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1. Introduction

Deposition of metal atoms on selected semi-
conducting surfaces leads to a variety of
ordered, atomic-scale chain structures.[1–11]

Au-induced reconstructions on vicinal
Si(111) surfaces have been studied inten-
sively for years, as small coverages of Au sta-
bilize the Si terraces by the formation of Au
rows, which are expected to feature exciting
physical properties such as quantization of
conductance, spin-charge separation, charge
and spin density waves, and Luttinger liquid
behavior.[12–16] The Si(553)-(5� 2)–Au sur-
face was first investigated by Crain et al.,[17]

and reported to show metallic states in the
electronic band structure by angle-resolved
photoemission spectrosopy. Since then,
numerous lines of research have emerged,
dedicated to the investigation of the atomic
structure,[18–21] lattice dynamics,[22] spin
patterns,[23–25] phase transitions,[26,27] as well
as electronic structure and its adsorption-
induced modifications.[28–32]

According to our current knowledge of the system, the high-
temperature phase of the Si(553)–Au surface is stable from room
temperature down to about 120 K. It consists of a double Au
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The conductivity of substrate-supportedmetallic nanowires can be adjusted, e.g., by
strain or adsorbates. In this article, the effect of atomic hydrogen and toluene-3,4-
dithiol (TDT) adsorption on the quasi-1D structures of the Si(553)-(5� 2)–Au
reconstruction is investigated. Reflectance anisotropy spectroscopy (RAS) and
infrared ellipsometry reveal optical signatures of the surface. Spectral modifications
related to the adsorbate exposure suggest the activation of adsorption-induced
interband transitions. Density functional theory (DFT) calculations reproduce the
spectral modifications and explain their origin. Preferential adsorption on sites
located at the step edges of the structure occurs independent of the type of
adsorbate and induces a charge transfer between electronic states related to the
step edges and the Au dimer rows. This charge redistributionmodifies the electronic
structure close to the Fermi level, enhances the dimerization of the Au chains, and
strongly influences the low-energy region of the RAS spectra. While previous studies
employed atomic H as a chief adsorbate, it is shown here that even molecular
H deeply modifies the Si(553)–Au optical response. Structural modification of
Au–Si(553) by H and TDT adsorbates as suggested from recent ab initio calculations
are verified.
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chain with dimerized Au atoms running parallel to the step edges
in the middle of the terrace, and a honeycomb chain (HC) struc-
ture at the step edges (see Figure 1a).[18] The dimerized Au
chains explain the �2 periodicity observed, e.g., in electron dif-
fraction experiments.[24,33] At lower temperatures, an additional
�3 periodicity is observed by electron diffraction as well as by
scanning tunneling microscopy (STM).[34] It was first explained
by distortions attributed to Peierls instabilities. However, density
functional theory (DFT) calculations[23] subsequently suggested
that the �3 periodicity may arise from spin ordering, due to spin
polarization at every third Si step-edge atom. Recently, it was
shown that the low-temperature ground state of the ideal
Si(553)–Au surface is actually diamagnetic: instead of a spin-
polarized step edge, all dangling bonds of the step-edge atoms
either host spin-paired electrons or are empty.[19] Structural
phase transitions between the diamagnetic,[19] spin-polarized[24]

and the double-chain model[18] have been predicted for
increasing temperatures by ab initio molecular dynamics.[26]

Changes in the geometry, electronic structure, and optical
properties of the Si(553)–Au surface as a function of adsorbate
deposition have been predicted with the help of DFT calculations
and observed experimentally.[28,33,35–37] Atomic or molecular
adsorption is known to induce a surface charge redistribution
between the step edge and Au-chain, which finds experimental
support, e.g., by reflectance anisotropy spectroscopy (RAS)
measurements during hydrogenation.[28,33,38]

In this work, we explore the impact of two different types of
adsorbates that have been the subject of a previous ab initio
calculation study: molecular H and toluene-3,4-dithiol (TDT),
an aromatic divalent thiol with two -SH ligands. Atomic hydro-
gen is often used for surface modification, since it may easily
terminate dangling bonds at the surface. Here, we use molecular
hydrogen instead and show that it effectively works in a similar
way, being catalytically decomposed to some extent at the surface.
Therefore, no molecular pre-dissociation is needed, as already
shown in our previous work.[28] Since some amount of H2 is
present in any ultrahigh vacuum (UHV) environment as the
main component of the residual gas, the interaction with H

may thus change this surface unintentionally. The organic mole-
cule TDT is chosen in an attempt to induce a site-specific surface
modification by selective adsorption to distinct surface sites than
those known from hydrogen, which adsorbs preferentially to step
edge sites.[28] TDT is chosen due to the presence of the thiol
ligand which is well-known to bind to metal surfaces such as
gold, opening up the possibility of selective metal–organic
binding on the atomic Au chains via the S─Au bonds. TDT
has two such -SH groups so that the molecule–surface
interaction and site-specificity are enhanced––with respect to
intermolecular interactions––by removing the extra rotational
degree of freedom.

