
Electronic and Structural Factors in Modification and Functionalization of
Clean and Passivated Semiconductor Surfaces with Aromatic Systems

Feng Tao,†,‡ Steven L. Bernasek,*,† and Guo-Qin Xu§

Department of Chemistry, Princeton University, Princeton, New Jersey 08544, Department of Chemistry, University of California, Berkeley, and
Materials Science and Chemistry Divisions, Lawrence Berkeley National Laboratory, Berkeley, California, 94720, and Department of Chemistry,

National University of Singapore, Singapore 119260

Received May 14, 2008

Contents

1. Introduction 3991
2. Semiconductor Surface Structures and Study

Techniques
3993

3. Covalent Binding Mechanisms of Benzene 3993
3.1. Multiple Binding Configurations of Benzene on

Si(100)
3993

3.2. Disigma Binding of Benzene on Si(111)-7×7 3994
3.3. Weak Binding of Benzene on Ge(100) 3995

4. Five-Membered Aromatic Molecules Containing
One Heteroatom

3995

4.1. Thiophene, Furan, and Pyrrole on Si(111)-7×7 3995
4.2. Thiophene, Furan, and Pyrrole on Si(100) 3996
4.3. Thiophene and Pyrrole on Ge(100) 3997
4.4. Electronic and Structural Factors of the

Semiconductor Surfaces for the Selection of
Reaction Channels

3998

5. Five-Membered Aromatic Molecules Containing
Two Different Heteroatoms

3998

6. Six-Membered Heteroatom Aromatic Molecules 4000
6.1. Competition and Selectivity for Dative and

Covalent Binding of Pyridine on Si(100),
Si(111)-7×7, and Ge(100)

4000

6.2. Reaction Mechanisms of Six-Membered
Aromatic Molecules Containing Two
Heteroatoms on Si(100) and Si(111)-7×7

4001

7. Substituted Aromatic Molecules 4001
8. Polycyclic Aromatic Hydrocarbon Systems 4002

8.1. Polycyclic Aromatic Hydrocarbons on Si(100)
and Ge(100)

4002

8.2. Polycyclic Aromatic Hydrocarbons on
Si(111)-7×7

4005

8.2.1. Naphthalene on Si(111)-7×7 4005
8.2.2. Anthracene on Si(111)-7×7 4006
8.2.3. Tetracene on Si(111)-7×7 4007
8.2.4. Pentacene on Si(111)-7×7 4008

9. Extra Large Aromatic Systems 4009
9.1. C60 on Si(100) 4010
9.2. C60 on Si(111)-7×7 4010
9.3. Carbon Nanotubes on Si(100) 4011

10. Graphene 4012

11. Aromatic Systems on Partially Hydrogenated
Semiconductor Surfaces in Vacuum

4013

11.1. Formation of a Partially Hydrogenated
Semiconductor Surface

4013

11.2. Electronic Structures of Partially Hydrogenated
Semiconductors

4014

11.3. Reactivity of Partially Hydrogenated
Semiconductors

4014

12. Aromatic Systems on Hydrogenated or
Halogenated Semiconductor Surfaces in Solution

4016

12.1. Formation of Hydrogenated or Halogenated
Semiconductor Surfaces

4016

12.2. Functionalization of Hydrogenated or
Halogenated Semiconductor Surfaces

4016

12.3. Formation of Organic Multilayers on
Semiconductor Surfaces through Chemical
Reactions

4018

13. Overall Interpretation of the Reaction Mechanism
of Aromatic Systems on Semiconductor Surfaces

4019

14. Summary 4020
15. Acknowledgments 4020
16. References 4020

1. Introduction
The chemistry of organic molecules on solid surfaces has

been a central issue of surface and interfacial chemistry. The
technologically important surfaces mainly include catalytic
transition metal surfaces such as Pt(111),1 semiconductor
surfaces such as Si(100),2 and insulator surfaces such as
MgO.3 The interactions between organic molecules and solid
surfaces are quite diverse.4 For example, the weak van der
Waals interactions between organic molecules and solid
surfaces such as graphite make the adsorbed organic
molecules have the capability of self-assembling into various
2-D or even 3-D functional structures;5,6 the metastable
interactions of organic molecules such as cyclohexene and
benzene on noble metals make heterogeneous catalysis such
as hydrogenation and dehydrogenation possible;7,8 the strong
covalent binding of organic molecules on semiconductor
surfaces makes those surfaces ideal for the immobilization
of functional organic materials for the development of new
hybridmaterialsandsemiconductor-basedmoleculardevices.2,9-15

Thus, from weak van der Waals interactions to strong
covalent binding the diverse interfacial chemistry between
organic molecules and solid surfaces contributes to a wide
spectrum of technological needs and the development of new
hybrid materials, sensors, and electronic devices.
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A tremendous number of studies of organic functional-
ization and modification of semiconductor surfaces16-21 have
been driven by significant technological requirements in
several areas including the development of semiconductor-
based sensing techniques, micro- and nanoscaled electro-
mechanical devices, and a new generation of molecular
electronic devices. Integration of organic materials into
inorganic materials exhibits a great advantage for creating
new functional materials and devices, as inorganic semicon-
ductor surfaces are certainly absent of various functions of
organic materials and these functions and properties can be
tuned finely due to the availability of a myriad of organic
molecules.

Aromatics are one of the most important categories of
organic molecules and serve as an important building block
of many organic materials.22,23 Extensive studies of the
surface chemistry of aromatic molecules on Si(100), Si(111)-
7×7, and Ge(100) have been carried out recently. For each
of these semiconductor surfaces, interactions with aromatic
molecules, particularly heteroatom aromatic molecules, have
complicated and diverse reaction mechanisms determined by
several interacting electronic and structural factors. They
mainly include the distribution of electron density on the
molecule determined by the geometric arrangement of the
carbon and heteroatoms (if any) on the aromatic ring, the
electronegativity of the heteroatoms, and the electronic

contribution of the heteroatoms to the formation of aromatic
π conjugation, as well as the overall molecular polarity. The
competition and selectivity of different reaction channels is
dependent on the intrinsic structural and electronic factors
of the molecule. For each molecule on different semiconduc-
tor surfaces, the various reaction mechanisms present a
significant surface selectivity. The geometric and electronic
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structures of surface reactive sites are two other important
factors shaping the reaction channel of an aromatic molecule
on different semiconductor surfaces.

