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ABSTRACT: In this work, we study systematically the evaporative
adsorption under high vacuum conditions of 1,4-benzenedimethanethiol
(BDMT) onto different metal surfaces: Ag(111), Au(110), Cu(100),
and Cu(111). The study is carried out by photoemission using
synchrotron radiation. In the case of Ag(111) and Au(110), at low
exposures, a lying down BDMT phase is formed, with both S atoms
attached to Ag and Au. A standing up phase is attained after a large
exposure, above several hundred thousand Langmuir. However, also a
mixed complex over layer appears to be formed, attributable to
molecules sticking on top of the SAM. In the case of Au(110), heating
leads to BDMT desorption with some degree of S—C bond scission,
and some S atoms are left in different adsorption sites with mainly two
different core level binding energies. On Ag(111), after heating the
sample, BDMT desorbs and also sulfidation of Ag occurs. In the case of Cu(100) and Cu(111), S—C bond cleavage occurs
already after initial adsorption. Lost S from BDMT molecules is adsorbed on Cu. Surface passivation occurs and only then
BDMT adsorption takes place, with an interface with Cu enriched with sulfur.
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1. INTRODUCTION

In this paper, we examine the characteristics of dithiol films
evaporated onto some coinage metals. Our interest in this
subject is related to the possibility of bonding of the sulfur end
terminals to metal electrode surfaces and thus formation of
molecular bridges between two metallic entities. This possibility
has attracted much attention in the context of developing
sensors and applications in molecular electronics or in building
various metal organic heterostructures.''® A key requisite in
these applications is that a free thiol termination be available to
allow anchoring to the metallic entities. A number of works
have therefore been devoted to dithiol self-assembly.” ' One
of the main problems is that the dithiol could form a lying
down phase with both ends bound to the surface, which then
may be a hindrance for transition to a standing up phase."® It
has also been found that there are solvent related
effects'®*>?%?® and photooxidation'>"® problems rendering
formation of high quality ordered self-assembled monolayers
(SAMs) difficult. Thus, much debate exists around this
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problem."*"? However, it has been shown that formation of
an initial lying down phase should in principle not stop the
formation of a film**** with standing up molecules. It was also
shown that a judicious choice of the solvents and preparation
procedure can indeed yield such ordered SAMs”'"'%**%7 on
gold. An example is the case of 1,4-benzenedimethanethiol
(BDMT) on Au(111), for which reflection adsorption infrared
spectroscopy (RAIRS), spectroscopic ellipsometry, X-ray
photoelectron spectroscopy (XPS),** NEXAFS,”” and X-ray
reflectivity’’ indicate that a standing up, ordered SAM is
formed.

With few exceptions,”® the dithiol SAMs have been prepared
by immersion into a solution containing the dithiol. If however
more reactive substrates are used, then evaporation in a vacuum
could be more appropriate, since then clean dithiol—surface
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interfaces could be formed and also modification of the thiol
termination due to, e.g,, photooxidationlz’13 would be avoided.
Several experiments using the vapor phase adsorption have
been performed,”® including studies by some of us.*****° A
study of BDMT eva}o)orative adsorption on Au(111), performed
by ion scattering® indicated that a high fraction of the
molecules are in a standing up configuration and the SAM is
indeed S terminated. Interaction of thiols with more reactive
substrates such as Ag and Cu has been investigated by several
groups.”> ** In a number of cases, well-ordered SAMs were
found to be formed. For dithiols, it has been suggested that this
may be less obvious,*® but for BDMT, time-of-flight direct
recoil spectroscopy (TOF DRS*) ion scattering measurements
also indicate formation of a standing up SAM.*** These
measurements revealed some differences with respect to Au,
and in particular for Cu, BDMT uptake was much faster; i.e.,
lower exposures were necessary. For the Cu(100) surface, a
curious observation was the appearance of sulfur at very low
exposures,*” which was attributed to either segregation from
the bulk or initial S—C bond scission. The latter has been
reported in some other cases of thiol interaction with
copper’****~* though not for benzenethiol.*'

The ion scattering results for Ay, Ag, and Cu*®* seem
promising, but they did not give any information on the
characteristics of the molecular film such as ordering,
orientation, and the molecule—metal interface. This character-
ization is an essential prerequisite for the generalized and
effective use of this evaporative assembly approach. In this
work, we therefore performed a synchrotron based X-ray
photoemission study of BDMT evaporative adsorption onto
Ag(111), Au(110), Cu(100), and Cu(111) surfaces, that allows
us to shed light on a number of characteristics of the molecular
layer formation.

