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The adsorption of thiophene on Si�111�-�7�7� has been studied using density functional theory within the
generalized gradient approximation. For all adsorption geometries that have been experimentally identified,
equilibrium binding energies have been calculated using a full 7�7 supercell to a depth of six Si monolayers.
Despite the structural heterogeneity of the surface, all adsorption geometries are calculated to have the same
binding energy, irrespective of their location within the 7�7 unit cell. A parallel survey of chemisorption
sites, performed with scanning tunneling microscopy, demonstrated that thiophene prefers the faulted half of
the unit cell over the unfaulted half, and edge over corner sites, in agreement with previous experimental
studies. The theoretical and experimental results suggest that the activation energy barriers for chemisorption
are site dependent. The physical factors leading to site dependent activation energies are briefly discussed.
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A theoretical investigation of chemisorption on
Si�111�-�7�7� encounters two formidable challenges. First,
the size of the 7�7 unit cell1–7 places large demands upon
computational resources.8–10 Second, the unit cell is structur-
ally and electronically heterogeneous, containing a stacking
fault and a total of 19 dangling bonds that can act as reaction
sites.11–13 Twelve of the dangling bonds are located on ada-
toms, six on rest atoms, and one on the atom in the corner
hole. Of the 19 dangling bonds, seven are structurally unique
and the others are related to these seven by 120° rotations.10

The unique dangling bonds can be enumerated. In both the
faulted �F� and the unfaulted �U� halves of the unit cell,
there is one type of rest atom and two types of adatom; one
adatom is located at the edge �also called the center� and one
is located at the corner of the half cell. The dangling bond on
the Si atom in the corner hole brings the total to seven.

Cluster methods14,15 have been brought to bear on the first
of the challenges mentioned above. A cluster reproduces part
of the unit cell to a depth of typically four monolayers.14,16

Examples of clusters with a depth of four Si monolayers
include Si16H18 �Ref. 16� and Si30H28.

14 The unit-cell frag-
ment is judiciously chosen to contain both a rest atom and an
adatom because unsaturated organic molecules17 frequently
form covalent bonds with these atoms in a di-� bridging
configuration.13,15,16,18 The clusters place less demands on
computational resources than a full 7�7 cell. The molecular
chemisorption of benzene14 and the dissociative chemisorp-
tion of methanol16 have, for example, been studied with this
approach.

In this paper, density functional theory �DFT� and scan-
ning tunneling microscopy �STM� have been used to study
the chemisorption of thiophene on Si�111�-�7�7�.
Thiophene was chosen for this investigation because it has
been the subject of a number of experimental studies19–22

that have provided compelling evidence that thiophene
chemisorbs molecularly, at room temperature, by bridging

adjacent rest atom/adatom pairs.18,23,24 The fact that the satu-
ration coverage for thiophene on Si�111�-�7�7� corresponds
to three thiophene molecules in each half cell, or one
thiophene molecule for each rest atom, implicates the rest
atoms.23,24 When the exact bonding geometry is taken into
account �Fig. 1�a��, the separation between a rest atom and
an adjacent adatom �4.20–4.31 Å� is well matched to the
distance between the two alpha carbons, that are located on
either side of the sulfur atom. The equilibrium bonding struc-
tures for the Si�111�-�7�7�-thiophene system can, therefore,
be completely characterized by calculating the binding en-
ergy of the six unique geometries that bridge rest atom/
adatom pairs. This has been done using a full 7�7 supercell
with a depth of six Si monolayers. STM was used to obtain
information on adsorption site occupancy and also verify the
calculated bonding geometries.

