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1. INTRODUCTION

After impinging upon a surface, a polyatomic molecule often
fragments into components that bond with a surface either in
close vicinity or at a distance; this process is called dissociative
adsorption. An adsorbed component or an adsorbate can not
only bond with the substrate but also interact with neighboring
adsorbates. The adsorbate�adsorbate interactions, termed AAIs,
can occur directly by electrostatic repulsion from their charges1

or can be indirectly mediated by substrate reconstruction,2 lattice
strain,3 or surface states.4,5 AAIs are typically weaker than
adsorbate�substrate interactions but can lead to adsorbate
orderings or pattern formations on surfaces.3,6,7 Adsorption of
gaseous molecules on solid surfaces is a fundamental process in
many natural and technological systems. A comprehensive
understanding of AAIs is of great interest to chemical vapor
deposition, surface etching, and heterogeneous catalysis.8

The physics and chemistry of the Si(100) surface have been
extensively studied theoretically and experimentally. The enor-
mous interest in this system stems not only from its rich dangling
bond characteristics as a prototype semiconductor surface but
also from its important role in semiconductor device fabrication.
Due to the crucial role of halogens in silicon chemical etching, the
reaction of halogens with the Si(100) surface has been the subject
of extensive research.9�12 To describe the roughening and
reorganization experimentally observed on halogen-terminated
Si(100) surfaces, Boland et al. performed DFT calculations for
selective cells of mixed hydrogen- and halogen-terminated
dimers.7,13�15 They determined the intra-row and inter-row
steric repulsions between two neighboring halogen filled dimers.

This work is a sequel to the preceding work on the adsorption
of hydrogen halides and diatomic interhalogens on the Si(100)
surface.16 These diatomic molecules are either dissociatively or

abstractively adsorbed at room temperature to yield a mixed-
adsorbate surface. STM images show that the mixed hydrogen�-
chlorine and mixed iodine�chlorine terminated surfaces (Si(100):
HCl and Si(100):ICl) consist of local zigzag and (2 � 2)
structures.16,17 Furthermore, the degree of partial orderings is shown
to depend on the substrate temperature. UsingDFT calculations, the
present work examines the energetics of various ordered mixed
adsorbate structures. Analyzing the systematic trends of these
energies allows the extraction of nearest-neighbor interactions
(ENN) and next-nearest-neighbor interactions (ENNN) between
individual adsorbed halogen atoms in the Si(100) surface. The
ENN’s between the two large halogen adsorbates, which include
chlorine, bromide, and iodine, are observed to increase exponentially
with respect to the sum of their ionic radii. This finding suggests that
the steric effect, or the associated cost in energy due to electron-cloud
overlap of two adsorbates, contributes predominately to the AAIs
and the fragment�adsorbate interactions, which lead to the ordered
structure of mixed adsorbates during the chemisorption processes.

2. METHODS

2.1. Computation Details. Density functional theory (DFT)
calculations were performed using VASP (Vienna Ab-initio
Simulation Package) employing PBE generalized gradient ap-
proximation functionals.18�21 The Si substrate was modeled by a
4� 4� 8 slab with the bottom two layers fixed at bulk positions
and the surface terminated by hydrogen. A vacuum region of
thickness 15 Å on top of the Si surface was included to form a
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supercell. Plane waves of kinetic energies up to 25 Ry were
included. The irreducible Brillouin zone was sampled with a
(16 � 16 � 1) Monkhorst�Pack mesh.22 Geometry optimiza-
tion was performed until the total energy converged to within
10�5 eV. Cell sizes were fixed to yield a Si lattice constant of 5.46Å.
After a relaxation of the atomic structure, electronic densities of
states calculations were performed. STM images were simulated
using the Tersoff and Hamann approximation that relates the
STM image to the integrated electronic density of states between
the Fermi level and the bias voltage.23 We simulate a constant-
height mode STM image by integrating the partial charge density
fromEF toEF( 2.0 eV onto a projected plane at a distance of 2.3 Å
above the topmost atom on the surface.
2.2. Steric InteractionModel.The Si(100) surface consists of