2. EXPERIMENTAL METHOD

2.1. Photoemission. The measurements were carried out
at the BEAR beamline (Elettra synchrotron radiation
laboratory, Trieste, Italy). Photoemission spectra were acquired
with a hemispherical deflection analyzer, with an overall energy
resolution of <200 meV (analyzer and beamline, using a
constant pass energy). Spectra were recorded at normal
emission, with the light impinging at 45° with respect to the
surface normal. We used hv = 260 eV for Au 4f, S 2p, and Cu
3p levels, hv = 380 eV for C 1s, hv = 470 eV for Ag 3d, and hv
= 1050 eV for Cu 2p levels. These photon energies are in
general chosen to maximize the surface sensitivity, measuring
photoelectrons with kinetic energies corresponding to the
minimum of the inelastic mean free path. The emission lines
from Au 4f levels were acquired at each photon energy and
were taken as an energy reference with Au 4f,, = 84.0 eV. We
also measured the valence band at hv = 60 eV. Since SAMs can
be damaged by irradiation, we checked systematically for
damage by measuring in several points on the sample and by
comparing the spectra during a series of scans over the energy
range under investigation.

2.2. Sample Preparation. Ag(111), Au(110), Cu(111),
and Cu(100) single crystals were used as substrates. The
samples were cleaned by sputtering and annealing cycles and
their cleanliness ascertained by XPS and characteristics of
valence band emission.

The samples were exposed to BDMT vapors, in the load lock
of the preparation chamber. BDMT was placed in a vacuum
sealed glass tube connected to the vacuum chamber through a

valve. The tube containing the BDMT powder was kept at a
constant temperature of about 80 °C, leading to BDMT
melting. This allowed the vapor pressure to be increased during
exposure. Several thaw—pump—"“freeze” cycles were used to
pump out before exposing the clean sample surface to the thiol
vapors. The walls of the vacuum chamber used for exposure
were preliminarily saturated with the organic molecules. The
exposure is indicated in kilo or mega Langmuir (L, kL and
ML). The samples were kept at room temperature during
exposure. In some cases, we desorbed the BDMT layers by slow
heating of the samples to a temperature of the order of 400 K
for Cu and 450 K for Ag: a value estimated using a movable
thermocouple which could be brought in contact with the
sample holder.

3. RESULTS

In the following sections, we present our results on BDMT
adsorption on Ag, Au, and Cu surfaces, starting with the Ag
case. Some extra data is given in the Supporting Information in
figures numbered Sn.

3.1. SAMs of BDMT on Ag(111). General Characteristics
of BDMT Adsorption. Recently, the evaporative adsorption of
BDMT on Ag was studied by TOF-DRS* with Ar ion
scattering and showed that at low exposures (a few thousand L)
a lying down phase was formed, while a “standing up” BDMT
layer with S “on top” was formed at large exposures. Here we
investigated the characteristics of the BDMT layers formed
under conditions of low and high exposures by photoemission.
In adsorbing BDMT, we performed several sets of measure-
ments in which the dosing procedure was varied to see in which
manner this would affect the BDMT layer. As we shall see,
some variability is observed and in the following we shall show
S 2p XPS spectra that illustrate this.

Here we discuss results of the following exposure sequences:

(A) Following the work of Salazar Alarcén et al,*® the surface
was first exposed to a small dose and thereafter to a large
dose of BDMT. This should lead to an initial lying down
phase and a subsequent standing up phase.*®

(B) A direct large exposure, expected to lead to a standing up
phase.

(C) A large exposure, performed in three successive dosing
steps. A first high dose followed by two more dosings,
after an interval of about 8 h (overnight).

In all these cases (A—C), the dosing was done rapidly
over a period of a few minutes.

(D) A relatively large exposure over a longer, 1 h, exposure
time.

The XPS spectra of the clean Ag(111) surface in the Ag 3d
region and after BDMT exposure, following exposure sequence
A, are shown in Figure la. The Ag binding energy is calibrated
against Au 4f;,, at 84.0 eV, and the Ag 3d;,, peak position is
found at 368.1 eV.