One has to look no further than Si�001�, a surface that
reconstructs by forming rows of Si dimers, to find an inter-
esting contrast to thiophene adsorption on Si�111�-7�7.
Although Si�001� is much less structurally complex than
Si�111�-�7�7�, four different bonding configurations have
been observed for thiophene.25 Despite the fact that Si�001�
is structurally simpler, thiophene can adsorb to single dimers
and also bridge adjacent dimers along the dimer rows.25

I. METHODS

A. Theory

The calculations were performed in the framework of the
DFT,26 using the generalized gradient approximation due to
Perdew, Burke, and Ernzerhof.27 The electron-ion interaction
was treated by using norm-conserving, ab initio, fully sepa-
rable pseudopotentials.28 The Kohn-Sham �KS� wave func-
tions were expanded in a combination of pseudoatomic
numerical orbitals.29 A double zeta basis set, including
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polarization functions �DZPs�, was employed to describe the
valence electrons.30 The self-consistent total charge density
was obtained by using the SIESTA code.31 The Si�111�-
�7�7� surface was simulated using the slab method, with a
supercell containing six monolayers of Si with a 7�7 sur-
face unit cell plus a vacuum region of 12 Å. A mesh cutoff
of 120 Ry was used for the reciprocal-space expansion of the
total charge density, and the Brillouin zone was sampled by
using one special k point. Two hundred and ninety eight Si
atoms were used and, in the bottom layer, 47 dangling bonds
were saturated with hydrogen atoms. The convergence of the
results was verified with respect to the number and choice of
the special k points using up to four k points. Some results
for binding energy and equilibrium geometry were checked
by using a plane-wave basis set with an energy cutoff of 25
and 100 Ry for wave functions and total charge density, re-
spectively. Equilibrium geometries were obtained by full re-
laxation of the four topmost Si layers and the adsorbed mol-
ecule. A force convergence criterion of 20 meV /Å was used.

B. Experimental

Thiophene was deposited on Si�111�-�7�7� and studied
with a beetle-type STM �Ref. 32� at a base pressure of 5.0
�10−11 Torr. To form the 7�7 surface reconstruction,
Si�111� wafers were resistively heated to �1250 °C with ac
current for 40 s, annealed at 870 °C for 120 s and subse-

quently cooled at a rate of 1 °C /s. Surface cleanliness was
verified with STM and the temperature of the Si samples was
measured with an infrared pyrometer.

Thiophene was purified with several freeze-pump-thaw
cycles until no gas evolution could be observed. Its purity
was verified with a mass spectrometer. During deposition,
the chamber was back-filled with thiophene using a precision
leak valve.

II. RESULTS

A. STM site survey

An STM image taken from the Si�111�-�7�7� surface
showing only two thiophene molecules is presented in Fig.
1�b�. The signature of thiophene adsorption, in both positive
and negative biases, is a reduction in the density of states
caused by the saturation of the adatom dangling bonds by
surface-adsorbate bond formation. The number of darkened
sites increases with thiophene exposure. This behavior is also
observed for water,33 ammonia,11 acetylene,17 benzene,34–36

and chlorobenzene.37

The results of a site survey, in which 1058 7�7 half cells
were examined using STM, is summarized in Table I. The
data clearly show that, at room temperature, thiophene shows
a preference for the faulted half cell and also for edge over
corner adsorption sites. The saturation coverage is equal to
0.13 ML and, as mentioned above, this corresponds to one
thiophene molecule for every Si rest atom. The results of this
site survey are in good agreement with previously published
estimates of site occupancy that were based on the analysis
of 194 half cells.24

B. Calculated binding energies

The binding energy �Eb� for each of the six adsorption
geometries was calculated using the expression

Eb = E�Si�7 � 7�� + E�T� − E�Si�7 � 7�/T� − �BSSE. �1�

E�Si�7�7�� is the total energy of the Si�111�-�7�7� sur-
face, E�T� is the total energy of the isolated thiophene mol-
ecule, and E�Si�7�7� /T� is the total energy of the combined
system. The last term, �BSSE, represents the binding-energy
correction due to the basis set superposition error �BSSE�.38

This is required because, within this calculation approach,

Si(2)C(1)

C(3)C(4)

Si(1)

S

C(2)
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b

FIG. 1. �Color online� �a� Thiophene bridging an adatom �col-
ored blue and labeled Si�2�� and a rest atom �colored red and la-
beled Si�1�� in the Si�111�-�7�7� surface reconstruction. The re-
maining atoms are colored: C �dark gray�, H �white�, S �yellow�,
and Si �light gray�. Covalent bonds are formed between the alpha
carbons, C�1� and C�2�, and the rest atom/adatom pair. �b� An STM
image showing a Si�111�-�7�7� surface with two thiophene mol-
ecules attached to �i� a rest atom and an edge adatom and �ii� a rest
atom and a corner adatom; image area=11 nm�7 nm; bias Vbias

=+0.66 V and tunnel current I=0.6 nA. The triangles define the
location of the two faulted half cells that contain the adsorbate.
Thiophene adsorption suppresses the density of surface states in the
tunneling energy window.