dimers; each surface dimer atom has a chemically active dangling
bond.24 Since both H and the halogen atom X are highly reactive
radicals, the reaction of hydrogen halides HX and diatomic inter-
halogens XYwith Si(100) involves dissociative adsorptionwith each
H radical and halogen atom forming a single bond concurrently with
two partially filled dangling bonds through the cleavage of theH�X
or X�Y bond.17,25,26 After saturation coverage, the surface became
fully terminated with the mixed (H�Si and X-Si) or (X�Si and
Y�Si) surface species as observed by photoemission and STM. The
dimer bonds remained intact after surface passivation by hydrogen
or halogen atoms.
To describe the ordered adsorbate structures that are possible

for two adsorbates, the following symbols are introduced: the
two possible adsorbates, either hydrogen and halogen atoms or
two halogen atoms, are denoted by A and B, respectively. The
basic building blocks for the Si(100):AB surface are mixed
occupation dimers (MOD) A�Si�Si�B (AB for short) or
B�Si�Si�A (BA) or paired occupation dimers (POD)
A�Si�Si�A (AA) or B�Si�Si�B (BB). Using this notation,
the various ordered adsorbate structures in a 4 � 4 cell can be
represented schematically as shown in Table 1. Eight different
periodic structures were considered: (1) (2 � 2)-m, (2) c(4 �
2)-m, (3) (2� 1)-m, (4) (4� 1)-m, (5) c(4� 2)-p, (6) (2� 2)-p,
(7) (4� 1)-p, and (8) (2� 1)-p, where m and p indicate that the
structure is formed only by MODs and PODs, respectively. The

(2 � 1)-p structure describes a surface where the top half is
Si(100)-(2 � 1):A and the bottom half is Si(100)-(2 � 1):B.
Several fundamental AAIs are depicted in Figure 1: ηAB, the

chemical and steric interaction between two adsorbate atoms A
and B in a dimer; RAB, ENN between two adsorbate atoms A and
B in two neighboring dimers in the same row; βAB, ENN between
two adsorbate atoms A and B in two neighboring rows; FAB,
ENNN between two adsorbate atoms A and B in the same dimer
row; and γAB, ENNN between two adsorbate atoms A and B in
neighboring dimers in the same row. Accordingly, each of the
total adsorbate�adsorbate interaction energies Ei,AB for the
above-mentioned ith structure are also listed in Table 1.

Figure 1. Top view of half of the (a) (2� 2)-m and (b) c(4� 2)-p unit
cell used to calculate adsorbate�adsorbate interactions. η, R, and β
represent the interactions between two nearest-neighboring adsorbate
atoms of the same kind (A or B) or different kinds (A and B). Those
between two next-nearest neighbors are labeled as F and γ.

Table 1. Atomic Arrangements and Interaction Energies for Mixed Adsorbates A and B in a 4 � 4 Unit Cell on Si(100)a

structure i 1: (2 � 2)-m 2: c(4 � 2)-m 3: (2 � 1)-m 4: (4 � 1)-m 5: c(4 � 2)-p 6: (2 � 2)-p 7: (4 � 1)-p 8: (2 � 1)-p

