on Ag(111) (see [1], [3]-[9] and references therein).

In contrast to these investigations, we studied the adsorption of a molecule without reactive
side groups. The focus of this paper are the structural properties of sub-ML films of metal-
phthalocyanines (MePc). These molecules are already widely used as organic semiconductors
because of their p-type conductivity and high photoconductive sensitivity in the near-infrared
region. They consist of an aromatic body with a metal atom bound in its center (see figure 1).

Depending on the central metal atom, the molecular geometry can be modified from
planar (H,Pc and CuPc) to non-planar (SnPc and TiOPc) configurations. Consequently, the
molecules have different bulk structures [10]. Furthermore, different MePc molecules have
different electronic properties, such as, most prominently, different vertical dipole moments. In
earlier work, we investigated the lateral and vertical structures of the non-planar SnPc adsorbed
on Ag(111)indetail [11, 12], and we observed a substrate-mediated intermolecular repulsion in
the sub-ML regime and a dilute sub-ML growth mode instead of classical island growth. In this
paper, we present a study of the planar copper-phthalocyanine on Ag(111) using complementary
methods. We have investigated the correlation between different lateral geometric structures
(two-dimensional (2D)-gas, commensurate, point-on-line (p.o.l.)), adsorption heights and
bonding distances as well as the electronic valence structure. The experiments were performed
using spot profile analysis—low-energy electron diffraction (SPA-LEED), normal incidence
x-ray standing waves (NIXSW) and ultraviolet photoelectron spectroscopy (UPS). These
methods allow us to understand this system comprehensively, and to qualify and quantify the
correlations between the geometric and the electronic structure. We successfully elucidated the
growth mechanism in the sub-ML regime, which differs fundamentally from common island
growth of other w-conjugated molecules.

This paper is organized as follows. First, we give a short introduction to sample preparation
and experimental methods. In the following section, the SPA-LEED results (lateral structure
and phase diagram), NIXSW results (vertical structure) and UPS results (electronic structure)
are illustrated and discussed. The last section concludes and discusses the complete picture of
the adsorption of CuPc/Ag(111).

New Journal of Physics 12 (2010) 083038 (http://www.njp.org/)
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2. Experimental

2.1. Sample preparation

The Ag(111) sample was prepared by argon sputtering (500¢V, £ 50° incident angle) and
subsequent annealing at 723 K. This procedure was proven to lead to large surface terraces
(>500 A, obtained from SPA-LEED peak widths) and very high crystalline quality of the
surface. Since this is an important topological aspect that can influence the growth behavior
of organic thin films, we always used identical surface preparation parameters in order to obtain
identical conditions for all film depositions reported in this paper. Deposition was performed
by evaporating previously sublimated copper(Il)-phthalocyanine (CuPc) from a home-made
Knudsen cell. The evaporation rate was observed using a quadrupole mass spectrometer. During
the process, the sample was kept at room temperature. Post deposition annealing at 533 K for
20 min was always performed and turned out to be crucial in order to guarantee homogeneous
coverage of the CuPc molecules on all silver terraces. Longer annealing or annealing at higher
temperatures leads to desorption of the molecules (which already indicates a relatively weak
bonding). The coverage was finally determined by x-ray photoelectron spectroscopy (XPS)
using the net Cls peak integral (after linear background correction), taking the net Cls integral
of the ML structure as a reference (see section 3). The accuracy of this method was determined
to be £0.08 ML (for a precise calibration of the coverage of 1 ML, see below). In order to
avoid falsifications of SPA-LEED measurements by XPS-induced beam damage, we always
performed the XPS after the SPA-LEED measurements. For ordered structures, we also used
SPA-LEED images to obtain the size of the unit cells. Due to a repulsive intermolecular
interaction that causes homogeneous filling of the surface (see below), this enables a very
precise way of coverage determination (see section 3).

2.2. Spot profile analysis—low energy electron diffraction (SPA-LEED)

SPA-LEED combines a high k-resolution (transfer width >540 A) with a high dynamic range
of the detector (1-10%cps) [13]. Due to its high resolution, the method can be used for a
precise determination of unit cell sizes. We used it for a complete determination of the phase
diagram in the sub-ML range. All measurements were performed in a UHV chamber with
a base pressure below 5 x 1071 mbar. From the SPA-LEED images, we determined epitaxy
matrices for the CuPc superstructures by comparison with calculated diffraction patterns using
kinematical theory. Calibration was performed using a well-known commensurate structure
(NTCDA/Ag(111)). The accuracy of this method is approximately 0.04 for each matrix entry
for absolute structure determination and 0.02 for relative structure determination, i.e. when two
similar structures should be distinguished.

2.3. The normal incidence x-ray standing wave (NIXSW) technique

The NIXSW technique allows us to determine vertical bonding distances of an adsorbate
on a crystal surface with high accuracy (10-2A). It is successfully applied to investigate
adsorption heights and distortion of molecules upon adsorption (e.g. PTCDA [3, 4, 6, 14],
NTCDA [15, 16], SnPc [12], F;,CuPc [17], C;,H;4 [18] and azobenzene [19]). We performed
the NIXSW experiments at beamline ID32 of the European Synchrotron Radiation Facility
(ESRF) in Grenoble, France. All the equipment necessary for sample preparation is available at
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http://www.njp.org/

5 I0P Institute of Physics () DEUTSCHE PHYSIKALISCHE GESELLSCHAFT

that beamline, as well as a LEED optics and a hemispherical electron analyzer (r = 150 mm),
which is mounted with an angle of 45° relative to the incident synchrotron beam. The base
pressure during the experiments was below 5 x 107! mbar. We will now briefly introduce the
basics of this method; a more detailed description can be found elsewhere [20]-[22].

