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ARTICLE INFO ABSTRACT

Keywords: The growth and ordering of molecules on surfaces is an intriguing research topic as insights gained here can be of
Organic Sf’miconducwr significant relevance for organic electronic devices. While often simple, rigid molecules are employed as model
Merocyanine systems, we show results for a highly dipolar merocyanine which is studied on top of Au(100), Ag(100) and Cu
EEZIES;:;?;SPECUOSCOPY (100) metal single crystals. Film thicknesses ranging from sub-monolayer to multilayer regimes are analyzed

using UV (UPS) and X-ray photoelectron spectroscopy (XPS). For the monolayer regime, there is strong indication
of face-on orientation, with both of the molecules’ sulfur atoms bonding to the metal surfaces. Here, on Ag and
Au(100) the sulfur atoms lose some or all of their intrinsic charges due to a charge transfer with the substrate,
while on Cu(100) a strong metal-sulfur bond forms. The interaction between the substrate and the molecules can
also be seen in the intensity and width of the highest occupied molecular orbital features in UPS. Upon multilayer
deposition, a gradual lowering in ionization energy is observed, likely due to the formation of antiparallel dimers
followed by an increased charge carrier delocalization due to the formation of an extended molecular aggregate
for thicker layers. Interestingly, on Cu(100) the aggregated phase is already observed for much lower deposition,
showing the importance of substrate-molecule interaction on the subsequent film growth. Therefore, this study
offers a detailed understanding of the interface formation and electronic structure evolution for merocyanine
films on different metal surfaces.

Molecular growth

able to control the crystallinity and orientation of molecules in devices.
Achieving and investigating the ordered growth of molecules is

1. Introduction

Semiconducting organic molecules, suitable for optoelectronic ap-
plications, have been attracting significant interest in the past decades.
For these materials, the electronic and optical properties can be widely
tuned by changing the molecule’s structure or adding functional groups.
When deposited as thin films, the properties, in particular with respect
to charge transport, are strongly affected by the microstructure, which
can vary from crystalline to fully amorphous [1]. Intriguingly, also the
orientation of the molecule can matter for the electronic structure if
molecules with a permanent dipole or quadrupole moment are
employed. The orientation can lead to distinctly different values of
ionization energy (IE) [2-4] which for example can affect the open
circuit voltage of organic solar cells [5]. Also with regards to the ab-
sorption and emission properties, orientation and packing are of para-
mount importance [6]. In order to improve the performance of
organic-semiconductor based devices, it is therefore desirable to be

* Corresponding author.
E-mail address: solthof@uni-koeln.de (S. Olthof).

https://doi.org/10.1016/j.susc.2024.122690

therefore an intriguing research topic. In the past, particularly metal/
organic interfaces have been investigated using surface sensitive tech-
niques such as scanning tunneling microscopy (STM), low energy elec-
tron diffraction (LEED), near edge x-ray absorption fine-structure
(NEXAFS), or photoelectron spectroscopy (PES) [7]. Most of the mole-
cules for which ordered growth has been studied have particularly rigid
structures of high symmetry such as rubrene [8,9], PTCDA [10,11],
pentacene [12] or phthalocyanines [13,14]. Studying these types of
molecules has helped scientists in the past to gain an understanding of
the effects of molecule-molecule and molecule-substrate interaction on
the ordered growth of films with a few monolayer thickness [15,16].
However, molecules currently employed in optoelectronic devices are
typically more complex, having asymmetric structures and containing
flexible side chains that are affecting the packing behavior. Further-
more, they typically incorporate various heteroatoms which can result

Received 16 October 2024; Received in revised form 14 December 2024; Accepted 20 December 2024

Available online 20 December 2024

0039-6028/© 2025 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).


https://orcid.org/0000-0002-8871-1549
https://orcid.org/0000-0002-8871-1549
mailto:solthof@uni-koeln.de
www.sciencedirect.com/science/journal/00396028
https://www.elsevier.com/locate/susc
https://doi.org/10.1016/j.susc.2024.122690
https://doi.org/10.1016/j.susc.2024.122690
https://doi.org/10.1016/j.susc.2024.122690
http://crossmark.crossref.org/dialog/?doi=10.1016/j.susc.2024.122690&domain=pdf
http://creativecommons.org/licenses/by/4.0/

B. Ocdl et al.

in permanent dipole moments such as donor-acceptor (D-A) molecules
or more complex structures, such as the non-fullerene absorbers having
e.g. A-D-A structures [17]. These will affect the aggregation behavior
and film growth. Only few groups have looked into the ordering on
single crystal metal surfaces for such asymmetric or highly dipolar
molecules [18,19].