Upon exposure to 7 kL of BDMT vapors, the intensity of the
Ag peak in Figure la decreases. The decrease of the Ag peak
intensity is associated with the formation of a dithiol layer,
leading to secondary electron scattering and attenuation of the
signal. Further exposure to 0.9 ML leads to a larger decrease in
Ag peak intensity signifying thickening of the layer.

An evaluation of the attenuation of the layers formed after
the 7 kL and 0.9 ML exposures based on Ag 3d signal
attenuation®**” and considering an inelastic mean free path A =
6 A for the Au photoelectrons at 100 eV of kinetic energy in the
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Figure 1. (a) XPS spectra of Ag 3d, showing intensity attenuation with
different exposures and also after heating the exposed sample (see
text). (b) XPS of C 1s for the indicated exposures and after heating.

organic film gives a BDMT effective thickness of 0.32 nm and
about 0.7 nm, respectively. The thickness after the first
exposure is compatible with lying down molecules, whereas at
larger exposures the layer is thicker and is compatible with
molecules that are in a “standing up” configuration. The latter
thickness is close to but somewhat smaller than that for BDMT
on Au(111), about 0.8—1 nm, determined using the same
procedure.’*”” Note that this thickness evaluation is not
extended here to the case of the heated BDMT exposed Ag
surface, since the nature of the surface layer is different, as will
be discussed below.

The C 1s peak is shown in Figure 1b, for different situations:
after the 7 kL exposure, after a large 2 ML exposure, and also
after heating the sample to induce progressive BDMT
desorption (see below). The initial C 1s spectrum peaks lie
at about 284.4 eV in agreement with earlier studies and
correspond to C atoms in the aromatic ring and in the

methylene units, with contributions from a shake up satellite.””
At high coverage, the peak shifts to higher binding energies of
about 284.75 eV. This could be related to a reduced screening
by the metal electrons of the core hole of carbon atoms when
BDMT is in a standing up phase and to a weaker interaction of
the molecule with the substrate. As will be discussed below, at
very high coverages, there may be some physisorbed molecules
on the SAM as well.

XPS S 2p spectra obtained in the various dosing procedures
are shown in Figure 2.

Exposure A. After the first low (Figure 2a) exposure, we see
that the spectrum is composed of a main doublet “T”, at about
162 eV (in the following, we will refer to the peak position as
the position of the S 2p;;, component of the spin orbit split
2ps/,—2p1), doublet), which is assigned to the thiolate S
bonding to Ag. We also observe a smaller component (“A”) at a
lower binding energy. This spectrum is compatible with a lying
down BDMT molecule configuration.

Deposition of more BDMT molecules (0.9 ML, Figure 2b)
onto the lying down phase results in the appearance of an
intense dominant peak around 163 eV. The 162 and 161 eV
“T” and “A” peaks are also observed. The 163 eV peak (features
F and P) can be assigned to unbound SH groups, on top of the
SAM layer, as discussed below.

Exposure B. The result of a large dose of BDMT is shown in
Figure 2c. The spectra were taken at normal and grazing
emission. The spectrum taken at grazing emission angle shows
that the 161 and 162 eV “T” and “A” components decrease in
intensity with respect to the 163 eV “F” one, showing that the
two former ones indeed correspond to S atoms not localized at
the outer monolayer interface but below the organic layer.
Feature “F” is assignable to S in the terminal groups of the
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Figure 2. XPS spectra of the S 2p region for a 260 eV photon energy after a “small” (a) 7 kL exposure followed by a large (b) 0.9 ML exposure. (c)
Spectra for normal (red line) and grazing (black points) angle emission for 1.5 ML exposure. The two spectra were normalized to the intensity of the
most intense structure at 163 eV. (d) A different high 1.5 ML exposure spectrum (see text). Lines in panels a, b, and d correspond to fits (see text).
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SAM’s outer surface. We ascribe this to the formation of a
standing up phase.

Exposure C. The exposure sequence C revealed some
interesting features. Here the first exposure led to a spectrum
similar to that in Figure 2b, with the extra “A” peak and had a
maximum at 163.6 eV (see Figure Sla, Supporting
Information). However, in the second exposure (Figure 2d),
the “A” peak was not present, the main peak was at 163.1 eV,
and the spectrum resembled the one observed in the case of a
well ordered BDMT SAM, in liquid phase adsorption on
Au(111).”” The third exposure modified the BDMT layer
again, and the spectrum changed to one with broader peaks,
with again dominance of the 163.6 eV peak (Figure SIb,
Supporting Information) and reappearance of peak “A”. The
“well ordered” spectrum in Figure 2d was not obtained in any
other sets of measurements.