An x-ray standing wave field is generated by the coherent superposition of an impinging
monochromatic x-ray plane wave Eo on a crystal surface and its Bragg reflected wave E Ho
when the Bragg condition for an H= (hkl) reflection is fulfilled: H = ky — ko The standing
wave field with intensity 7 (E, ) represents a modulation of the electric field perpendicular to
the Bragg planes with a periodicity dy that is identical to the lattice spacing dy of the substrate
crystal,

I(E,7)=|Eol*[1+R(E)+2y/R(E) -cos(v(E)+ H -7)], (1)

whereby R(E) = |Ey/E|? is the reflectivity function and v the phase of the complex field
amplitude ratio Ey/Eo = +/R-e"”. The scalar product simplifies to H 7= 2 (Dy/dy) and
indicates the periodicity of the standing wave. Upon scanning the photon energy through the
Bragg condition, the phase of the complex field amplitudes v changes from 7 to 0, which makes
the standing wave field move through the crystal by half of the lattice spacing dy. This move
causes a modulation of the photoemission (PE) yield from any atomic species in the crystal and
at its surface, since the photon absorption of the atoms is directly proportional to the intensity of
the electric field at their position. Hence, a characteristic PE yield curve is measured by such a
scan through the Bragg condition for each atomic species. The shape of the yield curve strongly
depends on the position Dy of the species relative to the substrate Bragg planes. In combination
with XPS, the method is element specific and can resolve the geometry of an adsorbed molecule.
In the case of multiple adsorption sites for one atomic species, the parameter ‘coherent
fraction’ F! must be introduced. Coherent fraction F*! and coherent position P! = Dy /dy can
be understood as the amplitude and phase of the H-Fourier component of the spatial distribution
of an adsorbate, where each single adsorbate atom m has a fraction of F! =1 and a position
P
H . H = F, " . H
F exp(i2n P™) = n; N exp(12rer). 2)
In NIXSW experiments, the photon energy is determined by the Bragg condition that
must be fulfilled for the given substrate crystal structure and a Bragg angle of (close to)
90°. This usually results in photon energies that are relatively high for PE. Hence, the
dipole approximation is often not sufficient to describe the PE process. To express the XSW
photoelectron yield, multipole correction parameters Q [23, 24], A and ¥ = tan~'(Q tan A)
must be introduced. This leads to the final formula for the XSW PE yield that is used for fitting
the experimental data. This contains the two parameters F! and P!, which represent the main
result of an XSW experiment (for each atomic species of interest),

V1+0? tan® A
+2VR - F! 1Q Qa“ cos(v—w+27PY) . (3)
The formula demonstrates that the Q parameter can be derived from fitting XSW profiles

if it is known that the coherent fraction F! is zero. This is the case for a thick, disordered
multilayer film. We have measured the Q parameter using films with a thickness of >20 ML,

I(E):1+1i—QR

New Journal of Physics 12 (2010) 083038 (http://www.njp.org/)
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Table 1. Multipole correction parameters of the investigated elements.
Cls Nls Cu2p; ),

0 024(2)[12] 0222)[12] 0.172)
A —021[12] -026[12] —0.21

which were prepared at Tgmple = 150K (see table 1). For thinner films, we observed that the
layer is not ‘disordered enough’. The values for A are taken from [12].

2.4. Ultraviolet photoelectron spectroscopy (UPS)

The ultraviolet photoelectron spectroscopy (UPS) measurements were performed with a
SCIENTA R4000 analyser combined with a monochromatized, microwave-driven He — I,
source (hv = 21.23 eV). The spectra were taken at a base pressure of 1 x 107! mbar, increasing
to values <1 x 10~° mbar due to the He-leakage, with a net energy resolution of 6 meV. We
used a geometry with the incident photon beam, axis of sample rotation and analyzer (direction
of photoelectron detection) lying in one plane. The angle between the incident beam and the
analyzer was 45°, and that between the sample rotation axis and the analyzer was 90°. The
detection angle between the surface normal and the analyzer was around 50°, optimized for the
PE intensity of the molecular orbitals.

3. Spot profle analysis—low-energy electron diffraction (SPA—LEED) investigations

Our SPA-LEED investigation revealed that the phase diagram of CuPc/Ag(111) can be divided
into three regimes: the gaseous ‘g-phases’ and the p.o.l. phases, including the ML structure and
the commensurate c-phase (see figure 2). We describe the properties of each regime of the phase
diagram in detail in the following, beginning with the high coverage regime between 0.89 and
1.00 ML.