atomic

arrange

ment in a

4 � 4 cell

AB AB AB BA AB AB AB BA AA BB AA AA AA BB AAAA þ BBBB

BA BA BA AB AB AB AB BA BB AA BB BB AA BB AAAA þ BBBB

AB AB AB BA AB AB AB BA AA BB AA AA AA BB AAAA þ BBBB

BA BA BA AB AB AB AB BA BB AA BB BB AA BB AAAA þ BBBB

Ei,AB
interaction

energy

per 4 � 4

8ηAB
þ 16RAB

þ 8βAB
þ 8FAA þ 8FBB
þ 8γAA þ 8γBB

8ηAB
þ 16RAB

þ 4βAA þ 4βBB
þ 8FAA þ 8FBB
þ 16γAB

8ηAB
þ 8RAA

þ 8RBB þ 8βAB
þ 16FAB
þ 16γAB

8ηAB
þ 8RAA þ 8RBB

þ 4βAA þ 4βBB
þ 16FAB
þ 8γAA þ 8γBB

4ηAAþ 4ηBB
þ 16RAB

þ 8βAB
þ 16FAB
þ 8γAAþ 8γBB

4ηAAþ 4ηBB
þ 16RAB

þ 4βAA þ 4βBB
þ 16FAB
þ 16γAB

4ηAA þ 4ηBB
þ 8RAA þ 8RBB

þ 8βAB
þ8FAA þ 8FBB
þ 16γAB

4ηAA þ 4ηBB
þ 8RAA þ 8RBB

þ 4βAA þ 4βBB
þ 8FAA þ 8FBB
þ 8γAA þ 8γBB

Ei = Ei,AH �
E8,AH

�E00 �E00 �E00 �E00 0

�8RAA � 4βAA �8RAA �4βAA �8RAA � 4βAA �8RAA � 8FAA �4βAA
�8γAA �8FAA � 8γAA �8FAA �8FAA �8γAA �8γAA

Ei,est �E00 � 12ENN �E00 � 8ENN �E00 � 4ENN �E00 �12ENN �8ENN �4ENN 0

aThe energy for (2� 1)-p, E8,AB, is themean of the two energies for A- and B-terminated (2� 1) structure, respectively. With B =H, energy Ei is relative
to E8,AH. ENN denotes the energy of the nearest-neighbor interaction RAA or βAA assuming RAA≈ βAA. Ei,est represents an estimation of Ei by neglecting
ENNN’s FAA’s and γAA’s.
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Within a POD or a MOD, charge transfer, and thereby the
bond strength of Si�A or Si�B at one end of the dimer, can
be affected by the adsorbate at the other end. Hence, the
interactions within a dimer (ηAB, ηAA, and ηBB) include not only
AAIs but also chemical energies that involve the formations of
A�Si�Si�B, A�Si�Si�A, andB�Si�Si�B.To extract theAAIs,
we can exclude these chemical energy components using a relative
energy scale Ei for the ith structure to E8,AB (= 0). To further reduce
the number of terms in the interactions, hydrogen can be used as the
adsorbed atoms B because the interaction between hydrogen and
halogen adsorbate atoms is negligible:πHH =πAH = 0, whereπ = η,
R,β,F, orγ, andA=halogen.With these simplifications, the relative
interaction energies Ei for themixed hydrogen�halogen terminated
surfaces Si(100):HA are as follows.

E1 ¼ � E00 � 8RAA � 4βAA ðm1Þ

E2 ¼ � E00 � 8RAA � 8γAA ðm2Þ

E3 ¼ � E00 � 4βAA � 8FAA � 8γAA ðm3Þ

E4 ¼ � E00 � 8FAA ðm4Þ

E5 ¼ � 8RAA � 4βAA � 8FAA ðp1Þ

E6 ¼ � 8RAA � 8FAA � 8γAA ðp2Þ

E7 ¼ � 4βAA � 8γAA ðp3Þ

E8 ¼ 0 ðp4Þ
Note that the chemical and steric interactions in a dimer are grouped
in the term: E00 = 4ηAA þ 4ηHH � 8ηAH. The variable E00 in
eqs m1�m4 can be eliminated by subtraction; the AAIs are then
derived as

βAA-m ¼ ð � E1 þ E2 � E3 þ E4Þ=8 ðm5Þ

γAA-m ¼ ðE1 � E2 � E3 þ E4Þ=16 ðm6Þ

RAA � FAA ¼ ð� E1 � E2 þ E3 þ E4Þ=16 ðm7Þ
In eqs m5 and m6, an additional label m is added to the interaction
energies β’s and γ’s because the β’s and γ’s can be similarly derived
independently of eqs p1�p4 for the POD configurations