Exposure D. In this case, we exposed the surface to 340 kL
over an hour, trying to dose slowly under conditions close to
earlier works.>*>*® The result (Figure S2, Supporting
Information) is similar to the spectra in Figure 2b and c.

We now examine the spectra in more detail. To fit the S 2p
spectra of Figure 2a and b, we set the S 2p;/, ,,, doublet
components with a 1.2 eV spin orbit splitting and a branching
ratio of 0.5 and the spectra are fitted using a Voigt contour after
a Shirley background subtraction. A good fit of the spectrum in
Figure 2b required four doublet components with S 2p;,, at
160.95, 161.90, 163.15, and 163.60 eV given with an accuracy
of 50 meV. We assign the 163.15 eV peak “F” to BDMT with
free —SH.***” The assignment of the 163.60 eV component
“P” is more problematic. It could be assigned to formation of
some disulfide bonds (—SS—), as discussed in some other
studies.**°™>* Indeed, measurements on bulk-like films of
dihexadecanedisulfide (CH;(CH,),sSS(CH,),sCH;) show that
the binding energy for this case is about 163.5 eV.>*>> There
are however also reports®* that for free alkanethiol molecules
the binding energy for —SH is in the 163.5—164.0 eV range.
Thus, it is quite plausible that, at very large exposures, some
molecules stick to (or are physisorbed on) the SAM outer layer
just as in an “unrinsed” SAM made in liquid.** We believe this
is the more plausible assignment of this structure.

By analogy with the Au(111) case of some alkane and
aromatic thiols®*™%” and dithiols,** we would assign the 160.95
eV component, “A” peak, to an alternative binding site on Ag.
This assignment is supported by its transient appearance, as
discussed in the exposure sequence C. This is similar to some
earlier reports™” for the case of thiol adsorption on Au, where a
similar peak appeared only in initial phases of adsorption.
Therefore, we do not favor the idea that it could be due to
atomic sulfur resulting from, e.g., dissociation of BDMT with
S—C bond scission.”” Indeed, if bond cleavage would have
occurred and was responsible for chemisorbed S atoms on the
surface in the first exposure of the C sequence, then it should
not disappear in the second exposure. We also do not believe
that the 163 eV region peak here is related to beam damage, as
shown by taking spectra at different points on the sample. The
beam damage question is discussed in greater detail in the
Supporting Information.

From the 0.7 nm thickness estimate, reported for dosing A
above, which is less than what was measured for well ordered
BDMT SAMs on Au”*?’ and the general form of the S 2p
spectrum, we can conclude that we are not dealing with a good
quality standing up SAM. This is visible in NEXAFS
measurement (not shown here), where no clear changes were

found between measurements for normal and grazing emission.
This could be construed as due to (i) a large inclination of the
molecules or due to poor order with (ii) some lying down
phase still present and (iii) existence of physisorbed molecule
on top of the SAM layer.

All the above experiments suggest that we do form a standing
up dithiol layer, but frequently there are extra BDMT molecules
sticking on top of the SAM leading to some type of multilayer
formation. Furthermore, the frequent appearance of the “A”
peak can be interpreted as being due to an alternative
adsorption site that is not stable and is not observed in well
ordered, standing up dithiol SAMs.

Some measurements were performed in the valence band
region, and these results are given in the Supporting
Information (Figure S3).

Ag Sulfidation. Previous TOF DRS measurements*® show
that, when the BDMT SAM is heated, changes appear above
temperatures of about 100 °C and desorption occurs above 200
°C. Here we heated the sample to desorb the BDMT layer. In
Figure 1b, we show the C 1s and in Figure 3 the S 2p regions

S_2p hv=260eV
® After heating

— Fit

— BDMT (X1.8)

[FTETE AR ETEE PR T AR A AT AR

166 164 162 160 158
Binding Energy(eV)

Figure 3. Comparison of the S 2p region before and after heating for
the 0.9 ML exposure spectrum.

before and after annealing. One can see that after heating there
is a strong attenuation of C 1s intensity, but the S 2p peak
intensity remains quite high (Figure 3). Note that one could
expect that the S 2p intensity from S remaining after BDMT
dissociation and desorption will be higher, because the
attenuation by the organic layer is no longer present. We can
deduce that most of the thiolate S remains on the surface,
whereas most of the carbon is removed. In these cases, the XPS
spectra of the S 2p core level structure can be fitted with one
doublet as shown.

