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We present a detailed investigation of the adsorption of Cl on the Si�113� surface based on x-ray standing-
wave experiments and density-functional theory calculations with additional characterization by low-energy
electron diffraction and scanning tunneling microscopy. For the whole accessible range of Cl coverages,
�2�n�-like surface reconstructions are identified. Despite this apparent complexity, it is shown that these
surface structures consist of only a few atomic adsorption geometries with the most prominent one being the
Cl adsorption on top of a Si surface adatom. The required redistribution of Si concurs with a pronounced

straightening and alignment of step edges along the �11̄0� direction. Furthermore, it is argued that this adatom
site plays a key role in step-edge geometries on vicinal Si�111� and Si�001� surfaces.
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I. INTRODUCTION

High-index silicon surfaces have attracted an increasing
interest due to their possible application for nanostructuring.
Specifically, for the Si�113� surface orientation, it has already
been shown that high-quality surface oxides comparable to
the one for the technologically established Si�001� surface1

may be prepared. Furthermore, the absence of rotational
symmetry may also be utilized for the growth of one-
dimensional Ge nanowires2–4 or controlled adsorbate-
induced surface faceting.5–7

From a structural point of view, the Si�113� surface may
be conceived as a mixture of atomic rows of Si�111�- and
Si�001�-like atoms, or, equivalently, as maximally stepped
Si�111� and Si�001� surfaces, respectively. While the clean
Si�113� surface is thermodynamically stable against faceting
and displays a �3�2� reconstruction8,9 involving sixfold co-
ordinated Si interstitial atoms,10 these can be expected to be
easily destabilized by adsorption of hydrogen11 or, e.g., halo-
gens. Hence, studying the interaction of halogens with the
Si�113� surface may be a well-suited means to investigate
faceting tendencies in the presence of adsorbates and to ex-
perimentally shed light on the corresponding step-edge struc-
tures.

So far, little attention has been paid to the interaction of
the Si�113� surface with halogens, which are well known to
play a crucial role in wet-chemical etching reactions12 and
semiconductor processing as well as for template creation in
subsequent surface functionalization with organics. With re-
spect to chemical applications, the bulk-terminated Si�113�
surface exhibits two chemically different surface atoms per
unit cell, i.e., one Si�001�-like atom with two dangling bonds
and one Si�111�-like atom with a single unsaturated orbital.
These sites may serve as effective reaction sites for selective
surface chemistry, possibly facilitating the creation of atomi-
cally ordered one-dimensional templates for further process-
ing.

Recently,13 we reported on the variety of �2�n� surface
reconstructions with n=2,3 ,5 , . . . found by scanning tunnel-
ing microscopy �STM� of the Cl/Si�113� system, which co-

exist after exposure to Cl2 at 600 °C. Moreover, it was dem-
onstrated that all superstructures found may be decomposed
into similar subunits irrespective of the specific value of n. In
the present paper, we address the atomic structure within this
“building block” by means of x-ray standing waves �XSW�
and ab initio density-functional theory �DFT�.

II. EXPERIMENT

The XSW experiments were performed at the Hamburg
Synchrotron Radiation Laboratory �HASYLAB�. Details of
the ultrahigh-vacuum XSW setup located at the undulator
beamline BW1 have been published elsewhere.14 In a typical
XSW measurement, the sample reflectivity and the yield of
an inelastic �secondary� signal, i.e., here Cl 1s photoelec-
trons, are recorded while tuning the incident photon energy
through the Bragg condition of the �hkl� diffraction planes of
the substrate crystal. As monochromators, pairs of symmetri-
cally and asymmetrically cut Si�111� and Si�220� crystals
were employed. This setup allowed the nondispersive inves-
tigation of the �111� and the �022� Bragg reflections at a
photon energy of 3.35 keV, i.e., in an energy regime well
above the Cl K absorption edge at 2.82 keV. Additionally,
XSW measurements were also conducted in dispersive �us-
ing the �220� monochromator crystal pair� and nondispersive
�113� geometries at 3.93 keV to investigate the effect of dis-
persiveness on the data evaluation and structural modeling.

