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This study investigates the surface chemistry and the ordering characteristics of coadsorbed hydrogen and
chlorine atoms, generated by the exposure of the Si�100� surface to gas-phase HCl molecules at various
substrate temperatures, by scanning tunneling microscopy �STM�, core-level photoemission spectroscopy, and
Monte Carlo simulation. Experimental results show that saturation exposure to HCl causes all surface dangling
bonds to be terminated by the two fragments H and Cl atoms and that the number of H-terminated sites exceeds
that of Cl-terminated ones by more than 10%. This finding suggests that, in addition to the dominant disso-
ciative chemisorption, atomically selective chemisorption or atom abstraction occurs. STM images reveal that
some Cl-terminated sites form patches with a local 2�2 structure at 110 K and that the degree of ordering is
reduced as the substrate temperature increases. Results of Monte Carlo simulations demonstrate the importance
of including dissociative fragment-adsorbate interactions during the random adsorption of diatomic molecules.
Comparing the correlations between Cl-terminated sites identified from STM images and those predicted by
simulation reveals two effective interaction energies of 8.5�2.0 and 3.5�2.0 meV between a dissociative
fragment Cl atom and a nearest neighboring Cl adsorbates in the same dimer row and in the adjacent row,
respectively.

DOI: 10.1103/PhysRevB.81.045324 PACS number�s�: 68.43.Hn, 68.43.Mn, 68.37.Ef, 68.47.Fg

I. INTRODUCTION

A molecule or atom in close proximity to a solid surface
interacts with the substrate; the interaction between the mol-
ecule or atom and the substrate, termed as adsorbate-
substrate interaction �ASI�, determines the type of reactions
that occurs. Once adhered to the surface, the molecule or
atom becomes an adsorbate and adsorbate-adsorbate interac-
tions �AAIs� can occur directly by electrostatic repulsion ow-
ing to their charges1 or indirectly mediated by substrate
reconstruction,2 lattice strain,3 or surface states.4,5 ASIs and
AAIs are of great importance in a large variety of fundamen-
tal and technical areas in surface science, thin film growth,
heterogeneous catalysis, and chemical sensing.6 AAIs are
typically weaker than ASIs but can lead to reconstructions or
pattern formations on surfaces.3,7,8 AAIs also change the
sticking probabilities of molecules and the diffusivities of
adsorbates.9,10

Often omitted in discussions of a surface process is that
the single term “adsorbate” in AAIs and ASIs can refer to
several species and to several bonding conditions and that
AAIs and ASIs may vary from place to place on a surface,
depending on the local adsorbate distributions. For example,
multiatomic molecules may dissociate into their constituent
fragments when they impinge on a surface.11 In a simple
case, the two separated fragments of a diatomic gas mol-
ecule, AB, react with a surface and form two new bonds,
Su-A and Su-B �where Su denotes the surface�, in a reaction
that is called dissociative chemisorption,

AB�g� + 2Si → Si-A + Si-B . �1�

Else, a surface abstracts atom A from an incident AB mol-
ecule to form a single bond Su-A and the B is ejected back to
the gas phase; this reaction is called A-selective abstraction
�or simply A abstraction�,12–14

AB�g� + Si → Si-A + B�g� . �2�

The individual probability of the above-mentioned two chan-
nels and unreactive scattering varies with many parameters
such as the translational energy of the gas molecules, sub-
strate temperature, and adsorbate coverages.15–17 For ex-
ample, the reaction probability of single F abstraction of F2
on Si�100� increases from �0.1 at zero F coverage ��F� to a
peak value of �0.3 at �F�0.5 ML and then falls to 0 at
saturation coverage.

Before Su-A or Su-B bonds are formed, in either of the
two chemisorption mechanisms, fragment A or B can readily
interact not only with the substrate but also with other frag-
ments or adsorbates, which are previously adsorbed frag-
ments. When a chemisorption process is completed, the
fragment-fragment or fragment-adsorbate interactions de-
velop into AAIs. Strong effective repulsive forces have been
found to exist between two dissociated fragments by observ-
ing the well-separated pairwise adsorption of diatomic mol-
ecules and by examining the empirical “eight-site rule” that
excludes the adsorption of the second atom of a dissociated
molecule at the eight neighboring sites.11 Since the fragment-
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fragment or fragment-adsorbate interactions are transient and
many-body effects, quantitative information of these two in-
teractions is difficult to obtain.

The chemisorption and interaction of chlorine- and
hydrogen-containing molecules on group-IV semiconductor
surfaces are of great technological importance in the semi-
conductor industry.18 Among the semiconductor gases, HCl
gas is a prototypical heteronuclear diatomic molecule and
has been commonly applied in reduced-pressure chemical
vapor deposition to grow silicon, germanium, and GeSi
alloys.19 HCl chemistry is also important in the etching of
silicon.20 Both theoretical and experimental studies of the
adsorption of HCl on Ge�100� and Si�100� surfaces have
been performed.21–24 HCl molecules are suggested to disso-
ciate upon collision with the Si�100� surface. Each of the two
dissociation fragments subsequently terminates one surface
dangling bond �DB�.