To this end, we measure RAS and IR optical spectra as a
function of the adsorbate deposition time and perform
corresponding ab initio calculations of the optical response.
Figure 1b,c shows calculated structures with atomic H and
TDT adsorbed at the step edges and at the honeycomb chains,
respectively, from ab initio DFT calculations.[38] According to
these calculations, TDT should initially adsorb preferentially
at the step edge, very similar as suggested for H. At higher
coverages, after saturation of the step edge sites, it is predicted
to adsorb on the HC.[38] Moreover, in ref.[38] the surface
electronic band structures were calculated for H and TDT
adsorbate structures-in addition to the clean surface––i.e., with
fully H-passivated step edge, with TDT and H passivated
step edge and with H passivated step edge plus additional
TDT on terrace sites. The electronic band structures show
characteristic changes related to adsorbate modification, depen-
dent in particular on the adsorption site. The band structures of
the H or H/TDT passivated step edge structures were almost
identical.

On the basis of the suggested structures from ref.[38] RAS and
IR should give experimental evidence for the predicted structures
and in particular the corresponding electronic surface band
structures from ab initio calculations.

Versatile optical techniques such as RAS and infrared spectro-
scopic ellipsometry (IRSE), which are surface and polarization
sensitive, offer precise microscopic information on the structural
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Figure 1. Structural models of the high-temperature phase of: a) the clean Si(553)-(5� 2)–Au surface, and b) after adsorption of H and H, and
c) toluene-3,4-dithiol (TDT), see ref. [38].
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and electronic properties of nanometer-scale structures. IRSE is
very sensitive to changes in the structural and electronic proper-
ties of quasi-1D systems,[39] as it monitors the band structure
near the Fermi level. RAS has already proven to be a very useful
technique for studying Si–Au surfaces, as it allows to establish a
direct relationship between specific spectral features and struc-
tural elements of the surface, due to its sensitivity to local geom-
etry.[40,41] A combination of DFT simulations and RAS[28,38] has
been employed to show that the electronic properties of the
Si(553)–Au system can be controlled by means of adsorbates
such as H, which we also investigate in the present work. Yet,
the optical response of the Si(553)–Au system in the low energy
region below 1.5 eV is far from being understood. The main
focus of this article is, therefore, set on the near-infrared energy
region.

We demonstrate that optical measurements are sufficiently
sensitive to monitor the changes in surface properties as induced
by molecular H2,

[28,42] which we use instead of atomic H, in con-
trast to previous experiments.[33,35,37] Corresponding DFT-based
calculations model the experiment. We should note that due to
computational limitations the DFT-based calculations of the opti-
cal response are limited to the optical anisotropy. The IR ellips-
ometry measurements give additional information on the optical
response in the MIR spectral range (below the Si bandgap),
where surface optical transitions should also arise. Spectral fea-
tures are observed as a function of H or TDT coverage, and are
attributed to electronic transitions that are produced by H and
TDT adsorption, due to changes in the surface band structure.
The adsorption-induced signatures are related to a rearrange-
ment of the electronic structure close to the Fermi energy.
These are the result of charge transfer within the surface states,
induced by the local chemical interaction of the adsorbates with
certain states, and involve Si step edge states as well as Au-related
states. Modifications of the latter lead to a strong enhancement of
the Au chain dimerization, which supports previous studies
showing strong cross-coupling between the electronic and struc-
tural properties.[33] TDT is found to adsorb preferentially on the
step edges, and subsequently, after passivation of the step edge

dangling bonds, on the Si honeycomb structure, similar to
observed for H. This proves the result of the ab initio calculation
that TDT does not interact strongly with the Au chain sites, in
spite of its S–H functional groups which are known to react
strongly with Au surfaces.

2. Results and Discussion

2.1. Hydrogen Adsorption

2.1.1. RAS Investigation of the Clean and Adsorbed Si(553)–Au
Surface

Figure 2 shows the H-induced modifications of the optical prop-
erties of the Si(553)–Au surface. Strong adsorption-inducedmod-
ifications of the optical response are evident in the IR and up to
the UV spectral range. Both IR and RAS spectra clearly show
spectral features that are related to surface electronic transitions,
as discussed in the following, starting with the RAS part. The
RAS measurement of the clean Si(553) surface is shown in
Figure 2b (black dotted curve). The spectrum is mostly flat, with
well-known features occurring at E1 and E2 gaps of Si from
step-edge-modified bulk-like optical transitions. After Au deposi-
tion, a well-ordered Si(553)–Au surface is formed, as confirmed
by room-temperature low energy electron diffraction (LEED)
images with �2 streaks[28] (not shown here). The corresponding
Si(553)–Au RAS spectrum (gold curve) is characterized by a
strong minimum at about 2.0 eV, and a shoulder at about
2.7 eV.[28] A slight dip between 1.2 and 1.3 eV can also be seen.
In addition, a broad positive structure at about 1 eV is visible.
According to previous calculations of different vicinal
Si(hhk)–Au surfaces, the RAS feature at 2 eV arises from transi-
tions between states localized at the Si step edge and the Au
chain, while the transition at 2.7 eV is localized in the back part
of the honeycomb structure.[43] The structure at 1.0 eV has been
previously associated with the Au chain dimerization, instead.[40]

The measured features are unambiguously related to
surface states, as this energy region is far below the direct

Figure 2. a) Infrared ellipsometry of the clean and hydrogenated Si(553)–Au surfaces before and after thermal treatment. Measurements are performed
with the plane of incidence perpendicular to the Au chains. b) Reflectance anisotropy spectra of the same surface. Spectral signatures of the IR and RAS
spectra are related to electronic transitions of the surface. The critical points in Si are marked as E0 (indirect gap), and E1, E2 (direct gaps).
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optical gap of Si (E1 gap at 3.4 eV). RAS measurements
performed at low temperature (70 K, not shown in this work)
are very similar, except for a slight sharpening of the 2 eV mini-
mum, suggesting that the signal could originate from strongly
localized states.