The ML structure can easily be prepared by annealing a multilayer film at 533 K for
20 min. It has the smallest unit cell of all ordered structures and was taken as a reference for the
coverages obtained by XPS and SPA-LEED (i.e. all coverages in this paper are given relative
to the ML structure, which has an absolute coverage of 0.521 molecules nm~2). Reducing the
coverage by depositing fewer molecules or by annealing at temperatures above 533 K leads to a
continuous change in the diffraction pattern (see figure 3). This was confirmed by investigating
25 different structures in the coverage regime from 0.9 to 1.0 ML, which all have a different
unit cell. Their parameters (length of the unit cell vectors and their angles to the fundamental
crystallographic directions of the substrate) are displayed in figure 4. The continuous change
can easily be seen.

In the right part of figure 4, the positions of the corners of superlattice cells on the
Ag(111) surface lattice are indicated as small circles for different coverages. It can be seen
that all superlattice points lie on intercepting lines of the substrate lattice points. This is
called a p.o.l. coincidence [25, 26], which is often observed in organic adsorbate systems on
weakly interacting substrates, such as PTCDA on HOPG [25] and Au(111) [27], TiOPc on
Au(111) [28], and NTCDA on HOPG and MoS, [29]. In a theoretical approach based on van der

New Journal of Physics 12 (2010) 083038 (http://www.njp.org/)
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2 4
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Figure 2. Phase diagram of CuPc/Ag(111). Three different regions (gas-
like, commensurate and point-on-line (p.o.l.) phases) are indicated versus
temperature and coverage. The insets represent typical SPA-LEED images for
the corresponding phases (E =45eV, 2.2 A~ x 2.2 A~! displayed).
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Figure 3. SPA-LEED diffraction pattern (E = 45¢eV) of p.o.l. phases including
the ML structure. Circles indicate the positions of diffraction spots calculated
from the epitaxy matrices. The coverage is also displayed in the upper right
corner.

Waals interaction, Mannsfeld et al [28, 30] showed that the formation of a p.o.l. coincidence
reduces the interface potential energy. Therefore—in general—it can be considered as a case of
epitaxy, similar to commensurate (point-on-point) coincidence. However, in the case of CuPc on
Ag(111), a pure van der Waals approach is not sufficient for a realistic energetic consideration
since the substrate is more reactive and the molecule—substrate interaction is dominated by
chemisorption.

From the right part of figure 4 it can also be seen that the unit cell expands continuously
from 191.8 +1.5A2 at 1.0ML to 217.2 + 1.5 A% at 0.89 ML. This result indicates a repulsive
molecule-molecule interaction within the long-range ordered molecular 2D crystal that is

New Journal of Physics 12 (2010) 083038 (http://www.njp.org/)
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Figure 4. (a) Definition of unit supercell parameters: unit cell vectors A and
B and their angles to high-symmetry directions of the substrates o and p.
(b) Continuous change of unit vector lengths and orientation angles with
increasing coverage in the p.o.l. phases. The accuracy is £0.12 A and 0.5° for
vector lengths and angles, respectively. (c) Circles indicate the positions of the
corners of the supercells on the Ag(111) lattice for different coverages (dashed
line: 1.00 ML; dotted line: 0.89 ML). a and b are the unit vectors of the Ag(111)
substrate lattice.

unaffected by a change in the temperature in the range of 130-300 K. To our knowledge, such
a continuous change in lattice parameters for a molecular crystal was not reported previous
to our earlier paper on Sn-phthalocyanine on Ag(111) [11]. This is in strong contrast to the
commonly known growth mode of m-conjugated molecules forming islands of different well-
defined structures.

Due to this repulsive interaction, the adsorbate layer is closed in the entire p.o.l. coverage
regime, since all surface terraces are homogenously filled, and neither island formation nor
uncovered Ag(111) surface areas occur. As mentioned above, this allows a much more precise
coverage determination than XPS, since the unit cell contains one molecule and hence its size
can be interpreted as the ‘surface area per molecule’, i.e. the inverse coverage. We estimated the
precision of this method to +0.02 ML.
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Figure 5. Radial line scans through the SPA-LEED images obtained at different
coverages. Average intermolecular distances were derived from the positions
of the first peaks at about £+0.3-0.4 A*I, which corresponds to the radius of
the inner ring. Right: corresponding 2D images. The inset shows the average
molecule-molecule distance plotted versus the inverse square root of the
coverage, which is proportional to the area per molecule.

If we decrease the coverage below ~0.89 ML, sharp spots can no longer be observed in
the LEED images at room temperature, indicating the absence of crystalline long range order.
Instead, two diffuse rings are observed. They are visible in the LEED images in figure 5, and
more clearly as peaks in the corresponding line scans.

With decreasing coverage, the inner ring becomes broader and its radius decreases
continuously. This ring represents the scattering intensity from a disordered structure with a
relatively well-defined intermolecular distance. The ring radius reflects this nearest-neighbor
distance d within the overlayer that can be considered as a molecular 2D gas. The denser it
becomes, the better defined the nearest-neighbor distance d is, which makes the ring sharper and
also stronger in intensity. In such a 2D gas, d? should be proportional to the area per molecule,
i.e. to the inverse coverage 1/6. This linear dependence is confirmed by the data shown in the
inset of figure 5.

The fact that the molecules in the g-phase maximize the distance to their neighbors could be
interpreted as intermolecular repulsion. However, we cannot rule out the effect of entropy in this
context, since the overlayer is disordered. So a simple entropy effect might be responsible for
the apparent repulsive molecule—-molecule interaction in the gas phase. However, the occurrence
of gas-like phases at least demonstrates the absence of a dominant attractive intermolecular
interaction, since no island formation was observed.

