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Abstract
The plasmonic signals of quasi-1D electron systems are a clear and direct measure of their
metallic behavior. Due to the finite size of such systems in reality, plasmonic signals from
a gold-induced superstructure on Si(55 3) can be studied with infrared spectroscopy. The
infrared spectroscopic features have turned out to be extremely sensitive to adsorbates.
Even without geometrical changes of the surface superstructure, the effects of doping, of the
adsorbate induced electronic surface scattering, and of the electronic polarizability changes on
top of the substrate surface give rise to measurable changes of the plasmonic signal. Especially
strong changes of the plasmonic signal have been observed for gold, oxygen, and hydrogen
exposure. The plasmonic resonance gradually disappears under these exposures, indicating
the transion to an insulating behavior, which is in accordance with published results obtained
from other experimental methods. For Cy( and, as shown here for the first time, TAPP-Br,
the plasmonic signal almost retains its original intensity even up to coverages of many
monolayers. For C, the changes of the spectral shape, e.g. of electronic damping and of the
resonance position, were also found to be marginal. On the other hand, TAPP-Br adsorption
shifts the plasmonic resonance to higher frequencies and strongly increases the electronic
damping. Given the dispersion relation for plasmonic resonances of 1D electron systems,
the findings for TAPP-Br indicate a push-back effect and therefore stronger confinement of
the free charge carriers in the quasi-one-dimensonal channel due to the coverage by the flat
TAPP-Br molecules. On the gold-doped Si(5 5 3)-Au surface TAPP-Br acts as counter dopant
and increases the plasmonic signal.
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1. Introduction

Metal-atom induced superstructures on Si [1-5] and Ge sur-
faces [6-8] have been studied intensely for more than two
decades. It has been found that the atomic chains of these
superstructures represent low-dimensional electron systems
[2] which possess many surprising properties, such as metal-
insulator transitions [9, 10] and spin ordering [11, 12]. The
Si(553)-Au surface is a typical case of a quasi-1D system.
A well-ordered surface is formed at a gold coverage of 0.48
monolayers (ML) [13]. This superstructure consists of 1.48 nm
wide Si(111) terraces that are separated by monatomic steps
[14, 15]. Density functional theory (DFT) modeling [11, 16],
x-ray diffraction experiments [15], scanning tunneling
microscopy (STM) [17], and spot-profile analysis low-energy
electron diffraction (SPA-LEED) [18] have established a geo-
metric structure consisting of a double Au chain running par-
allel to the step edges in the middle of the terrace and a chain
of Si honeycombs at the step edge (see figure 1(a)). Electron-
energy loss spectroscopy (EELS) also supports the 1D char-
acter of the electronic surface system [19]. With EELS the
plasmonic dispersion relation has been measured [19], and
the close corresponance of such a dispersion relation with
the electronic bandstructure has been demonstrated recently
[20]. Combined DFT and EELS studies have resolved a
modest alteration of the electronic surface structure upon
oxygen uptake for Au wires on Si(557) [21]. As studied by
electron diffraction and four-tip STM-based transport experi-
ments supported by DFT calculations, the Au-Si(553) sur-
face also turned out to display almost inert behavior for O,
exposures of up to at least 30 Langmuir (L) [22]. Adsorbate
induced changes of the Si(553)-Au also have been investi-
gated by a combination of reflectance anisotropy spectroscopy
(RAS) and DFT [23]. Experimental and calculated RAS
changes with hydrogen exposure have been interpreted as
corresponding to a two-step process, starting from hydrogen
adsorption at the step edges accompanied by a doping of
originally metallic system and thus rendering it insulating. As
second step, a recovery of the metallic property upon further
hydrogen adsorption is predicted based on theoretical mod-
eling though without experimental proof to date [23]. The step
edges are especially chemically active and H bonding to Si
at these step edges renders the system insulating [24]. Spin
ordering at lower temperature has been theoretically predicted
[10], and tiny changes of physical properties with decreasing
temperature have been observed [11]. Hotzel et al have attrib-
uted this behavior to fluctuations of the electronic dipoles of
the dangling bonds which are supressed by hydrogen adsorp-
tion [25]. With and without hydrogen adsorption the infrared
resonance of plasmonic excitations of metallic chains (with
finite length) shifts to different directions in frequency upon
cooling. These tiny shifts of the order of 10 meV are clearly
observed by infrared (IR) spectroscopy [25]. The high energy
resolution has enabled new insights into the various conse-
quences of adsorbates for the low-dimensional electronic
system [26, 27]. In this work we compare the changes of the
IR plasmonic resonance for the different adsorbate species,

for H, and O, exposure and for deposition of Au, Cy, and
TAPP-Br (a core brominated tetraazaperopyrene (TAPP)
derivative with potential applications in organic electronics).
By comparing the plasmonic resonance to a well established
model, both the strength of the signal as a measure of the free-
charge carrier density and information on the nature of the
damping and confinement could be extracted.