RAS measured on the hydrogenated Si(553)–Au surface (i.e.,
after exposure to H2, up to 1000 L) is shown in Figure 2b, (blue
curve). While the optical anisotropy at 2.0 eV (step edge related)
exhibits a decrease in intensity, the optical anisotropy at 2.7 eV
(honeycomb related) is not as strongly affected. This is compati-
ble with H adsorption at the step edge, as represented in
Figure 1b and in agreement with previous findings.[28,35] A
two-stage adsorption process has been monitored with RAS,[28]

with the dangling bonds at the step edges being the most stable
adsorption site, followed by adsorption at the terraces. Atomistic
models have furthermore shown that the effect of H adsorption
on the honeycomb chains is negligible, while the dimerization of
the Au chain is enhanced by electronic charge transfer.[28,33,35]

The small dip between 1.2 and 1.3 eV becomes more visible,
while the structure at 1 eV increases in intensity. In the LEED
images of the hydrogenated surface (not shown here) the �2
streaks are clearly visible.

Annealing the surface at 700 K (green curve) strongly reduces
the optical anisotropy between 1.2 and 3 eV. A small peak at
1.35 eV develops, and the dip becomes more defined.
Annealing at a higher temperature (1100 K, red curve) recovers
the anisotropy of the clean surface almost completely. This sug-
gests that a temperature of 700 K is not sufficient to drive off H
adsorbates (a temperature of about 900 K is usually needed to
fully desorb H according to the literature). The surface after
annealing at 700 K has thus to be interpreted as a disordered
surface with partially recovered and partially still H passivated
surface regions. Due to the dissociation of H2 at the Si surface,

partial coverage of H at the step edges is expected even after
annealing.

The broad structure at 1 eV is not affected by annealing at 700
or 1100 K. The appearance of the peak at 1.35 eV could indirectly
indicate an enhanced amplitude of Au dimerization, following
recent findings that adsorption of hydrogen at the Si step edges
enhances the dimerization parameter of the Au chains.[33]

In a two-photon photoemission (2PPE) investigation of the
Si(553)–Au surface,[44] transitions between initial states
(0.93 and 0.79 eV) below the valence band maximum and
intermediate states (0.62 and 0.76 eV) localized in the bandgap
have been observed. These related optical transitions at about
1.5 eV contribute to the appearance of the RAS feature at 1.35 eV.

2.1.2. Comparison with Theoretical Results

As all RAS and IR measurements of the Si(553)–Au surface have
been performed at room temperature, our calculations are based
on the diamagnetic model by Krawiec.[18] Calculated RAS spectra
of the clean and hydrogenated Si(553)–Au surface (as shown in
Figure 1) are shown in Figure 3a,b, respectively. The RAS signal
calculated for the clean surface (black curve) closely matches the
experimental curve. The measured negative peak at 2.0 eV, as
well as the signatures E1 at about 3.5 eV and E2 at about
4.5 eV are well reproduced in the calculations, although the
whole spectrum is slightly red-shifted by about 0.5 eV due to
the DFT- generalized gradient approximation (GGA) underesti-
mation of the fundamental electronic bandgap. The only differ-
ence between measured and calculated spectra is the low energy
peak measured at about 1 eV, which only appears in the simula-
tion of the hydrogenated surface (Figure 3b light blue curve).
This suggests the presence of H even in nominally clean sam-
ples. Indeed, even in experiments conducted in UHV, H (or

0

25

0

25

-0.6 -0.4 -0.2 0 0.2 0.4 0.6 0.8 1
E-E

F

0

25

R
A

S
 (

ΔR
/R

)

Neutral
+1 Elect.
+2 Elect.

Clean
+1 Hydr.
+2 Hydr.

1 2 3 4
Energy [eV]

d = 0.006
d = 0.045
d = 0.085
d = 0.124
d = 0.163

(c)

1 2 3 4
Energy [eV]

Clean
TDT adsorbed

(d)

0

25

D
O

S
 [s

ta
te

s/
eV

]

0.01

(b)(a)

(c) (d)

(e)

(f)

(g)

(h)

Clean

TDT adsorbed

+2 Hydr.

+1 Hydr.

Figure 3. RAS spectra of the Si(553)–Au surface calculated within DFT- Perdew–Burke–Ernzerhof (PBEsol) as a function of: a) electron doping,
b) H adsorption, c) Au chain dimerization, and d) TDT adsorption. The horizontal line marks the scale origin. Calculations are based on the structural
model proposed by Krawiec,[18] which represents the room temperature phase. e) Corresponding site projected DOS calculated for a (5� 2) unit cell
within DFT–PBEsol for the clean Si(553)–Au surface, f ) half, and g) fully H-saturated step edge, and h) after TDT adsorption. The total DOS is in gray; the
contributions of the Au chain and of the Si step edge are represented in yellow and red, respectively.
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residual gas) is always present, as it is very difficult to pump it
away, so the “clean” Si(553)–Au surface probably has some
amount of H adsorbed on it. We would like to emphasize that
this holds for molecular H2, which we used for dosing in our
experiments, and which is always present in residual gas. By
using atomic hydrogen the adsorption is much more rapid,
but the according changes in the surface optical spectra are
the same. Thus, we conclude that molecular hydrogen is
decomposed on the surface to some extent but leads to the same
adsorption structures after sufficient exposure time.