This investigation examines the temperature-dependent
ordering characteristics of mixed adsorbates resulting from
chemisorption of a diatomic gas. The energies of interaction
between adsorbates and a dissociated fragment are deter-
mined experimentally. Specifically, both synchrotron-
radiation core-level photoemission spectroscopy and scan-
ning tunneling microscopy �STM� are used to observe mixed
H- and Cl-terminated Si�100� surfaces that are saturated by
gaseous HCl. In this work, both the spectroscopic and micro-
scopic techniques �photoemission and STM� show that the
number of H-termination sites exceeds that of Cl-terminated
ones. Cl-terminated sites are found to form local 2�2 struc-
ture and zigzag chains. The degree of Cl-adsorbate ordering
increases as the substrate temperature decreases, suggesting a
kinetic ordering of adsorption of fragment Cl atoms. Intro-
ducing repulsive interaction energies between the fragment
Cl atoms and the nearest neighboring Cl adsorbates in the
Monte Carlo simulation yields populations and distributions
of the adsorbed Cl and H atoms that resemble closely those
obtained from STM images.

II. EXPERIMENTAL DETAIL

A core-level photoemission experiment was performed at
the Synchrotron Radiation Research Center in Taiwan. It in-
volved a �-metal-shielded ultrahigh vacuum �UHV� cham-
ber with a base pressure of 1�10−10 torr. Light from the 1.5
GeV storage ring was dispersed by a spherical grating mono-
chromator. The photocurrent from a gold mesh positioned in
the synchrotron beam path was monitored to measure the
relative incident photon beam flux. Photoelectrons were col-
lected at 45° from the surface normal and analyzed using a
125 mm hemispherical analyzer. The overall energy reso-
lution was better than 120 meV. In decompositions of core-
level spectra, all fittings were least-squares fittings and each
component that consisted of a pair of spin-orbit split doublets
was assumed to have the same Voigt line shape. The STM
experiments were conducted in another UHV chamber. All
images were recorded in constant current mode at room tem-
perature. Low tunneling currents �240 pA or less� were used;
no diffusion or desorption of H sites and Cl sites was ob-
served on the HCl-saturated Si�100� surface.

The Si�100� samples were sliced from doped antimony
with a resistance of about 0.01 � cm. In both chambers,
they were outgassed at �800 K over 16 h under UHV con-
ditions. Clean Si�100� surfaces were prepared by direct Joule
heating at �1400 K. The substrate was heated by passing a
controlled dc directly through the sample. In the adsorption
experiment at low temperature, the substrate was cooled to
110 K using liquid N2. The substrate temperature Ts was
measured postfacto using a type-K thermocouple that was
attached by epoxy to the front of the sample; the results were
reproducible to within 15 K. The Si�100�-2�1:H monohy-
dride surface was prepared by 600 K saturation exposure of
the clean Si�100� surface to atomic H. Atomic hydrogen was
produced by backfilling the chamber in the presence of a hot
tungsten filament at �5 cm away from the sample. The
Si�100�-2�1:Cl monochloride surface was prepared by 300
K saturation exposure of the clean Si�100� surface to Cl2.
Ultrapure Cl2 and HCl gases were introduced into the cham-
ber through precision leak valves and stainless steel tubes
that face the samples. During Cl2 and HCl exposure, the
chamber background pressure was about 5�10−9 torr. The
typical dosing time was 60 s.

III. RESULTS

The clean Si�100� surface consists of rows of dimers �-Si-
Si-�, in which each atom has one dangling bond. Saturation
exposure of a clean Si�100� surface to Cl2 and H atoms at
appropriate conditions is known to cause all dimer dangling
bonds to become terminated by those atoms while preserving
the backbone dimer structure, yielding a Si�100�-2�1:Cl
monochloride surface and a Si�100�-2�1:H monohydride
surface, respectively.25,26 The building blocks of the
Si�100�-2�1:H surface and the Si�100�-2�1:Cl surfaces
are a monohydride dimer �H-Si-Si-H� and a monochloride
dimer �Cl-Si-Si-Cl�, respectively, as shown in Fig. 1�a�. Ac-
cordingly, the coexistence of H and Cl on the clean Si�100�
surface, following either coadsorption or sequential adsorp-
tion of the two atoms, can yield mixed H-Si-Si-Cl surface
species in addition to H-Si-Si-H and Cl-Si-Si-Cl.