TABLE I. The average occupancy of faulted and unfaulted 7
�7 half cells is presented in columns two and three as a function of
thiophene coverage measured in monolayers �ML�; 1 ML=7.83
�1014 cm−2. Columns four and five are the average occupancy of
edge and corner sites per half cell.

Coverage Faulted Unfaulted Edge Corner

0.01 0.26 0.03 0.13 0.01

0.01 0.57 0.04 0.20 0.11

0.05 2.22 0.36 0.95 0.32

0.07 2.83 0.88 1.36 0.47

0.11 3.02 2.34 1.95 0.73
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the KS wave functions are expanded in a basis set composed
by atomic orbitals. Namely, in the Si�7�7� /T system
�E�Si�7�7� /T��, the self-consistent total charge density ��0�
of the Si�7�7� surface is expanded in atomic orbitals cen-
tered on the Si and H atoms of the slab, and partially on the
atomic orbitals of the adsorbed thiophene molecule. Mean-
while, in the isolated Si�7�7� system �E�Si�7�7���, only
the atomic orbitals of the slab are used to describe �0. Similar
logic can be applied to the case of the adsorbed and the
isolated thiophene molecule �E�T��. Following the correction
proposed by Hobbs et al.,39

�BSSE = �ESi�7�7�/T
Si�7�7� �Si�7 � 7�� − ESi�7�7�/T

Si�7�7�/T�Si�7 � 7���

+ �ESi�7�7�/T
T �T� − ESi�7�7�/T

Si�7�7�/T�T�� . �2�

Here, E“geometry”
“basis” �“structure”� represents the total energy of

a given “structure” calculated using the basis set “basis” and
constrained at the equilibrium geometry “geometry.”

The binding energies40 are listed in Table II for the ad-
sorption geometries presented in Fig. 2. Moreover, the cal-
culated binding energy compares favorably with the adsorp-
tion energy for thiophene on 7�7 measured by thermal
desorption spectroscopy.41 In this figure, the atoms have been
placed in the calculated equilibrium position. In all six ge-
ometries, the alpha carbons C�1� and C�2� form � bonds with
the Si substrate. C�1� bonds to a rest atom and C�2� bonds to
a nearest-neighbor adatom. This bonding geometry is a
�4+2�-like cycloaddition with thiophene adopting a 2.5-
dihydrothiophene-like structure. Chlorobenzene has been
found to attach to the surface similarly.42

In FC, thiophene attaches to a Si adatom at the corner of
the faulted half cell �Fig. 2�a��. In both FE1 and FE2 �Fig.
2�a��, thiophene binds to a Si adatom at the edge of the half
cell. The orientation of the thiophene molecule in FE1 and
FE2 differs by a rotation of 180°. Despite the fact that FC is
located in the corner of the half cell, and despite the fact that
in FE1 and FE2 the sulfur atom is in different locations, the
binding energies of these three adsorption geometries are the
same.

The equilibrium geometries for the unfaulted half of the
7�7 unit cell are presented in Fig. 2�b�. A shaded triangle is
used to located the same region in the unfaulted half cell.
Both the equilibrium geometry and the calculated binding
energy compare favorably with the results of a previous DFT

calculation that modeled the region around a rest atom/
adatom pair using a Si16H18 cluster.15

The equilibrium bond lengths presented in Table II are
clearly the same for both halves of the 7�7 unit cell. The
C-Si bond lengths of 2.0 Å is indicative of chemisorption
and this is corroborated by the calculations of the total
charge density, to be presented in Fig. 3, that clearly shows
the formation of C-Si covalent bonds.