βAA-p ¼ ð� E5 þ E6 � E7 þ E8Þ=8 ðp5Þ

γAA-p ¼ ðE5 � E6 � E7 þ E8Þ=16 ðp6Þ

RAA þ FAA ¼ ð� E5 � E6 þ E7 þ E8Þ=16 ðp7Þ
The bond angle and charge distribution for a Si�X bond in an
MODare expected to be slightly different from those in a POD (see
Section 3.1). Therefore, it is expected thatβAA-m (γAA-m) is different
from βAA-p (γAA-p). Equations m7 and p7 are used to obtain a set of
RAA and FAA

RAA ¼ ð� E1 � E2 þ E3 þ E4 � E5 � E6 þ E7 þ E8Þ=32 ð8Þ

FAA ¼ ðE1 þ E2 � E3 � E4 � E5 � E6 þ E7 þ E8Þ=32 ð9Þ

3. RESULTS AND DISCUSSION

3.1. Relaxed Structure and Simulated STM Images of ICl/
Si(100). Saturation adsorption of monovalent adatoms such as H
or halogen on the Si(100) surface results in termination of all
dangling bonds.24,27 In good agreement with earlier calculations,28

we determine a surface dimer bond length of 2.41 Å and a dimer tilt
angle of 111� for the hydrogen-terminated Si(100) surface
(Si(100)-(2 � 1):H). The structural data calculated for Si(100)
-(2� 1):Cl, a Si�Cl bond length of 2.07 Å, and a dimer length of
2.43 Å are also in close agreement with previous results.29,30

As Figure 2 shows, the calculated relaxed geometric para-
meters for Si(100):AB are similar for various ordered structures.
Taking mixed adsorbate atoms I and Cl, for example, the bond
lengths of Si�Cl and Si�I are 2.07 and 2.46 Å, respectively.
Under the influence of neighboring adsorbates, the Si�I and
Si�Cl bond angles with respect to the dimer bond vary slightly,
as depicted in Figure 2. As described in Section 3.4, the AAIs are
repulsive due to the electron-cloud overlap between the two
neighboring adsorbates. Because the large halogen adsorbate
ions have large electron clouds, the bond angles are optimized
such that the overall overlap energy is minimized.
Even though each halogen or hydrogen atom similarly termi-

nates one dangling bond, previous reports have shown that
chemical contrast between different Si�X sites in STM images
is high.16 In fact, only one of the two adsorbates for Si(100):AB is
discernible in the STM images. Simulation of STM images for the
mixed adsorbate systems can help to identify the type of halogens
that have a relatively larger apparent height. Figures 3(a) and
3(b) show the simulated constant-height STM images of the ICl-
terminated Si(100)-(2 � 2)-m surface (Figures 3(c) and 3(d)).
The simulation was obtained by integrating the DOS from EF to

Figure 2. Side view of relaxed (a) (2 � 2)-m, (b) c(4 � 2)-p, and (c)
(4 � 1)-m atomic structure of the ICl-terminated Si(100) surface. The
atomic distance is in angstrom. The bond lengths of Si�Cl (2.07 Å) and
Si�I (2.46 Å) are almost equal for all structures.
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EF ( 2.0 eV onto a projected plane at 2.3 Å above iodine.
According to Figure 3(a), the bright protrusions in the empty-
state STM image should be assigned to the iodine atoms.
3.2. Calculated Adsorbate�Adsorbate Energy. The ad-

sorption energies for various hydrogen halides HX and diatomic
interhalogens XY on the Si(100)-(2 � 1) structure are listed in
Table 2. The calculated relative energies Ei for mixed hydro-
gen�halogen adsorbates are obtained by subtracting Ead,8 from
Ead,i and displayed in Figure 4. Giving the calculated Ei’s and
solving eqs m5, m6, p5, p6, 8, and 9 in Section 2.2 yield the
interaction energies, which are listed in Table 3. From Table 3,
the next-nearest-neighbor interactions ENNN are seen to be
similarly weak for all halogens, consistent with previous

reports.13 Independent of reactivity and the amount of charge
transferred to the various halogens, ENNN are likely associ-
ated with strains in the top Si layer. The magnitudes of the
interactions between nearest-neighbors ENN are in overall agree-
ment with those found in ref 13 and will be further discussed in
Section 3.3.
The energy diagram in Figure 4 shows several analogous

trends for the four hydrogen halides:
1. E8 has the highest value among the eight Ei’s. Accordingly,

the segregation into the hydrogen- and halogen-terminated
domains is not energetically favorable, even when it is
kinetically plausible.