In our calculations, the H adsorption has only a minor effect
on the surface structure, the main effect being the dimerization
enhancement. It increases from d¼ 0.006 of the clean surface to
d¼ 0.111 and d¼ 0.196 with one or two H atoms per (5� 2) unit
cell, respectively (see Equation (3) for the definition of d). Similar
to the behavior observed in the measurements, the H adsorption
diminishes the overall optical anisotropy, proportionally to the
amount of adsorbed H. The intensity of the spectral feature at
1 eV increases with the H coverage, instead. The interpretation
of this peak is not straightforward. In previous studies, it was
associated with the dimerization of the Au chain.[28,40] Yet it
might be due to adsorption-induced structural modifications
of the step edge or of the Au chain (via charge transfer), or
to a change of the electronic structure due to the
adsorbate-to-substrate charge transfer.

To investigate this question, we calculated the RAS signal for a
clean surface with additional electrons (see Figure 3a) at the cor-
responding equilibrium structure (i.e., performing a structural
optimization after electron doping). As expected, electron injec-
tion enhances the dimerization of the Au chain from d¼ 0.006 of
the clean surface to d¼ 0.123 and d¼ 0.163 with one or two elec-
trons per (5� 2) unit cell, respectively. Electron doping does not
substantially modify the RAS spectrum above 1.5 eV, however, it
leads to the formation of the low-energy RAS signature at about
1.0 eV. This excludes that the peak originates from the formation
of Si–H bonds at the Si step edge, but does not reveal whether the
peak is due to the enhanced dimerization of the Au chain or to a
modification of the band occupation.

To understand the role of the chain dimerization in the RAS
spectra, we artificially fix the chain dimerization at different val-
ues between d¼ 0.006 of the clean surface and d¼ 0.163, which
is the dimerization resulting from doping with two electrons per
(5� 2) unit cell. The corresponding RAS calculations are shown
in Figure 3c. Merely increasing the dimerization of the Au chain
does not lead to the formation of the low-energy RAS peak.
However, it enhances the dip measured at 1.25 eV and shoulder
measured at 1.35 eV, respectively. Thus, the 1 eV peak is clearly
related to the charge transfer between the step edge and Au chain
structures, while the dip/peak structure around 1.25/1.35 eV is
related to the dimerization parameter within the Au chains.

Figure 3d shows the calculated RAS for TDT adsorption at the
terraces with step edge sites terminated by H. For TDT adsorp-
tion at the step edges, the RAS spectra should refer to the one
with H adsorbed, since the calculated surface band structures
were found to be essentially the same.[38] The curve is substan-
tially flattened, as the flat TDT molecules affect the substrate
anisotropy. The low-energy peak is not present, although the
calculated Au dimerization is 0.134, which is similar to the
one calculated for 2 additional electrons on the (5� 2 cell) or,

almost equivalently, for a fully H adsorbed step edge. This
confirms that the low-energy peak does not originate from the
Au chain dimerization.

The analysis of the site's projected density of states (DOS)
yields further insight into the mechanisms occurring upon
adsorption. Figure 3e shows the DOS of the clean Si(553)–Au
surface (in gray) as well as the contribution of the Au chain
(in yellow) and of the step edge (in red). The step edge states
are localized at the Fermi energy as well as in the valence band.
The Au-related states are distributed over the whole energy range
(partially covered by the step edge states), instead. The main
effect of the H adsorption is to shift the step edge states well
below the Fermi energy by electronic passivation after charge
redistribution within the surface layer. At the same time, the
bandgap between Au states in the conduction band is widened
(Figure 3f ). For a fully passivated step edge (Figure 3g), the step
edge states are completely shifted into the valence band, and the
system undergoes a metal-to-insulator transition, in agreement
with ref. [38]. The TDT adsorption on an H passivated surface
has a similar effect, although the surface remains metallic
(Figure 3h). The similarity of the DOS in Figure 3f,h is mirrored
by the corresponding RAS spectra (blue dashed curve and solid
red curve in Figure 3b,d, respectively).

2.1.3. IR Investigation of the Clean and Hydrogenated Si(553)–Au
Surface

The IR measurements in Figure 2a are made with the plane of
incidence perpendicular to the Au chains, and taken simulta-
neously with the RAS measurements. The spectral range is
cut off at 1 eV due to absorption from the beam splitter. The spec-
trum of the “clean” Si(553)–Au surface, before hydrogenation,
shows a broad feature at about 0.64 eV (5200 cm�1).
Accordingly, investigations of the Si(553)–Au surface with 2PPE[44]

showed the presence of two unoccupied surface states in the
bandgap at 0.62 and 0.76 eV. The band structure calculations[38]

show that these surface states are related to both the step edges
and the Au-chains, which are also seen in the site-projected DOS
shown in Figure 3e. Overall, IR ellipsometry clearly reveals inter-
band transitions below the fundamental bandgap of Si, indicating
the participation of surface bands within the Si bulk gap.