C. Surface relaxation and strain energy

Although the calculated binding energies are the same, for
both half cells, the surface relaxations are different. For ex-
ample, on Si�111�-7�7, the vertical distance between the
adatom and the rest atom was calculated to be 0.86 �F� and
0.70 Å �U�. To verify the accuracy of these positions, the
calculation was redone by expanding the KS wave functions
in a plane-wave basis set with an energy cutoff of 25 Ry; the
supercell and the Brillouin-zone sampling remained un-
changed. The vertical distance between the adatom and the
rest atom was found to be 0.85 �F� and 0.70 Å �U�. Upon
thiophene adsorption, the vertical separation between the rest
atom Si�1� and the adatom Si�2�, Z12 in Fig. 4, increases to
1.3 �F� and 1.2 Å �U�.

When thiophene adsorbs in FE1, the rest atom Si�1� moves
downward by 0.32 Å, and the adatom Si�2� moves upward
by 0.13 Å. As before, the displacements are measured with
respect to the equilibrium positions in Si�111�-�7�7�. When
the molecule adsorbs on the corresponding edge site in the
unfaulted half of the unit cell �UE1�, it produces significantly
larger atomic displacements. For example, the rest atom
Si�1� moves downwards by 0.37 Å, and the adatom Si�2�
moves upwards by 0.16 Å. The difference between these
two adsorption sites can be attributed to the influence of the
stacking fault. Table III presents the calculated displacements
of the rest atom Si�1� and the adatom Si�2� from their equi-
librium geometry, upon thiophene adsorption for adsorption
sites located in both unit-cell halves.

The displacements of S�1� and S�2�, from their equilib-
rium positions in the Si�111�-�7�7� structure, are larger
when the molecule adsorbs in the unfaulted half of the 7
�7 cell. We would therefore expect the induced strain en-
ergy in the 7�7 cell to be larger when the molecule adsorbs
on the unfaulted half. To estimate the induced strain for each
adsorption site, the total energy of the relaxed 7�7 cell and

TABLE II. Calculated binding energies and the BSSE binding-energy corrections �eV� and equilibrium
geometries �Å� for Si�111�-�7�7�-thiophene. The adsorption geometries are defined in Fig. 2. The labeling
scheme is defined in Fig. 3.

Config. Eb��BSSE� C�1�-Si�1� C�2�-Si�2� Si�1�-Si�2� C�2�-C�3�

FC 1.04�0.52� 2.01 2.04 4.31 1.50

FE1 1.04�0.52� 2.01 2.04 4.31 1.50

FE2 1.02�0.53� 2.01 2.04 4.23 1.50

UC 1.05�0.53� 2.01 2.04 4.30 1.50

UE1 1.03�0.52� 2.01 2.04 4.30 1.50

UE2 1.00�0.53� 2.00 2.03 4.23 1.51
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the total energy of the strained 7�7 cell were calculated.
The latter was obtained by calculating the total energy of the
7�7 cell with the atoms in the equilibrium adsorption ge-

ometry. To isolate the strain in the 7�7 cell, the adsorbate
was excluded from the calculation. The surface strain energy
�Es� is defined to be

Es = E�strained� − E�7 � 7� , �3�

where E�7�7� is the total energy of the relaxed system and
E �strained� is the total energy of the strained system. The

UC

UE2UE1

a

b

F

FE1 FE2

C

FIG. 2. �Color online� Thiophene in the calculated equilibrium
adsorption geometries on the �a� faulted �F� and �b� unfaulted �U�
halves of the unit cell. In each of the unique adsorption geometries,
thiophene bridges a rest atom �red� and a neighboring adatom
�blue�. E and C denote edge and corner sites. All other bridging
geometries can be mapped onto one of these equilibrium adsorption
geometries. The shaded triangle is used to located the same region
in each the faulted and unfaulted halves.

a

b C(4)
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Si(2) C(1)
Si(1)

C(2)

Si(2)C(1)
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Si(1)
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Si(4)

Si(3)

Si(3)

Si(4)

Z

S

12
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FIG. 3. �Color online� Side views of the equilibrium geometries
surrounding the adsorption sites for �a� the faulted and �b� the un-
faulted half cells. Relative to Si�111�-�7�7�, the rest atom �colored
red and labeled Si�1�� moves downwards and the adatom �colored
blue and labeled Si�2�� moves upwards.