Merocyanine molecules contain donor and acceptor groups that are
connected with a methine bridge, which results in a dipole moment that
can be tuned by the choice of D and A sub-units [20]. An example of the
merocyanine molecule (2-[5-(5-dibutyl-amino-thiophene-2-yl-
methylene)—4-tert-butyl-5H-thiazol-2-ylidene]-malononitrile  (trivial
name: HB238), relevant for the present work, is shown in Fig. 1. This
class of molecules is known for their high dipolar moment, high
extinction coefficients and flexibility of their chemical structure, which
makes them intriguing candidates for organic solar cell applications
[21]. These molecules tend to form aggregates consisting of antiparallel
dimers [22,23] in thin films, yielding good charge transport properties,
which makes them also of interest for organic transistors [24]. Overall
their unique intermolecular interactions makes them attractive candi-
dates to studying their optical [25,26] and electronic [27,28] properties.

Already around 30 years ago, Seki et al. performed UV photoelectron
spectroscopy (UPS) measurements to investigate merocyanines on silver
halides [29], which were utilized as sensitizers in silver halide photog-
raphy. They found large interface dipoles (~1 eV) that are formed
within the first ~ 1 nm thickness. This suggests that these merocyanines
aligned with negative charge on the substrate and positive towards
vacuum. Additional NEXAFS studies of various merocyanines showed
that the dye molecules containing a thioketone C=S site adsorbed
strongly with this sulfur to the metal halide surface resulting in an edge
on orientation [30] which led to the formation of a dipole layer. In
contrast, sulfur bound in a thiole group was little or not participating in
bonding. For larger thicknesses, a more random orientation occurred
which canceled out the effect of the dipole moment.

Furthermore, Koch et al. investigated a range of different mer-
ocyanines on a Au(111) single crystal [28] as well as on metal oxides
[31] by UPS. On Au(111) no correlation between the molecule’s dipole
moment and a changes in work function (Wf) was found, which sug-
gested flat lying molecules in the first monolayer. Furthermore, they
found a significant change in the position and shape of the highest
molecular orbital (HOMO) position between first and second layer,
which indicated that molecules dimerize for thicknesses larger than a
monolayer. In contrast, on the metal oxide only weak coordination
bonds formed between the electron withdrawing carbonyl or cyano
groups with the surface metal atoms, leading to a vertical arrangement
and a strong dipolar interface layer [32].

A more recent study using STM and LEED showed that a sub-
monolayer of the merocyanine HB238 on Ag(100) shows an commen-
surate chiral structure with face-on orientation, which confirms that
indeed the molecule shown in Fig. 1 can form ordered thin films [33].

Based on these earlier works it is already evident that the arrange-
ment of merocyanines on a surface is highly substrate dependent. In this
study, we want to investigate the electronic structure of the same highly
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Fig. 1. Molecular structure of the merocyanine HB238. The donor (D) sub-unit
is indicated by blue color and the acceptor (A) is shown in red.
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dipolar merocyanine HB238 (dipole moment of 13.1D [34]) on three
different metal substrates to further investigate the substrate-molecule
interaction in the monolayer regime and its impact on the subsequent
film growth for thicker layers. Here, Au(100), Ag(100) and Cu(100) are
chosen, due to their different chemical affinities when it comes to
forming bonds with molecules deposited on top. Using UPS as well as
x-ray photoelectron spectroscopy (XPS) we find that the chemical
interaction strength significantly affects the monolayer electronic
structure and that both sulfur atoms (see Fig. 1) are participating in the
chemisorption, indicating flat lying molecules in the first monolayer.
Subsequent multilayer deposition leads to significant changes in IE, due
to changes in orientation, dimerization and aggregate formation as the
molecules decouple from the surface. The molecule shows strong hy-
bridization only on Cu(100) followed by a different growth mode in
comparison to Ag and Au(100), which suggests that substrate molecule
interactions at the monolayer regime can significantly alter the molec-
ular growth.

2. Experimental section

The substrate preparation and photoelectron spectroscopy mea-
surements have been performed under ultra-high vacuum conditions (<
108 mbar). The metal single crystals Ag(100), Au(100), and Cu(100)
(MaTeck GmBh) were cleaned by multiple sputter and annealing cycles.
Each Ar sputtering has been performed at 2 kV for 15 min and after-
wards the samples were annealed at 550 °C for 2 h with radiative
heating. The processes is repeated until a clean XPS spectrum is ob-
tained, that only shows negligible traces of carbon residuals. After
substrate preparation, HB238 is evaporated using a Knudsen cell
(Creaphys) at a rate of approximately 0.01 ;\/s, as determined by a
crystal microbalance using a density of 1.6 g/cm?>. The sample is kept at
room temperature during evaporation. Sample transfer through the
multichamber setup into the measurement chamber is done without
breaking the vacuum.