Strong changes in the IR ellipsometric measurements are
observed after H adsorption, with the appearance of several
broad peaks due to the modification of the surface band structure
by the adsorbates. More in detail, IR spectra of the hydrogenated
surface (offset for clarity, blue curve) show that the broad feature
increases in intensity, sharpens, and shifts slightly to 0.62 eV.
A new peak at 0.77 eV (6200 cm�1), a weak broad structure at
about 0.41 eV (3300 cm�1) as well as a feature at about
0.25 eV (2000 cm�1) appear. The peaks at 0.62 and 0.77 eV could
originate from the same unoccupied states as observed in the
2PPE study,[44] and should be associated with surface interband
transitions. The spectral feature in the region of 0.25 eV
(2000 cm�1) partly arises from Si–H or a combination of
Si–hydride stretching vibrations, but the interpretation is
hampered by the presence of CO2 absorption between
2300 and 2385 cm�1 due to nonideal dry air purging of the
spectrometer.
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Band structure calculations of the H passivated Si(553)–Au
surface[28,35,38] showed the creation of new states located at
the Si honeycombs, with excess charge redistributed to the Au
chains. This is accompanied with a number of surface bands aris-
ing in the Si bandgap close to the conduction band minimum.
The appearance of the structures at about 0.41, 0.62, and 0.77 eV
in the IR spectra could arise from interband transitions between
these states. The changes in surface electronic structure imposed
by the hydrogenation of the step edge states are clearly visible in
the calculated DOS, shown in Figure 3f,g, which are in full agree-
ment with the calculated band structures of ref.[38] While the
step-edge related states are strongly shifted to lower binding
energy upon H passivation, the according charge transfer also
affects the Au-related surface states significantly. The modifica-
tion of the Au-related surface states may, most likely, explain the
changes in the IR spectra between 0.4 and 0.8 eV. The calculated
RAS of the hydrogenated and electron-doped surface (see
Figure 3a,b) also supports this interpretation, due to the appear-
ance of features in the NIR region between 0.5 and 1 eV, which
refer to changes in the surface band occupation.

In a recent study, hydrogen adsorption resulted in the opening
of band gaps between Au bands due to an indirect charge transfer
to the Au-related bands.[33,35] The magnitude of the bandgap was
shown to be linearly related to the dimerization amplitude. From
the combination of experimental results and DFT, it was found
that this enhanced dimerization is strongly coupled to elemen-
tary charge donation to surface bands and the subsequent
bandgap opening at an unoccupied state or relocation of the
Fermi level. Thus the appearance of the peaks in the IR spectra
upon hydrogenation is probably related to the enhancement of
the dimerization of Au chains and electronic occupation of
the related surface bands.

Annealing at 700 K (green curve) does not affect the peaks at
0.62 and 0.77 eV, but the weak broad feature at 0.41 eV is not
visible anymore. Annealing at 1100 K (red curve) reduces the
peak intensity at 0.77 eV with a corresponding increase in the
intensity of the peak at 0.62 eV. The peak at 0.77 eV is most likely
indicative of adsorbates on the surface. After annealing, the step
edges are not fully clean, since residual gas reabsorbs on them.
Therefore, the amplitude diminishes, but is not zero. Thus,
annealing at 1100 K (which should desorb H) does not affect
these two peaks drastically, except for a readjustment of the ratio
of their amplitudes, indicative of possible electronic changes
within the surface structure during annealing. From RAS meas-
urements of hydrogenated Si(553)–Au surfaces, it is known that
annealing the surface above 1000 K can recover the RAS sig-
nal,[28] and even improves the structural order. The sample is
not moved during hydrogenation and annealing at different tem-
peratures, with the optical measurements conducted in-situ and
in real time during these processes.

2.2. TDT Adsorption

In another adsorption experiment, TDT is deposited on the
Si(553)–Au surface. The effect of TDT on the local charge distri-
bution is studied to probe whether TDT adsorption leads to more
drastic changes on specific structural elements such as the step
edges, honeycomb chains and the Au chains. Ab initio

calculations of the minimum energy structures in ref.[38] have
suggested that TDT should preferentially adsorb to the step
edges, and after saturation, to Si honeycomb sites, while Au
chain sites are unfavourable. Similar to the H adsorption, the
IR and RAS spectra clearly show spectral features which are
related to surface electronic transitions, and will be discussed,
starting with the RAS part. Figure 4b shows RAS spectra of
the Si(553)–Au surface before and after TDT deposition. The
RAS spectra measured before TDT deposition as a function of
the time after sample preparation, are called Si(553)–Au@T1,
Au@T2, Au@T3. They show some quenching of surface states
at the step edges (2 eV), very similar to that observed for H2