C(1)

C(2)

Si(2)

Si(1)

FE1

Si(4)

FIG. 4. The total charge density for thiophene in the FE1 bond-
ing geometry measured in units of 10−2 e /bohr3. The plane passes
through atoms Si�1�-Si�4� and C�1�-C�2�.
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calculated results for Es, presented in Table III, clearly show
that the strain energy is lower when the adsorbate is located
in the faulted half of the 7�7 cell.

A similar calculation was performed for the adsorbate us-
ing the total energy of the isolated, fully relaxed, molecule
and the total energy of the molecule constrained to the cal-
culated adsorption geometry. In the latter, the aromaticity of
the molecule is considerably weakened. To isolate the mo-
lecular strain, the Si atoms in the 7�7 cell were excluded
from the calculation. The strain, or deformation, energies for
thiophene lie in a relatively narrow energy interval extending
from 1.98 to 2.00 eV. Therefore, they can be considered the
same for adsorption in either half of the 7�7 cell.

D. Electronic properties and STM images

Our calculations indicate that the electronic charge trans-
fers ���� are restricted to the thiophene adsorption sites. This
is illustrated in Fig. 5 for the FE1 bonding geometry. In this
diagram, the electronic charge transfer was obtained by cal-
culating the total charge-density difference between �i� the

thiophene adsorbed silicon surface, �0
Si�7�7�/T, and �ii� the

sum of the densities of the separated systems, �0
Si�7�7�+�0

T. In
this case, �� can be written as

�� = �0
Si�7�7�/T − ��0

Si�7�7� + �0
T� . �4�

In the last two terms, the total charge densities should be
calculated keeping the same equilibrium geometry as that
obtained for the thiophene adsorbed system, Si�7�7� /T.
This procedure somewhat suppresses the structural relax-
ation effects on the presented electronic charge transfers.

The charge density between the C�1� and Si�1� atoms, and
also between the C�2� and Si�2� atoms, increases due to the
formation of covalent bond. Because C is more electronega-
tive than Si, the charge density along the C-Si bonds is larger
near the C atoms. Qualitatively similar pictures are found for
the total charge densities and charge-density differences in
the other bonding geometries.

A study of the projected density of states �PDOS� indi-
cated that the charge densities associated with bonding sites
on the faulted half of the 7�7 cell are different from those
on the unfaulted half. Upon thiophene adsorption, it is found
that the electronic charge transfer from the Si adatoms
�Si�2��, that is required to form the C-Si bonds, is larger in
the faulted half of the 7�7 cell. Meanwhile, the electronic
densities of occupied 3s and 3p orbitals on the adatom and
rest atom bonded to thiophene are higher in the unfaulted
half of the 7�7 cell.

The PDOS for all atoms in the adsorbed molecule and
also for the two surface atoms Si�1� and Si�2� are presented
in Fig. 6. The molecule was located in the FE1 bonding con-
figuration. The dashed lines represent the PDOS of the iso-
lated systems, namely, Si�111�-�7�7� and the isolated
thiophene molecule. Similar PDOS curves were obtained for
the other bonding geometries.