2. Theoretical background

Plasmonic excitations can be observed by IR spectroscopy due
to finite length of the plasmonic channels of the Si(553)-Au
surface [28]. This results in standing waves of coherently
oscillating electrons corresponding to oscillating electric
dipoles (for the odd orders). The first order plasmonic mode
gives a strong IR signal as in the case of bulky nanorods [29].
The IR resonance positions follow from the 1D plasmonic dis-
persion relation wp(g) that can be approximated for energies
as low as in the middle IR by the relation

wp](q) ~ (gQ/nhost)\/nlD ln(l/bq)/ (Zé‘om*) (1)

with g as the length of the wave vector, m* as the effective
mass of the electrons, njp as the 1D electron density, e as
the elementary charge, and ¢ as the vacuum permittivity.
Equation (1) is derived from the theory of 1D electron systems
[30-32] and considers the effect of the substrate and possible
cover layers in terms of the refractive index nyqs of a host. The
confinement of the electron wave functions in the directions
perpendicular to the chains is described by a Gaussian with
width b. For finite wires of length / and assuming rigid ends,
the standing wave vector of the fundamental mode can be esti-
mated as ¢ = 7/l. Hence, the IR resonance position follows
the proportionality

wpi (1) oc y/mip In(l/bm) /m* /(1 - Bhost). 2)

The absorption spectrum around that resonance position can
be estimated as the classical absorption cross section gy, of a
needle-like object with Drude-type metallic behavior [33, 34],
which leads to

2

niple? ww,

* 2 .
M*E0MhostC [(wé - w2> +w2w§} 3)

Oabs =

In this relation w is the circular photon frequency, w, the
electronic scattering rate, and ¢ the vacuum velocity of light.
By inserting the absorption cross section into the expression
for the transmission of a very thin layer at normal incidence
of light [35] the relative IR transmittance (normalized to the
transmittance of the non-absorbing substrate with refractive
index ng) becomes

Tsi+Au ~1— 2W
Tsi (14n5) V2T Aw

00 x—wp1)? wlw,
x [ exp { ~ Gl L T @

with
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Figure 1. Surface structure model according to Hafke et al [18]
with the 1 x 2 unit cell indicated. Only the Si atoms on the surface
step edges are shown (a). A C;o molecule and a TAPP-Br-molecule,
respectively, are shown with the same size scale as done in [27] to
motivate our monolayer definition (b).

W= ]X nip l e2 ’
A eom*c

where npl is the number of oscillating electrons in one needle
(conductive chain with length / on average). The factor N/A
describes the number of wires N per surface area A. In equa-
tion (4), a Gaussian distribution [25-27, 36] of resonance fre-
quencies with width Aw is assumed because of the random
distribution of wire lengths. Equation (4) is used as model
function for the spectral fits for which each sample preparation
might result in a different N /A but similar electronic properties
of the conductive channels. Upon the adsorption of molecules,
changes of the electronic scattering rate are to be expected
because of the adsorbate induced surface resistivity [37—42] as
well as the changes in njp/m* due to charge transfer [26, 40].
In IR reflection-absorption spectroscopy of metal surfaces the
adsorbate induced surface resistance is seen as a lowering of
the broadband reflectance [38—42]. In IR transmittance spectra
of ultrathin metal layers surface resistivity changes and charge
transfer by adsorbates show up as broadband changes with
different frequency dependent contributions [37]. As it will
be seen in this work, the spectral changes of plasmonic reso-
nances due to both the adsorbate-induced effects are different
to those of non-resonant metallic surfaces.

The quantity n;p/m* may be considered as 1D analogue to
the squared plasma-frequency parameter w; o n3p/m* of the
3D Drude model (with n3p as the free-charge carrier density
in the 3D metal). We performed spectral fits to the measured
IR spectra in which the fit parameters W, w,, and the average
wpi depend on the adsorbate coverage, but the parameter Aw
is kept fixed for each of the adsorption experiments.