This article reviews the extensive studies on this topic from
the view of electronic and structural factors of both the
aromatic systems and the semiconductor surfaces, focusing
on establishing the intrinsic connection between reaction
mechanisms of aromatic molecules and their derivatives on
semiconductor surfaces, and the complicated electronic and
structural factors of aromatic molecules and surface reactive
sites which result in the competition and selectivity among
multiple reaction channels in this process. This review is
organized by the class of aromatic systems from the simplest
benzene to very much larger complicated carbon buckyballs
and nanotubes. For each category of aromatic molecules,
reaction mechanisms on different semiconductor surfaces will
be reviewed to reveal the structural and electronic factors
of the semiconductor surfaces that shape the selection of the
reaction channels. In addition, the formation of monolayers
of aromatic molecules and derivatives of aromatic molecules
from solution on hydrogenated and halogenated semiconduc-
tor surfaces is reviewed.

2. Semiconductor Surface Structures and Study
Techniques

Si(100), Si(111)-7×7, Ge(100), and diamond (100) are
four main single crystal surfaces studied in molecular
modification and functionalization of semiconductor surfaces.
In the three 2 × 1 reconstructed surfaces (Si(100), Ge(100),
C(100)),18,19 two adjacent surface atoms pair into a dimer.
Figure 1a schematically presents the structure of the (100)
face of the three semiconductor single crystals. The bonding
within a surface dimer can be described as a σ bond coupled
with a weak π bond, analogous to the well-known CdC bond
in organic chemistry. For Si(100) and Ge(100), the two atoms
of a SidSi (or GedGe) dimer are tilted up and down,
respectively, forming electron-rich buckled-up and electron-
deficient buckled-down atoms as shown in Figure 1b. The
extent of dimer tilting increases in the order C(100), Si(100),
and Ge(100). In fact, there is no dimer buckling on C(100).
Parts c1, c2, c3, c4, d1, and d2 of Figure 1 schematically
present the multiple binding sites of the (100) face, particu-
larly for Si(100). Recent investigations showed that organic

molecules can be bonded to the (100) surface through
pericyclic addition, dissociative reactions, dative bonding,
and other mechanisms.18-20,24,25 For diamond (100), reaction
mechanisms of unsaturated hydrocarbons such as ethylene,
1,3-butadiene, and cyclopentene have been extensively
investigated.26-28 Compared to Si(100) and Ge(100), diamond
exhibits a weaker reactivity toward these molecules men-
tioned above. There is no report in the literature on reaction
of aromatic molecules on diamond, likely due to the weak
reactivity.

Si(111)-7×7 is a reconstructed surface of silicon. It is
formed through a complicated layer-by-layer reconstruction
on a base layer with 49 silicon atoms of the (111) surface,
which reduces the number of 3-coordinated Si atoms from
49 to 19 in each unit cell. This surface structure is described
with a dimer-adatom-stacking (DAS) faulted model.29,30 A
top view of a 7×7 unit cell is schematically presented in
Figure 2a. Figure 2b1 and b2 are the unoccupied state and
occupied state STM images of a clean Si(111)-7×7 surface,
respectively. Nineteen dangling bonds of each unit cell are
located at 12 adatoms, 6 rest atoms, and 1 corner hole. The
charge transfer occurs preferentially from adatoms to rest
atoms during reconstruction, thereby resulting in seven
completely occupied dangling bonds at rest atoms and the
corner hole as well as twelve partially occupied or empty
dangling bonds at the twelve adatoms. Both experimental
and theoretical studies have shown that the adjacent adatom-
rest atom pair (Figure 2c) can serve as a diradical to react
with organic molecules.31,32

All these semiconductor surfaces can be prepared by a
combined annealing at high temperature and sputtering with
Ar+ ions to remove surface contamination such as oxides
and carbides, and then annealing to high temperature
followed by a slow cooling down for surface reconstruction.
The annealing temperature for Ge(100) is much lower than
those for Si(111) and Si(100). The main experimental
techniques used to study the reaction mechanisms in
modification and functionalization of semiconductor surfaces
with aromatic molecules are electronic spectroscopies such
as X-ray and ultraviolet photoelectron spectroscopies (XPS
and UPS) for obtaining chemical shift of core-level and
valence band structure, vibrational spectroscopies such as
high-resolution electron energy loss spectroscopy (HREELS),
and multiple internal reflection infrared spectroscopy (MIR-
FTIR) for identifying vibrational modes of the organic layer,
and surface microscopy techniques such as scanning tun-
neling microscopy (STM) for visualizing surface structure
and molecular binding at the atomic level. Thermal desorp-
tion spectroscopy (TDS) is used to study molecular desorp-
tion behavior on these surfaces. In addition, various theo-
retical approaches are used to simulate the reaction
mechanisms of these molecules on the semiconductor
surfaces. In studies of organic layers formed on hydrogenated
and halogenated semiconductor surfaces using wet chemistry,
a few extra techniques such as scanning electron microscopy
(SEM), atomic force microscopy (AFM), and scanning Auger
electron spectroscopy (SAES) have been used.

3. Covalent Binding Mechanisms of Benzene

3.1. Multiple Binding Configurations of Benzene
on Si(100)

Benzene is the prototype molecule for aromatic systems.
Using both vibrational EELS and TDS, Taguchi et al.

Figure 1. Surface structure and reactive sites of Si(100), Ge(100),
and C(100). (a) Dimer and dimer row. (b) Electron transfer and
distribution of buckled-down and buckled-up silicon atoms of a
SidSi (or GedGe) dimer. (c1), (c2), (c3), and (c4) are disigma
binding sites. (d1) and (d2) are tetrasigma binding sites.

Semiconductor Surfaces with Aromatic Systems Chemical Reviews, 2009, Vol. 109, No. 9 3993
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explored the chemical binding of benzene on Si(100) at 300
K early on.33 Two chemisorption states with desorption peaks
at ∼432-460 and ∼500 K were identified.33,34 They are
attributed to benzene adsorbed on defect-free and near-defect
regions, respectively. Several binding configurations were
proposed for the molecularly chemisorbed benzene on
Si(100).33-39 Two disigma binding modes were initially
proposed for benzene adsorbed on the defect-free region.33

They are schematically shown in Figure 3a and b. One is
formed via two Si-C covalent linkages at C1 and C4 atoms,
producing a 1,4-cyclohexadiene-like product (Figure 3a), and
the other involves the bonding at C5 and C6, giving rise to
a 1,3-cyclohexadiene-like product (Figure 3b). Besides the
two disigma binding modes, four tetrasigma binding modes
involving two pairs of SidSi dimers in each case giving three
bridgelike configurations, as shown in Figure 3d, e, and f
were proposed.35-39 Figure 3c is a tetra-sigma binding mode
involving two dangling bonds from two adjacent dimer rows.
A symmetric bridge binding configuration was proposed as

shown in Figure 3d.36,37 Parts e and f of Figure 3 are
asymmetric twisted-bridge and tight-bridge binding modes
on two adjacent dimers in a dimer row.37

STM and FTIR experimental techniques37,40 revealed the
coexistence of symmetric on-top single dimer binding (Figure
3a), asymmetric twisted-bridge binding (Figure 3e), and
asymmetric tight-bridge binding (Figure 3f) on Si(100).
Notably, the on-top disigma bound molecules can be
converted into asymmetric bridge bound molecules by
thermal promotion, suggesting that asymmetric tetrasigma
bridge binding is thermodynamically more favorable than
the on-top disigma binding.37,38 It is interesting to note that
the biased STM tip can be used to aid the conversion from
the thermodynamically stable tetrasigma binding configu-
ration to the on-top disigma binding one.37,38,40 In addition,
the chemisorption behavior of benzene on Si(100) exhibits
an obvious coverage-dependence.41 The ratio of disigma
bonded product to tetrasigma bonded product is increased
at a high coverage compared to that at a low coverage, though
the formation of tetrasigma bonded product is thermody-
namically favored at low coverage. This coverage-dependent
binding behavior indicates the influence of the interaction
between two adjacent adsorbate molecules on selecting
binding sites.