It was found that the binding energy of the highest occu-
pied state of the sulfur atoms, composed of S 3p orbitals,
reduces due to the change of the electronic hybridizations
along the C-S bonds �Fig. 6�e��. In fact, the C-S bond in-
creases by 0.11 Å �1.74→1.85 Å� upon thiophene adsorp-
tion. Meanwhile, for the carbon atoms C�1� �Fig. 6�a�� and
C�2� �Fig. 6�b��, although the binding energy of the highest
occupied state does not change, their densities of states re-
duce due to the formation of C-Si bonds. Similar reduction
on the electronic density of states has been observed for C�3�
and C�4�, Figs. 6�c� and 6�d�, respectively, although those
atoms do not participate directly on the formation of the C-Si
bonds. Finally, as depicted in Figs. 6�f� and 6�g�, the elec-
tronic states attributed to the dangling bonds of the Si rest
atom �Si�1�� and the adatom �Si�2�� are suppressed on the
thiophene adsorption sites. From this, it can be inferred that
in STM, the bright features in constant current topographical
images that are associated with the Si adatoms are effectively
eliminated on the thiophene adsorption sites.

Figure 7 presents the density of �a� occupied and �b�
empty states within 0.5 eV of the Fermi level for a 7�7 cell
with thiophene in the FE1 bonding geometry. All states in the
region 3.0 Å above the topmost Si adatom in the 7�7 cell
have been included in the STM simulations using the
Tersoff-Hamman approximation.43 A static surface in the cal-

TABLE III. Calculated atomic displacements, equilibrium ge-
ometries and strain energies Es�eV� for Si�111�-�7�7�-thiophene.
Si�1�↓ and Si�2�↑ are the downward and upward displacements of
the rest atom and adatom from their calculated positions in
Si�111�-�7�7�. Z12 is the vertical distance between Si�1� and Si�2�.
All distances are given in Å.

Config. Si�1�↓ Si�2�↑ Z12 Es

FC 0.32 0.13 1.31 0.41

FE1 0.32 0.13 1.31 0.45

FE2 0.32 0.08 1.29 0.38

UC 0.37 0.16 1.23 0.50

UE1 0.37 0.16 1.23 0.52

UE2 0.37 0.12 1.19 0.49

FE1

C(1)

C(2)

Si(2)

Si(4)
Si(1)

FIG. 5. �Color online� The charge-density difference, calculated
using the charge density before and after chemisorption, in units of
10−2 e /bohr3. Once again, the plane passes through atoms Si�1�-
Si�4� and C�1�-C�2�. The thiophene is located in the faulted half of
the 7�7 unit cell in the FE1 bonding geometry.
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culated equilibrium geometry is used in the simulation. Con-
sistent with the PDOS analysis presented earlier �Fig. 6�, the
Si atoms bonding to thiophene appear darker than the neigh-
boring Si adatoms, consistent with the experimental image
presented above �Fig. 1�b��. Simulated images have been

generated for the other bonding configurations and, for all of
these, the Si atoms bonding to the thiophene appear dark
with a lower apparent height, consistent with experiment.

III. DISCUSSION AND CONCLUSIONS

Ab initio total-energy methods were used to investigate
the adsorption of thiophene, a heterocyclic aromatic mol-
ecule, to the Si�111�-�7�7� surface reconstruction using a
full 7�7 supercell with a depth of six Si monolayers.
Thiophene was found to form covalent bonds with Si atoms
in the surface with Si-C bond lengths of 2.00–2.04 Å.

It was found that the density of the highest occupied
states, due to the dangling bonds, of the Si rest atom and the
Si adatom bonded to thiophene are dramatically reduced, as
well as the density of the highest occupied states of the car-
bon atoms on the adsorbed thiophene molecule, due to the
formation of Si-C bonds. Consequently, constant current to-
pographical STM images taken with biases in the range
�0.5 eV are predicted to be dark around the thiophene
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E − EF(eV)
−8 −6 −4 −2 0 2 4

FIG. 6. The full lines are the calculated PDOS for the atoms in
the adsorbed molecule �C�1�-C�4� and S�, and two atoms in the
substrate: the rest atom �Si�1�� and the adatom �S�2��. The dashed
lines indicated the PDOS of the two isolated systems, i.e., the sur-
face and the thiophene molecule. The molecule is located in the FE1

configuration.