3. Experimental methods and materials

3.1 Sample preparation and surface superstructure

The silicon surface was prepared in the same ultrahigh-vacuum
(UHV) chamber and under the same procedures as reported in

Si(553)-1x2-Au.. +0.05 ML Au

o

Figure 2. RHEED images at RT for the bare surface and for
selected exposures (in Langmuir L) or coverages (in monolayers
ML), respectively, as given. The superstructure features (dense
vertical lines) are clearly visible for the bare surface gradually
disappears for higher adsorbate coverage, which might have two
reasons, the destroyed superstructure or the disordered adsorbate
layer. The IR signal can clarify the situation further.

[25] at a base pressure below 10~!” mbar. For preparation, the
Si(553) wafers (p-type doped, double side polished, 5-6 2
cm resistivity, offcut angle of 12.3° from the [111] to [112]
direction) were heated at 600 °C for several hours and sub-
sequently flash-annealed several times at temperatures up to
1250 °C in order to remove the native oxide layer and to pre-
pare the vicinal Si(55 3) structure. The quality of the surfaces
was checked by reflective high energy electron diffraction
(RHEED), carried out with an acceleration voltage of 20kV
and an angle of incidence of around 1.5°. For the formation
of the quasi-1D gold superstructures, 0.46 monolayers of Au
(1 ML, £ 7.83 - 10'* Au atoms/cm?) were evaporated onto
the flashed silicon wafer which was held at room temperature
(RT) as previously reported in [27]. For Au evaporation, a
pyrolytic BN crucible and a deposition rate of 0.10 ML min~!
was chosen, with the total pressure never exceeding 3 - 10~1°
mbar during the course of the process. Evaporation rates for
all experiments that we discuss in this paper were carefully
checked and adjusted by using a quartz crystal microbalance.
Additionally, low deposition rates were chosen to evaporate
the desired amount of gold as exactly as possible. After Au
deposition, the sample was post-annealed at 430 °C for 10s
and at 610 °C for 5s resulting in the Si(553)-1 x 2-Au sur-
face reconstruction which is shown in figure 1(a). Only for
the H, exposure experiment, a slightly different preparation
procedure (Au deposition at silicon wafer held at 600 °C)
was applied which resulted in a slightly lower plasmonic
resonance frequency (corresponding to longer plasmonic
channels) in comparison with the other four experiments.
Despite this slight difference in the plasmonic response, the
RHEED analysis verified the reproducible preparation of the
Si(553)-1 x 2-Au superstructure (figure 2) as a starting point
for the different exposures and their resulting modifications.
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3.2. Adsorbates and exposure

IR spectra of the Si(553)-1 x 2-Au surface were studied
for exposures to gaseous H, and O,, respectively, at partial
pressure in the 10~/ mbar range realized by backfilling the
chamber through a leak valve. The spectra of the H,-covered
surfaces were recorded during exposure. In the figures we
provide the H, exposures reached at the mid time of the IR
measurement. For the O, exposure, the leak valve during the
accumulation of IR spectra was closed which resulted in an
immediate pressure drop by two orders of magnitude. The
oxygen exposures given in the figures are those after each
exposure step and before the IR measurement. RHEED
analysis was performed directly after IR spectroscopy (see
RHEED images for selected coverage in figure 2). The
reversibility of the surface modification due to the H, expo-
sure was proven by annealing the sample at 930 °C for 2s and
subsequent IR spectroscopy at RT.

C;0 was thermally evaporated with a deposition rate of
0.0625 ML min~! at a crucible temperature of 320 °C, never
exceeding a pressure of 107! mbar up to a coverage of 2 ML
according to the procedure reported in [27] (experiment A).

Besides the well-known C7g, and the gases H, and O,
we selected the almost planar N-heteropolycyclic TAPP-Br
(2,9-Bis- (heptafluoropropyl)-4,7,11,14-tetrabromo-1,3,8,10-
tetraazaperopyrene-CosHyBrsF 4N4) molecule as an adsorbate
to investigate the degrees of surface modification. Starting
from 1,3,8,10-tetraazaperopyrenes, a multitude of compounds
have been synthesized in recent years. Especially the core hal-
ogenation of those compounds provides great opportunities to
systematically tune their molecular properties [43, 44] which
are promising for the application as organic n-channel semi-
conductors. It has been previously established that TAPP-Br
preferably lies flat on Au surfaces and is stable under ambient
conditions [44]. Figure 1(b) shows the comparison of the
molecular and the surface unit cell dimensions (according to
[18]) and illustrates that for a flat adsorption geometry, a full
monolayer corresponds to one molecule per surface unit cell.