3.2. Disigma Binding of Benzene on Si(111)-7×7
On Si(111)-7×7, early investigation using vibrational

EELS with low resolution indicated that benzene chemisorbs
on this surface at room temperature through a π-interaction.42

Recent studies clearly show that benzene chemically binds
to Si(111)-7×7 with two Si-C sigma bonds formed through
a [4 + 2]-like pericyclic addition mechanism.43-47 DFT
calculations show that the [4 + 2]-like addition is both
thermodynamically and kinetically preferred.31,32,48,49 The
binding site, an adatom and its adjacent rest atom, where
the C1 and C4 atoms terminate on an adjacent adatom-rest
atom pair, was confirmed in recent STM studies.44,45,47,50

Compared to the multiple binding configurations of benzene
on Si(100), the disigma bonded 1,4-cyclohexadiene-like
product is the only one seen on Si(111)-7×7. This difference
results from the accessible multiple reactive sites on Si(100)
as shown in Figure 1a2, a3, a4, and a5. The difference among
these binding sites on Si(100) which have different geometric
and even electronic structures (Figure 1c1, c2, c3, c4, d1,
and d2) is mainly their spatial arrangement. Alternatively,
in general Si(111)-7×7 has only one reactive site, consisting
of an adatom and its adjacent rest atom as shown in Figure
2c, which forms a binding configuration.

Figure 2. Surface structure and reactive sites of Si(111)-7×7. (a) Top view of a reconstructed 7×7 unit cell. (b1) STM images of unoccupied
states of a clean Si(111)-7×7 surface. (b2) STM images of occupied states of a clean Si(111)-7×7 surface. (c) Electronic transfer and
distribution of the reactive site, a pair of adatoms, and its adjacent rest atom.

Figure 3. Six possible binding configurations of benzene molecules
chemisorbed on Si(100).

3994 Chemical Reviews, 2009, Vol. 109, No. 9 Tao et al.
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Figure 4 is an STM image of benzene on Si(111)-7×7.
Clearly, each half unit cell contains at most three reacted
adatoms appearing as dark features, which do not align in a
straight line. This observation provides evidence for a
nondissociated, disigma binding of benzene on an adatom-rest
atom pair on Si(111)-7×7.44,45,47,50 Each unit cell of the
Si(111)-7×7 has six corner-adatoms and six center-adatoms.
On average, each center-adatom-rest atom pair has more
opportunity to react with benzene in contrast to a corner-
adatom-rest atom pair. This is because each center-adatom
faces two adjacent rest atoms in contrast to only one for the
corner-adatom due to the geometric arrangement of adatoms
on Si(111)-7×7. A similar difference in binding density was
also observed for the binding of thiophene on Si(111)-7×7
by STM.51

3.3. Weak Binding of Benzene on Ge(100)
Compared to the disigma binding of benzene on Si(100),

benzene weakly binds to Ge(100). TDS revealed two
desorption peaks for benzene on Ge(100) at 234 and 252
K,34,52 corresponding to molecular adsorption at terrace and
step sites, respectively. However, the adsorbed benzene on
Si(100) desorbs at ∼432-460 K and ∼500 K,33,34 corre-
sponding to the chemisorbed benzene at terrace and step sites,
respectively. DFT calculations52 rationalized the experimen-
tally observed difference in the adsorption of benzene on
Ge(100) and Si(100). The calculated adsorption energies for
benzene on Ge(100) and Si(100) are 1.4 and 20.0 kcal/mol,
respectively. This significant difference in adsorption energy
could partially result from the larger Ge-C bond length
compared to the Si-C bond length in the adsorbed benzene.
In fact, a similar difference in molecular adsorption energy
on the two semiconductor surfaces has been seen for other
organic molecules.53

4. Five-Membered Aromatic Molecules Containing
One Heteroatom

Thiophene, furan, and pyrrole are three representative five-
membered ring aromatic molecules with one heteroatom, as
shown in Figure 5. Their chemical binding on Si(111)-7×7,
Si(100), and Ge(100) has been extensively studied. Compared
to the simplest aromatic molecule, benzene, each of the three
molecules exhibits different reaction mechanisms in the
modification and functionalization of semiconductor surfaces
due to the participation of their heteroatoms.

4.1. Thiophene, Furan, and Pyrrole on
Si(111)-7×7

Compared to the homogeneous distribution of electronic
density on benzene, the electron density on the molecular
ring of thiophene is unevenly distributed due to its hetero-
atom, sulfur. The electron density of the HOMO is mostly
concentrated at the R-position, suggesting a highly nucleo-
philic nature of the C1 and C4 atoms. Thus, they are expected
to interact with electrophilic dangling bonds on adatoms of
Si(111)-7×7. Both experimental techniques and theoretical
approaches reveal that thiophene can be chemically bound
to one adatom-rest atom pair via two Si-C sigma bonds at
the C1 and C4 atoms through a [4 + 2]-like addition.32,51,54

STM studies51,55 show the higher reactivity of the center-
adatom in contrast to the corner-adatom due to its geometric
arrangement in a unit cell and a smaller steric strain induced
by thiophene bonded at the center adatom site. In addition,
the faulted half-unit cell exhibits higher reactivity than the
unfaulted half, due to a relatively higher electrophilicity of
the adatom sites on the faulted subunit.

DFT calculations show that the binding of thiophene is
initiated by the formation of a monosigma bonded intermedi-
ate (LM1) through a transition state with a barrier of 5.4 kcal/
mol.32 The [4 + 2]-like addition process of thiophene on
Si(111)-7×7 is exothermic by 36.0 kcal/mol, comparable to
the adsorption energy of thiophene on Si(100) (-34.3 kcal/
mol).56 The energy of LM1 of thiophene on Si(111)-7×7 is
4.6 kcal/mol lower than that of the initial reactants. Compared
to the analogous intermediate of benzene on Si(111)-7×7,
the lower energy intermediate of thiophene is possibly due
to its lower resonance energy.