2. The total energies are in the same order from lowest to
highest: E1 < E2 < E3 < E4 for theMOD configurations, and
E5 < E6 < E7 < E8 for the POD configurations. Furthermore,
the relative energies (E1, E2, E3, E4) for the MOD config-
urations and those (E5, E6, E7, E8) for the POD configura-
tions are about equally spaced for all the H�Cl, H�Br, and
H�I mixed adsorbate systems. As the estimated total
energies Ei,est’s in Table 1 show, the gap in total energy is
about 4ENN when the ENNN’s are set to zero and the
nearest-neighbor interaction R’s and β’s are set equal, R =
β = ENN. In the H�F system, all structures have compar-
able energies, apart from the segregated structure (2 � 1)-
p. The ENNN’s between the two F adsorbate atoms are
comparable with the ENN’s and, therefore, cannot be
ignored in the estimation of the total energies.

3. The energy of (4 � 1)-m is lower than that of (2 � 1)-p,
which implies that E00 = 4ηXX þ 4ηHH � 8ηXH > 0 or
equivalently ηXX þ ηHH > 2ηXH. In other words, the
formation of two MODs HX upon chemisorption of two
HX molecules is energetically preferable to that of two
different PODs XX and HH.

4. The (2 � 2)-m and c(4 � 2)-p orderings have the lowest
total energies for the MOD and POD configurations,
respectively. Although their energies are compatible, the
c(4 � 2)-p ordering has not yet been observed.16 This
occurrence indicates that the thermodynamic considera-
tion alone is not sufficient to determine the adsorbate
structure and that the kinetic barrier comes into play.
Take the HCl adsorption as an example. The MODs
(H�Si�Si�Cl) are the dominating species on 1D and
2D arrays of bare Si dimers.31 At low coverages, bare dimers
(�Si�Si�) are abundant. A previous study suggests that,
upon the adsorption of a HCl molecule on a bare dimer, an
intermediate state (�Si�Cl�Si�H) with Cl inserted

Figure 3. Calculated constant-height (a) empty-state and (b) filled-
state STM images of the (2� 2)-m adsorbate structure for Si(100):ICl.
The electron density is in units of e/Å3. The maxima of electron density
are at the iodine positions. (c) Side view and (d) top view of the relaxed
atomic structure of a (2 � 1)-m ICl-terminated Si(100) surface. The
distance is in angstrom.

Table 2. Calculated Adsorption Energies (meV per (4� 4) cell),Ead,iwith the ith Adsorption Structure for EightDiatomicHX/XY
Molecules on Si(100)

structure i 1: (2 � 2)-m 2: c(4 � 2)-m 3: (2 � 1)-m 4: (4 � 1)-m 5: c(4 � 2)-p 6: (2 � 2)-p 7: (4 � 1)-p 8: (2 � 1)-p