For the UPS measurements, a monochromated helium excitation
lamp was used (VUV 5k, Scienta Omicron), tuned to the Hel, line at an
energy of 21.22 eV. Note that the monochromator was slightly mis-
aligned to reduce the intensity of the incoming UV light by a factor of
approximately 4 to minimize degradation, which is known to be an issue
for merocyanine molecules [28]. Nonetheless, after 42 A thickness, a
slight shift in spectra can be seen under extended UV-light exposure as
shown in Supporting Materials Fig. S1, therefore no measurements
beyond that layer thickness are included in this study. XPS was per-
formed on the same samples as UPS using a non-monochromatic dual
anode x-ray source (VG) to investigate changes in the binding energy of
the N1s, Cls and S2p core levels. For the interfaces on the Ag(100) and
Au(100) the Mg K, line at 1254.6 eV was used, while for the Cu(100)
sample this was changed to Al K, with an energy of 1486.6 eV as
otherwise the Auger lines of copper would have coincided with the N1s
core level region. A hemispherical analyzer (Specs, Phoibos 100) at pass
energies of 30 eV for XPS core level scans and 2 eV for UPS scans has
been used to detect the emitted photoelectrons. It was confirmed that
the XPS measurements do not damage the molecules, by checking with
UPS before and after the extended (~ 6 h) XPS measurements.

The XPS fits have been made with the fitting program XPSPeak41
[35]. The full width half maximum (FWHM) and Lorentzian to Gaussian
(L:G) ratios have been determined for the S2p (1.39 eV and 36 %) and
N1s (1.42 eV and 35 %) signals and were kept constant for all layer
thicknesses. For the shake-up peaks a L:G of 0 % was chosen, and the
FWHM was fixed to 2 eV. A Shirley function was used to subtract the
background. The distance between spin orbit split S2p; ,» and S2p3,, was
set to 1.23 eV and the area ratio of the donor and acceptor S2p peaks
were fixed to 1:1. For the N1s peaks the area ratio was set to 1:1:2 due to
molecules stoichiometry. Depending on the exact choice of fitting pa-
rameters, the peak positions can be shifted by around 0.05 - 0.1 eV,
which can be therefore considered as the error bar of the analysis.
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XRD measurements of 30 nm HB238 on the different single crystals
have been performed using an Empyrean (Malvern Panalytical) system
equipped with a non-monochromatic Cu K, anode. A 1/32° divergence
slit was used for all measurements. The samples were transferred and
measured in air, though the exposure time was limited to < 1 h to
minimize possible degradation.

3. Results and discussion
3.1. Investigations by UPS

To investigate the film properties of the merocyanine HB238 on the
three single crystals Au(100), Ag(100) and Cu(100), UPS measurements
were conducted. Here, various film thickness were studied, ranging from
below a monolayer coverage (approximately 2-3 A) up to the multilayer
regime (42 A). The full UPS spectra are included in the Supplementary
Materials Fig. S2, while the extracted values of the work function and
ionization energy are summarized in Fig. 2a) and b), respectively. This
data provides insights on how the electronic structure is changing with
layer thickness, and therefore how substrate-molecule and molecule-
molecule interaction change depending on the choice of substrate as
well as layer thickness.

The first data points in Fig. 2a) at 0 A coverage represent the Wf’s of
the bare substrates, where we find 5.29, 4.43 and 4.77 eV for Au(100),
Ag(100) and Cu(100), respectively. Upon 2 and 3 A of deposition of the
molecule, the Wf values rapidly decrease on all three metals by AWf(Au)
=0.91 eV, AWf(Ag) = 0.43 eV and AWf(Cu) = 0.69 eV. This behavior is
well known for metals and is usually attributed to the so-called push-
back effect in which the electrons spilling out of the metal surface are
pushed back into the metal bulk in presence of adsorbed material which
affects the Wf [36,37]. AWf is known to scale with the initial work
function of the material [38] and the values observed here agree
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reasonably with change of approximately 0.5 - 0.6 eV for copper and
silver [38] and ~ 1 eV on Au(111) [39]. In these cases, the effect was
predominately attributed to the physisorption of either xenon atoms or
weakly interacting molecules. However, additional charge transfer be-
tween the metal and the adsorbed molecules can also affect the Wf,
therefore the nature of substrate-molecule interaction has to be further
investigated in order to assess the overall contributions to AWf [40].

After 3 A coverage, all three samples show a change in the slope of
the Wf decrease, therefore it can be assumed that at this thickness a
monolayer of molecules is fully covering the metals. As this change in
slope happens after the same coverage on all three surfaces, and it is
known from previous STM studies of HB238 on Ag(100) that the first
monolayer of molecules is lying face-on on the surface [33], this in-
dicates that all three metals exhibit flat-lying molecules in the first
monolayer. This is also in agreement with the previous study by Koch
et al., where such an orientation was suggested on Au(111) [28]. Further
insights into this interface formation will be discussed below in the
context of the XPS measurements.