C(1)

C(2)

S

(a)occupied

C(1)

C(2)

S

(b)empty
−0.50 eV

+0.50 eV

FIG. 7. �Color online� Simulated STM images for Si�111�-
�7�7� with thiophene in the FE1 bonding configuration in which
thiophene attaches to a Si adatom at the edge of a faulted half cell.
�a� is for occupied states, whereas �b� is for empty states. Both
include states that lie within 0.5 eV of the Fermi level. In both bias
polarities, the thiophene molecule and also the Si atoms bonded to
the molecule appear dark relative to the other Si adatoms, in good
agreement with experiment �e.g., see Fig. 1�b��.
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adsorption sites in agreement with experiment.
A surprising finding, given the structural heterogeneity of

the surface reconstruction, is that the thiophene adsorption
geometries that bridge both an adatom and a rest atom all
have the same binding energy ��1 eV� irrespective of the
location within the 7�7 unit cell. The fact that thiophene
shows a clear preference for edge over corner sites and also
for the faulted half of the unit cell, can most naturally be
explained using different activation energy barriers for each
adsorption site within the 7�7 cell. In fact, the site occu-
pancy data presented in Table I can be reproduced using a
kinetic Monte Carlo simulation that allows the activation en-
ergy difference between sites to be determined. These find-
ings will be published in more detail in a later paper. The
activation energies have not been calculated for a full 7�7
cell, so it is not possible to compare experimental and theo-
retical estimates. We note that, an activation energy for
thiophene on Si�111�− �7�7� has previously been calculated
using the cluster method.15 Relative to the energy of the iso-
lated system, the activation energy barrier, associated with
the initial step of the attachment of the molecule to the sur-
face �see later�, was calculated to be 230 meV �5.4 kcal/mol�.

The observed preference for edge over corner sites has
previously been attributed to a difference in the activation
energy barrier caused by surface strain.24 It is argued that
chemisorption at a corner site will strain two Si dimers,
whereas chemisorption at the center site strains only one.
The smaller strain energy associated with adsorption at the
edge site would then make chemisorption at this site more
favorable. Although activation energy barriers have not been
calculated in this paper, the surface strain energies presented
in Table III for chemisorption at edge and corner sites are
similar. In fact, the surface strain energy associated with the
corner site is intermediate between the strain energies asso-
ciated with the two edge sites. This trend is observed in both
the faulted and unfaulted half cells. Although these strain
energies correspond to the final chemisorption geometry, the
calculated strain energies don’t provide a straightforward
way to distinguish edge from corner sites.

The other factor that influences site preference during
adsorption is the site’s ability to donate or accept charge.

Brommer et al.10 developed a regional reactivity index for
Si�111�-�7�7� based on a consideration of local softness
and electronegativity. The electronegativity difference be-
tween the surface and the adsorbate is used to assign the role
of donor or acceptor to the adsorbate and the local softness
measures the ability of each site to perform charge transfer.10

They predicted a reactivity pattern for electron donors that
reproduces some aspects of thiophene chemisorption. For ex-
ample, they found edge sites in the faulted half cell to be
preferred over edge sites in the unfaulted half cell. However,
they also predicted that for electron donors that corner sites
in the unfaulted half cell should be preferred over corner
sites in the faulted half. Instead, thiophene prefers the corner
sites in the faulted half cell. This suggests that a local reac-
tivity index may not provide a complete description of
thiophene adsorption. The molecule bridges a rest atom/
adatom pair and chemisorption is, therefore, intrinsically
nonlocal.

A theoretical study of thiophene chemisorption on
Si�111�-�7�7�, mentioned above,15 found the reaction to be
stepwise. The first step being the formation of a covalent
bond between a carbon atom adjacent to the sulfur atom and
a surface adatom �e.g., Fig. 5 in Ref. 15�. This initial attach-
ment to the adatom has been identified as the rate limiting
step for thiophene chemisorption to Si�111�-�7�7�.15 This
calculation was performed for a cluster and it is, therefore,
not possible to infer activation energy barriers for different
rest atom/adatom bridging sites within the 7�7 cell. Al-
though the calculation of activation energy barriers is beyond
the scope of this paper, a full description of the experimen-
tally observed thiophene site preference clearly requires the
activation energies at each adsorption site to be calculated.
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