If the intensity of the detected secondary signal is propor-
tional to the intensity of the x-ray interference field, then an
analysis of the intensity modulation of the secondary signal
according to the dynamical theory of x-ray diffraction15 di-
rectly yields the modulus and phase of the �hkl� Fourier com-
ponent of the spatial distribution function of the atoms con-
tributing to the chosen signal.16 These quantities are
commonly denoted as coherent fraction fc

hkl and coherent
position �c

hkl, respectively. The experimental errors for these
parameters due to Poisson statistics and least-square fitting
routines have been determined to be less than �fc�0.02 and
��c�0.01 for all data sets presented in the following sec-
tion. If photoelectrons are used as secondary signal, further

PHYSICAL REVIEW B 78, 085317 �2008�

1098-0121/2008/78�8�/085317�8� ©2008 The American Physical Society085317-1

http://dx.doi.org/10.1103/PhysRevB.78.085317


uncertainties generally arise from nondipole contributions.
These multipole contributions can only be taken into account
if additional parameters are introduced whose values cannot
be determined experimentally in most cases and thus have to
be derived theoretically.17–20 For the present case of Cl 1s
photoelectrons, a comparison with XSW data obtained by
employing Cl K� fluorescence yields almost identical coher-
ent fractions and coherent positions, rendering nondipole
contributions negligible at this photon energy.14 However,
with respect to the subsequent structural analysis using DFT,
it should be kept in mind that, for complex adsorbate struc-
tures, additional sources of deviations occur, e.g., due to
Gaussian error propagation in mixing atomic sites bearing
individual uncertainties of a few hundredths of an Ångström
with respect to the bulk reference position. For a more com-
prehensive discussion, the reader is referred to the
literature.14

In the XSW experiments, RCA-cleaned21 Si�113� sub-
strates of 2 mm thickness were used. These samples were
introduced into the UHV system and degassed for at least 12
h at 630 °C. Subsequent flashing to 880 °C for about 5 min
removed the protective oxide layer and restored the �3�2�
reconstruction8,10 of the clean Si�113� surface, which was
routinely monitored by low-energy electron diffraction
�LEED�. This procedure, i.e., using a thick substrate with a
wet-chemically prepared thin oxide that can be removed at
rather low temperatures, was employed in order to prevent
thermally induced bending of the crystal, which would dete-
riorate the high bulk crystal quality necessary in the XSW
experiments. With respect to the STM investigations, which
were performed in a variable-temperature STM �Omicron�,
sample bending is not crucial. Therefore, commercial Si�113�
wafers could be used and flashed to 1200 °C for a few sec-
onds to create a clean �3�2� reconstructed surface. For both
the XSW and the STM experiments, Cl deposition was
achieved using a home-built AgCl electrochemical source22

with the sample held at either room temperature �RT� or
600 °C. Additionally, the samples were annealed at elevated
temperatures or evaporation times were reduced in order to
prepare samples with a broad range of Cl coverages. For the
XSW samples, the Cl coverages were calibrated by compar-
ing the ratios of the Cl 1s and Si 1s photoemission intensities
to the corresponding values obtained for the related system
Cl /Si�111�− �1�1� at the same photon energy, and the same
experimental geometry; the saturation coverage of which
has been determined to be 1.0�0.1 monolayers �ML�
�1 MLSi�111�=7.84�1014 atoms /cm2�.23 In the following,
the Cl coverages will be given in units of ML with respect to
the Si�113� surface �1 MLSi�113�=4.09�1014 atoms /cm2�.