For Au(100) and Ag(100), between 3 A and approximately 5 - 7 A the
work functions decrease by approximately 0.1 eV, before remaining
rather stable within the experimental error until 18 A. However, be-
tween 18 and 42 A there is another decrease in Wf for these two sub-
strates by 0.3 — 0.4 eV. In contrast, for Cu(100) we observe all of the
gradual work function decrease by 0.4 eV between 3 and 18 A, after
which the value remains mostly constant until 42 A. Notably, for the 42
A thick layers on all three substrates the final Wf values are similar. The
underlying effects leading to these variations in work function change
beyond the monolayer regime are not straight forward to comprehend,
but likely related to changes in molecular orientation and packing [41],
as discussed next. We do not expect the dipole moments of the molecules
to play a role here, as merocyanines tend to pack in an antiparallel
fashion upon aggregation, [22,23] which is confirmed by the XRD

b) 5.4FT ' ' on Au(100):
5ol —O— monolayer|
. ‘i\q; N —e— multilayer
50l Cooq P50 \- ]
E 481 : : : T
>, S4r on Ag(100)
g 5ol © —O— monolayer|
S : —e— multilayer
c 50 R
.8
T 481 E
N t t t . L
S 5.4 —e— on Cu(100)
52 4
50F R
48 E
. . . | .
0 10 20 30 40

HB238 thickness (A)

Cl) CZ) T 7 T T T (;3)
2 2
= =
5 5
g g
& s
= =
£ £
C c
@ @
= =
L 1 " 1 L 1 1 1 n 1 L 1 n L 1 1 1 L 1 1 n 1 1 n 1 1 1 n 1 L n
2.5 2.0 1.5 1.0 0.5 0.0 2.5 2.0 15 1.0 0.5 0.0 25 2.0 1.5 1.0 0.5 0.0

Binding energy (eV)

Binding energy (eV)

Binding energy (eV)

Fig. 2. Data obtained from the thickness dependent UPS measurements on the three substrates Au(100), Ag(100) and Cu(100), the full spectra are shown in the
Supplementary Materials, Fig. S2. In a) the extracted values for the work function are shown, while b) summarizes the changes in ionization energy. The subfigures of
c) show a selection of data sets for the HOMO regions on c1) Au(100). c2) Ag(100) and c¢3) Cu(100). The spectra of the different layer thicknesses were shifted
vertically for clarity. The dashed lines act as a guide for the eye to indicate changes in HOMO peak position.
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analysis discussed below; this leads to a compensation of the overall
dipole moment of the film.

More insights can be gained from the analysis of the changes in IE,
since this value is affected e.g. by the orientation of the molecules, the
polarizability of the surrounding, and the hybridization of the orbitals.
The change in IE value as a function of layer thickness is plotted in
Fig. 2b). Note that below a monolayer coverage this value is not defined,
as the work function will be affected by the presence of the bare surface
[42], so the first data point is given for 3 A coverage. In addition to the IE
values, Fig. 2c1-c3) also provide the detailed views of the UPS spectra in
the low binding energy regions, where the changes in the HOMO shape
can be observed.

First, the observations for Au(100) will be discussed. Here, a HOMO
peak with an onset position at 0.83 eV can be seen upon the deposition of
a monolayer. The peak is rather narrow with a FWHM of 0.43 eV. Upon
increasing the thickness, a second much broader peak emerges, which
becomes dominant at around to 10 A, where we observe an onset po-
sition at 1.15 eV and a FWHM of 0.65 eV. In the previously mentioned
work by Koch et al. on Au(111) this broader HOMO peak was attributed
to molecules in an antiparallel packing (dimers) and edge-on orientation
[28]. Though the initial narrow HOMO feature becomes suppressed with
increasing coverage, this monolayer peak can still be seen up to 12 A
layer thickness and remains at the same position. This indicates that on
Au(100) the lying down molecules of the first monolayer are not affected
by the subsequent multilayer growth of the dimers. Due to the presence
of the two distinct HOMO features, the IE plot in Fig. 2b) contains two IE
values, one for the monolayer (open symbols) which remains at ~ 5 eV,
and one for the multilayer (filled symbols). Between 10 A and 18 A, this
multilayer HOMO signal is becoming more intense whereby the
extracted values of IE ~ 5.2 eV as well as the FWHM and HOMO onset do
not change. Therefore, from the second layer on the molecules are
growing in the same orientation and packing motive, which is the reason
why the work function is also not changing in this regime. After 18 A, the
HOMO gradually shifts to lower binding energy by ~ 300 meV, the
FWHM increases from 0.65 to 0.72 eV and the ionization energy de-
creases from 5.34 to 4.84 eV This is the same regime in which the work
function is also starting to decrease again. The lowering of the ionization
energy could be the result of a change in molecular orientation, or of the
layer becoming more amorphous. [41,43] Alternatively, an extended
crystalline layer could exhibit increased coupling [44,45] which in turn
affects the delocalization of charge carriers and thereby the polarization
screening during the UPS measurement. This would also lead to a
lowering of the IE, an effect known as final state screening [46,47].