A. Photoemission results

Figure 2�a� displays Cl 2p core-level spectra �circles� of
the Si�100�-2�1:Cl surface and the Si�100�:HCl surface
that are obtained by saturating the clean Si�100� surface with
Cl2 and HCl at Ts=300 K. Chlorine has a relatively high
cross section for photon stimulated desorption, which can
cause systematic undercounting of the Cl coverage. How-
ever, no Cl photon stimulated desorption on the Cl/Si�100�
systems was observed in consistence with several previous
works that used photons from a similar bending-magnet
beamline with similar photon energy.27–29 The two Cl 2p
spectra each has only one component, consisting of a pair of
1.60 eV spin-orbit-split peaks, and they are similar in energy
and line shape but different in intensity. These observations
suggest that each dissociated Cl atom from HCl reacts with a
surface dangling bond, forming a Si-Cl bond and a Cl-
terminated site �Cl site�.29 The intensity ratio of the two
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Cl 2p spectra is 0.44�0.02. The Si�100�-2�1:Cl surface
has nominally 1 ML of chlorine atoms �1 ML=6.78
�1014 cm−2�. Therefore the final Cl coverage ��Cl� of the
300 K Si�100�:HCl surface is approximately
0.44�0.02 ML. This value is less than 0.5, which would be
expected if all HCl chemisorbs dissociatively. H atoms ter-
minate the remaining �0.56 ML dangling bonds, as the
Si 2p spectra and STM images �to be discussed in Sec. III B�
show. Accordingly, a certain percentage of HCl appears to be
abstractively chemisorbed on Si�100� during the passivation
process and Cl is preferentially ejected back into the
vacuum.

The Si 2p spectra of the Si�100�-2�1:Cl surface, the
Si�100�:HCl surface, and the Si�100�-2�1:H surface are de-
picted in Fig. 2�b�, along with their fits to constitutional com-
ponents. The bottom Si 2p spectrum of Si�100�-2�1:Cl has
two components, B and TCl, separated by about 0.92 eV. The
B component is responsible for emission from the bulk and
the TCl component is from the topmost 1 ML Si; each Si
atom is terminated by Cl. Similarly, the top Si 2p spectrum
of Si�100�-2�1:H consists of two components, B and TH,
separated by about 0.39 eV. The TH component also derives
from the 1 ML outermost Si atoms that are now H terminated
and, therefore, the intensity ratio ITH

/ IB of Si�100�-2�1:H
is very close to ITCl

/ IB for Si�100�-2�1:Cl. The Si 2p spec-
trum of the 300 K Si�100�:HCl surface can be analyzed in
terms of three components, TCl, TH, and B. The intensity
ratios ITH

/ IB and ITCl
/ IB suggest that the coverages of surface

Cl and H, �Cl and �H, are about 0.45 and 0.55 ML, respec-
tively, in close agreement with those determined from the
Cl 2p spectra. Section IV will discuss the driving force that
reduces �Cl.

B. STM results

Upon coadsorption of both H and Cl atoms on Si�100�,
Cl-terminated sites �Cl-Si species or Cl sites� appear notice-
ably brighter than H-terminated sites �H sites� in both filled-
and empty-state STM images, as shown in Figs. 1�b� and 3.
In Fig. 1�b�, the 0.18 ML Cl sites were produced by exposing
to Cl2 a mostly H-terminated Si�100� surface, in which a
portion of dangling bonds were created by mild thermal an-
nealing of the Si�100�-2�1:H sample at �715 K for 50
s.30,31 The adsorption of Cl2 on an isolated dangling bond or
a dangling bond pair of Si�100� has been demonstrated to be
mostly abstractive and to be able to cause chain
reactions;11,30 the Si dangling bond abstracts one atom of the
incident Cl2 molecule, while the complementary Cl atom is
scattered away from the initial abstraction site. The comple-
mentary fragment Cl atom may be captured by a second
dangling bond and adsorbed there or may react with a nearby
H atom to form HCl that is scattered away from the surface,
leaving a new dangling bond for subsequent Cl2 adsorption.
The complex adsorption processes of Cl2 produces large
amounts of mixed Cl-Si-Si-H species even though brief ther-

(a)

5 nm

(b)

Si

H Cl
Side View

Top View

FIG. 1. �Color online� �a� Three surface species, monohydride
dimer H-Si-Si-H, mixed dimer H-Si-Si-Cl, and monochloride dimer
Cl-Si-Si-Cl, on Si�100� surface with mixed H and Cl termination.
The smallest �red� and largest �green� spheres in the topmost layer
are H and Cl atoms, respectively. �b� 15.0�8.5 nm2 STM image of
the mostly H-terminated Si�100�-2�1 surface with 0.18 ML Cl
termination �bright protrusions� measured at a sample bias Vs