The second ring observed in the SPA-LEED pattern has a radius remaining constant with
coverage. Hence, it cannot be interpreted as the second diffraction order of the inner ring.
Actually, the absence of a second-order ring indicates that this phase is highly disordered
and justifies the term ‘2D gas’ (g-phase). The real-space distance corresponding to the second
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Figure 6. Left: DFT calculation of the total electron density of CuPc (gas-
phase calculation [31] using the B3-LYP functional and a LANL2DZ basis set).
Middle: its Fourier transform. Right: measured SPA-LEED image of the g-phase
(d~16.8A)at 127K,

ring radius is 7.5+ 1.1 A, which represents a prominent distance within the molecule. At low
temperature, the ring shows a 12-fold azimuthal intensity modulation with maxima in the [-110],
[0-11], [10-1], [-1-12], [2-1-1] and [-12-1] directions (see figure 6, right).

In order to prove the argument of intramolecular scattering, we calculated the total
electron density for a free molecule and the corresponding Fourier transform that represents the
molecular scattering intensity in reciprocal space (left and central parts of figure 6, respectively).
The calculations show four intensity maxima in the directions along the molecular wings with
a k value, in good agreement with the ring radius in the experimental data. A superposition of
three molecular orientations rotated by 120° (according to the 3-fold symmetry of the Ag(111)
substrate) leads to the experimentally observed 12 intensity maxima at low temperature. This
proves that below 7' = 140 K, the CuPc molecules show an azimuthal alignment of the mole-
cular wings along the [-110], [0-11] and [10-1] directions of the substrate. In contrast, at room
temperature, the molecules have a random azimuthal alignment indicated by a homogeneous
intensity distribution of the outer ring. We relate this observation to a condensation of the
molecules into the energetically most favorable adsorption sites at low temperatures, leading to
the discussed geometrical alignment with the substrate.

In a small coverage regime between ~0.75 and ~0.89 ML, a phase transition from
g-phases to a commensurate superlattice (c-phase) can be observed. It occurs only when the
average intermolecular distance d in the disordered g-phase is smaller than ~16A, i.. at
sufficiently high coverage. This c-phase corresponds to the lower coverage limit of the p.o.l.
phases with the epitaxy matrix

36
(39) @

and a rectangular (almost squared) unit cell. It also has one molecule per unit cell. For
SnPc/Ag(111), a similar phase transition was found [11] with two molecules per unit cell, one
in Sn-up and the other in Sn-down position. This phase transition was interpreted as a switching
from (overall) repulsive to attractive intermolecular interaction caused by an additional site-
specific molecule—substrate interaction that becomes dominant when the temperature (and
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thereby the mobility of the molecules) is reduced, and by an attractive electrostatic interaction
between neighboring molecules that form an alternating pattern of antiparallel oriented vertical
dipoles due to their ordered Sn-up/Sn-down pattern [11]. This second argument does not apply
to the case of CuPc/Ag(111), since the molecules are planar, also after adsorption on the Ag
surface. Therefore, the intermolecular attraction in the LT c-phase is reduced compared with
the case of SnPc, which causes a reduced coverage range in which the c-phase is stable (up
to 0.89 ML for CuPc compared to 0.94 ML for SnPc) and the molecular density is reduced by
10% (i.e. the SnPc c-phase is more densely packed than that of CuPc). The reduced attraction is
also responsible for the fact that the c-phase is formed only at sufficiently high coverage. Upon
cooling, when mobility is reduced, the molecules get trapped on their favorable adsorption sites
(and also with a preferred in-plane orientation, as proven by the modulation of the outer ring
in the LEED images). When the molecular density is high enough, this results in a densely
packed ordered structure in which all molecules lie on one identical adsorption site and form the
commensurate long-range ordered c-phase. When the density is lower, the molecules still adsorb
on identical sites, but, due to the negligible intermolecular attractive forces, the molecules are
located at randomly distributed adsorption sites on the surface, leading to a lack of long-range
order.

At first sight, the SPA-LEED investigation of CuPc/Ag(111) yielded very similar results to
the case of the previously investigated non-planar molecule SnPc [11]. The phase diagram looks
very similar and the same effect of intermolecular repulsion at high coverages as well as the gas-
like behavior in the low coverage regime were found. However, there are also major differences
and new observations for the planar CuPc/Ag(111), which lead to an improved understanding
of the adsorption behavior of the phthalocyanines in general.

First of all, the vertical dipole moment of the SnPc molecule can be ruled out as the
driving force for the repulsive interaction, as discussed before. Even if the CuPc molecules
are still slightly polarized (by the interaction with the surface), it is hardly conceivable that
this small dipole moment causes the same effect on the structure formation as the much
stronger moment of the non-planar SnPc molecules. This strongly supports the model of charge
donation/backdonation that we suggested in our previous work [11].

Furthermore, we have pointed out that the vertical degree of freedom of the Sn atomic
position, i.e. the tin-up and tin-down configuration, is the driving force for the formation of
the commensurate low temperature phase of SnPc/Ag(111) with 2 molecules per unit cell on
different adsorption sites. Such a structure cannot be observed in the case of the planar CuPc,
which underlines the assumption that the tin-up and tin-down molecules interact differently with
the substrate, leading to the occupation of inequivalent adsorption sites.