TAPP-Br was thermally evaporated with a deposition rate
of 0.1875 ML min~! at a crucible temperature of 167 °C,
never exceeding a pressure of 1.5 - 107'9 mbar up to a cov-
erage of 5 ML. A two-step doping experiment was performed
by initial Au doping and subsequent deposition of TAPP-Br.
The evaporation of additional Au atoms was carried out under
similar conditions as in other studies ([25] up to 0.05 ML
additional Au atoms deposited at RT), the following TAPP-Br
deposition under the conditions as described above up to the
coverage of 5 ML.

At this point, it is important to notice the different defini-
tions of the monolayers for the various adsorbate species. For
Au deposition (as doping of the superstructure), the defini-
tion of the monolayer as given above (1 ML,, = 7.83 - 10
Au atoms/cm?) applies, whereas the monolayer of Cy, and
TAPP-Br is defined here as the amount when each 1 x 2-Au
unit cell is covered by one molecule as we illustrated in
figure 1(b).

3.3. Infrared spectroscopy and data analysis

The infrared (IR) spectroscopic measurements were performed
with a dry air purged Fourier transform IR (FTIR) spectro-
meter (Tensor 27, Bruker) using a broadband mercury cad-
mium telluride (MCT) detector. The FTIR spectrometer was
directly connected to the UHV chamber via KBr windows.
Only for the H; exposure experiment, a slightly different MCT
detector (narrow band) was used. All measurements were per-
formed with samples kept at RT. Reference spectra (flashed
silicon wafer, spectra taken before the Au deposition) and the
spectra after Au deposition, as well at the various exposure
steps (Ha, Oy, Au, Cy9, TAPP-Br, respectively) were scanned
200 times (within 865) at a resolution of 4cm ™! (except for
the H, exposure experiment for which the reference spectra
were accumulated for 173s). All measurements discussed in
this paper were carried out in transmittance geometry under
normal incidence of light. Due to the highly anisotropic char-
acter of the Si(553)-1 x 2-Au surface, the IR radiation was
polarized either parallel (0°) or perpendicular (90°) to the Au
chains. The relative transmittance spectra were obtained by
dividing the spectra from samples with Au chains (and after
the subsequent additional exposure, respectively) by the refer-
ence spectra for the Si surface before the gold deposition.

The relative transmittance spectra were analyzed within
the theoretical framework previously reported in [25-27, 36].
Consequently, equation (4) was used as the fit model to ana-
lyze the experimental data and to extract the influence of the
particular adsorbate on the plasmonic excitation of the gold-
induced superstructure. The fit parameter Aw describes the
resonance broadening due to the distribution of lengths and is
characteristic for a certain superstructure preparation. In case
of C79 we have shown recently that there is no change in the
chain length distribution during the adsorption of molecules
[27] and the Gaussian broadening thus remains unchanged.
However, this cannot be generally assumed and changes
of the resonance position wy indicate a changed average
length (indicating a changed length distribution). In principle
each data curve in one experimental set therefore has to be
described by its individual Gaussian broadening parameter.
However, if the electronic scattering w, is much greater than
Auw, the fitting procedure is no more sensitive to changes of
the non-dominant parameter. As a useful approximation for
our systems, we employed the same Aw for all fits to spectra
for the same initial superstructure preparation, including those
with an eventually changing chain length distribution.