adsorption, see Section 2.1.1. This is probably due to residual
gases in the UHV chamber, (TDT fragments from previous
TDT gas inlets), which passivate local dangling bonds at the step
edges with increasing exposure time T1 to T3. The surface is
then exposed to �50 L of TDT through a leak valve. The RAS
curve appears flattened between 1.5 and 3 eV (green curve), in
very good agreement with the calculations presented in
Figure 3b. The optical anisotropy at 2 eV, related to the step edges
and the shoulder feature at 2.7 eV (honeycomb related), are
heavily attenuated, suggesting that surface states related to these
structural features are significantly affected. The feature at 1 eV is
almost completely quenched. Comparing the RAS of the hydro-
genated surface in Figure 2 to RAS of the TDT adsorption, it is
clear that TDT interacts chemically with electronic states related
to different surface sites. As compared to H adsorption, a much
broader minimum as well as a strong decrease in intensity at
about 1 eV is observed. A dip at 1.2 eV and a small peak at
1.4 eV appear after exposure to TDT, almost at the same energies
as for the H adsorbed surface, which shows that the 1 eV peak is
related to the charge transfer between the step edge and Au chain
structures, while the dip/peak structure is related to the dimer-
ization parameter within the Au chains. RAS transients taken at
2 eV (sensitive to the dangling bond states at the step edges) as a
function of H2 and TDT exposure are shown in Figure 4c. It can
be seen that the RAS amplitude during H2 exposure (blue) is
decreasing at a similar rate to the RAS (dark green) before the
leak valve is opened for TDT dosing. The transient before H2

exposure changes at a much slower rate, and is almost flat.
The optical transitions involving the step edges are being
quenched at the same rate for H adsorption as the surface, where
residual TDT is in the chamber. After the leak valve is opened for
TDT dosing, the amplitude attenuates rapidly, saturating at about
10 L. Higher exposures of TDT led to no further changes in the
spectrum. This absence of a change indicates that �10 L expo-
sure of TDT results in a fully saturated layer. For H2 dosing,
the amplitude decreases at a much slower rate, saturating
between 300 and 400 L (the x-axis is cut off at 50 L to highlight
the steep slope of the TDT exposure). LEED of the surface after
TDT adsorption shows that the�2 streaks are not visible, and the
�5 spots are very faint, indicating a disordered surface. The
broad minimum and drastic reduction of anisotropy after
TDT adsorption show that the interaction of TDT with different
surface sites such as step edge sites and terrace sites is much
stronger than in the case of H2. The flattening of the RAS curve
after TDT exposure, as well as the absence of the structure at
1 eV, is in very good agreement with the calculations in
Figure 3d. The low energy peak is not present, although the
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calculated Au dimerization is 0.134, which is similar to the one
calculated for two additional electrons on the (5� 2) cell or,
almost equivalently, for a fully H-adsorbed step edge. This con-
firms that the low energy peak does not originate from the Au
chain dimerization. The surface anisotropy is strongly affected
by TDT adsorption. At higher coverages, in particular, TDT mol-
ecules cover a large part of the surface being adsorbed partly at
the step edges (together with some amount of H), and partly at
terrace sites.[45]

Infrared spectra, see Figure 4a, show the evolution of inter-
band transitions in the lower energy range (sub-bandgap), as a
function of time (Au@T1 to Au@T3) before TDT is deliberately
dosed on the surface. The sample is not moved during the
sequence of measurements. The amount of time in seconds,
in each graph (600 s, 780 s, etc.) denotes the time from the
Si(553)–Au growth. Broad peaks can be seen developing at
0.46, 0.64, 0.8, and 0.9 eV, recorded simultaneously with the
RAS spectra. As mentioned earlier, there is residual TDT, hydro-
gen, and possibly hydrocarbons (from TDT fragments) present in
the chamber, which is already sufficient to affect the reactive step
edge sites on the surface. As mentioned in Section 2.1.3, the
spectral feature in the region of 0.25 eV (2000 cm�1) could partly
arise from a combination of Si-hydride stretching vibrations, but

the interpretation is hampered by the presence of CO2 absorption
between 2300 and 2385 cm�1. As discussed in the previous sec-
tion, the adsorption of H or TDT fragments does not lead to a
disruption of the surface structure but induces a charge transfer
between the step edge and Au-chain surface states, accompanied
by a gradual change in the Au chain dimerization. The according
sequence of IR spectra shows the appearance of a number of
peaks, similar to the H-terminated step edge, with increasing
amplitudes and slightly increasing peak energies with exposure
time. We associate this to the modification of surface states
induced by step edge termination and the charge transfer related
to it. The gradual shift in transition energies with exposure time
fits well with the theoretical prediction that adsorption at the step
edges should result in an opening of band gaps between Au
bands due to charge transfer to the Au-related bands[33,35] (see
discussion in paragraph 2.1). It shows, overall, that the step edge
sites of the clean Si(553)–Au surface are very reactive to various
residual gas adsorbates (hydrogen, hydrocarbons, TDT frag-
ments). Since no disruption of the overall structure occurs,
the change in surface electronic properties is governed by charge
transfer in all these cases. The gradual increase in amplitudes of
the peaks as time progresses suggests a corresponding increase
of the amount of residual TDT adsorbed on the surface until it