To test for the presence or absence of a distinct orientation with
increasing layer thickness, we performed x-ray diffraction (XRD) mea-
surements of a 30 nm HB238 layer; the data is included in the Supple-
mentary Material Fig. S3a. Here, in addition to Kiessig oscillations
within the thin organic layer also a single pronounced reflex is found at
20 ~ 5°. This shows that the evaporated layer on Au(100) is highly
ordered with only one crystalline phase presence, which corresponds to
a tip-on orientation for aggregated antiparallel aligned HB238 mole-
cules, as previously reported [48,49]. Results obtained by optical spec-
troscopy of such layers have indicated that here the excitons are
delocalization over multiple molecules. [50,51] We therefore suggest
that the lowering in Wf, and more importantly the decrease in IE
observed on Au(100), comes from the increased molecule-molecule
interaction in the extended ordered layer which broadens the HOMO,
delocalizes the charge carriers and increases the polarization screening.

On Ag(100), a broader HOMO feature (FWHM of 0.66 eV) is found
already for the monolayer regime, which is located at a higher binding
energy of 1.33 eV compared to the first layer on Au. The higher binding
energy and peak width indicate stronger hybridization of the molecular
orbitals with the substrate, which will be further discussed based on the
XPS results presented below. When increasing the thickness beyond the
monolayer regime to 5 A, a second broader HOMO feature arises at 1.06
eV with a FWHM of 0.73 eV; the extracted value of IE changes from 5.23
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for the monolayer to 5.11 eV for the multilayer. The monolayer peak
cannot be distinguished after 3 A coverage, as the multilayer peak
overlaps with it. Based on the IE value as well as the onset of the HOMO,
the multilayer closely resembles the second phase on Au(100). The
changes in energy levels for increasing layer thickness are also remi-
niscent of the measurement on Au(100). While initially being constant,
from 18 A on again an increase in the HOMO’s FWHM, a shift of the
HOMO towards lower binding energy and a decrease in IE to 4.76 eV is
observed. It is therefore likely, that the growth and orientation on Au
and Ag(100) is similar, which is supported by the corresponding XRD
results on the 30 nm thick molecule layer on Ag(100). Here, as seen in
Fig. S3b of the Supplementary Materials, similar Kiessig oscillations and
a reflex at 20 ~ 5° is found.

In contrast to the other two substrates, on Cu(100) a HOMO feature is
not detectable for the monolayer regime. It is possible that the HOMO
peak of the molecule is coinciding with (and therefore masked by) the
pronounced valence band states of the Cu(100) substrate, but for this it
would have to be located at much higher binding energy compared to
the other substrates. More likely, the interaction between the Cu surface
and the molecules is so strong that the n-electron system, and thereby
the energy levels, are disturbed. This is indeed what the XPS measure-
ments shown below are suggesting. Starting from 4 A on, a broad HOMO
peak at 1.06 eV with a FWHM of 0.61 eV can be observed. Between 4 and
18 A the ionization energy gradually lowers from ~ 5.0 eV to ~ 4.8 eV.
After 18 A coverage, neither the position nor the FWHM of the HOMO
change any more, and correspond to values found for the thickest 42 A
layer on Au and Ag(100). This indicates that on Cu(100) the molecules
aggregates more quickly that on the noble metals. The XRD measure-
ments in the Supplementary Material Fig. S3c show the same orientation
and crystal phase, but notably a lack of Kiessing fringes. This indicates a
rougher film [52] and therefore likely on Cu(100) island growth takes
place after the initial monolayer coverage, while on Au and Ag(100) the
molecular films exhibit a layer-by-layer like growth.

3.2. Investigations by XPS

In order to better understand the variations seen in Wf and IE for the
thickness dependent UPS data discussed above, XPS measurements have
been conducted to probe changes in core level binding energies of the
HB238-specific atoms on the three different substrates. These mea-
surements can give insights into changes in donor-acceptor strength (i.e.
dipole moment) [33] and indicate which atoms bind to the substrate.

The XPS core level signals of the merocyanine molecule under
investigation here can be expected to be rather complex, with the het-
eroatoms C, N and S being present in different chemical bonds; therefore
multiple peaks will contribute to the overall XPS core level signals in all
cases. Moreover, due to the strong dipole moment, even similar bonds
(e.g. C=C) will appear at distinctly different binding energies depending
on whether the atoms are included on the donor or acceptor side of the
molecule. For the carbon peak, the resulting fit would likely include
more than ten distinct bonds and is too complicated to yield meaningful
results; it is therefore omitted in this discussion.