Thirdly, the fact that all ordered superstructures in the repulsive regime are of p.o.l. type
strongly underlines the influence of the substrate on the repulsive effect. Molecules strictly glide
along the [-110], [0-11] and [10-1] directions of the substrate when the coverage is changed.
This allows us to conclude that the corrugation of the interface potential is relatively flat in
these directions, implicating a low diffusion barrier.

Last but not least, the alignment of the molecular wings with the Ag(111) symmetry axes
in the g-phases at LT is an interesting new aspect in the discussion of the adsorption geometry
of the phthalocyanine molecules.

These results regarding the lateral structure of the overlayer—in particular, the molecule—
molecule distance, which decreases with increasing coverage and hence reflects intermolecular
repulsion—raises the question of correlations between lateral and vertical structure formation,
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Figure 7. Exemplary photoelectron spectra and background subtraction of the
Cls (left), Cu2p, P (middle) and Nls (right) regions, recorded for the ML
structure at 153 K.

the strength of the molecule—substrate bonding as well as the electronic structure. In order to
investigate these aspects, we have performed NIXSW and UPS measurements.

4. Normal incidence x-ray standing wave (NIXSW) investigations

4.1. Data acquisition and raw data treatment

XSW data sets of six different structures were recorded: (i) the ML structure at 300K and
(1) at 153 K, (iii) a gaseous phase of 0.85 ML at 300 K, (iv) a structure with the same coverage at
139 K (commensurate phase), and (v) a gaseous phase with a lower coverage of 0.5 ML at 300 K
and (vi) at 140K (frozen gaseous phase). The films were prepared as described in section 2.1,
their structure confirmed by LEED and the coverage determined using the normalized integral
area of the Cls photoelectron signal, considering a linear background.

Beam damage in organic layers is a serious issue when performing XPS or XSW
experiments. The main effect caused by the impact of photons or secondary electrons is a change
to the chemical surrounding of individual species, e.g. by breaking of molecular bonds, which
leads to defects or even a degradation of the entire organic film. This is most visible in changes
in the XPS spectra like peak shifts, additional peaks or significant changes in intensities of
individual peaks. In XSW, a degenerating film can also be identified by a reduction in the
coherent fraction [6]. We checked for all these effects before taking the XSW data set and
consequently avoided beam damage effectively by changing the irradiated spot on the sample
after 20 min or less.

For the data set, only spots on the Ag(111) crystal with a very low mosaic spread were
taken into account (reflectivity FWHM of 1.1 eV or smaller). This decreases the error of the
reflectivity fit procedure and improves the quality of the data. Each reflectivity scan had 40 or 60
intervals and a width of 8 or 9 eV around the Bragg energy. At each point in the rocking curve, an
XPS spectrum was recorded (Cls, Cu2p; , or Nls, respectively), as well as the intensity of the
incoming and Bragg reflected beam. For the C1s and Cu2p; , spectra, it was sufficient to subtract
a linear background (figure 7). However, in the N1s region, the background is dominated by
Ag3d plasmons, which complicates the raw data treatment. Similar to our earlier work [12], we
applied a background consisting of three Gaussians on a linear slope. The photoelectron yield
I (E) for each photon energy E was then calculated by taking the integral peak intensity of the
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Table 2. Summary of XSW results. The ‘single’ data refer to the average of the
single measurement data points, and ‘sum’ stands for the analysis of summarized
raw data. For details, see text.

Cls Nls Cu2p; ),

Coverage (ML) Temp. (K) Sum Single  Single Single
0.50 300 PH(A)  3.0495) 3.05(3) 3.004) 2.98(4)
FH 0.631(13) 0.62(8) 0.65(8)  0.95(8)

0.85 300 PH(A)  2993(3) 2.99(4) 3.03(4) 2.904)
FH 0.627(2)  0.63(4) 0.69(8) 0.70(8)

1.00 300 PH(A)  3.089(3) 3.08(3) 3.044) 2.97(4)
FH 0.475(5) 0.48(6) 0.57(8)  0.53(8)

0.50 153 PH(A)  2999(4) 3.0003) 2.94(4) 2.89(4)
FH 0.754(13) 0.75(6) 0.94(8)  0.91(8)

0.85 140 PH(A)  3.0102) 3.01Q2) 3.01(4) 2.94(4)
FH 0.647(5)  0.63(7) 0.85(8) 0.81(8)

1.00 140 PR (A)  3.0772) 3.08(3) 3.07(4) 3.02(4)

FH 0.545(5)  0.54(5) 0.64(8)  0.58(8)

corresponding background corrected XPS spectrum, normalized to the intensity of the incoming
photon beam.

To fit the XSW profile I (E), the reflectivity R(E), the complex field amplitude /R(E)
and its phase v(E) are needed. They were derived from fitting the corresponding rocking
curve. To consider the intrinsic mosaicity of the crystal and the finite energy resolution of the
beamline, a Gaussian energy broadening was further applied to the reflectivity fit procedure.
This yielded the instrumental energetic spread, which was later also used in the XSW fitting
routine of the photoelectron yield 7 (E).