=2.28 V and tunneling current It=0.21 nA. In the inset, the three
neighboring rectangles enclose the three surface species described
in �a�. The lattice constant of a Si�100�-1�1 unit cell is a
=0.384 nm.
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FIG. 2. �Color online� �a� Cl 2p and �b� Si 2p core-level photo-
emission spectra �circles� of the Si�100� surface after saturation
exposure to Cl2, HCl, and H atom beams at 300 K. The solid curves
are fits to the spectra. The curves labeled B �long dashed�, TCl �short
dashed�, and TH �dashed dot� are the results of decompositions into
contributions from the bulk, Si-Cl, and Si-H species, respectively.
To eliminate the band bending effect, the relative binding energy
refers to the 2p3/2 line of the B component �99.5 eV�. Vertical lines
through the B, TH, and TCl components are guides for the eyes.
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mal annealing yields more paired dangling bonds �-Si-Si-�
than unpaired dangling bonds �-Si-Si-H�.

Figure 3 shows the STM images of Si�100� after HCl has
saturated the initially clean surfaces that were kept at 110,
300, and 450 K. Many bright protrusions can be discerned in
the images; they are Cl sites. The H sites are not well re-
solved, but their termination of DBs between the Cl sites is
evident and clearly revealed by the Si 2p spectra as dis-
cussed in Sec. III A. The coverages of Cl sites, 0.42�0.01,
0.46�0.01, and 0.40�0.01 ML associated with adsorption
at 110, 300, and 450 K, respectively, vary slightly and are in
reasonable agreement with those obtained from the photo-
emission measurements at RT, mentioned above. In calcula-
tion of the Cl coverage, more than 2700 Cl sites were
counted from a 30�30 nm2 image. We had averaged the
coverage over several images and obtained the error bar of
2% �0.01 ML�. A previous study using Auger electron spec-
troscopy reports an even lower Cl coverage �0.25 ML at Ts
=100 K� and suggests that a self-site-blocking effect causes
some DBs inaccessible for HCl adsorption.24 However, no
residue isolated DB is observed in Figs. 3�a�–3�c�, which
should appear brighter than either a H-terminated or a Cl-
terminated site.26,32

In Fig. 3�a�, many Cl sites collectively form zigzag chains
and areas of well-ordered 2�2 structure. Since �Cl /�H is

roughly 1, a zigzag-structured chain is an ordered array of
Cl-Si-Si-H mixed-hydride dimers, in which H sites and Cl
sites in neighboring dimers are in antiphase with each other.
The 2�2 structure can be regarded as a combination of
more than two neighboring zigzag Cl-Si-Si-H chains with Cl
sites arranged in phase. Restated, each of the Cl site in 2
�2 areas is surrounded by four H sites, suggesting that Cl
sites effectively repel each other. Figure 3�b� shows that the
phase correlation of the zigzag structure both in a row and
between rows is reduced upon adsorption at room tempera-
ture, yielding only short zigzag chains. At elevated substrate
temperature, STM images such as Fig. 3�c� show no apparent
ordering of Cl sites. More detailed analyses of the correlation
between adsorption sites will be presented in Sec. IV.

IV. DISCUSSION

A. Mechanism for atom abstraction

As mentioned in Sec. III, both STM and photoemission
data show that the DBs in the clean Si�100� surface are com-
pletely terminated by either H or Cl after HCl passivation
adsorption and that the number of H-termination sites ex-
ceeds the number of Cl-terminated sites. These findings may
be explained by assuming additional reaction pathways via H
abstraction and Cl abstraction and that the H-abstraction
pathway has a larger branching ratio than that of Cl abstrac-
tion. Notably, the relevant bond energies during HCl adsorp-
tion on the Si�100� surface are about 3.96 eV for Si-Cl, 3.30
eV for Si-H, and 4.47 eV for H-Cl.33 Thus, the energy re-
leased during dissociative adsorption suffices to break the
HCl bond �3.96+3.30�4.47� while those released during
the H or Cl abstractions do not �3.30,3.96�4.47�. There-
fore, unlike the F2 on Si�100� and ICl on Si�111� cases,12,13

atom abstraction here requires additional energy input during
the process.

An isolated DB has its four nearest neighboring sites ei-
ther H terminated or Cl terminated. When the total coverage
of H and Cl sites ��=�Cl+�H� is low, hardly any isolated
DBs are present on the surface. The dissociative adsorption
pathway, which is essentially barrierless, should predomi-
nate. As more and more DBs are terminated by H or Cl,
isolated DBs emerge and increase in number with coverage
as a result of random adsorption.34 When a HCl molecule
comes near and interacts with an isolated DB, a precursor
state that involves the DB, the HCl molecule, and a neigh-
boring H site �or a Cl site� may be formed.35 Upon thermal
excitation, the HCl molecule in this precursor state dissoci-
ates with one of the two fragment atoms chemisorbed and
the other desorbed back into the vacuum, completing the
atomically selective chemisorption. In this suggested sce-
nario, atom abstraction is expected to occur at high coverage
via a two-step process.