Compared to thiophene, furan (with an oxygen heteroatom)
exhibits a significantly different reaction mechanism on
interaction with Si(111)7×7. Both HREELS and TDS
experiments revealed two chemisorbed states (�1 and �2)
at both low temperature (110 K) and room temperature.31,57

�1 is assigned to a [4 + 2]-like adduct linked to an
adatom-rest atom pair through two Si-C sigma bonds
(Figure 6a). �2 is a disigma linked dimerized furan formed
through a diradical mechanism (Figure 6b). Both adstates
are formed from the same intermediate, a monosigma
complex. Due to the different adsorption energies of the two
products, the product distribution exhibits a strong temper-
ature dependence.

Theoretical simulations show that there is a common
reaction pathway for 1,3-butadiene, benzene, and thiophene
on Si(111)-7×7.32 Isolated reactants initially form a monosig-
ma bonded radical-like intermediate via a transition state.
Passing another transition state, the monosigma intermediate
converts into the final [4 + 2]-like adduct. The stability of
the intermediate depends on the height of the barrier between
the intermediate and the final [4 + 2]-like adduct. This barrier
increases from cis-1,3-butadiene to benzene to thiophene
because the increased separation between C4 and the rest

Figure 4. STM image of Si(111)-7×7 with the chemisorbed
benzene molecules. F and U represent the faulted and unfaulted
unit cells, respectively.

Figure 5. Molecular structures of thiophene, furan, and pyrrole.
Yellow, red, and blue balls represent sulfur, oxygen, and nitrogen
atoms, respectively.

Semiconductor Surfaces with Aromatic Systems Chemical Reviews, 2009, Vol. 109, No. 9 3995
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atom due to the decreased C1-C4 distance in their monosig-
ma intermediates results in a higher energy transition state.
Following this dependence, furan may have a more stable
intermediate due to its smaller C1-C4 distance (2.20 Å) in
contrast to those of benzene and thiophene.

Based on the theoretical simulation of conjugated dienes
including 1,3-butadiene, benzene, and thiophene,32 all of them
initially adsorb onto electrophilic adatoms by the electrostatic
interaction with a nucleophilic CR atom to form a monosigma-
bonded intermediate. The unstable monosigma-bonded in-
termediate has two possible reaction channels: binding to
an adjacent rest atom (Figure 6a) or coupling with an adjacent
monosigma-bonded complex (Figure 6b). The monosigma-
bonded complex of furan is expected to be more stable than
those of benzene or thiophene, due to its smaller C1 and C4

separation, lower aromaticity, or lower resonance energy.
This suggests the possible concurrent operation of these two
reaction channels for furan on Si(111)-7×7. At a low
temperature of 110 K, the monosigma-bonded furan inter-
mediate is thermally stabilized and a high population of this
intermediate can be built up on the surface. Two adjacent
radical-like monosigma-bonded species can readily couple
to each other to form a new C-C bond, giving rise to the
�2 state (Figure 6b), the dimerized furan on Si(111)-7×7.
Figure 6 is the scheme of the two reaction channels for furan
on Si(111)-7×7. In fact, the formation of the more stable
dimer complex (�2 state) for furan on Si(111)-7×7 was
further supported by a PM3 semiempirical calculation.57 The
calculation results show that the resulting dimerized furan
complex (�2) is about 23 kcal/mol more stable than the [4
+ 2]-like adduct (�1).

Distinctly different from thiophene and furan, pyrrole is
chemically bonded on Si(111)-7×7 through a dissociation
of the N-H bond.58 It forms silicon-based pyrroyl and Si-H
species. Compared to the dissociation at the N-H bond, the
[4 + 2]-like addition is expected to be thermodynamically
and kinetically unfavorable for pyrrole. There is no theoreti-
cal simulation for the pathways of N-H dissociation of
pyrrole on Si(111)-7×7. On the basis of theoretical calcula-
tions of the dissociation pathways of this molecule on Si(100)
(section 4.2),53 N-H dissociation on Si(111)-7×7 could
occur through two possible pathways, including a direct
pathway through an initial binding at the nitrogen atom and
an alternative pathway through an initial binding at the CR

atom and a subsequent isomerization. For Si(100), the
alternative pathway is both thermodynamically and kineti-
cally favorable. Notably, this chemical binding through N-H

dissociation does not break the aromaticity of pyrrole, in
contrast to loss of aromaticity of products in the addition
reactions of benzene, thiophene, and furan. The preserved
aromatic π conjugation allows a weak π-π electronic
coupling between two adjacent pyrroyl groups bonded on
the surface. This weak electronic coupling makes the next
molecule preferentially bind to an unreacted site adjacent to
the bonded pyrroyl ring, evidenced in the observation of
molecular wirelike binding behavior at low exposure (Figure
7).58

4.2. Thiophene, Furan, and Pyrrole on Si(100)
Both thiophene and furan molecularly chemisorb on

Si(100) through formation of Si-C sigma bonds. Both
experimental studies and theoretical calculations show that
the chemisorbed thiophene molecules have similar multiple
binding configurations to that of benzene on Si(100).56,59-64

Compared to the [4 + 2]-like addition on Si(111)-7×7,5155

thiophene forms multiple products, including 2,3-dihy-
drothiophene-like species and 2,5-dihydrothiophene-like spe-
cies through disigma binding, as well as twist bridge-like
and tight bridge-like species with tetrasigma binding.59-64

For furan on Si(100),56,61,64 no dimerized complex was
observed, in contrast to the coexistence of a [4 + 2]-like
adduct and dimerized complex on Si(111)-7×7.57 Furan is
chemisorbed on Si(100) through a [4 + 2]-like addition
pathway.56,61,64 This is probably due to the absence of a
reactive site on Si(100), similar to two neighboring
adatom-adjacent rest atom sites with a reasonable separation
on Si(111)-7×7, which allows the electronic coupling of two
adjacent monosigma complexes.

The chemical binding of thiophene and furan on Si(100)
was investigated by hybrid density functional (B3LYP)
calculation in combination with a cluster model approach.56

The calculations show that the [4 + 2]-like addition is
barrierless and favorable over the [2 + 2]-like addition, since
the barriers of a [2 + 2]-like addition for thiophene and furan
are 2.6 and 1.2 kcal/mol, respectively.

On Si(100),3,53,58,65-68 pyrrole exhibits a major N-H
dissociation pathway as on Si(111)-7×758 and a minor C-H
dissociation pathway.66 A direct dissociation pathway (Figure
8a) and an alternative dissociation channel (Figure 8b)
through N-H cleavage were theoretically simulated.53,69,70

DFT calculations suggest that this reaction takes place via a
barrierless addition of the pyrrole molecule at the CR position
to a SidSi dimer, followed by NsH dissociation and
isomerization to form a pyrroyl group bonded to Si(100)
through a SisN covalent linkage.53,69,70 Basically, this
reaction can be divided into three steps53 as shown in Figure

Figure 6. Scheme showing the mechanism for the formation of
the [4 + 2]-like adduct (�1) (a) and dimerized product (�2) (b) of
furan on Si(111)-7×7.