III. RESULTS AND DISCUSSION

This section is organized as follows: In Sec. III A, we
present LEED and STM results that serve to elucidate the
long-range surface periodicity as well as the local atomic
reconstruction. Further insight into the atomic structure is
gained by detailed XSW investigations for samples with
various Cl coverages, which are laid out in detail in Sec.
III B. The inherent complexity of the emerging �2�n� sur-

face unit cell is addressed with DFT calculations for atomic
trial structures �Sec. III C�. Fourier components are derived
from these ground-state geometries and are then compared to
the experimental XSW data, enabling a constrained search in
developing a suitable structural model for the Cl/Si�113� sys-
tem. Finally, the section closes with a discussion �Sec. III E�
relating the obtained results to step-edge geometries found
on Si�111� and vicinal Si�001� surfaces.

A. Low-energy electron diffraction and scanning tunneling
microscopy: surface reconstructions

For clarity, we will concentrate at first on the adsorption
of Cl on the Si�113� surface at a sample temperature of
600 °C. In Fig. 1, LEED patterns of both the clean and the
chlorinated Si�113� surface are supplied. The Cl deposit was
determined to be 1.3�0.2 ML after an exposure of Cl2
equivalent to more than 100 ML at the sample position. As
can be seen clearly, the initial �3�2� structure of the bare Si
surface has vanished and a �2�2� periodicity with pro-

nounced streaks in b�� direction appears. This is evidence for
the rearrangement of surface atoms into a Cl-induced �2
�2� reconstruction, very likely in coexistence with a variety
of �2�n�-like reconstructions similar to the case of Sb ad-
sorption on Si�113�.24

To investigate more closely the surface structure that
leads to this complex LEED pattern, STM was performed on
surfaces with similar coverages. The micrograph presented in
Fig. 2 shows a chlorinated Si�113� surface after exposure to
Cl2 at 600 °C. As marked in the image, �2�3�-reconstructed
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FIG. 1. �a� �3�2� LEED pattern �Ekin=63 eV� of the clean
Si�113�− �3�2� surface and �b� �2�n� LEED pattern �Ekin

=60 eV� of a Si�113� surface chlorinated at 600 °C, respectively.
In both cases, the surface unit cells including the reciprocal-lattice

vectors a�� and �b�� � �332̄�� are indicated.
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and �2�5�-reconstructed surface areas were observed along
with a certain degree of disorder. Under these tunneling con-
ditions, the surface unit cells are delimited by bright rows in

�11̄0� direction with the space between them filled by
densely packed chains of circular features. In connection
with the �2�2� spots and the additional streaks found in the
LEED investigation, these findings may be taken as evidence
for the simultaneous occurrence of �2�n�-like reconstruc-
tions with n� �2,3 ,5 , . . .�. As the �2�3� and �2�5� recon-
struction look somewhat similar in the STM images, it may
already be argued at this early stage that the reconstructions
should be made up of similar atomic subunits. This particular
aspect is discussed in a separate publication13 and strength-
ened by further evidence of �2�7�-reconstructed and �2
�9�-periodic patches. However, in the following we will
directly address the atomic structure of the Cl /Si�113�− �2
�n� reconstruction with XSW and DFT.

B. X-ray standing waves: Atomic structure

The interpretation of a common atomic structure underly-
ing the different reconstructions is endorsed by inspection of
the XSW results �Fig. 3� for the sample whose LEED pattern
is displayed in Fig. 1�b�. For a mixture of substantially dif-
ferent surface reconstructions involving a fair number of in-
equivalent Cl adsorption sites, almost vanishing coherent
fractions exhibiting values close to zero would be expected.
However, the opposite is underlined by the relatively high
coherent fractions of f113=0.75 and f220=0.77, which almost

meet the requirements for a single adsorption site interpreta-
tion �as is generally assumed, e.g., in the case of
Cl /Si�111�− �1�1�, where the Cl atoms are almost exclu-
sively adsorbed in on-top sites and typically coherent frac-
tions on the order of f111�0.8 are determined25�. However,
this simple picture is contradicted by the result for the coher-
ent fraction in �111� geometry, f111=0.53. Therefore, taking
into account the results for all reflections hints toward the
existence of a highly ordered although more complex adsor-
bate structure.