4. Results

4.1. Oxygen and hydrogen adsorption

The IR plasmonic signal (broad transmittance minimum in
figure 3) of the Si(553)-Au surface indicates its strong 1D
metallic character [25] which is reduced by hydrogen and
by oxygen adsorption, respectively. The signal appears only
for the incident electric field polarized along the Au chain
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Figure 3. Relative transmittance spectra of the Si(55 3)-Au
superstructure at RT for various exposures of O, (a) and H; (b)

as given and polarization along the chain direction. Spectral

fits according to equation (4) are indicated as dotted lines. For

the polarization direction perpendicular to the chains (90°) no
plasmonic signal is observed. In (b) the spectrum recorded after
heating the H-covered sample at 930 °C is shown. It is almost equal
to that of the unexposed superstructure.

direction. It is different for the two experiments because of the
use and preparation of two different wafers. As apparent in
figures 3(a) and (b), the peak area was reduced with increasing
exposure. The disappearance of the plasmonic signal indi-
cated the emergent insulating character of the surface. For
hydrogen adsorption the process could be reversed by heating
to 930 °C in UHV. The position of the transmittance minimum
shifted to higher frequencies upon increasing exposure, which
together with the decreasing peak area implied a shortening of
the average length of the conducting channels. For hydrogen
adsorption, the developing insulating phase may be explained
by the electron transfer from the H adsorbates [23, 24]. The
adsorption process starts with H bonding to the step edges Si
atoms. The IR spectra reveal an ongoing process towards the
insulating state whereas a theoretical treatment reported in the
literature [23] predicted a return of the conducting phase at
higher H coverage. It is interesting to see the RHEED pat-
tern of the superstructure still existing at the highest expo-
sure (figure 2). The insulating behavior is therefore mainly
the result of doping, which is consistent with the return of the
metallic phase simply by removing the hydrogen. For oxygen
the insulating character was also found to increase with expo-
sure, in accordance with other experiments that previously
revealed only a small decrease in the dc surface conductivity
upon a 30 L oxygen exposure [22]. For our oxygen-exposure
experiments the final coverage did not correspond to the

1.00',,,_‘ T T T T L

0.99F

@

(8]

C

8

& 098} E

& ——O0ML (Cyo)

= 0.97F ——0.0625 ML (C;,) 4

o ——0.375 ML (Cy,)

2 096 F ——0.75ML (C;o) 1

< —— 1 ML (Cyo)

x 095F ——2ML (Cy)
1000 2000 3000 4000 5000 6000

Wavenumber (cm™)

Figure 4. Relative transmittance spectra of the Si(553)-Au
superstructure at RT for various Cy( coverage. As in figure 3, the
results for the two polarization directions are shown for the pristine
superstructure.

saturation of the process. Notably, at that final coverage the
very broad spectral feature towards higher wavenumbers indi-
cated a stronger IR absorption compared with the reference
spectrum, which might be due to interband transitions of the
oxidized surface. In the RHEED pattern, the superstructure
could still be recognized even for the final coverage, while the
reflections were much more blurred if compared with the data
obtained upon the final H, coverage.

4.2. Co adsorption

A fullerene was chosen first for molecular adsorption studies
because of the chemical stability that let us expect that the
molecules do not destroy the surface structure. Cy instead of
Cgo was used because of its higher IR activity of vibrational
modes [45]. The changes of the IR plasmonic spectrum with
Cy0 exposure appear marginal if compared with the changes
upon hydrogen and oxygen exposure. The most striking result
has been the complete persistence of the plasmonic feature
(figure 4). As already reported [27], the signal can be measured
with the same size up to Cy thicknesses of more than 20 nm.
Careful data analysis yielded a very small increase of the signal
intensity (due to electron uptake by C7g) and of the resonance
position within the first ML of Cyy ([27] and see below). It
therefore appears that with C; (and possibly also with Cg) the
conducting channels of the superstructure are stabilized and
almost unaffected. A detailed analysis of the RHEED pattern
for 1 ML Cy in figure 2 was precluded by a partially blurred
pattern that might be due to a disorder of the adsorbate layer.
In figure 4, vibrational excitations are not visible because their
signal size is at the noise level of these experiments. Results for
thicker Cyg layers [27] make obvious that plasmonic enhance-
ment (surface enhanced IR absorption, SEIRA) does not occur,
as expected for the ultrathin 1D metallic chains [33].