Figure 4. a) IR spectra, b) RAS spectra, and c) RAS transients of the Si(553)–Au surface dosed with TDT. The transient shows the RAS amplitude at 2 eV
both for H2 and TDT exposure. Low-energy electron diffraction (LEED) images of the clean Si(553)–Au surface and after 50 L of TDT are also shown. The
sharpness of the�5 diffraction spots and the high signal-to-background ratio indicate good sample quality and long-range order of the clean surface. The
half-order horizontal streaks indicate the dimerization of the Au chains. After TDT exposure, the half-order streaks are not visible, showing that TDT has
disturbed the long-range order of the Au chains and the intensity of the �5 spots has reduced.
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saturates at about 6000 s. The spectrum of the hydrogenated
Si(553)–Au surface from Figure 2a is plotted (dark blue line)
along with the spectrum taken at 1260 s in Figure 4a. The broad
peak at 0.62 eV for the hydrogenated surface is almost at the
same energy but the structures at 0.41 and 0.77 eV are shifted
to 0.46 and 0.8 eV and develop in intensity with the appearance
of an additional peak at 0.9 eV. 2PPE measurements of the
Si(553)–Au surface[44] showed the presence of two occupied
states at 0.79 and 0.93 eV. Almost identical band structures were
calculated for hydrogen adsorption and TDT adsorption at step
edges (ref. [33]), though the theoretical predictions are for ideal
surfaces, whereas experimentally, residual TDT fragments can
adsorb not only at step edges but on various defect sites on
the surface which could contribute to slight changes in the elec-
tronic structure.

Distinct changes in the spectra occur with additional TDT on
the surface. After 50 L of TDT dosage, a broad feature appears at
about 2590 cm�1 (dark green curve in Figure 4a). Several other
broad peaks also appear, which are shifted toward higher energies
compared to the spectra before TDT dosing. The results were
compared to a standard IR transmittance spectrum of gas-phase
TDT (fromNIST Chemistry WebBook). Pure TDT shows a strong
S–H vibrational mode at �2560 cm�1. The absence of this mode
would imply the formation of a new chemical bond involving both
sulfur atoms in the TDT molecule, which are no longer termi-
nated by hydrogen. The broad IR feature at 2590 cm�1 could then
be a weak S–H vibrational feature, which implies that the S─H
bond is not fully cleaved upon adsorption, with the presence of
some TDT fragments. Overall, TDT adsorbs in a less well-ordered
fashion compared to hydrogen. Nevertheless, for low exposures,
step edge sites are initially involved (according to the very similar
RAS spectra in both cases), while at higher TDT exposures terrace
sites are affected. Small vibrational features are also seen around
3080 cm�1 which could arise from CH3 fragments of the
molecules.

In a Raman and DFT study of the adsorption of TDT on Ag
islands,[46] a broad band was calculated at about 2550 cm�1. This
feature was related to several components of the S–H band of the
thiol group with a broadening and shift toward lower energies
due to the increased amount of dimerized molecules in the
TDT molecule from possible exposure to ambient light. The fea-
ture measured at 2590 cm�1 could thus originate from S–H
stretching vibrations, which are broadened due to adsorption
of partially disordered layers of TDT on the surface as well as
the formation of dimerized or polymerized TDT. In a
surface-enhanced Raman spectroscopy (SERS) study of
1,4-benzenedithiol (1,4-BDT) adsorbed on Au surfaces,[47] the
spectral pattern was dependent on the concentration of
1,4-BDT. At low coverages of BDT, the S–H stretching bands
were barely detected in the SERS spectrum. On increasing the
concentration of 1,4-BDT, bands appeared around 2555 cm�1.
It was suggested that the orientation of 1,4-BDT on Au is
dependent on the surface coverage. When the surface cover-
age is very low, BDT assumes a rather flat orientation while at
higher coverages the adsorbate takes on a perpendicular
orientation. The observation of the broad band at
2590 cm�1 in the IR spectra of TDT could be due to the
orientation of the TDT molecules which align perpendicular
to the surface.

Referring to the calculations for TDT adsorption on an H pas-
sivated surface (Figure 1c), the terrace sites are the next most
stable adsorption site after the step edges are blocked, so the mol-
ecule disrupts the honeycomb chains, breaking the double Si
bonds, with half of the empty honeycomb states disappearing.
According to the calculated DOS in Figure 3h, the IR spectral
features could arise from the related Au bands, similar to the
discussion for H adsorption. TDT adsorption on the honeycomb
sites disturbs the charge balance of the step edge-passivated
(nonmetallic) surface structure. The resulting shifts in the
Fermi level and in the Au-related bands should give rise to
changes in the IR spectra. While there may also be contributions
from the honeycomb states, the changes in the Au chain state
energy and occupation already explain the observed IR signal
very well. The large quantity of TDT has probably perturbed
the entire surface, including the honeycomb structure, causing
the electronic structure to be significantly changed. The RAS sig-
nature of the Si(553)–Au surface exposed to TDT is still essen-
tially visible, though it now resembles a structure that is capped
by a molecular layer, and shows that the Au nanowire structure is
still intact.