For a convenient illustration of the XSW results, we are going to use Argand diagrams in
the following. Therein, the H-Fourier component of the spatial distributions of the individual
adsorbate atomic species are shown as vectors in a polar diagram. The amplitude of the
H-Fourier component (corresponding to the coherent fraction F) is displayed as the length
of the vector with values between 0 and 1; its phase is plotted as a polar angle with values
between 0 and 27 and it corresponds to the coherent position PH.

4.2. Discussion of uncertainties

The uncertainties and errors in an XSW experiment consist of statistical and systematic
contributions and must be discussed in detail in order to make correct statements about the
results. In order to evaluate the statistical uncertainty of the NIXSW measurement, we calculated
the standard deviation of the fitting results of a series of single XSW scans. For the Cls
yield of any of the different phases, this resulted in reliable values (see table 2), since this
species shows the best signal-to-noise ratio (mainly for reasons of stoichiometry: C:N:Cu =
32:8:1). For coherent fractions and coherent positions, we found standard deviations between
AF" =0.04-0.08 and APY =0.02-0.04 A, respectively, which is in good agreement with
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uncertainties described in the literature (see, e.g., [14] or [12]). For the other species, we could
not obtain reliable standard deviations from this statistical error treatment, since the single
scans were too noisy. Therefore, we give the maximum numbers obtained for Cls as statistical
uncertainties in this case (AFH = 0.08, APH =0.04 A).

In order to justify this statistical treatment of uncertainties, we also evaluated the
summarized signal of all individual scans. For this purpose, we sum all XPS spectra at each
photon energy and evaluate the photoelectron yield of this ‘sum measurement’ (called ‘sum’
yield curves throughout the paper), together with the sum of the corresponding reflectivity
curves. A least squares fit returns a ‘sum’ coherent position and coherent fraction, which shall lie
well within the standard deviation of the average of the single measurements (see table 2). The
rather small error of this ‘sum’ coherent position and coherent fraction represents the accuracy
of the least square fit, but, as a realistic estimate of the uncertainty of the measurement, the
standard deviation is the better value.

Finally, we would like to discuss the major systematic errors. The most prominent
systematic error stems from an incorrect background subtraction in the XPS spectra. Since
inelastically scattered bulk electrons dominate the background, this carries the XSW-signature
of the substrate. A badly chosen background therefore causes a falsification of the measured
signal by a bulk-like contribution. The resulting vector in the Argand diagram is then a sum
of two vectors, the one representing the true signal from the species in question and the other
stemming from the unwanted bulk-like contribution in the signal. The latter is a ‘horizontal’
vector (with polar angle zero) but with unknown length. The error occurs most strongly for
the N1s spectra, since there the background is difficult to fit. In our case, since PH ~ 0.25 (i.e.
the corresponding Argand vector is ‘vertical’ with a polar angle ~m /2), a poor background
subtraction would lead to an underestimation of the coherent position, since an added
‘horizontal’ vector would reduce the polar angle. For the Cu2p signal, the major systematic error
is the unknown non-dipolar parameter A, which in this paper was set to a value similar to those
for the other species (A = —0.21). This parameter influences the phase shift in the cosine term
of the XSW formula and hence—if it is incorrect—Ieads to a small over- or underestimation of
the coherent position. For the Cu2p signal from the 1 ML structure at 300 K, the change of A
from —0.21 to 0 leads to a rise in PH of 0.013 A, so the error is relatively small.

4.3. Results of the XSW investigations

The results of the XSW investigations are shown in figures 8—10. In the upper half of each figure,
the sum yield curves are shown with their corresponding fit results. In the lower half, the Argand
diagram is shown, containing the fit results of the single-scan curves (open symbols) and their
statistical average (filled symbols). Numerical values are shown in table 2. Note that the results
of the sum curves lie well inside the uncertainties obtained from the single data evaluation.
Three major conclusions can be drawn from analyzing these data. The most important is a
general trend to smaller adsorption heights and higher coherent fractions when the coverage
is reduced. At low temperature, this effect is more pronounced than at room temperature
(figures 11 and 12). Obviously, this effect is correlated with the change in intermolecular
(lateral) distance, which was found in SPA-LEED (see above). We will discuss this point in
detail in section 6. Furthermore, all bonding distances are smaller than the sum of the van
der Waals radii of the involved elements (values from [32]: Ag: rw = 1.72 A, C:rw=177A,
N: rw = 1.55 A, Cu: ry = 1.4 A). This implicates an overlap of occupied molecular states with
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Figure 8. Photoelectron sum yield curves and Argand representation of the
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Figure 11. Comparison of adsorption heights for different coverages. A trend
towards larger adsorption heights with increasing coverage can be seen, in
particular at LT.

the electron density of the substrate, and consequently an exchange of electronic charge, i.e.
chemisorption.

The second conclusion drawn from the XSW results is that the molecule is slightly
distorted. The copper atom is in all cases located below the nitrogen atoms, which—for their
part—in many cases lie below the molecular plane of carbon atoms. Even though the distortion
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Figure 12. Comparison of coherent fractions for different coverages. A trend
towards smaller coherent fractions with increasing coverage can be seen, in
particular at LT.

is just within the error bars of the measurement, it is a very noticeable systematic trend in
all independently investigated phases. We believe that this trend holds even in light of the
discussion of possible systematic errors for the N1s and Cu2p; , species. The deviation from the
planar geometry points towards an interaction of the nitrogen and metal atoms with the substrate,
which was—in a much stronger manner—also observed for the non-planar SnPc molecule [11]
and related metal-porphyrine molecules on Ag(111) [33, 34].