The fitting of the sulfur peaks is more straightforward. One sulfur is
located on the donor part of the molecule in a thiophene ring and the
other one in the acceptor subunit in a thiazole group (see Fig. 1),
therefore two sulfur doublets are fitted into the spectrum with an area
ratio of 1 : 1. Though the bonding environment can be considered to be
similar in both cases, due to the inherent dipole moment of HB238 these
heteroatoms are differently charged and should appear at different
binding energies in an XPS measurement. The difference in binding
energy can therefore be an indication of the dipole moment of the
molecule. In addition, sulfur is known to show strong chemical affinity
to various metals, [53] therefore analyzing the changes in S2p position
can be very insightful when studying the interface formation.

The fitted S2p spectra of the interfaces between HB238 and the three
single crystal surfaces are shown in Fig. 3. Here, the fitted contribution
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by the S2p doublet originating from the donor subunit is shown in blue
color, while the acceptor is given in red. For the thickest films (42 10\) we
find a very similar fit on all three substrates, where in addition to these
two sulfurs doublets, also a contribution by a shake-up peak is seen at
higher binding energy, marked by a diamond symbol, originating from nt
— n* transitions. We have used the same model to fit all core level peaks
at different thicknesses since a change in the molecular stoichiometry is
not expected during growth as long as the material does not degrade.
However, for thinner layers there are distinct differences found in the
peak fits for the three substrates, which will be discussed next.

For all three substrates, the fits in Fig. 3 reveal that the separation
between the two sulfur contributions decreases close to the interface, i.e.
for low coverages. As indicated in the Experimental Section, the fitting
of the thinnest layers with the inferior signal to noise ratios, results in a
higher uncertainty and deviations as much as 0.1 eV are observed when
e.g. adjusting the background subtraction; this therefore has to be
considered as error bar of the reported energies. The values for the donor
and acceptor S2ps3,, peak positions are summarized in Table S1 in the
Supplementary Materials. The XPS spectra on Au(100) are shown in
Fig. 3al) and the peak positions as a function of layer thickness are
plotted in a2). The acceptor and donor peaks of the 2 A measurement are
located at 164.0 and 164.32 eV, respectively. For increasing film
thickness the sulfur donor atoms become more positively charged
(binding energy increases from 164.32 to 164.51 eV for the 11 A film)
while the acceptor sulfur is becoming more negatively charged (binding
energy decreases from 164.0 to 163.85 eV). Due to this opposing shift-
ing, the separation of the two sulfur peaks increases from AEp;;q = 0.32
eV for the 2 A layer to AEping = 0.64 eV for 11 A thickness. It is therefore
likely, that the molecules have a face-on orientation for the (sub-)
monolayer regime as suggested already above, whereby the positive
donor and negative acceptor heteroatoms charges are reduced

al) HB238 on Au(100)

b1) HB238 on Ag(100)
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(screened) by charge transfer. From the second layer on, the sulfur
atoms are not affected by the metal anymore, the molecules are
decoupled from the surface. A gradual shifting is observed in the
extracted binding energies, instead of an abrupt transition, due to the
fact that the measurement, and therefore the fit, is an average of the
mono and multilayer peaks due to the probing depth of XPS of several
nm. With further increasing thickness from 11 to 42 A, the S peak sep-
aration stays approximately the same, but both S peaks shift to higher
binding energy by ~ 150 meV. In the related UPS derived data, shown in
Fig. 2a), we observed a similar downward shift of the vacuum level, i.e. a
reduction in Wf, by the same amount; therefore, the change in Wf of the
layer is the origin of the S2p core level shift observed here.

In the case of the Ag(100) interface, the 2 A of HB238 data shows no
difference between donor and acceptor S2ps,s core levels, both are
located at 164.1 eV, which is similar to the average location of the peaks
observed on Au(100). Again, the molecule must have a face-on orien-
tation with both sulfur atoms close to the surface, but this time with a
stronger metal — molecule interaction compared to the case of Au(100),
which neutralizes the charges on the sulfur atoms due to charge transfer.
The result explains also the broadening of the HOMO at the monolayer
regime for Ag(100) which is attributed to the stronger chemisorption.
The measurements for 3 to 11 A show a weak additional S2p doublet at
lower binding energy of 161.94 eV; the feature is marked by a star in
Fig. 3b1). As this peak coincides with reports on chemisorbed sulfur, we
suspect that a small fraction of the molecules are adsorbed at defect sites
or step edges of the substrate where they encounter a different binding
environment or growth mode. An alternative explanation for its
appearance could be radiation damage to the molecules due to x-ray
exposure. However, as no corresponding signal appeared on the Au(100)
surface under the same measurement conditions, a degradation is
deemed unlikely. The changes in S2ps,; binding energy with layer
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thickness are summarized in Fig. 3 b2) and the behavior resembles the
one on Au(100). The donor sulfur peaks become more positively charged
(binding energies increase from 164.15 to 164.36 eV) while the acceptor
sulfur becomes more negatively charged (binding energy decreases from
164.1 to 163.76 eV); after 11 A deposition, again a separation of
approximately AEpiq ~ 0.6 eV is reached. The difference in the peak
shifts suggests that the molecule becomes slightly positively charged on
the surface. Also here, between 11 A and 42 A a work function related
shift of the core levels by ~0.15 eV to higher binding energies is
observed, similar to the case on Au(100). Comparing the 11 and 42 A
thick films on both Au and Ag, there is a difference of 0.1 eV in S2p3,»
binding energy, which is in good agreement with the difference
observed in work function by UPS.