In order to check if we deal simply with chemisorbed S or
rather there is the possibility of Ag sulfidation, upon BDMT
adsorption and after annealing, when mainly only S is present
on the surface, we compare the line shapes of the Ag 3d peak
(Figure 4a). We see that for BDMT adsorption the line shapes
for the clean surface and for the surface with BDMT are similar
(Figure 4a). However, the Ag(3d) peak after annealing is
clearly slightly broader (Figure 4a,b), an effect we ascribe to
sulfide formation.

To deduce the contribution from silver sulfide, first the Ag 3d
peak of clean Ag is accurately fitted using a Voigt profile, shown
in the inset of Figure 4b. The parameters of this fit are then
used to define the shape of the Ag bulk peak (black, Agg), and
we allow the other peak (violet) position to vary. We show the
resulting spectral decomposition in Figure 4b. The peak

dx.doi.org/10.1021/jp509184t | J. Phys. Chem. C 2014, 118, 26866—26876
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Figure 4. (a) Ag 3d peak shape for the clean surface, after 1 ML
BDMT adsorption and after annealing. The spectral intensities were
normalized for comparison. (b) Decomposition of the spectrum after
annealing into a bulk Ag like (black) and the smaller (violet) sulfide Ag
species (see text); the inset in part b shows the fit of the Ag 3ds/, peak
prior to BDMT adsorption.

position due to Ag sulfide (Agg) in this fit is found to be 367.9
eV. It is lower than that of the clean Ag peak (368.1 eV). This is
similar to the case of selenization®” and Ag oxidation® as well.
Clearly for BDMT SAM adsorption, sulfidation does not occur,
since the BDMT exposed and clean Ag peaks are essentially
identical. Returning to the XPS spectra in Figure 3, we note
that the sulfide S 2p peak appears to be at a slightly higher
binding energy than the position of the peak assigned to the
“alternative” adsorption site.

3.2. SAMs of BDMT on Au(110). Figure Sa shows the XPS
spectrum in the Au(4f,,,) region for clean Au(110) and after
exposure to BDMT, which leads to an attenuation of the peak
intensity. From these measurements, one can estimate the
thickness of the BDMT layer that is formed, using an
attenuation length of 0.8 nm at a kinetic energy of 156 eV
(for the 260 eV photon energy). The effective thickness of the

BDMT layer was found to be 0.1 nm at 800 L, 0.56 nm at 12KkL,
and 1.56 nm at the highest exposure of 700 kL.

The thickness at low exposure is compatible with a lying
down SAM, with possibly not a complete coverage. At
intermediate exposures, we observe the formation of a standing
up layer, which is thicker. The effective thickness is however
less than that, observed for BDMT on Au(111) in liquid phase
experiments.”**’ At the highest exposure, the large thickness
here suggests a multilayer formation (or that there is a large
number of molecules physisorbed on top of the SAM).

Figure Sb shows the evolution of the C(ls) peak with
exposure. One can note a steady increase in C intensity with
increasing exposures. The peak position at intermediate
exposures is at about 284.2 eV. This peak is associated with
C atoms in the aromatic ring and in the methylene units, with
contributions from a shake up satellite.”” At low exposures,
corresponding to mainly a lying down SAM, it is shifted toward
lower energy. At the highest exposure, the peak moves to 284.5
eV. These changes are most probably due to changes in the
interaction with the substrate, in particular to the progressively
reduced screening of the metallic substrate on the C core holes
at increasing coverage when the molecules adopt a standing
orientation and when a multilayer is formed.

The evolution of the S 2p peak upon exposure to BDMT is
shown in Figure 6. At the lowest exposure, we see mainly one
doublet structure with the S(2p;,,) peak at about 161.8 eV
corresponding to thiolate S. There is a small contribution at
163.1 eV due to unbound S, corresponding to some standing
up BDMT molecules. With higher exposures, the intensity of
the 163.1 eV peak increases, which may be attributed to an
increase in standing BDMT. At the higher exposure of 12 kL,
we also observe a shift of this peak toward 163.5 eV, as for the
Ag case above. This is not due to X-ray damage in the film, as
this was checked by measuring at different points on the sample
as for Ag. At the highest exposure of 700 kL, there is a very
strong change, with an almost complete disappearance of the
161.8 eV peak. This is attributed to formation of a multilayer
(or to the fact that there is a large number of molecules
physisorbed on top of the SAM). It is interesting that no extra
peaks for S 2p, like the 161 eV “A” peak for Ag, appear here.