Further indication for a common physical building block
is gained by characterizing the influence of the Cl surface
coverage on the formation and abundance of reconstructions.
Figure 4 shows the XSW results obtained for a sample with
a Cl uptake of about 1.0�0.2 ML. The LEED pattern �not
shown� exhibited a streaky �2�5� pattern. Interestingly, the
XSW data seem virtually unchanged with respect to the
higher coverage sample �cf. Fig. 3� since all measured coher-
ent fractions and coherent positions differ only by 0.03 at
most. These findings manifest the presence of identical
atomic subunits within �2�n�-like reconstructions of a miss-
ing row type.13

A further reduction in the Cl coverage by about one order
of magnitude was achieved by postannealing the previous
sample �Fig. 4� for 150 s at 670 °C, i.e., very close to the
desorption temperature of Cl on Si�111�, which by
temperature-programed desorption was determined to about
680 °C.26 The corresponding XSW data are depicted in Fig.
5, and again, the coherent fractions and positions remain
virtually unchanged. Although merely 0.1 ML of Cl atoms
have remained on the surface, and already an incoherent su-
perposition of a faint �2�n� and a �3�2� periodicity shows
up in the respective LEED pattern �not displayed�, again the
atomic arrangement on the Cl-covered part of the surface has
to be very similar to the previous cases. Hence, in the full
range of coverages accessible, a set of reconstructions pre-
vails, which all contain the same structural building blocks.
Also, the atomic adsorbate structure does not seem to depend
on the specific type of preparation: In Fig. 6, XSW data
obtained in �113� Bragg geometry are represented after dos-
ing the sample at room temperature and subsequent anneal-
ing at 600 °C. For this sample, which exhibited a coverage
of about 2 ML, a slightly higher coherent fraction of f113

=0.86 for an otherwise unchanged coherent position �113

=0.88 is obtained. Since this particular experiment has been

FIG. 2. STM image �Utip=2.0 V, I=0.3 nA, and 20 nm
�20 nm� of the Si�113� surface after exposure to Cl2 at 600 °C. A
variety of �2�n�-like surface reconstructions is observed. Exem-
plary surface unit cells are marked.

FIG. 3. XSW data and fit �solid lines� for sample reflectivity
���, and Cl 1s photoelectron yield ��� in �113�, �111�, and �022�
Bragg reflections for Cl /Si�113�− �2�2� prepared at 600 °C. The
Cl coverage amounts to approximately 1.3 MLSi�113�.

FIG. 4. XSW data and fit �solid lines� for sample reflectivity
���, and Cl 1s photoelectron yield ��� in �113�, �111�, and �022�
Bragg reflections for Cl/Si�113� prepared at 600 °C. The Cl cover-
age amounts to approximately 1.0 MLSi�113�.
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conducted in a nondispersive XSW setup, we conclude that
in our case the measurements of the �113� Fourier compo-
nents presented above are only marginally affected by the
dispersity of the setup employed.

C. Density-functional theory: Calculational details and
atomic trial structures

In order to develop structural models for the Cl/Si�113�
system, an intuitive approach is to consider the vicinal sur-
faces of �111� and �001�, for which Cl adsorption has been
extensively studied in the past.27 Accordingly, two basic Cl
adsorption sites, i.e., the on-top �O� configuration and the
symmetric dimer �D� configuration, seem most likely. The
resulting p�2�1� reconstruction is displayed in Fig. 7. For

illustration purposes, the atomic Cl rows extending in �11̄0�
direction are denoted according to the bonding configuration
as D and O, respectively. This structure and the following
structural models have been calculated using ab initio DFT
within the local-density approximation, and employing a
plane-wave basis set as implemented in the program package
PWSCF.28 An electronic high-energy cutoff of 16 Ry and a
2�2�1 set of k� points were found to be adequate in order
to ensure convergence also with special focus on the result-
ing geometric structure, which poses an additional and sharp