Figure 7. STM image of Si(111)-7×7 with the chemisorbed
pyrrole showing the formation of the molecular chainlike structure
on this surface.
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8b. The first step is the molecular adsorption of gaseous
pyrrole onto the silicon surface through one of its CR atoms
to form a stable adsorbate (-6.6 kcal/mol referred to the
reactants) without a barrier. In fact, this step is similar to
the electrophilic attack of thiophene and furan at a CR atom
to form a monosigma intermediate for [4 + 2]-like addition
on Si(111)-7×7. The second step is the dissociation of the
intermediate formed in the first step to give C4H4N•

ads + Hads

through a five-membered ring transition state (iii in Figure
8b) with a barrier of 3.9 kcal/mol. The last step is an
isomerization of the dissociated intermediate to form final
product C4H4N-Si (-52.6 kcal/mol) through a transition
state with a barrier of 11.5 kcal/mol. Notably, this reaction
has no overall barrier for the dissociation of pyrrole to form
C4H4N-Si and H-Si species. Thus, the alternative dissocia-
tion channel (Figure 8b) is more kinetically favorable than
a direct dissociative adsorption of pyrrole (Figure 8a) by the
interaction of the lone pair electrons of the nitrogen atom
with the unoccupied orbital of the SidSi dimer, as the direct
pathway has an overall energy barrier of 6.4 kcal/mol. In
addition, compared to the dissociation channel through the
formation of an intermediate binding at CR, the [2 + 2]- and
[4 + 2]-like additions of pyrrole on Si(100) are not favorable,
either kinetically or thermodynamically.

Compared to addition pathways of thiophene and furan,
the selection of the dissociation channel for pyrrole stems
from the low barriers for both NsH dissociation and the
subsequent isomerization.53 Definitely, thiophene and furan
do not exhibit dissociation or isomerization reaction path-
ways. Pyrrole could possibly bind to a SidSi dimer via a
pericyclic addition pathway; however, it is not favorable
either kinetically or thermodynamically. Thus, pyrrole ex-
hibits a distinctly different reaction channel on Si(100) in
contrast to furan and thiophene. In fact, the observed [4 +
2]-like and [2 + 2]-like adducts of N-methylpyrrole on
Si(111)-7×7 confirm the necessity of the N-H bond for
favoring the dissociation channel in five-membered aromatic
molecules with one heteroatom and demonstrate a strategy
for shaping the reaction channel by using protection groups,
such as the methyl in N-methylpyrrole.71

4.3. Thiophene and Pyrrole on Ge(100)
Interestingly, thiophene chemisorbs onto Ge(100) through

the formation of a Ge · · ·S dative bond at a coverage lower
than 0.25 monolayer (ML) and through the [4 + 2]-like
addition at higher coverage at room temperature.63,72-74 In
contrast to the [4 + 2]-like addition of thiophene on Si(100),
the [4 + 2]-like addition reaction on Ge(100) has a higher
activation barrier for the transition states,73 as the major
contribution to the barrier, the energy difference between
the buckled and symmetric dimers of Ge(100) (6.9 kcal/mol),
is larger than that for Si(100) (3.2 kcal/mol).75 Alternatively,
dative bonding is barrierless, suggesting that Ge · · ·S dative
bonding is kinetically favorable.73 Thus, dative-bonded
thiophene is formed at low coverage. At high coverage, the
[4 + 2]-like addition similar to the formation of 2,5-
dihydrothiophene on Si(100) is found on Ge(100).

Interestingly, the dative-bonded thiophene molecules form
a molecular chainlike structure along the direction of dimer
rows at low coverage (Figure 9a).73,74 The π-π stacking
interaction enhances the stability of the molecular chain of
dative bonded thiophene from the point of thermodynamics.
A similar molecular chainlike structure is also observed in
chemisorbed pyrrole on Si(111)-7×7.58 This suggests that
the intermolecular π-π interaction plays a similar role in
the formation of this chainlike structure. On the other hand,
the GedGe dimer pinned by the dative-bonded thiophene
molecule possibly retards the dynamic flipping of its adjacent
unreacted GedGe dimer. Thus, the relatively slower atomic

Figure 8. Critical points on the potential energy surfaces of the N-H dissociation reaction of pyrrole on Si(100) and Ge(100) through a
direct pathway by an initial binding at the nitrogen atom (a) and an alternative pathway by an initial binding at CR (b). (From ref 53.)

Figure 9. (a) Occupied state STM image of Ge(100) with the
chemisorbed thiophene. (From ref 74.)74 (b) Occupied state STM
image of Ge(100) with the chemisorbed pyrrole. (From ref 76.)
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flipping of the adjacent GedGe dimer compared to other
unreacted dimers located far from the reacted one makes this
dimer more easily accessible for the incoming gas phase
thiophene molecule.

Pyrrole dissociates on Ge(100) without [4 + 2]-like or [2
+ 2]-like additions.53,76,77 STM studies revealed three dis-
sociation pathways for this molecule.76,77 In the first dis-
sociation pathway, pyrrole is chemically bound to two
dangling bonds of two adjacent dimers in a dimer row on
Ge(100) through both Ge-N and Ge-C covalent bonds via
the dissociation at both N-H and CR-H of one molecule.
Molecular aromaticity is still retained upon dissociation in
this pathway. Therefore, it appears as a bright protrusion in
the STM image (A in Figure 9b). The product of this pathway
retains molecular aromaticity. In the second and third
pathways, pyrrole forms tilted species through N-H dis-
sociation; the dissociated pyrrolyl interacts with two adjacent
GedGe dimer rows through both a strong Ge-N bond and
a relatively weak Ge-C� interaction. The only difference
between the second and third pathways is the bonding of
the dissociated hydrogen atom. In the second pathway, the
hydrogen atom diffuses out of the region of interest;
therefore, the bonded pyrrolyl-like product is present as a
complete hexagonal flower-like bright protrusion in the STM
image (B in Figure 9b). However, in the third pathway the
dissociated hydrogen atom bonds to the other Ge atom of
the GedGe dimer interacting with the dissociated pyrrolyl,
making the product observed as a flower-like image with a
dark site contributed from the bonded hydrogen atom (C in
Figure 9b). Notably, all three pathways involve at least two
GedGe dimers for each molecule as the arrangement of two
adjacent dimers makes them accessible to one molecule
simultaneously. The aromaticity of the products from the
second and third pathways is weakened to some extent
because the molecular C� atom interacts with the Ge atom
of the adjacent dimer row. DFT calculations show the first
pathway forms the most stable product.78