After heating the Au(110) sample, BDMT desorbed, as
evidenced by the disappearance of the carbon peak, but some S
remained on the surface (see Figure SSa, Supporting
Information). The shape of the S 2p spectrum changed and
there appeared a multicomponent structure, with an extra peak

(a) Auaf
hv=260eV N
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—— 12000L
—— 700KL

(b) hv=380eV

C1s Au(110)

—— 700KL (x0.5)
— 12000L
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aaal sy aal i aal s aa |l
85.0 84.0 83.0 82.0
Binding energy(eV)

[ erwran
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Figure 5. (a) XPS spectrum for Au 4f;/, and (b) C Is spectrum as a function of BDMT exposure.
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Figure 6. XPS spectrum in the S 2p region as a function of BDMT
exposure.

close to 161 eV. A fit of the spectrum using Voigt doublets
shows (Figure SSb, Supporting Information) that there are
essentially two components at 161.2 and 161.9 eV. Clearly, this
corresponds to two different adsorption configurations, with
different S 2p core level binding energies.

3.3. SAMs of BDMT on Cu(100) and Cu(111). Recently, a
study of BDMT adsorption on Cu(111) and Cu(100) surfaces
was performed by time-of-flight direct recoil spectroscopy.***’
This study showed that in general adsorption proceeds “faster”
than on Ag, i.e,, lower exposures are necessary. As for the case
of Ag(111), it showed that at high exposures a standing up layer
of BDMT is formed, as deduced from the appearance of a peak
due to recoiled (fast sputtered) S and a structure due to Ar
scattering on the top S atoms. However, this study also revealed
a rather intriguing feature: appearance of a S recoil peak in Kr
bombardment, already at low exposures of the order of a few
tens of Langmuir. A particularly curious aspect was that, after
the initial, clear observation, the peak decreased in intensity and
S was then observed more clearly at very high exposures. It is
not obvious if what was observed was atomic S on the surface
or there was some configuration of BDMT on the surface, for
which in the initial phases of adsorption the SH group was
“visible”. Photoemission measurements are performed here to
clarify this point.

Figure 7a shows the evolution of the Cu 2p;/, peak intensity
as a function of BDMT dosing on the Cu(100) surfaces. Figure
7b shows the evolution of the C(1s) peak. One can note a
steady increase in C intensity with increasing exposures. The
peak position at low to intermediate exposures is between 284.0
and 284.2 eV. As for the other cases discussed above, at low
exposures corresponding to mainly a lying down SAM, it is
shifted toward lower energy. At the highest exposure, the peak
moves to 284.7 eV, because of decreasing interaction with the
substrate, changes in screening effects, and some extra
molecules sticking on top of the SAM. Results for Cu(111)
were very similar and are not shown here (see Figure S6,
Supporting Information).

The XPS spectra of the S 2p core level structure for different
doses of BDMT adsorption on Cu(100) and Cu(111) are
shown in Figure 8. At the highest exposures, we mainly see a
doublet with a peak at 163.6 eV ascribable to a multilayer
(Figure 8b).

At the low exposures for Cu(100), we see a main peak at
about 161.4 eV and a secondary peak at about 162.3 eV (see fits
in Figure 9). As the exposures increase, the intensity of the
162.3 eV peak grows and also that of the shoulder at about
163.5 eV, which then becomes prominent at high exposures. At
the highest exposure of 700 kL, the 161 and 162 eV
components are strongly attenuated. The spectrum is then
like the one for the same exposure for Cu(111) shown in
Figure 8b. For the case of Cu(111), measurements (Figure 8b)
were only performed at 800 L, 12 kL, and 700 kL of exposure.
In general, the spectra are very similar to the Cu(100) case.

For the Cu(100) case, we fitted the S 2p core level structure
as shown in Figure 9. In the low exposure case, the spectra were
fitted by two main doublets at 161.4 eV (marked “X”) and
162.3 eV (“T”) and one small doublet at higher energy at about
163.6 eV (“F”). At higher exposures, the “T” and “F” peak
intensities increase relative to the “X” peak (see also Figure S7,
Supporting Information).