4.3. TAPP-Br adsorption

A completely different behavior has been observed for
TAPP-Br adsorption. The relevant electronic energy levels
(ionization energy, electron affinity) [43, 44] are about 1eV
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Figure 5. Relative transmittance spectra of the Si(55 3)-Au
superstructure at RT for various coverage with TAPP-Br (a)

and with TAPP-Br after the RT deposition of 0.05 ML Au on

that superstructure (b). Spectral fits according to equation (4)

are indicated as dotted lines. As in the spectra shown above,
polarization is along the chains (0°) or perpendicular to them (90°),
respectively.

higher than those of C;y [46] but still separated from the
Fermi level of the gold surface and probably of the super-
structure. It is thus not surprising that the plasmonic signal
was not destroyed by the adsorption of TAPP-Br, see
figure 5(a). However, we observed a shift of the resonance to
higher frequencies as well as a strong broadening. At about
1 ML TAPP-Br, these changes reached saturation, while the
remaining plasmonic resonances were heavily damped. The
spectra obtained upon baseline correction and the amplified
depiction of the vibrational bands of the molecule (figure 6)
were consistent with the presence of the molecules on the
surface. Moreover, a change of the vibrational bands with
coverage indicated a change in molecular orientation of the
attached (CF,),CFj; groups in the molecular layers away from
the surface, as previously noted for TAPP-Br on gold [44].
It should be noticed that the IR activity of the vibrations of
TAPP-Br is much higher than that of C;y and thus signals
could be observed in our experiments already at a very low
coverage. Vibrational spectra for polarization perpendicular to
the chains were taken with a much higher accumulation time
and thus appear less noisy in figure 6. There are no devia-
tions in IR spectra for the two polarization directions obvious,
which indicates the absence of plasmonic enhancement, as
seen for Cyo [27]. Also, conclusions on anisotropic adsorption
in the surface plane cannot be drawn. Closer inspection of the
RHEED pattern in figure 2 revealed that it is nearly impos-
sible to see the superstructure features, most probably because

Baseline Corrected

Relative Transmittance (stacked)

0.1%

—

1600

1200 1400
Wavenumber (cm™)

1000

Figure 6. Baseline corrected relative transmittance spectra of

the TAPP-Br covered Si(55 3)-Au superstructure at RT for three
different coverages as given. The vertical line marks the strong

IR band of the CFj stretching vibrations in the molecular plane.
Its appearance in the first monolayer indicates adsorption with

the molecular plane parallel to the surface. However, compared

to thicker layers, the band is at higher values for the first ML,
which might be related to a molecular deformation as studied in
[44] for adsorption on Au(1 1 1). The spectra for the polarization
perpendicular to the chains (90°) were acquired with 33 000 scans.

of disorder in the molecular layer. A conclusion with regard to
the presence of the plasmonic channels was thus only possible
by IR spectroscopy.

4.4. Gold and TAPP-Br adsorption

A surprisingly different behavior upon TAPP-Br adsorption
was found, if the superstructure was doped with 0.05 ML Au
atoms, which is shown in figure 5(b). It is well known that the
additional gold atoms donate electrons to the surface states
and lead to a lower 1D plasma frequency parameter [25] and a
higher Fermi energy [47]. With a higher Fermi energy, a better
overlap with the LUMO of the TAPP-Br supports electron
transfer to the TAPP-Br adsorbates. In this way the increase of
the peak area with the subsequent TAPP-Br coverage up to 1
ML can be accounted for. While this increase cannot be seen
readily in figure 5(b) because of line broadening, the spectral
analysis based on equation (4) provides clarity.

5. Discussion

In figure 7 the parameters obtained for the best spectral fits
with equation (4) are compared based on normalized data. The
normalization values used for the electronic scattering rate, the
plasmonic resonance frequency, and the Gaussian broadening
are given in table 1. For this analysis the precise control of
the stability of the IR background (of the 100%-line over the
relevant range) was crucial. Therefore, the experiments have
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Figure 7. Comparison of the fit parameters versus increasing exposure and coverage. To provide better comparison, the results are
displayed after a normalization to the value for zero adsorbate coverage. The values used for the normalization of the electronic scattering
rate and the plasmonic resonance frequency, as well as the results for the Gaussian broadening are given in table 1.

been performed with special care with regard to the stability
of the detector and the interferometer. In all fits the plasmonic
frequeny wp and the electronic scattering rate w, turned out to
be very robust parameters, i.e. their values barely depended on
any background instabilities.

On the other hand, for the parameter W = %Q(‘JDTI{ back-
ground instabilities produce larger errors. Different trends of
W with coverage below 0.1 ML are related to defect sites,
such as chain ends [27].

For oxygen adsorption, the data for increasing exposure
seem to indicate saturation, while the partial oxygen pressure
was always in the UHV range and further oxidation proceeded
slowly. We note that oxidation usually strongly depends on
pressure and proceeds much faster at partial pressures above
the UHV range.