B. Correlation of Cl occupancy between two adsorption sites

As described in Sec. III B, STM images show apparent
local ordering of Cl sites. A correlation function for Cl sites
is required to describe the partially ordered adsorbate
layer.3,36 For this aim, 20 sites that surround a centered ad-

(a) 110 K

5 nm

(b) 300 K

(c) 450 K

FIG. 3. �Color online� STM images of Si�100� after saturation
dosage of HCl at sample temperatures of �a� 110, �b� 300, and �c�
450 K. Dashed and solid boxes enclose selected areas with a 2
�2 and a zigzag structure, respectively. A bright protrusion corre-
sponds to a Cl-terminated site. All images are obtained at room
temperature with It=0.24 nA and Vs= �a� −2.46, �b� +2.27, and �c�
+2.57 V. A few very bright spots on the right side of �a� and �c� and
the lower middle in �b� are unknown surface species. Image size:
15�8.5 nm2.
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sorption site �labeled 0� on a Si�100� lattice with a dimerized
structure are first numbered using an integer s, as shown in
the inset of Fig. 4�a�. Mirror symmetry sites, such as 2 and 3,
5 and 6, and 7 and 8, are numbered in sequence. Consider an
ith Cl site on an STM image of the Si�100�:HCl surface and
label this site with the site number 0. The site occupancy
ni�s� is 1.0 if site s is also a Cl site; otherwise ni�s�=0. The
“un-normalized” pair correlation function g��s� of all Cl sites
is defined as

g��s� = g�s��Cl =
1

NCl
�
i=1

NCl

ni�s� , �3�

where NCl is the total number of Cl sites in that STM image
and �Cl is the coverage of the Cl sites or equivalently the
average Cl occupancy at any site in the image area. The use
of g� here, instead of the normalized pair correlation function
g,37 is to show in the relevant figures the Cl coverage �Cl,

which is also an important parameter for understanding the
adsorption process.

From the definition, g at a certain site s can be interpreted
as the ratio of two probabilities: it is the probability of find-
ing a Cl site or the Cl occupancy at site s divided by the
average occupation probability �Cl. The un-normalized pair
correlation function g��s� measures the correlation between
occupancy at the ith Cl site �s=0� and that of site s around it.
If g��s� is equal to �Cl, then no correlation exists between
site s and site 0. If g��s� is larger �smaller� than �Cl, then the
ith Cl site increases �reduces� the Cl occupancy at site s,
which is positively �negatively� correlated with site 0.

From STM images in Figs. 3�a�–3�c�, the g� for each s
can be calculated using Eq. �3�; Figs. 4�b�–4�d� plot the re-
sults. To clarify the correlation between the Cl occupancies
of the two neighboring sites, g� for each site is also repre-
sented on a gray scale in the insets of Figs. 4�b�–4�d�. As
displayed in Fig. 4�b�, the Cl occupancy of sites that are
separated by more than two units of the lattice constant, such
as s=15–20, has a background value of 0.42, which is the
mean Cl occupancy, �Cl. The occupancies for the three near-
est neighboring sites, which are indexed 1–3, are markedly
lower than �Cl but visibly higher for s=5,6 ,9 ,10, which are
all two single-lattice jumps away and in the same row as site
0.

Figure 4�c� plots results concerning room-temperature ad-
sorption. They reveal essentially the same trends: the g� val-
ues at sites within two units of the lattice constant �s
=1–12� deviate from the mean occupancy but with a lower
variation than those in Fig. 4�b�. For the 450 K Si�100�:HCl
surface, the variations of g� are even smaller except at s=1.
Since the two sites s=0 and 1 are located on the two sides of
a dimer, the small g��1� indicates that the probability of find-
ing two Cl sites on the same dimer is significantly lower than
�Cl. In view of the fact that Cl and H sites are mobile at
elevated temperature,38,39 the negative correlation between
Cl occupancy of the two sites �0 and 1� suggests that Cl-Si-
Si-H is thermodynamically favored over the monochloride
and monohydride dimers.