The third aspect that can be found in the XSW data is a lower coherent fraction measured
at room temperature compared to low temperature for phases having the same coverage. For the
ML structure, this effect is small (within the error bars: AFY < 0.1), but at 0.5 ML it becomes
significant, especially for nitrogen (A F™ < 0.3). We attribute this observation (at least partly) to
the excitation of out-of-plane vibration modes at elevated temperatures. Since this effect should
be similar at all coverages, it probably causes a difference of approximately A F! < 0.1, which
is observed for all coverages. The additional effect in the lower sub-ML regime is probably
caused by an additional vertical ordering mechanism (such as a stronger interaction with the
surface), which occurs at lower temperatures and goes along with commensurism (at medium
coverages) and an azimuthal alignment of the molecules with the substrate (at low coverages),
as was observed by SPA-LEED. Other effects and artifacts, such as a falsified N1s signal due
to bad background subtraction or second-layer molecules at high coverages, can widely be
excluded (the first due to the actual coherent position of all species—about 0.25—at which a
bad background subtraction has minimal effect on the coherent fraction, the latter since second-
layer molecules were effectively avoided by annealing the sample for 20 min at the multilayer
desorption temperature of 533 K).

5. UPS investigations

The left part of figure 13 shows the valence structure of 0.9 ML CuPc on Ag(111) at 80K
measured at an emission angle of 50°. The highest occupied molecular orbital (HOMO)
state lies 1.25eV below the Fermi edge and shows an asymmetric peak shape caused by
a vibronic progression that was already observed for CuPc on HOPG [35]-[37] and in the
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Figure 13. Left: valence structure of 0.9 ML CuPc/Ag(111) at 80 K. Background
and fit functions are shown as dashed lines. Right: evolution of the energetic
difference between HOMO and HOMO-1 at higher coverage. For details,
see text.

CuPc gas phase [38]. From our data, we obtained a separation energy of these progression
peaks of 150 meV similar to the CuPc gas phase measurements. However, the intensity ratio
of the progressions relative to the HOMO peak is, for similar emission angles, higher for
CuPc on Ag(111) compared with CuPc/HOPG [36] or with the gas phase, which indicates
a stronger coupling of the HOMO band with vibrational excitations in the photoionization
process.

The HOMO-1 level is located at a binding energy of 2.16eV and shows an additional
feature at 1.79 eV, which we identify as a HOMO-1 split off (SO) band. The SO state occurs
only in the sub-ML regime but not for higher coverages (see right part of figure 13), and hence
originates from the molecule-substrate interaction. The intensity ratio of HOMO-1 and SO
peaks changes when the coverage is varied in the sub-ML regime. However, the sum of both
peaks reflects the nominal coverage. This underlines the common origin of these two peaks.
When the coverage is increased towards the multilayers, the distance between HOMO and
HOMO-1 increases from 0.91 to 1.09eV. This further indicates that these states participate
in the chemisorptive bonding.

Another striking feature in the UPS data is located at a binding energy of 0.15eV close
to the Fermi edge and is identified as a partially filled ‘former’ lowest unoccupied molecular
orbital (F-LUMO). This originates from a charge transfer from substrate to molecule and was
earlier observed for e.g. PTCDA/Ag(111) [5], NTCDA/Ag(111) [39] and SnPc/Ag(111) [40].
An additional sharp spectral feature can be observed close to the Fermi level. Whereas usually
the molecular states appear in the PE spectra as peaks with line widths clearly above 100 meV,
this feature has an FWHM of less than 30 meV at low temperatures. However, a detailed
analysis [41] shows that this peak is clearly derived from the F-LUMO and, furthermore, bears
some indications of the importance of many-body effects in this hybrid system. In particular,
it should be noted that this peak is not caused by the Shockley-type surface state of the
Ag(111) substrate [42], which is shifted far above the Fermi level due to the interaction with the
molecular adsorbate [43, 44].
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Figure 14. UPS spectra at different coverages, indicating the shifts of HOMO-1,
HOMO and F-LUMO peaks with increasing coverage.

In the UPS data recorded for a multilayer film with a nominal thickness of 3 ML (figure 13,
right), three components can be seen in the HOMO peak. These correspond to the HOMO peak
positions for an ML structure (1.25 eV), the second layer (1.56 eV) and the third layer (1.71 eV).
The shift in binding energies in the multilayer results from the weakening of the coupling of
photoelectron holes with the electronic system of the substrate. For films thicker than three
layers, no further shift can be detected, i.e. the molecules are then effectively decoupled from
the metallic substrate.