3. Conclusion

The optical response of the Si(553)–Au surface is monitored as a
function of H and TDT coverage with RAS and infrared ellips-
ometry. For the Si(553)–Au system, the electronic and structural
properties are strongly intertwined in a specific way. This corre-
lation is observed in the spectral features that develop upon the
transfer of charge to Si and Si–Au surface states, associated with
adsorbate attachment. The optical spectra are attributed mostly to
surface-related electronic interband transitions that are modified
by H or TDT adsorption. Strong modifications are seen in the
near-infrared and visible spectral range which are related to
changes in the surface band occupation due to electronic charge
transfer from edge states to Au chain states. DFT calculations
agree well with the measured spectral modifications and indicate
an enhancement of the dimerization parameter of Au chains.
The presence of H has a strong influence on the adsorption
geometry of the TDT molecules. The latter adsorb at the step;
however, they adsorb on the terraces if the Si step edge is already
adsorbate passivated. Thus, changes are observed in the surface
optical spectra, related to the adsorption of H or TDT at the step
edge and TDT at the terraces. The accompanying charge transfer
is the dominant source of changing surface electronic properties,
while the structure itself is only slightly affected. Higher cover-
ages of TDT modify the honeycomb structure; however, the Au
nanowire structure is still intact as seen by the persistent, broad
RAS signal. The optical response in the IR spectral region is sen-
sitive to subtle modifications in the surface bandstructure, even
with the use of molecular H.

4. Methodology

4.1. Experimental Section

The experiment was carried out in an UHV chamber, base pres-
sure 1� 10�10 mbar, equipped with LEED, effusion cells, sputter
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gun, gas inlet lines, annealing and cooling sample stages, and
in situ IR, UV–vis optics. The Si(553) sample was n-type, phos-
phorous doped, with a resistivity in the range of 0.01–0.1Ω cm.
Direct current heating of the sample up to 1250 �C produced a
regular array of single height steps, with LEED showing long-
range order. Gold was deposited on the clean Si(553) surface
at an elevated substrate temperature of 650 �C followed by
post-annealing at 950 �C for 10 s. The optimum gold coverage
was recently shown to be 0.48ML, with 2 gold atoms per
primitive unit cell as opposed to earlier work, which assumed
a coverage of 0.25ML. The �2 streaks were visible in LEED at
room temperature. In the RAS measurements, the reflectance
R, at near-normal incidence, of light linearly polarized in two
orthogonal directions are measured.[48] The RAS signal is
defined by

ΔR
R

¼
R½110� � R½112�

R
(1)

where the directions ½110� and ½112� correspond to directions par-
allel and perpendicular to the steps, respectively. All RAS spectra
in this work reported the real part of the anisotropy in the reflec-
tion coefficients Δr=r, which is related to the signal by
ΔR=R ¼ 2ReðΔr=rÞ.

IR measurements used an ellipsometer attached to a Bruker
Vertex 70 series Fourier Transform Interferometer with a spec-
tral resolution of 16 cm�1 (2 meV). Ellipsometry measured the
changes in the polarization state of linearly polarized incident
light upon reflection from the sample surface. This change is
expressed as the ratio of the complex Fresnel reflection coeffi-
cients rp and rs for light polarized parallel and perpendicular
to the plane of incidence. The measurements were performed
in reflection at 65� angle of incidence and the polarization state
of the reflected radiation was analyzed. The ellipsometric param-
eters, ψ and Δ, are related to the complex reflection coefficients
for polarization perpendicular and parallel to the plane of inci-
dence, rs and rp, by rp=rs ¼ tanψ expðiΔÞ. Only tanψ was mea-
sured, as a retarder was not available to measure the phase
difference Δ. Measurements of the clean Si surface at room tem-
perature (RT) were used to normalize the results. The Si(553)–Au
surface was exposed to molecular hydrogen at room temperature.
The UHV chamber was back filled with ultrapure H2 through a
leak valve. The H2 and TDT dosage in the sample was varied by
the gas pressure and exposure time. The pressure ion gauge was
switched off to avoid H2 dissociation at the ion filament.

4.2. Computational Approach

RAS spectra are calculated as described in ref. [45,49-52]

ΔR
R

¼ 16πωZS

c
Im

αyyðωÞ � αxxðωÞ
εSiðωÞ � 1

(2)

with the knowledge of the Si(553)–Au slab polarizability αij and
the dielectric function of the silicon substrate εSi. Thereby x is the
polarization direction perpendicular to the Au wires (e.g., ½112�),
while y is the direction parallel to the Au wires (e.g., ½110�). In
Equation (2) c, is the light velocity in vacuum and ZS the slab
thickness.

The slab geometry and the optical response were calculated by
DFT within the GGA in the revised Perdew–Burke–Ernzerhof
(PBEsol) formulation.[53] The calculations had been performed
with the Vienna ab initio Simulation Package (VASP).[54,55]

Projector augmented waves (PAW) potentials[56,57] with projec-
tors up to l¼ 1 for H (1s1), l¼ 2 for Si (3s23p2) and l¼ 3 for
Au (5d106s1) were employed. A plane wave basis up to an energy
cutoff of 410 eV and 4� 27� 1 Monkhorst–Pack k-point
meshes[58] were used.

The silicon surfaces are modeled with asymmetric slabs con-
sisting of 6 Si bilayers stacked along the [111] crystallographic
direction, the surface termination including the Au chains,
and a vacuum region of about 20 Å. Hydrogen atoms saturated
the dangling bonds at the lower face of the slabs. These atoms as
well as the three lowest Si bilayers were frozen at their bulk posi-
tion to model the substrate, while the remaining atoms were free
to relax. Thereby, the atomic positions were relaxed until the
residual Hellmann–Feynman forces are lower than
0.005 eV Å�1.

The dimerization is quantified as usual by the dimensionless
parameter

d ¼ ðjaAu � aSijÞ=aSi (3)

where aSi is the surface lattice constant and aAu is the larger
Au─Au bond length in the chain direction.
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