In the existing literature, it is known that, for alkane and
benzene thiol on Cu, the core level binding energy of thiolate S
bonded to Cu is around 162.4 eV. This is compatible with the
second “T” doublet in Figure 9. What then is the origin of the
“X”, 1614 eV, peak? As discussed for Au and Ag, one could
consider that this may be an alternative adsorption site for
BDMT on Cu. However, in the literature, one also finds several
indications®>****~* that there may be spontaneous dissocia-
tion of thiols in some cases. This would seem to occur in the
case of, e.g,, alkanethiols®>*** on Cu(100) and Cu(111) but not
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Figure 7. XPS spectrum in (a) the Cu 2p;/, and (b) C 1s peak regions as a function of exposure to BDMT for Cu(100).
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Figure 9. XPS spectra for BDMT adsorption on the Cu(100) surface

: (a) 50 L; (b) 150 L.

for benzenethiol on Cu(100).*' The TOF-DRS data mentioned
above showed also appearance of an S recoil at very low
exposures.

To answer this question, plots of the intensity evolution of S
2p, C 1s, and Cu 2p peaks as a function of dose are shown in
Figure 10. The intensity for each measurement is normalized to
the photon flux determined for the BEAR beamline. We see a
decrease in Cu 2p intensity and at the same time an increase in
C 1s and also S 2p intensity. One notices immediately that the
C 1s intensity (hollow squares) is low with respect to the S 2p
one (red circles). In principle, for a lying down BDMT
molecule, one can expect that, at the lowest coverage, we
should see the intensity of the S 2p peak 4 times smaller than
the C Is intensity because BDMT molecules consist of eight C
atoms, while the number of S atoms is two. Since there are
differences in the photionization cross sections for C 1s and S
2p at the photon energies used here (380 and 260 eV), we
corrected for this by multiplying the C 1s peak intensity by a
factor of 4.89, which takes these differences into account. The
C 1s intensity is then still only slightly higher than that of S 2p,
as shown in Figure 10 (black filled squares).
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Figure 10. Intensity evolution of S 2p, C 1s, and Cu 2p peaks as a
function of dose. The black squares correspond to the C 1s intensity
corrected for differences in the photoionization cross section. The
indigo circles correspond to the intensity of the S 2p peak without the
contribution of the 161 eV doublet (see text).

To understand the reason behind this discrepancy, we re-
evaluate the S 2p intensity using the fitted spectra in Figure 9,
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after subtracting out the “X”, 161.4 eV, peak, as shown with the
pink points in Figure 10. We now get almost 4 times less S 2p
than C Is intensity. This clearly suggests that the 162.3 eV peak
is due to thiolate S of the BDMT molecules, while 161.4 eV
must be an extra S atomic peak due to BDMT dissociation.
Note that the Cu(100) sample has been used in a number of
other studies and does not show any signs of S segregation after
high temperature annealing. We therefore rule out any S
segregation effects.

It is difficult to conduct this procedure for the higher
exposures, as clearly the BDMT molecules are “standing up”
and then one needs to incorporate appropriate attenuation
factors for electrons passing through the BDMT layer. This is
not included in the 800 L data in Figure 10, though such a
correction would need to be included. Indeed, as one can see in
Figure 9a, the contribution of the 163.6 eV peak starts to
increase, although it is still small, so the correction would be
small.

On the basis of our data, it is plausible that for the Cu(111)
case this dissociation is also occurring. Indeed, the S 2p spectra
are similar to the Cu(100) case, as may be seen in, e.g., the 800
L case in Figure 10. For the 800 L exposure, an evaluation of
the S to C ratio, after inclusion of corrections for photon flux
and photoionization cross sections, shows that there is nearly
the same amount of sulfur and carbon, showing thus excess
sulfur. The existence of atomic sulfur thus results in the
appearance of the 161.4 eV peak, like for Cu(100).

We conclude that in BDMT adsorption spontaneous S—C
bond cleavage occurs on both Cu(100) and Cu(111). This
happens in the initial stages of adsorption. Subsequently,
BDMT adsorption occurs on the S containing Cu surface.
Presumably, this happens after initial passivation of the surface
reactivity.