Pyrrole does not react with Ge(100) through [4 + 2]- or
[2 + 2]-like addition. Similar to the higher barrier for the
transition state of [4 + 2]-like addition of thiophene on
Ge(100) compared to that on Si(100), it is expected that the
energy barrier for [4 + 2]-like addition of pyrrole on Ge(100)
is higher than that on Si(100). DFT calculation78 shows that
[4 + 2]-like addition is not favorable thermodynamically and
kinetically, in contrast to N-H dissociation via initial
attachment to the CR atom. Recent theoretical studies53 show
that N-H dissociation on Ge(100) forms a product bonded
to Ge(100) through a Ge-N bond with an adsorption energy
of -34.3 kcal/mol, through a direct dissociation pathway
with an energy barrier of 14.9 kcal/mol (Figure 7a) or through
an alternative barrierless dissociation channel (Figure 7b).

4.4. Electronic and Structural Factors of the
Semiconductor Surfaces for the Selection of
Reaction Channels

Thiophene forms a dative bond on Ge(100) but not on
Si(100) because [4 + 2]-like addition on Ge(100) is
unfavorable due to the higher energy barrier mainly con-
tributed by the larger energy difference between the buckled
and symmetric GedGe dimers.79-81 On the other hand, the
strong electronic affinity in terms of a larger amount of
transferred electron density in the formation of buckled
GedGe dimer than that in the SidSi dimer makes the

buckled-down Ge atom more electron-deficient and therefore
forms a relatively more stable dative-bonded product.

Interestingly, pyrrole carries out N-H dissociation on both
Si(100) and Ge(100), as the N-H bond of the molecule can
dissociate through an alternative pathway in which the
electron-deficient substrate atom is initially attached to the
electron-rich CR atom of pyrrole rather than the nitrogen
atom. An additional five-membered ring transition state is
involved for transferring the initial binding at the CR to the
N atom.53,69 This transition state has a lower energy than
the first one. In the first transition state, the adsorption of
pyrrole at the CR atom is facilitated in this aromatic molecule
due to its capability for delocalizing the π-electron on the
aromatic ring. Thus, the first transition state has a lower
barrier. The overall process of the alternative dissociation
pathway (Figure 7b) is barrierless. However, for pyrrolidine
and 3-pyrroline, a transition state formed via initial attach-
ment at the carbon atom could be highly unstable, as it results
in a pentavalent carbon due to the absence of electronic
delocalization in the nonaromatic rings. Thus, the two
nonaromatic molecules cannot process N-H dissociation
through the alternative pathway in terms of an initial binding
at the carbon atom adjacent to the nitrogen atom. For a
potential direct dissociation pathway for pyrrolidine and
3-pyrroline on Ge(100), the barriers are 10.2 and 8.2 kcal/
mol higher than the same barriers on Si(100), suggesting
that the N-H dissociation on Ge(100) is suppressed.53 Thus,
the two molecules adopt a kinetically favorable pathway on
Ge(100), formation of dative bonds. However, they follow
a thermodynamically favorable pathway on Si(100), N-H
dissociation, though the formation of dative bonds on Si(100)
for these molecules is also barrierless.

Furan dimerizes on Si(111)-7×7 but not on Si(100) and
Ge(100), as a reasonable arrangement of reactive sites
accessible for a subsequent coupling of two monosigma
bonded intermediates is absent on the (100) surfaces.
Alternatively, it bonds to Si(100) through a [4 + 2]-like
addition reaction.

5. Five-Membered Aromatic Molecules Containing
Two Different Heteroatoms

Isoxazole, oxazole, and thiazole are three representative
five-membered ring aromatic molecules containing two
different heteroatoms (Figure 10). They can be considered
as aromatic molecules formed by replacing two carbon atoms
of benzene with an oxygen or sulfur atom, and one carbon
atom of benzene with a nitrogen atom. The oxygen/sulfur
atom and the nitrogen atom contribute two and one electrons,
respectively, for the formation of an aromatic π-conjugation
of 4n+2 electrons in the ring. In the three molecules, each
nitrogen atom has sp2 hybridization and contributes one
electron of the unhybridized 2p orbital into the formation of

Figure 10. Molecular structures of three representative five-
membered aromatic molecules (isoxazole, oxazole, and thiazole)
consisting of two different heteroatoms in each of them. The yellow,
red, and blue balls represent sulfur, oxygen, and nitrogen atoms,
respectively.
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the six electron π-conjugation. The lone pair localized in
one sp2 hybridized orbital of the nitrogen atom can be
donated to form a dative bond. Thus, the electronic structure
of the nitrogen atom in each of the three five-membered ring
aromatic molecules is different from that of the nitrogen in
pyrrole. Compared to the two heteroatoms separated by
carbon in oxazole and thiazole, the two heteroatoms in
isoxazole are adjacent. The different geometric arrangement
of heteroatoms in oxazole and isoxazole results in a different
distribution of electron density on the aromatic ring. In
addition, the different heteroatoms in oxazole and thiazole
also induce a slightly different distribution of electron
density.

Isoxazole has two heteroatoms with different electronic
structures. Similar to pyridine, the lone pair of the nitrogen
atom in isoxazole does not participate in the formation of
the aromatic π-conjugation, though the lone pair is slightly
withdrawn by its neighboring oxygen atom. Therefore, the
nitrogen atom of isoxazole has an electron density higher
than those of the oxygen atom and all the carbon atoms of
this molecule. It can act as an electron donor to form a dative
bond with an electron-deficient adatom of Si(111)-7×7.82

Oxazole is an isomer of isoxazole. The difference between
the two isomers is the geometry of the nitrogen atom on the
five-membered ring. For isoxazole, the nitrogen atom is
adjacent to the oxygen atom. However, it is separated by
one carbon atom from the oxygen atom in oxazole. The
electron-withdrawing effect of oxygen for the nitrogen atom
in oxazole is weaker than that for the case of isoxazole.
Therefore, the nitrogen atom of oxazole has an electron
density similar to that of pyridine, implying the capability
for a significant donation of electron density. Similar to
oxazole, thiazole also exhibits the capability of donating
electron density to form a Si · · ·N dative bond. These
molecules exhibit different pathways on Si(111)-7×7 as
shown in Figure 11.