For the parameter W representing the spectral weight of
the plasmonic excitation, similar tendencies are obvious for
H; and O, exposure on the one side and for TAPP-Br and Cy
coverage on the other. For the first two gases, the decay of
the spectral weight W reflects the transition to the insulating

phase. On the other side, the only small changes resulting
from the adsorption of the two organic molecules indicate that
charge transfer is extremely small, albeit somewhat greater for
TAPP-Br on the gold-doped surface where the intial W of the
pristine superstructure is reached at about 1 ML. This experi-
ment shows that it is possible to control the conductivity of the
plasmonic channels by an appropriate choice of the adsorbate
[24]. Within our experimental accuracy, a clear change of the
spectral weight is not seen for coverage above 1 ML TAPP-Br
or Cy, respectively. Both the molecules seem to protect the
gold superstructure and its metallic state. However, the elec-
trical conductivity also depends on electronic scattering.
Electronic scattering increases for all adsorbates. For Crg
it is quite small as to be expected for surface friction [27]
while it is much larger for the chains that develop towards the
insulating phase under H, and O, adsorption. However, it is
surprisingly large for TAPP-Br where charge transfer is not
significant, which might indicate a crucial role of the heavy Br
atoms in this molecule. Such heavy atoms lead to low-energy
vibrations of the molecule which are excited already at room
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Table 1. Values for the electronic scattering rate w, and the plasmonic resonance frequency wp which are used to normalize the data in
figure 7, as well as the results for the Gaussian broadening Aw. For the gas exposure experiments, the values for a coverage of OL are

given. The values for 0 ML coverage are given for all others.

H, 0, Cro TAPP-Br Au Au + TAPP-Br
wy (cm™h) 1087 + 59 1351 & 47 1349 + 53 1575+ 15 1532 +£12 1796 + 53
wpt (cm™) 560 + 62 1116 £ 51 1261 £ 51 1169 + 51 1283 £ 51 1395 +52
Aw (em™h) 357+ 37 259 £ 13 423+ 18 277 +5 202 +£8 131 £26

temperature and so might contribute to electronic damping.
The flat molecular orientation on the surface will also be sig-
nificant for electronic damping and, in addition, induce the
strong shift of the resonance position.

The persistance of the full spectral weight contradicts any
shortening of conducting channels and indicates two pos-
sible factors for the explanation of the resonance shift. One
is the refractice index embedding the channels which cannot
be smaller with molecules than without them, which is why
this effect can be ruled out. On the other hand, the confine-
ment parameter b could play a key role as its decrease would
lead to an increase in the plasmonic frequencies according
to v/In(//br). In particular, since the plasmonic resonance
frequency increases, the 1D confinement of the conducting
channel should be increased by the adsorption of TAPP-Br
molecules. Both, the resonance frequency shift and the
increase of electronic scattering saturate at about 1 ML
TAPP-Br, in accordance with the observation for the spectral
weight.

6. Conclusions

Our IR studies have provided new insights into adsorbate-
surface interactions as reflected in the plasmonic signals of
the quasi-1D conducting channels of the Si(553)-Au surface
superstructure. We have shown and discussed different cases
of adsorbate induced changes of the plasmonic resonance.
With hydrogen and oxygen adsorption the gradual transition
to the insulating surface is observed in the decrease of the peak
area. RHEED images and the inspection of the reversibility of
the plasmonic signal upon desorption have indicated whether
the structure was destroyed or the transition was mainly due to
doping into the conducting channels. With the fullerene Cy,
the plasmonic spectrum persisted in all features even under
conditions of multilayer coverage. For the N-heteropolycyclic
aromatic TAPP-Br molecules another type of behavior was
observed. These molecules in the first monolayer strengthen
the 1D character of the conducting channels while giving rise
to an increased electronic damping. Both effects indicate the
important role of the spill-out of the electronic wave function
at surfaces on the transport properties of interfaces. This has
previously been referred to as the push-back [48] or pillow
[49] (cushion [50]) effect, respectively, which describes the
changes in the work function of surfaces due to physisorbed
molecules in terms of the compression of the surface wave
function by the adsorbates. Our observation might serve as
another experimental manifestation of that effect. We have
also shown that weak Au-doping of the surface modifies the
adsorbate induced effects and gives rise to charge transfer, so

that the plasmonic signal of the 1D channels is raised again to
the value of the pristine surface.
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