criterion in the XSW analysis of DFT-calculated structures.24

As pseudopotentials, norm-conserving potentials29,30 have
been employed. In the repeated-slab calculations, 12 atomic
Si layers have been implemented to account for the relax-
ation of the uppermost surface layers. During the relaxation,
the lowest two Si bilayers have been fixed to ideal bulk
coordinates, which also provide the reference layers for the
XSW analysis. In order to compare the DFT results to the
experimental XSW data, the �111�, �113�, and �022� Fourier
components of the Cl atoms within the relaxed model con-
figurations were calculated. The results for all trial structures
considered are listed in Table I along with the experimental
data. All calculations were performed with and without a
layer of hydrogen atoms at the backside of the slab in order
to saturate the dangling bonds. While all structures could be
relaxed nicely using both approaches yielding very similar
geometries, it was found that hydrogen termination for
Si�113� introduces additional strain in the deeper silicon lay-
ers, resulting in slightly worse agreement with the experi-
mentally determined Fourier components. In the following,
we will restrict the discussion to the results obtained without

FIG. 6. XSW data and fit �solid lines� for sample reflectivity
���, and Cl 1s photoelectron yield ��� in �113� Bragg reflection for
Cl/Si�113� saturation dosed at RT and annealed at 600 °C. The Cl
coverage amounts to approximately 2.0 MLSi�113�.

FIG. 5. XSW data and fit �solid lines� for sample reflectivity
���, and Cl 1s photoelectron yield ��� in �113� and �111� Bragg
reflections for Cl/Si�113�, prepared at 600 °C and postannealed at
670 °C. The Cl coverage amounts to approximately 0.1 MLSi�113�.

TABLE I. Results of the XSW measurements for Cl/Si�113� samples with varying Cl coverage. The
theoretical predictions for various structural models are based on DFT structure optimizations �see text for
details�. The mean deviation � with respect to the sample with 1.0 ML coverage is listed.

Structure/Coverage fc
113 �c

113 fc
111 �c

111 fc
022 �c

022 �

�1.3�0.2� ML 0.75 0.89 0.53 0.39 0.77 0.64

�1.0�0.2� ML 0.75 0.88 0.54 0.36 0.79 0.63 0.00

0.1 ML 0.71 0.87 0.46 0.36

p�2�1� �DO� 0.72 0.08 0.12 0.53 0.93 0.80 0.32

�1�1� �A� 1.00 0.90 1.00 0.42 1.00 0.66 0.20

p�2�2� �DAO� 0.54 0.04 0.41 0.42 0.70 0.76 0.22

p�2�5� �D�A�4O� 0.72 0.93 0.71 0.37 0.83 0.67 0.12
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hydrogen termination. However, we note that the main con-
clusions of this paper remain unaffected regardless of the
details of the backside termination.

Upon first inspection, the DFT calculations for this p�2
�1� structure �as shown in Fig. 7� yield reasonable results
for the Si-Cl bond lengths �2.05 Å�dSi-Cl�2.07 Å� while
the bond length �dSi-Si=2.40 Å� of the Si-Si dimer, which is

oriented along the �11̄0� direction, appears slightly stretched
with respect to the Si bulk bond length of 2.34 Å, as deter-
mined for the specific Si pseudopotential employed. How-
ever, the Fourier components calculated for this trial struc-
ture fail to explain the experimental findings for all Bragg
reflections, as can readily be seen from �2�1

113 =0.08, f2�1
111

=0.12, �2�1
111 =0.53, and �2�1

022 =0.80. Although this structural
model may seem quite intuitive on first glance, it neither
reproduces the XSW-derived Fourier components nor does it
account for the p�2�2� periodicity observed in LEED.
Hence, additional Cl adsorption geometries have to be inves-
tigated.