On Cu(100), the fit for the lower layer thicknesses looks distinctly
different. For the 2 A layer a pronounced signal at lower binding energy
is observed, indicated by a star in Fig. 3 c1). Its binding energy at 161.6
eV is usually assigned to a strong Cu-S bond [54]. This indicates that the
chemical affinity between the Cu atoms at the surface and S is much
higher than for the two noble metals, leading to a larger charge transfer.
Another explanation for the differences in core level binding energy
could be related to the S adsorption sites, which could differ depending
on the substrate and affect the bonding environment (initial state effect)
as well as the screening of the core-hole during a XPS measurement
(final state effect). For example, for Pt(111) surfaces is has been
observed that S adsorbed on a hollow site has a higher binding energy by
about 1 eV compared to the absorption atop [55]. In any case, also on
this surface the molecules must be lying flat since in an edge-on orien-
tation is not possible for both S atoms to bind to the Cu atoms on the
surface. In addition to this strong surface bond, a weak feature is seen
around 164.2 eV, therefore similar in position to the one observed on
silver and gold. The origin of these more weakly bound molecules,

al) HB238 on Au(100)

b1) HB238 on Ag(100)
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which are also seen for the 3 A measurement, is unclear; possibly these
are molecules adsorbed on contaminated / passivated areas of the sur-
face. As the signal is low, it will not further be discussed for the
sub-monolayer regime. The XPS measurements reveal that on Cu(100),
the molecule in the first monolayer is much more strongly bonded which
is the reason why in the UPS measurement in Fig. 2 ¢3) no HOMO signal
was detectable. Once the multilayer forms and the molecules decouple
form the surface, the sulfur surface bond at lower binding energy gets
rapidly suppressed and the expected signals from the donor and acceptor
sulfur emerge at higher binding energy. For 7 A coverage, there is
already a separation of AEp;,q ~ 0.8 eV between donor and acceptor S2p
peaks before reducing to the expected value of AEpj;q ~ 0.6 eV for the 11
and 42 A data set. As there is no reason for the 7 A film to have a larger S
peak separation, this is likely an inaccuracy of the fitting procedure. For
the 11 A and 42 A data no changes in S acceptor and donor peak loca-
tions are seen, they remain at 164 and 164.6 eV, respectively; for these
layer thicknesses, no change in Wf in the UPS data was observed.
Notably, these positions are in the same range as were found on Ag(100)
and Au(100) and therefore on all three samples there is an identical
separation between these donor and acceptor peaks. Based on the XPS
measurements, the multilayer behavior on Cu(100) is similar to on Ag
(100) and Au(100) even though the monolayer is more strongly
chemisorbed.

So far, the changes in sulfur peak position have been discussed,
which are strongly affected by the chemisorption strength and charge
transfer at the metal interface, and are therefore not necessarily repre-
sentative of changes observed by the molecule as a whole. Next, we
analyze the N1s signal of all data sets; the XPS N1s core level spectra as
well as the extracted peak positions are summarized in Fig. 4 and the
binding energy values are summarized in Table S2 in the Supplementary
Materials. Looking at the molecule’s structure in Fig. 1, we expect to
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observe N1 s signals at three distinct binding energies in a ratio 2:1:1.
These are the two nitrogen atoms in the cyano group (C==N) of the
acceptor which are labeled as N(1) in the following, the nitrogen in the
acceptor’s thiophene ring labeled as N(2) and the nitrogen connected to
the alkyl chains in the donor labeled as N(3). It should be noted that
fitting of the N1s region in the case of the Ag substrate is challenging for
the thinnest layers, since a plasmon loss feature, associated with the
Ag3d core level, extends into this region. For the data shown in Fig. 4 b1)
this plasmon background has been subtracted; the original data,
including the process for background subtraction, are shown in the
Supplementary Materials Fig. S4. Also for the thick layers on all three
substrates there is another uncertainty in the fit, since only one shake-up
peak is considered, though all three peaks can be accompanied by such a
feature. But since the intensity and position of the individual shake
peaks is not known, such a fit with 6 components leads to less repro-
ducible and meaningful results.