Since Cl sites on the 110 K Si�100�-2�1:HCl surface
have a higher degree of ordering than those obtained at
higher Ts, the following discussion focuses on the 110 K
adsorption. In the inset of Fig. 4�b�, the sites farther from a
central Cl site are moderately gray, corresponding to average
occupancy. Sites 1–3 are darker, indicating their statistically
lower Cl occupancy probability and therefore higher H oc-
cupancy. The substantially higher probability of H termina-
tion at sites 1–3 suggests the following two possible occur-
rences. �1� When the dangling bond at site 0 collects the Cl
atom from HCl, the complimentary H atom prefers the near-
est neighboring site in the same row. �2� Dissociated Cl at-
oms dissociated upon subsequent impingements of HCl on
these three nearest neighboring sites, 1–3, are driven away.
The occupancy of the other immediate neighbor, i.e., site 4,
is only slightly lower than the average, suggesting that the
site correlation is weaker in the neighboring row than that in
its row. The second nearest neighbors in the same row, sites
5 and 6, have moderately higher occupancy; this result is
consistent with the formation of short zigzag chains.
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FIG. 4. �Color online� Un-normalized pair correlation function
g� obtained from simulation �a� program I �red diamonds� and pro-
gram II �blue squares� with no fragment-adsorbate energy of inter-
action; �b�–�d� simulations with repulsive fragment-adsorbate en-
ergy of interaction and STM images �filled circles� of the samples in
Figs. 3�a�–3�c� with Uintra=8.5 meV and Uinter=3.5 meV. The in-
sets in �a� show the lattice of Si�100�-2�1:HCl; each circle corre-
sponds to a H or Cl site. Numbers are site-index s for sites that
neighbor to the central adsorbed Cl atom �s=0� and distance be-
tween site s and site 0 in the unit of surface lattice constant a. Insets
of �b� and �c� are gray-scale representations of g� obtained from
STM images.
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C. Monte Carlo simulations

As discussed in Sec. IV A, both dissociative and abstrac-
tive pathways occur during the saturation of Si�100� by HCl.
The saturation process consists of a sequence of chemisorp-
tion of individual HCl molecules. Studies showed that sepa-
rate adatoms in dissociative adsorption of many diatomic
molecules on the clean Si�100� surface are usually one or
two atom units away from each other.26,30,40 Accordingly, we
first model HCl chemisorption as a process in which, upon
striking on one dangling bond, one of the two separated at-
oms �referred to as the first atom A� is trapped and chemi-
sorbed on the dangling bond and the second atom �referred
to as B� is chemisorbed on one of the nearest or second
nearest active sites �dissociative adsorption� or desorbs from
the surface �atom abstraction�.

To understand the pair correlation functions extracted
from the STM images, Monte Carlo simulations were per-
formed on a square area of 300�300 unit cells that are or-
ganized into 150�300 dimers. Initially, all the 9�104 sites
are set active for H or Cl termination; they are DBs. The
simulation program models the irreversible adsorption or
random sequential adsorption of HCl from �=0 to 1.0 ML.
Two steps are involved for each simulated adsorption process
of a HCl molecule: the first step is to place atom A and the
second step, atom B. In the first step, an active site is ran-
domly selected and atom A is chemisorbed on the spot �site
0�. Cl and H are assumed to have an equal probability to be
atom A; the probability for Cl to be atom A, PCl, is thus 0.5.

The second step in the simulation involves three cases.
Case 1: at least one of three nearest neighboring vacant sites
on the same dimer row �s=1–3� is still active. Then atom B
lands with equal probability at one of those active sites, i.e.,
PB,nn=1 /Na, where PB,nn is the probability for atom B to
land on one nearest neighboring active site and Na is number
of active sites among s=1–3. The reason to choose only
among s=1–3 is that the correlation of occupancy between
sites in the same row is markedly stronger than that in adja-
cent row, as discussed in Sec. IV B. The simulation based on
this assumption is referred to as program I. However, site 4
might be arguably equivalent to sites 1–3. For comparison,
program II thus randomly selects one active site among sites
1–4, i.e., PB,nn=1 /Na, with Na=1–4. Case 2: the immediate
neighboring sites are all occupied. Then program I �II� ran-
domly selects one active site among the second nearest
neighbors s=4–8 �5–8� with equal probability PB,snn=1 /Na
with Na=1–5 �1–4�. Case 3: all eight neighboring sites 1–8
are occupied. In this case, both programs I and II assume that
atom B is ejected back to vacuum and, therefore, an A ab-
straction occurs. Based on the above-mentioned minimum
set of rules, programs I and II generate the arrangement of H
and Cl sites from �=0 to 1.0 ML; a selected area at �
=1.0 by program I is shown in Fig. 5�a�. No obvious ordered
areas can be found in Fig. 5�a�, in disagreement with the
ordering found in STM images. The branching ratios for the
H abstraction, the Cl abstraction, and the dissociative adsorp-
tion as a function of � during the simulation are displayed in
Fig. 6�a�. According to Fig. 6�a�, atom abstractions take
place when � exceeds �0.5 ML and becomes increasingly
significant only when � approaches 1.0; H abstraction and

Cl abstraction have essentially the same occurrence prob-
abilities because the programs treat H and Cl equally.