As a second attempt we consider the �1�1�-reconstructed
Cl/Si�113� surface with a surface unit cell composed of a
single Cl atom adsorbed on top of a Si adatom �this configu-
ration is labeled “A” in the following�, as displayed in Fig. 8.
Naturally, all calculated coherent fractions are equal to unity
if perfect ordering is assumed. An analysis of the bond
lengths in the near-surface region reveals that only the Si-Cl
bond exhibits a reasonable value of dSi-Cl=2.07 Å while the
Si-Si backbonds, i.e., the bonds of the Si adatom to its three
nearest Si neighbors, appear severely elongated �dSi-Si
=2.41 Å and dSi-Si=2.69 Å, respectively�. Nevertheless, the
XSW calculation reveals a very good agreement with the

experimental data �given in brackets for comparison� for the
coherent positions, which amount to �1�1

113 =0.90�0.89�,
�1�1

111 =0.42�0.39�, and �1�1
022 =0.66�0.64�. However, as no

�1�1� LEED pattern has been observed for the whole range
of Cl coverages investigated, we interpret these results in the
sense that the Cl bonding geometry on top of a Si adatom is
a probable and frequent structural building block of the Cl/
Si�113� surface structure.

Based on the results of the preceding paragraphs, a logical
extension of the p�2�1� structure to a p�2�2� reconstruc-
tion is close at hand by inserting an additional row of ada-

toms in �11̄0� direction, as depicted in Fig. 9.
In comparison to the p�2�1� structure, which in our case

we denote as the dimer-on top �DO� model in the following,
the dimer-adatom-on top �DAO� model exhibits only a
slightly stretched Si-Si dimer bond length of dSi-Si=2.43 Å.
All the other Si-Si bonds in the near-surface region, and
especially the backbonds of the Si adatom, are significantly
relaxed with respect to the �1�1� structure �adatom �A�
model in our nomenclature�. For specific bonds that are

mainly oriented along the �332̄� direction, this bond-length
contraction amounts up to −0.23 Å, indicating substantial
strain release. This is actually confirmed from the calculation

of the stress tensor elements �yy �ŷ � �332̄�� for both structural
models that prove a stress release of about 25% for the DAO
model with respect to the A model.

Turning now to the XSW analysis of the DAO model, the
Fourier components were determined to be f2�2

113 =0.54,
�2�2

113 =0.04, f2�2
111 =0.41, �2�2

111 =0.42, f2�2
022 =0.70, and �2�2

022

=0.76. Consequently, the agreement between the experimen-
tal and the calculated data has considerably improved, as
compared to the p�2�1� model. As a larger contribution of
adatom sites significantly decreases the discrepancy between
the experimental data and the theoretical result, the DAO
model may be extended in the following way: By inserting
an additional Cl adatom row such that the model may be
denoted as DAAO, a �2�3� surface structure may be con-
structed. Upon repetition of this procedure, arbitrary �2�n�
reconstructions denoted as D�A�n−1O may be built, exhibit-
ing ideal Cl coverages equal to �n+1� /n ML. This way of
increasing the adatom coverage is endorsed by the fact that

2x1

D

O

D

FIG. 7. Top view of a trial p�2�1� surface reconstruction for
Cl/Si�113� as calculated by DFT. Silicon atoms are marked by dark
gray and Cl atoms by open circles, respectively. For clarity, only
one bulklike Si bilayer is shown. The p�2�1� surface unit cell is
indicated.

1x1

A

A

FIG. 8. Top view of a trial �1�1� surface reconstruction for
Cl/Si�113� as calculated by DFT. Silicon atoms are marked by dark
gray and Cl atoms by open circles, respectively. For clarity, only
one bulklike Si bilayer is shown. The �1�1� surface unit cell is
indicated.