On Au(100), the nitrogen peak positions for the monolayer regime
are 397.97 eV and 399.03 eV for the acceptor based nitrogen N(1) and N
(2), as well as 400.23 eV for the donor-based N(3), as plotted in Fig. 4
a2). The fact that the binding energy of N(2) and N(3) are different by
0.9 eV indicates that also for the monolayer of flat lying molecules some
of the merocyanine’s dipole moment remains, since otherwise these two
nitrogens which are both bound exclusively to carbon atoms— should
have similar peak positions. With increasing thickness from 2 to 11 A,
the N(3) binding energy slightly decreases, while this value slightly in-
creases for N(1) and N(2). Therefore, the difference in binding energy for
the nitrogen atoms in the donor and acceptor part for molecule lowers as
the molecules decouple from the surface from the second monolayer on.
Notably, this trend is opposite to what was observed for the S2p peaks,
where peak positions were dominated by the surface bond and direct
charge transfer. The decrease in separation from approximately AEp;pq =~
1.2eVat2Ato0.9eVat 11 A of the two nitrogens N(2) and N(3) in-
dicates a lowering of the molecule’s effective dipole moment with
increasing layer thickness, which is likely due to the formation of the
dimers which shields the overall dipole. The results are consistent with
our UPS evaluation, where a second broad HOMO peak is observed at
higher binding energies at these thicknesses, which we already have
associated with these dimers. Small changes in peak position (< 0.2 eV)
are also seen between 18 and 42 A. Whether these minor changes are
representative, or a result of the fitting uncertainties is not clear.

On Ag(100), the N peak positions for the monolayer are similar to the
measurement on Au(100) considering the error margin of the fitting,
even though here the S2p peaks showed considerable difference in
binding energy due to the stronger bond to the Ag metal surface. As
shown in Fig. 4 b2), when the thickness is increased from 2 to 11 10\, all
N1s signals shift to lower binding energy. This suggest that at the
monolayer regime the molecule is slightly positively charged on Ag
(100); a similar observation was made for the S2p peaks where the donor
S2p became more positively charged on the surface compared to the
acceptor which was more negatively charged. With increasing film
deposition, the shift in binding energy is stronger for the acceptor ni-
trogens N(2) and N(3) compared to the donor N(1), therefore also here
the dipole is screened through the formation of dimers. When the
thickness is further increased to 42 A, all peaks show a slight increase in
binding energy and the final positions are similar to the results obtained
for Au(100).

For the thinnest layer of 2 Aon Cu(100), the N(3) donor is located at
399.46 eV, while the two acceptor nitrogens are at 398.8 and 397.76 eV
for N(2) and N(1), respectively. In this case, all N1s binding energies are
significantly lower in comparison to the noble metals, due to strong
charge transfer from the substrate to the whole molecule as discussed for
the S2p peaks; this charges the molecule negatively. For thicknesses up
to 11 A, the peaks shift to higher binding energy; here the N(3) binding
energy increases around 0.5 eV, while N(2) and N(1) increase around
0.25 eV. Notably, the separation in binding energy of N(2) and N(3) is
smaller for the monolayer (4Epjq =~ 0.7 eV) compared to the 11 A film
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(AEping =~ 0.9 eV, similar to the noble metals). Therefore, the strong
charge transfer on the Cu(100) surface shields the molecules’ dipole
moment more effectively in the monolayer compared to the dimeriza-
tion in the multilayer film. Again the final peak positions are similar to
the ones observed on Au and Ag(100) at 42 A thickness.

4. Conclusion

The effect of chemisorption strength on the layer growth of a highly
dipolar merocyanine molecule has been investigated by photoelectron
spectroscopy using three single crystal metal surfaces with different
chemical affinity for surface bond formation, which increases from Au
(100) over Ag(100) to Cu(100). The XPS results show that in the first
monolayer the molecules bind via both sulfur atoms on all three sub-
strates and are therefore likely lying flat on the surface. Hereby, the
bonding strength of the molecule on the noble metals is overall rather
weak, but a slight effect on the width of the HOMO feature measured in
UPS can be seen, which is more narrow on Au(100) compared to the
more strongly hybridizing Ag(100). In contrast, on Cu(100) a strong
sulfur-metal bond is found, leading to a pronounced shift in the S2p core
level and a strong hybridization of the n-electron system for the mono-
layer whereby the HOMO feature is fully suppressed. From the second
layer on, on all substrates a broader HOMO feature emerges, which is
associated with the formation of antiparallel dimers. On Au(100) and Ag
(100) this initial dimer phase has an IE of ~5.2 eV, while for thicknesses
beyond ~18 A this value gradually decreases to 4.8 eV due to the
increased molecule-molecule interaction and polarization screening in
the extended ordered film. On Cu(100) this low IE phase is already
reached at much lower coverage, which is likely due to island growth
which forms larger aggregates already at an earlier stage. Our detailed
investigation shows how UPS and XPS can give insights in the substrate-
molecule as well as molecule-molecule interaction and helps us to better
understand the growth of more complex organic semiconductors on such
ordered surfaces.
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