The lone pair in an unhybridized p orbital of the oxygen
atom of oxazole, which contributes to the formation of

aromatic π-conjugation, in fact plays a different role in the
formation of the aromatic π-conjugation than the two
electrons in the two p orbitals of two carbon atoms of a
pyridine molecule. To some extent, oxazole may be consid-
ered as a hybrid of furan and pyridine. In fact, oxazole can
be chemically attached to Si(111)-7×7 through both the
covalent addition channel similar to thiophene55 and furan,57

as well as the dative-bond addition similar to pyridine.83

Oxazole carries out the addition reaction at low temperature
through a [2 + 2]-like addition at N and CR atoms, instead
of a [4 + 2]-like addition. This is determined by its
characteristic electronic structure. It is understandable if we
consider this addition reaction as a stepwise reaction mech-
anism as schematically shown in Figure 12. The attack of a
nitrogen atom on an adatom forms an intermediate with a
lower energy (Figure 12b) than other possible intermediates
because the nitrogen atom and silicon adatom are electron-
rich and electron-deficient, respectively, and geometrically
the adatom is at a favorable outward position in contrast to
the inward rest atom. In addition, the interaction of the radical
of an electron-rich rest atom with a CR atom with lower
electron density due to the electron-withdrawing effect of
its adjacent oxygen atom (Figure 12c) will facilitate the
subsequent formation of a Si-C σ bond. Therefore, [2 +
2]-like addition is a kinetically favorable pathway for oxazole
at low temperature. However, a [4 + 2]-like addition at two
CR atoms is not kinetically favorable for oxazole due to a
high barrier for an initial binding at the CR atom, in contrast
to an initial binding at the N atom in the [2 + 2]-like addition.
For pyridine, [2 + 2]-like addition is not kinetically favorable
over [4 + 2]-like addition, as both transition states are formed
through an initial binding at the N atom. Thus, pyridine is
chemisorbed on Si(111)-7×7 through a thermodynamically
favorable [4 + 2]-like addition mechanism at C1 and C4 in
addition to the formation of a Si · · ·N dative bond.

For isoxazole, an isomer of oxazole, its electron-rich
nitrogen atom can form an intermediate with the electron-
deficient adatom of Si(111)-7×7. Its CR atom has lower
electron density than the C� atom due to the strong electron-
withdrawing effect of the oxygen atom on its adjacent CR

atom. It can interact with the radical of the rest atom of this
surface, forming a Si-C σ bond.82 Thus, the low electron
density and favorable geometric arrangement of the CR atom
of isoxazole makes [4 + 2]-like addition thermodynamically
and kinetically favorable (Figure 11b).

The chemisorption of thiazole on Si(111)-7×7 (Figure 11c)
is different from the simultaneous dative-bonded addition
and [4 + 2]-like or [2 + 2]-like addition for isoxazole and
oxazole at low temperature (Figure 11a and b). This
difference can be understood in the contrast of their electronic
structures. For both isoxazole and oxazole, the CR atom has
the low electron density due to the electron-withdrawing
effect of the electronegative oxygen atom. Thus, for isoxazole
the binding between the electron-rich N atom and the
electron-deficient CR atom and the adatom-rest atom pair of
Si(111)-7×7 (Figure 11b) is thermodynamically and kineti-
cally favorable; for oxazole the attachment of the electron-
rich N atom and the electron-deficient CR to the adatom-rest
atom pair is kinetically favorable at low temperature.
Compared to isoxazole and oxazole, the CR atom of thiazole
has a relatively high electron density due to the absence of
a strong electron-withdrawing effect from the sulfur atom
with a relatively lower electronegativity than the oxygen
atom. Thus, referring to the [2 + 2]-like addition of oxazole

Figure 11. Binding modes of isoxazole, oxazole, and thiazole on
Si(111)-7×7 at low temperature.
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at low temperature (Figure 11b), for thiazole a chemical
binding between the nitrogen atom and the CR atom of
thiazole and the adatom-rest atom pair to form a [2 + 2]-like
adduct is neither kinetically nor thermodynamically favor-
able. Alternatively, dative-bond addition between the electron-
rich nitrogen atom of thiazole and the electron-deficient
adatom site is kinetically favorable at low temperature
(Figure 11c). Therefore, the dative-bonded thiazole is the
major product at low temperature.

Molecular polarity is an additional factor affecting the
formation of dative bonds with the silicon surface. All three
of the molecules discussed here have a strong molecular
polarity as shown in Figure 13a, b, and c. A more detailed
discussion in section 11 indicates that molecular polarity
could be a necessary factor for the formation of dative bonds
between aromatics and semiconductor surfaces.

Overall, the competition and selectivity of these reaction
channels of each multiheteroatom aromatic system are clearly
dominated by the distribution of electronic density on the
molecular ring, the geometric arrangement of heteroatoms
on the ring, the contribution of heteroatoms for the formation
of aromatic π-conjugation, the electronegativity of the
heteroatoms, and the molecular polarity.

6. Six-Membered Heteroatom Aromatic Molecules

6.1. Competition and Selectivity for Dative and
Covalent Binding of Pyridine on Si(100),
Si(111)-7×7, and Ge(100)

Pyridine is a tertiary amine with an aromatic ring.
Compared to pyrrole, the nitrogen atom of pyridine has
significantly different electronic density and structure though
the nitrogen atoms of both molecules are sp2 hybridized. In
pyridine, the sp2 hybridization of the nitrogen atom is
different from that of pyrrole. For pyrrole, the three sp2-
hybridized orbitals are equivalent, forming two NsC bonds
and one NsH bond (Figure 14c). The lone pair of the
unhybridized p orbital participates in the aromatic π conjuga-
tion, forming the sextet of pyrrole. In pyridine, the nitrogen
atom is inequivalently sp2 hybridized (Figure 14b). The

remaining unhybridized p orbital of the nitrogen atom has
only one electron which combines with the other five p
orbitals of the carbon atoms to form an aromatic sextet. Two
sp2 orbitals with one electron in each orbital form two sigma
bonds with two CR atoms. Notably, one sp2 orbital has a
lone pair which does not participate in the aromatic
π-conjugation system. Thus, compared to the nitrogen atom
of pyrrole, the nitrogen atom of pyridine is electron rich.
More importantly, the lone pair on the nitrogen atom of
pyridine is localized on this atom (Figure 14b). Thus, the
lone pair could be donated to the electron-deficient adatom
of the Si(111)-7×7 or the buckled down atoms of SidSi or
GedGe dimers to form a dative bond.

In fact, pyridine can form dative-bonded adducts with these
three semiconductor surfaces at ∼110 K, which is distinctly
different from the formation of Si-N or Ge-N covalent
bonds on the three surfaces through dissociation of the N-H
bond of pyrrole. Pyridine forms both the dative-bonded
adduct and the [4 + 2]-like adduct on Si(111)- 7×783 and
Si(100)84-86 at low temperature. At room temperature, the
dative-bonded pyridine desorbs or partially converts into the
[4 + 2]-like adduct.83-85 There is no dative-bonded adduct
of pyridine formed on the two silicon single crystal surfaces
at room temperature. However, pyridine forms a nearly
complete dative-bonded monolayer on Ge(100) at room
temperature,86-88 which suggests a new approach to synthesis
of ordered organic monolayers modifying and functionalizing
semiconductor surfaces. The difference in reaction mecha-
nisms of pyridine on silicon and germanium surfaces reflects
the trend of increased electron affinity along the periodic
table from Si(100) to Ge(100).