2x2

A

D

O

A

D

FIG. 9. Top view of a trial p�2�2� surface reconstruction for
Cl/Si�113� as calculated by DFT. Silicon atoms are marked by dark
gray and Cl atoms by open circles, respectively. For clarity, only
one bulklike Si bilayer is shown. The p�2�2� surface unit cell is
indicated.
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the STM images13 and the LEED patterns �almost� always
showed a complex �2�n� surface structure. A thorough the-
oretical treatment of this large variety of D�A�n−1O structures
would require fully independent DFT calculations for all trial
structures including possible defect geometries, which in
turn would result in immense computational costs and con-
sequently are beyond the scope of this paper. However, sat-
isfactory results may already be gained by approximating the
Fourier components of the general D�A�n−1O model as the
normalized sum of the DAO Fourier components and �n
−2� Fourier components of the simplified �1�1� adatom
model. Hence, all �hkl� Fourier components of the individual
D�A�n−1O structure solely depend on n, allowing an average
value of n to be determined for a given set of experimental
XSW data in a simple least-square fitting routine. This is
illustrated in Table I by the average deviation � of the calcu-
lated Fourier components from the measured Fourier compo-
nents �as defined by their root-mean-square in the complex
plane�, which is given for a fit to the experimental data
shown in Fig. 4 �1 ML Cl coverage�. Accordingly, a best fit is
obtained for n�5, i.e., a D�A�4O model �see Fig. 10�:
f2�5

113 =0.72, �2�5
113 =0.93, f2�5

111 =0.71, �2�5
111 =0.37, f2�5

022 =0.83,
and �2�5

022 =0.67. For this �2�5� structure, a theoretical Cl
coverage of 1.2 ML is calculated, which is in good agree-
ment with the experimental result of about 1 ML �see Table
I�. Of course, in reality one should expect coexistence of
several �2�n� phases with different “local” n, implying that
the calculated value n should be considered its large-scale
average. This interpretation would lead to the presence of
nanoscale regions of varying Cl coverage, as has already
been observed in STM.13

D. Adsorption at room temperature

Analogous to the theoretical simulation of the adsorption
of H on Si�113�-�3�2�,11 we expect the pentamer structure

of the �3�2� reconstructed clean Si surface, and especially
the interstitial sixfold coordinated Si atom, to be energeti-
cally unstable upon Cl2 exposure. Thus, after dissociation of
impinging Cl2 molecules and removal of the interstitial Si
from its original site, the surface will offer a variety of dan-
gling bonds that may be saturated by Cl atoms, possibly
inducing the local formation of �2�2�-reconstructed areas.
Indeed, compelling evidence for such a process is presented
in Fig. 11, which shows a STM image taken from a surface
area with a particularly high density of reacted sites. The
corresponding LEED pattern exhibits a diffuse �3�2� peri-
odicity, which proves that the underlying substrate recon-
struction has not been lifted completely on a larger scale.

Eventually, annealing at 600 °C induces a substantial sur-
face mobility of the Cl and the Si atoms, which enables the
reconstruction of the surface layers. Since the number of Si
atoms missing in order to create a �2�2� reconstruction in
the DAO model averages 2.5 atoms per unit cell, these Si
atoms are likely to be supplied by step edges that, after an-
nealing, have been shown to exhibit long and straight sec-

tions with outward normals pointing along the �332̄�
direction.13 Hence, the formation of the adatom rows and the
conversion of the formerly �3�2� reconstructed surface ar-
eas to a local �2�n� structure are intimately related to the
straightening and alignment of the step edges with respect to
the adatom rows.

E. Implications for step-edge geometries on vicinal surfaces

The findings for Cl on Si�113� as presented in the previ-
ous paragraphs have far-reaching consequences also for the
halogen-terminated stepped Si�111� and Si�001� surfaces
since the chlorinated Si�113� surface may alternatively be
viewed as a maximally stepped Si�111� and Si�001� surface,
respectively �Fig. 12�.