HF �24521.2 �24496.2 �24479.7 �24400.8 �24463.4 �24446.4 �24387.3 �24241.1

HCl �22354.0 �22283.5 �22160.0 �22046.1 �22368.5 �22311.0 �22133.7 �21998.8

HBr �22910.7 �22763.5 �22543.4 �22361.1 �22923.5 �22757.9 �22509.1 �22263.7

HI �22926.0 �22555.8 �21969.3 �21590.6 �22936.4 �22291.9 �21934.5 �21208.2

ClF �53720.5 �53693.5 �53671.7 �53633.3 �53719.3 �53672.5 �53659.9 �53601.7

BrF �49316.9 �49220.2 �49143.6 �49026.9 �49310.7 �49141.8 �49114.6 �48929.4

IF �42296.6 �42030.5 �41602.1 �41314.2 �42252.3 �41630.7 �41568.9 �40863.3

BrCl �38552.5 �38539.7 �38519.4 �38505.4 �38548.9 �38521.1 �38514.9 �38483.7

ICl �33735.7 �33659.9 �33380.2 �33285.3 �33705.7 �33404.1 �33346.5 �33029.8

IBr �30700.7 �30662.9 �30510.4 �30467.7 �30668.4 �30522.6 �30488.4 �30340.5

http://pubs.acs.org/action/showImage?doi=10.1021/jp201251j&iName=master.img-003.jpg&w=172&h=272
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between two Si atoms is formed. This bridge-bonded Cl
intermediate state mostly further relaxes into a MOD.31

At higher coverages, some singly occupied dimers are
(�Si�Si�Cl) present due to abstractive adsorption. It was
found that the adsorbed Cl atom on one side of a bare
dimer effectively hampers the adsorption of a second
dissociated Cl radical on the other side.17 The effective
repulsion between a Cl adsorbate and a Cl radical reduces
the formation probability of PODs (H�Si�Si�H
and Cl�Si�Si�Cl), again hindering the formation of the
c(4 � 2)-p adsorbate structure.

3.3. Interaction between Halogen Adsorbates. The calcu-
lated energies Ei,AB for mixed halogen adsorbates A (= X) and B
(= Y) are shown in Figure 5. In contrast with the mixed H- and
X-terminated surface, all interactions between the same adsor-
bates (πXX and πYY) or between two adsorbates X and Y, πXY,
need to be included in the calculations. However, several
similarities in the energy trend of various structures are still
evident in Figure 5:
1. E8,XY, expressed concisely in this section as E(2�1)-p, is the

highest one among the eight structures, suggesting that two
adsorbates prefer to mix.

2. The total energies are in the same order from lowest to
highest: E(2�2)-m < Ec(4�2)-m < E(2�1)-m < E(4�1)-m for the
MOD configurations and Ec(4�2)-p < E(2�2)-p < E(4�1)-p <
E(2�1)-p for the POD configurations. The energy difference

between Ec(4�2)-m and E(2�2)-m, ΔEm, is comparable to
that between E(4�1)-m and E(2�1)-m. Similarly, the energy
difference between E(2�2)-p and Ec(4�2)-p, ΔEp, is almost
equal to that between E(2�1)-p and E(4�1)-p. Analyzing Ei,AB
in Table 1 and neglecting the small ENNN’s yields ΔEm ≈
4βAA-mþ 4βBB-m� 8βAB-m andΔEp≈ 4βAA-pþ 4βBB-p�
8βAB-p.

3. The energy of (4 � 1)-m is lower than that of (2 � 1)-p,
again suggesting that the formation of twoMODs XY upon
chemisorption of two XY molecules is energetically more
desirable than that of two different POD XX and YY.

4. The (2 � 2)-m and c(4 � 2)-p structures have the lowest
interaction energies for theMOD and POD configurations,
respectively. In the ICl case, only the (2� 2)-m structure is
observed,16 although the energies of the two structures are
comparable. Because of the pairing energy between the two
dangling bonds on a dimer, the formation of a MODXY on
a bare dimer upon the adsorption of XY is energetically
more favorable than that of two singly occupied dimers.
However, the energy gain in the formation of an individual
MOD upon each XY adsorption cannot explain the forma-
tion of large (2 � 2)-m patches, in which neighboring
MODs have alternating orientations. In sharp contrast to
the Si(100):ICl surface, no apparent ordered structure is
observed on the Si(100):IBr surface.16 Therefore, the
energy factor alone is not sufficient for the formation of
an ordered mixed halogen structure. A previous study has
reported the importance of a long-lived intermediate state
during the adsorption of HCl.31 The intermediate state
involves a bridge-bonded Cl configuration. In this inter-
mediate picture, the lifetime of the intermediate state is
sufficiently long for the second incoming XCl or HCl to
sense the strain, electrostatic, or steric effects from the
adsorption configuration of its neighbors and adopt the
apparently more favorable zigzag arrangement. The ab-
sence of an ordered structure for Si(100):IBr and Si(100):
HBr can be attributed to the lack of the intermediate state
since Br or I is chemically less active than Cl.