The corresponding g�s can be calculated from the simu-
lated arrangement �Fig. 5�a��; a set of typical results is dis-

(a) 0.50

(b) 0.42

(c) 0.46

FIG. 5. �Color online� Simulated distributions of coadsorbed H
�circles� and Cl �filled circles� sites on Si�100�-2�1 at �a� and �b�
110 and �c� 300 K. Coverages of Cl-terminated sites in monolayer
are given. Dashed and solid boxes enclose selected areas with a 2
�2 and a zigzag structure, respectively. In �a� fragment-adsorbate
energies of interaction are 0. In �b� and �c�, the repulsive energies
are Uintra=8.5 meV and Uinter=3.5 meV.
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FIG. 6. �Color online� Branching ratios of three adsorption path-
ways as a function of � using program I with the effective substrate
interaction Uef f �a� off and �b� on. RCl used is 0.5.
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played in Fig. 4�a�. Figure 4�a� shows that �Cl is 0.5 even
though a fraction of adsorption takes place via the abstractive
reaction pathways. This is because H abstraction and Cl ab-
straction have the same occurrence probabilities. Program I
�II� results in lower values of g� for s=1–3 �1–4� because
the complementary fragment B atom �H� initially seeks dan-
gling bonds that are immediate neighbors to A �Cl� and,
therefore, reduces the probability of Cl occupation. The oc-
cupancy of all other sites is approximately 0.5, indicating no
correlation between sites 0 and s. These results strongly dis-
agree with the experimental data and additional interactions
during the saturation adsorption should be considered.

D. Simulation with the introduction of
fragment-adsorbate interactions

Once chemisorbed, H and Cl atoms are immobile at RT or
below on the silicon substrates because of large diffusion
barriers.39,40 Thus, the correlation between Cl adsorption
sites is established during the adsorption process and before
the formation of Cl-Si bonds. Hence, the partial ordering of
Cl sites suggests that forces between a Cl atom �Cl fragment�
and its surrounding adsorbates are already present before the
chemisorption of a Cl fragment is completed. Assumed to be
short ranged, the forces between a fragmented Cl atom, ei-
ther atom A or atom B, at a DB site �s=0� and a Cl site at
s=1–4 can be described by effective interactions, U01, U02,
U03, and U04, respectively. The fragment-adsorbate interac-
tions between Cl and H and between H and H are assumed to
be negligible.8 The effective substrate interaction Uef f expe-
rienced by the Cl fragment is the sum of the four energies
U0s �s=1–4�. In Figs. 4�b� and 4�c�, the g�s for s=1–3,
which sites are located in the same dimer row, are similar.
Therefore the simulation programs equalize the interaction
energy Uintra=U01=U02=U03 for simplicity, where Uintra
denotes intrarow interaction.

With the introduction of the effective nearest neighboring
Cl-fragment–Cl-adsorbate interaction, programs I and II are
modified accordingly. In the first step, the probabilities for
atom A to be Cl are reduced by a Boltzmann factor according
to

PCl = RCle
−�Uef f/kT� = RCle

−��U01+U02+U03+U04�/kT�, �4�

where RCl indicates the initial probability of Cl adsorption on
a DB and is 0.5, assuming no atomic chemical selectivity in
the gas-surface interaction.12 The probability for atom A to
be H, PH, is 1− PCl. In the second step, no change in pro-
grams I and II is made if the atom B is H. If atom B is Cl,
then program I randomly selects one active site among the
first nearest neighbors s=1–3 �s=4–8� for case 1 �case 2�
with unequal probabilities according to

PCl,s =
1

Z
e−�Uef f ,s/kT�, �5�

where Uef f ,s is the effective interaction energy seeing from
site s and Z is the normalization factor, i.e.,

Z = �
j=1

Na

e−�Uef f ,j/kT�. �6�

When site s is selected, the programs also reduce the prob-
ability for atom B �Cl� to be chemisorbed by the same Bolt-
zmann factor e−�Uef f ,s/kT�. This assumption effectively breaks
the evenly balanced H-abstraction and Cl-abstraction occur-
rence ratios and is needed in order to match the experimen-
tally measured temperature dependent �Cl. Again, all simu-
lations of HCl passivation processes were conducted on an
area with 300�150 dimers. The g�s for site s obtained from
the computer simulations, gsim,s� , is compared with that from
the STM measurement, gexp,s� , in terms of the standard devia-
tion 	, which is defined as