For Si�111�, the bilayer step edges exhibit outward nor-

mals in 	1̄1̄2
 direction that, using STM, we found as the
only orientation occurring for Cl adsorption on Si�111� at
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FIG. 10. �Color online� Variation of mean deviation � depending
on �2�n� reconstruction within the D�A��n−1�O model for the ex-
perimental XSW data set determined for a Cl coverage of 1 ML,
calculated from DFT-derived Fourier components with and without
hydrogen termination on the backside of the slab.
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FIG. 11. STM image �Utip=1.0 V and I=0.3 nA� recorded af-
ter exposure to Cl2 at room temperature, exhibiting areas �bright� of
local �2�2� periodicity.
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FIG. 12. Side view of the DAO model for Cl/Si�113� as deter-
mined from DFT. Silicon atoms are marked by dark gray and Cl
atoms by open circles, respectively. �001� and �111� oriented crystal
planes are indicated.
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elevated temperatures or subsequent annealing, in accor-
dance with the literature.31 An atomic model of this so-called
A-type step-edge geometry has already been proposed based
on STM investigations for Br/Si�111� �Ref. 31� and
H/Si�111�.32 Our DFT calculations for this certain kind of
step-edge structure predict atomic coherent positions of the
Cl step-edge atoms of �step

113 =0.90, �step
111 =0.34, and �step

022

=0.63, which are in very good agreement with the Fourier
components of the A model for Cl/Si�113�. Thus, our find-
ings for the chlorinated Si�113� surface, which clearly dem-
onstrate the prevalence of Cl adatom sites, strongly suggest
that the local atomic configuration of the Si�111� step edges
decorated by Cl atoms is virtually identical to the previously
introduced Cl adatom site on the Si�113� surface.

For Si�001�, it is readily conceived that the local bonding
geometry of the adatom site on Si�113� is identical to the
reconstructed B-oriented double-layer �DB� step-edge struc-
ture as introduced by Chadi for the bare Si�001� substrate
�Fig. 12�.33 In fact, this particular step-edge structure was
calculated to be the stable configuration for double-layer
steps as opposed to the nonreconstructed variant. Hence, in
the case of Si�001�, it is apparent that this feature of the bare
substrate is preserved in the presence of halogen adsorbates.
Based on these findings regarding the Si�001�, Si�111�, and
Si�113� surfaces, we propose that all halogenated Si�11n�
surfaces are generally made up of essentially the same
atomic building blocks, i.e., dimer, adatom, and on-top sites.
Thus, their relative coverage will be determined by the spe-
cific choice of miscut angle.

IV. CONCLUSION

We have studied the interaction of Cl with the clean
Si�113� surface under UHV conditions by a variety of experi-

mental surface science techniques and theoretical calcula-
tions. Upon Cl adsorption, the original �3�2� reconstruction
is lifted and replaced by a patchwork of local �2�n� recon-
structions of varying Cl content but similar structural sub-
units. Using a combination of XSW and DFT, we propose
the following structure for the fundamental p�2�2� recon-
struction: Cl atoms at Si dimer sites, Cl atoms bonding on
top of Si adatoms, and Cl atoms located �almost� on top of
one-fold unsaturated Si substrate atoms. In this DAO model
consisting of alternating atomic rows of each component

along the �11̄0� direction, the A adsorption site is the key
structural element, which enables the formation of a whole
set of DAO-like �2�n� surface reconstructions by repeated
insertion of �n−2� additional Cl adatom site rows �DAn−1O
structure�. Interestingly, the observed prevalence of the Cl
adatom site on Si�113� allows us to also settle the issue of the
atomic step-edge structure for halogen-terminated Si�111�
surfaces. Our DFT calculations and subsequent XSW simu-
lations reveal the obvious analogy of the adatom site and the
A-type step-edge geometry, strongly suggesting that these
step-edge sites are sequentially populated for increasingly
vicinal Si�111� surfaces approaching the �113� orientation.
Likewise, the results presented here corroborate the stability
of reconstructed DB-type step edges for halogenated vicinal
Si�001� surfaces, suggesting that the relative surface cover-
age of the majority adsorption sites, i.e., dimer, adatom, and
on-top sites, can be tuned by choosing an appropriate miscut
angle.
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