Following the same method presented in Section 2.2, the
equations for Ei,AB can be solved by applying the interactions
shown in Table 3. Three nearest-neighbor interactions and three
next-nearest-neighbor interactions are found and listed in

Figure 5. Relative energy Ei,XY for Si(100) saturated with mixed
halogen atoms X and Y in various adsorbate structures as labeled.
Energies are referred to that of the (2 � 1)-p structure.

Table 3. Calculated Interaction Energies, ENN’s and ENNN’s,
Respectively, between Two Nearest Neighbors and Two Next
Nearest Neighbors of the Same Kind (A)a

energy (meV) AA = FF AA = ClCl AA = BrBr AA = II

ENN RAA 13.1 (12) 30.6 (30.5) 52.4 (53) 125.2 (75)

βAA-m 13.0 23.1 41.2 93.6

βAA-p 20.4 (14) 24.1 (26) 51.4 (52) 171.4 (75)

ENNN FAA 4.5 3.6 4.3 5.1

γAA-m 3.4 2.7 2.2 0.5

γ AA-p 8.1 4.8 5.0 5.1
a See text for details. Data in the parentheses are from refs 13 (for FF,
ClCl, and BrBr) and 32 (for II). Note that the R interaction in ref 13 is
between two neighboring dimers and is, therefore, equal to 2RAA herein.

Figure 4. Relative energy Ei for mixed hydrogen- and halogen-termi-
nated Si(100) surfaces in various adsorbate structures as labeled.
Energies refer to that of the (2 � 1)-p structure, which is set to zero.

http://pubs.acs.org/action/showImage?doi=10.1021/jp201251j&iName=master.img-004.jpg&w=240&h=158
http://pubs.acs.org/action/showImage?doi=10.1021/jp201251j&iName=master.img-005.jpg&w=179&h=164
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Table 4. Again, the ENNN’s are relatively small and show no
obvious trends for the various halogens; they are not directly
related to AAIs but more likely to the lattice strain energy. Except
for the β’s involving fluorine, the energy RAB (βAB) lies between
RAA and RBB (βAA and βBB) and is less than the mean of the two.
These and other observations are further discussed in Section
3.4.
3.4. Origin of the Interactions. In Tables 3 and 4, the

calculated interaction energies between two adsorbed halogen
atoms apparently rise with increasing atomic numbers. Since larger
halogen atoms cause less charge transfer from the surface Si upon
termination, the electrostatic or Madelung energy between ions
(X� or Siþ) cannot account for the trend.The ionic radius of chlorine

(181 pm) is about equal to half of the (1� 1) lattice constant (a =
386 pm) of the unreconstructed Si(100) surface, while those of
bromide and iodine (196 and 220 pm) are markedly larger than a/2.
Therefore, the electron clouds of two neighboring adsorbed halogen
atoms, except F atoms, overlap. Hence, the increasing interaction
energy of the systems can be attributed to Coulomb exclusion.
To further understand the driving force behind the ordered

structure observed experimentally and the striking features and
tendencies mentioned above, we plot the charge distributions to
illustrate the adsorbate�adsorbate interactions. Figure 6 shows
the charge density distribution of seven nonsegregated ordered
structures consisting of H and I with the same iso-surface. Visual
inspection of the figures suggests that (2� 2)-m and c(4� 2)-p
have the least amount of electron-cloud overlap among theMOD
and POD structures, respectively. With the least amount of
electron-cloud overlap, the (2 � 2)-m pattern thereby has the
lowest total energy and results in the most stable pattern. Among
various MOD configurations, the extent of electron-cloud over-
lap (from least to most) is (2 � 2)-m, c(4 � 2)-m, (2 � 1)-m,
and (4� 1)-m, in the same order as the total energies in Figure 4.
Figures 6 and 4 also show that the extent of electron-cloud
overlap for the POD arrangements corresponds well with their
total energies, too.
In the ionic solids or crystals of inert gases, the repulsive