	 =�1

n
�
s=1

n

�gsim,s� − gexp,s� �2, �7�

where n=20 is the total number of calculated sites. A smaller
	 indicates a better match between the simulation result and
the corresponding experimental measurement. Figure 7
shows a contour plot of standard deviation 	 using program
I for 110 K adsorption as functions of the repulsion energies
Uintra and Uinter=U04, where Uinter denotes inter-row interac-
tion. As Fig. 7 indicates, the repulsion energies of about
Uintra=8.5�2.0 meV and Uinter=3.5�2.0 meV give the
best fit. This corresponds to Uef f 	29 meV at most if all
neighboring sites are occupied. The intrarow energy of
fragment-adsorption interaction is significantly lower than
the repulsion energy �61 meV� between two adjacent
adsorbate-adsorbate dimers �4�8.5�61�,8 perhaps because
a Cl fragment is a neutral radical while a Cl adsorbate is
negatively charged. Using these energies, the distributions of
Cl and H sites are simulated for adsorption at 110, 300, and
450 K �not shown� and displayed in Figs. 5�b� and 5�c�,
respectively. Figures 4�a�–4�c� plot the corresponding g�s
and the branching ratios for the three adsorption reactions are
shown in Fig. 6�b�. As Figs. 4�b� and 4�c� show, program I
gives a slightly better overall fit, while both programs I and
II reproduce well the overall trends in the g�s. With the in-
troduction of the effective interaction, Fig. 6�b� shows that
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FIG. 7. Contour plot of standard deviation 	�100� between the
simulation and STM result �110 K� as functions of repulsive inter-
acting energies Uintra and Uinter. Simulated results more closely
match STM measurements in areas where 	 is smaller.
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atom abstractions occur at low � and at substantially higher
rates.

Despite the successful reproduction of g�s at low sub-
strate temperature, the simulation results for adsorption at
elevated temperature do not agree with the experimental
ones, as shown in Fig. 4�d�. In view of the Uef f 	29 meV,
which is approximately kT at room temperature, this is not
surprising.

Equation �4� reveals that the effective substrate interaction
energy Uef f can reduce the probability PCl that a fragment Cl
atom bonds with a DB that has at least one nearest neighbor-
ing Cl site. However, a reduced value of RCl can lower PCl as
well. As mentioned above, the simulation programs assume
that H or Cl is adsorbed with equal probability on a DB that
is randomly struck by a HCl molecule such that RCl=0.5.
Simulations by program I using various RCl and Uef f =0 give
rather featureless g�s for s�4, as shown in Fig. 8�a�, and,
therefore, fail to predict the measurements accurately. �Cl
also rises �falls off� with increasing �decreasing� RCl; this is
expected since the Cl abstraction is enhanced by a larger RCl.
Giving the set of the repulsion energies found above, pro-
gram I reproduces again the main features of the un-
normalized pair correlation function g� over a large range of
RCl. These findings further enlighten the presence of the re-
pulsive forces between fragment atoms and adsorbates as
well as the repulsion energies found above.

V. CONCLUSIONS

Upon collision with a surface, a diatomic molecule may
bounce back or may be molecularly adsorbed or cleaved into
two fragments. If the molecule is cleaved, the two fragments
interact readily with the surface as well as the adsorbates in
the vicinity of the reaction site before being adsorbed or
reflected back into vacuum. Quantitative measurement of the
fragment-adsorbate interaction is not an easy task consider-
ing its transient and many-body effects. To this end, this
work investigates the adsorption kinetics of a simple di-
atomic molecule, i.e., HCl, on the Si�100�-2�1 surface by
integrating a spectroscopic measurement of core-level pho-
toemission, atomic resolved STM imaging, and Monte Carlo
simulations. Experimental results reveal that saturation expo-
sure to HCl at a sample temperature between 110 and 450 K
causes all dangling bonds on the clean Si�100� surface to be
terminated by the two fragments, H and Cl atoms. The HCl-
saturated Si�100� surface exhibits the following characteris-
tics:

�1� the number of H-terminated sites exceeds that of Cl-
terminated ones by more than 10%;

�2� at a substrate temperature of 110 K, the mixed Cl-
terminated and H-terminated sites exhibit short-range order
and form 2�2 patches; and

�3� the degree of the mixed-adsorbate ordering is reduced
as the substrate temperature increases.

To reproduce well the experimental results, we have per-
formed Monte Carlo simulations and demonstrated the fol-
lowing findings:

�1� The adsorption of HCl proceeds by the combination of
a dissociative mechanism and atom abstraction in favor of H
fragments over Cl.

�2� During dissociative chemisorption on surfaces, the
fragment-adsorbate interactions are present and cause the
partial order of the adsorbates.

�3� Reliable values of the fragment-adsorbate interaction
energies can be extracted by comparing the simulated and
measured occupancy pair correlation functions. If a Cl frag-
ment is in the same dimer row as another Cl adsorbate, then
the energy of their interaction energy 8.5�2.0 meV exceeds
that and 3.5�2.0 meV when they are in adjacent rows.
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