Figure 14 shows UPS spectra at different coverages, which illustrate the changes of the
valence structure in the sub-ML regime. The HOMO and SO levels show with increasing
coverage a small shift of 20 and 40 meV towards higher binding energies, respectively. If a
similar effect was present in the F-LUMO, it could not be detected due to its very broad peak
structure. Correlating this observation with the XSW and SPA-LEED results shows that the shift
of the molecular orbitals of CuPc/Ag(111) to higher binding energies corresponds to a weaker
bonding to the substrate combined with a higher molecular density. This is in strong contrast
with the observation of PTCDA/Ag(111) [1, 4], where the phase transition from the stronger
bonded LT phase with lower density to the weaker bonded RT phase with higher density leads
to a valence level shift to lower binding energies.

6. Conclusions

The adsorption of CuPc molecules and the formation of a variety of lateral structures can be
understood as the result of a minimization of the interface potential energy, under some specific
boundary conditions. An important aspect that enables this interesting adsorption behavior is
the D4h (respectively, %mm) symmetry of the molecule, which is responsible for a vanishing

intrinsic electrostatic moment. Hence, there is no strong intermolecular attractive force that
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usually leads to the formation of islands in the sub-ML coverage regime. At low coverages,
this also allows the molecules to move (and rotate) freely on the surface (like in a 2D gas)
and, when the temperature is reduced, to find their energetically most favorable adsorption
positions individually, without being trapped by the interaction with other molecules. At
153 K, movements and rotations are inhibited. SPA—LEED and NIXSW measurements provided
experimental evidence that the energetic minimum corresponds to a specific adsorption site,
a maximized nearest-neighbor distance and a minimized adsorption height above the surface.
This leads to the smallest binding energies we found in UPS for the HOMO and SO states.
Intramolecular scattering indicates an alignment of the molecular axis along the high-symmetry
directions of the substrate, since this apparently leads to an optimized overlap of molecular
orbitals with the electronic states of the surface. This better overlap of wavefunctions is also
indicated by higher coherent fractions of nitrogen and carbon atoms and, in particular, by shorter
bonding distances to the substrate compared to RT. When comparing with geometries obtained
theoretically, one has to consider these experimental data (not the ML data), since these are
measured for a rather diluted phase and hence reflect the interaction of ‘isolated’ molecules
with the surface.

At increasing coverage (up to ~0.85ML) and at low temperature, the CuPc molecules
remain in their favorable adsorption sites and fill up the surface homogeneously. Even before the
surface is completely covered, they arrange themselves in close-packed islands with the nearest-
neighbor distance below 16 A and form a long-range ordered commensurate superstructure.
Compared to the 0.5 ML case, the bonding to the substrate is weaker, leading to an elongated
vertical distance. This goes along with a reduced electronic overlap due to a sterically induced
azimuthal misalignment of the molecules in the densely packed structure. The competing effect
between nearest neighbors for the charge transfer with the substrate possibly also plays a role,
as discussed earlier [11].

The commensurate phase represents the low-coverage limit of a series of p.o.l. phases
that occur between 0.89 and 1.0 ML. The structural changes in this region run continuously
up to their upper limit, the ML structure. For the latter, the weakest bonding, the lowest
coherent fraction and the highest binding energies for SO and HOMO states were found at both
low temperature and room temperature. The interface potential energy model by Mannsfeld
et al [28, 30] can nicely explain the p.o.l. character of these phases by the overlap of the
molecular wavefunctions with substrate states and neighboring molecules. Adding further
molecules to the surface increases the total binding energy to the cost of the binding energy of
individual molecules (since they are forced away from their energetically favorable adsorption
sites) and to the cost of an increasing Pauli repulsion between neighboring molecules, since
their electronic states start overlapping. As long as the energy balance is a total gain, further
molecules adsorb in the first layer and cause a more compressed structure. As soon as
the balance turns negative, the growth of the second layer starts. It is remarkable that the
self-organization in the molecular film necessitates a reorganization of the entire film, with
the superlattice always pointing to substrate lattice lines along the [-110], [-101] or [0-11]
directions. Regarding the discussion above, it can be assumed that the molecular axis also tends
to be aligned along these directions, apart from a slight misalignment due to sterical reasons
in the close-packed structure. Finally, we can conclude that the global binding energy of the
adsorbate layer, which drives the structure formation in this case, turns out to be responsible
for an intermolecular repulsion, because neighboring molecules compete for better adsorption
sites and larger molecular binding energy. We hope that our comprehensive experimental data
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contribute to a fundamental understanding of this interesting system, also on a more quantitative
level that can be reached using quantum chemical calculations.

7. Summary

We have presented a complete structural study of the adsorption of CuPc on Ag(111) in the sub-
ML range. The lateral and vertical structures were investigated by SPA-LEED and NIXSW,
respectively, and complemented by UPS measurements of the electronic valence structure.
Similar to the case of SnPc/Ag(111), three major regions were found: a series of long-range
ordered molecular superstructures with p.o.l. coincidence at high coverages; a disordered phase
below 0.89 ML; and a commensurate superstructure that occurs at low temperatures between
0.75 and 0.89 ML and represents the condensed disordered phase. The NIXSW analysis showed
a general trend of larger adsorption heights with increasing coverage, indicating a weakening of
the bonding to the substrate caused by more dense packing on the surface. This is in agreement
with UPS measurements that showed adsorbate-induced features (a partly filled former LUMO
and a HOMO-1 SO band). Global energy optimization is responsible for this behavior and, in
contrast to commonly known organic adsorbate systems, causes intermolecular repulsion in this
case.
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