energy due to the electron-cloud overlap between two neighbor-
ing atoms can often be expressed empirically in an exponential form
λ exp(LAB/F), where λ is a potential parameter, F is ameasure of the
interaction range, and LAB is a measure of the extent of electron-
cloudoverlap betweenhalogen adsorbatesA andB. Figure 7 displays
the nearest-neighbor interaction ENN as a function of the extent of
electron-cloud overlap LAB = RAþ RB� dAB, where RA and RB are
the ionic radii of the two interaction halogen atoms A and B,
respectively, and dAB is the calculated internuclear distance between
A and B. As Figure 7 displays, LBrBr≈ 0 and LAF, 0. The dAB’s and
the resultant LAB's along (for RAB) and across (for βAB) the dimer
row vary only slightly (within about 5 pm), except for those
involving fluorine because of its small ionic radius. On a logarithmic

Table 4. Calculated Interaction Energies (meV) between
Two Different Kinds of Halogen Adsorbate Atomsa

energy AB = ClF BrF IF BrCl ICl IBr

ENN RAB 18.1 20.6 24.4 39.3 55.0 77.2

βAB-m 13.9 13.8 18.7 30.4 47.7 62.4

βAB-p 15.7 13.8 12.9 34.0 59.1 93.0

ENNN FAB 3.7 3.8 4.2 3.9 4.3 5.1

γAB-m 2.7 2.2 1.3 2.4 1.0 1.2

γAB-p 6.1 6.0 4.0 4.8 4.5 5.0
a See the text for details.

Figure 6. Charge density distributions of seven nonsegregated ordered
structures of mixed hydrogen (dark red) and iodine (green) atoms with
the same charge density iso-surface (0.028 e/Å3) are indicated.

Figure 7. Nearest-neighbor interactions vs the extent of electron-cloud
overlap between two halogen adsorbates A and B as labeled.

http://pubs.acs.org/action/showImage?doi=10.1021/jp201251j&iName=master.img-006.jpg&w=168&h=332
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scale, R’s and β’s are proportional to LAB over the range �50 to
50 pm, suggesting that the exponential form is appropriate. The
calculated optimal fitting functions are RAB = 7.8 þ 38.4 �
exp(LAB/48.3), βAB-m = 7.2 þ 36.1 � exp(LAB/59.56), and
βAB-p = 10.2 þ 32.1 � exp(LAB/34.5). The common offsets of
around 10 meV can be attributed to the substrate strain energy
because the relatively small amount of energy persists for
nonoverlapping halogen adsorbates such as A (= F, Cl, Br) and
F. The differences in the potential parameters λ are within
∼15%; the interaction range also varies with the type of inter-
actions. These variations may be attributed in part to the
nonspherical electron clouds at the halogen end in a partial ionic
Si�X bond.

4. CONCLUSION

The dissociative adsorption of diatomic molecules or coad-
sorption of two gases on a surface can produce an overlayer that
consists of mixed adsorbates. We have performed comprehensive
DFT calculations and analysis of eight ordered adsorbate struc-
tures for the mixed hydrogen- and/or halogen-terminated Si-
(100) surface. The sizes of adsorbate halogen ions and the
ionicity of the Si�X bonds vary greatly, yet similar trends are
identified for the various mixtures: The energies of the eight
structures are in the same order. The segregated structure has the
highest energy, and the (2� 2)-m has the lowest. An analysis of
the energies of the eight types of mixed adsorbate structures
also produces several nearest-neighbor interactions ENN between
similar or dissimilar halogen adsorbates on the Si(100) surface.
ENN’s are observed to rise exponentially with the extent of
electron-cloud overlap between two neighboring adsorbate
atoms, thereby suggesting that the origin of the adsorba-
te�adsorbate interactions on the halogen-covered Si(100) is
steric. The findings herein are likely applicable to other surfa-
ce�adsorbate/mixed adsorbate systems.
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