This behavior can explain the initial appearance and
intermediate attenuation of the S peak in TOF-DRS measure-
ments mentioned above. In these measurements, one first
observes S from dissociation, which is then screened by the
adsorbed BDMT. Later one observes the S from the standing
up BDMT. Adsorption of the molecule after initial scission of
the S—C bonds implies of course that the remaining cleaved
molecule leaves the surface. Possibly this could happen with the
cleaved end passivated by the extra hydrogen:

HS—CH,—CH,—CH,—SH + Cu
— SCu + HS—CH,—C,H,—CH,

A theoretical investigation of such a reaction pathway would be
interesting.

We also investigated the effect of heating on these BDMT
exposed samples. After heating the sample (Figure 11), we
observed only traces of remaining C and the S 2p peak
underwent a strong change, consisting of one doublet at about
161.4 eV. This binding energy is compatible with known
binding energies“’61 for Cu(100) sulfidation, and for known
ordered® phases of S on Cu surfaces. For S on Cu( 111)% for
the latter cases, the CLBEs have been found to be 161.45 and
161.15 eV depending on coverage, whereas for Cu(100)® for
higher coverages of the order of 0.47 monolayers they are equal
to 161.15, 161.62, and 162.10 eV and for lower coverages
161.05 and 164.45 eV. BDMT desorption thus left S adsorbed
on the surface. The energy resolution at the rather high Cu 2p
energy was insufficient here to make any definite conclusions
about copper sulfide formation.

(AR R R R A R AR AR RREE R RE RS |
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Figure 11. S 2p spectra for BDMT on Cu(100) before and after
annealing.

The evolution of the spectra in the valence band region was
investigated and is given in the Supporting Information, with
some comments based on earlier work.®*

4. SUMMARY AND CONCLUSIONS

The experiments on BDMT adsorption from the vapor phase
on Au(110) and Ag(111) reveal that at low exposures a lying
down BDMT phase with both S atoms attached to Ag is
formed. A standing up phase could be attained after a large
exposure above several tens of thousand Langmuir. This follows
from thickness estimates and because in the standing up phase
the S 2p;,, core level structure at about 163 eV is dominant in
the XPS spectra. However, we usually observe both a 163.1 eV
peak due to the BDMT—SH?>” and also a 163.6 eV peak, which
could be assigned to both —SH>* and —SS>**”** groups. Also,
for Ag(111), we observe a peak close to the 161 eV, which we
attribute to an alternative binding site of BDMT molecules.
NEXAFS measurements did not indicate the unambiguous
presence of a standing up ordered SAM. From these results,
one can conclude that, while we do form a standing up dithiol
SAM, at high exposures there are extra BDMT molecules
sticking on top of the SAM, thus leading to a thicker layer
formation and some molecules are adsorbed on alternative
adsorption sites.

After heating the sample, BDMT desorbs, leaving some S
atoms following S—C bond scission. In the case of Au, some S
atoms are left in different adsorption sites with mainly two
different core level binding energies. In the case of Ag,
sulfidation occurs, as concluded from the Ag(3d) peak shape
changes, and our analysis shows that the Ag sulfide component
is at a lower binding energy, as for oxidation and selenization of
Ag. In this case, the S 2p peak can be fitted with only one
doublet.

In the case of Cu(100) and Cu(111) at fairly high exposures,
one observes appearance of “standing up” molecules. At the
highest exposures, some multilayer formation is also observed.
Here we also observe an “extra” S 2p;/, component at 161.45
eV. The main difference from the case of Au and Ag is that, in
this case of a more reactive surface, our analysis shows that
adsorption is accompanied by some degree of S—C bond
cleavage. Some BDMT molecules lose S, which is adsorbed on
Cu. The 161.45 eV peak can thus be related to S atoms from
dissociation. This dissociation would seem to occur in the initial
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phases of dosing. Thereafter, surface passivation occurs. The
dissociation process then slows down and BDMT adsorption
then occurs on a Cu surface with S present from dissociation.
In this context, it should be pointed out that formation of thiol
SAMs on a sulfidized interface layer has been earlier reported
for a Pd surface,* in a similar process of initial dissociation
and passivation of the surface. Further investigation of the
structure of this CuS$ interface would be most welcome. Finally,
it is also interesting to point out that this spontaneous
dissociation has not been observed for benzenethiol adsorption
on these surfaces.*'
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