The reasons for the absence of a [4 + 2]-like addition for
pyridine on Ge(100) could be both thermodynamic and
kinetic. From the viewpoint of thermodynamics, the relatively
weak Ge-N σ bond in contrast to the Si-N σ bond results
in a lower adsorption energy for [4 + 2]-like addition on

Figure 12. Schematic showing the pathway for the formation of the [2 + 2]-like adduct of oxazole on Si(111)-7×7 at low temperature.

Figure 13. Polarity of isoxazole (a), oxazole (b), thiazole (c),
pyrazine (d), pyrimidine (e), and pyridine (f).

Figure 14. Overlap of all parallel p orbitals and the formation of
the aromatic π conjugation of benzene (a), pyridine (b), and pyrrole
(c).
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Ge(100) than on Si(100). The weak Ge-N bond stems from
the large strain in the [4 + 2]-like adduct due to the larger
Ge-Ge bond length of the GedGe dimer. In addition, the
larger energy difference between the buckled GedGe dimer
and the symmetric GedGe dimer75 results in a higher energy
barrier for the transition state of the [4 + 2]-like addition
pathway on Ge(100) than on Si(100); therefore, from the
point of kinetics, pyridine prefers the dative-bonding pathway
on Ge(100), which is barrierless.

6.2. Reaction Mechanisms of Six-Membered
Aromatic Molecules Containing Two Heteroatoms
on Si(100) and Si(111)-7×7

Pyrazine (Figure 13d) is a six-membered aromatic mol-
ecule containing two nitrogen atoms at two opposite ends
of the aromatic ring. Recent studies show that pyrazine can
be chemically bound to Si(100) and Si(111)-7×7 via a [4 +
2]-like addition through binding the two para-nitrogen atoms
to a SidSi dimer on Si(100)89-91 or a pair of adjacent
adatom-rest atoms on Si(111)-7×7.92 This indicates that the
carbon atoms of the ring are not directly involved in any
chemical binding with the two surfaces. The two nitrogen
atoms of this molecule do not have the same electronic
structure and distribution as that of pyridine. However, there
is no Si · · ·N dative bond observed for this molecule.

Pyrimidine (Figure 13e) is an isomer of pyrazine. Com-
pared to pyrazine, the two nitrogen atoms are not at opposite
positions on the aromatic ring. It has two nitrogen atoms at
R and γ positions which have electronic structure similar to
that of pyridine. Interestingly, pyrimidine forms a [4 +
2]-like adduct on Si(111)-7×793 but a dative-bonded product
on Ge(100).94 The absence of the [4 + 2]-like addition on
Ge(100) could be for the same reasons as the absence of the
[4 + 2]-like adduct for pyridine on Ge(100).

Notably, the observation of the dative-bonded pyrimidine
and the absence of a dative-bonded product for pyrazine on
semiconductor surfaces is possibly related to the polarity of
the aromatic molecules (Figure 13). The contribution of
molecular polarity in the formation of dative bonds with
semiconductor surfaces will be discussed in section 11.

7. Substituted Aromatic Molecules
Studies of the chemical binding of substituted aromatic

molecules to semiconductor surfaces have been carried out
with both experimental techniques and theoretical ap-
proaches. The studied molecules include chlorobenzene,95-103

dibromobenzene,103 N-methylpyrrole,53,104 toluene,105 p-xy-
lene,105 m-xylene,105 o-xylene,105 styrene,106-112 benzoquino-
ne,113phenylacetylene,108,114-117benzonitrile,118-122phenol,123-125

benzenethiol,126 1,4-benzenedithiol,126 aniline,66,127-129 1,4-
phenylenediamine,130 benzoic acid,128 4-nitrobenzoic acid,131

o-benzoquinone,113 phenylazide,132,133 benzylazide,132,134 ni-
trobenzene,135 and 1-hexylnaphthalene.136 In some substituted
aromatic molecules, the substituted functional groups sig-
nificantly shape the reaction channel for their chemical
binding on semiconductor surfaces. These substituted aro-
matic molecules can be categorized on the basis of participa-
tion of their functional group in reaction with semiconductor
surfaces. The first category comprises molecules reacting
only through the phenyl ring; the second is formed of the
molecules binding to the surface only through the substituent
group; the third category is molecules reacting through both
the phenyl ring and the substituent group.

Chlorobenzene is one example of the first category. Due
to the inertness of the halogen atom, it bonds to Si(111)-
7×7 through a [4 + 2]-like addition mechanism via breaking
the aromatic π-conjugation of the phenyl ring.97 Definitely,
the formed product loses its aromaticity. However, the C-Cl
bond of chlorobenzene can be selectively broken upon
photoirradiation, forming a phenyl radical.99 This phenyl
radical subsequently forms a Si-C bond with an adatom.
The single-sigma bonded benzyl on Si(111)-7×7 preserves
the original aromaticity of chlorobenzene. Thus, the pho-
toirradiation-assisted selective dissociation is a promising
strategy for shaping molecular reaction channels on semi-
conductor surfaces. Similar to chlorobenzene, N-methylpyr-
role can be chemisorbed on Si(111)-7×7 through both [4 +
2]-like and [2 + 2]-like additions, forming multiple prod-
ucts.71 Toluene,105 p-xylene,105 m-xylene,105 and o-xylene105

are chemically bonded to Si(100) with a binding mechanism
similar to that of benzene. In addition, the C-H bond of the
substituted groups of these four methyl-substituted benzene
molecules can partially dissociate. On the basis of DFT
calculation, benzoquinone was predicted to undergo [4 +
2] and/or [2 + 2]-addition reactions through the unsaturated
CdC bond(s) of the phenyl ring.113 This is due to the
restriction of the geometry of two facing carbonyl groups in
a benzoquinone molecule.

Many substituted functional groups such as CtN, CtC,
N3, NdO, OH, SH, and NH2 are reactive for the binding
sites of these clean semiconductor surfaces. Some of these
substituents can bond to the surface without perturbing the
phenyl ring. For example, benzonitrile118-122 and phenyl-
acetylene108,114-117 bond to Si(100) and Si(111)-7×7 through
a [2 + 2]-like addition at the nitrile and acetylene groups
and therefore form a benzoamine-like and styrene-like
structure on the surface, respectively. For phenol,123-125

benzenethiol,126 aniline,66,127-129 and 1,4-phenylenediamine,130

the substituent OH, SH, and NH2 dissociate on the semi-
conductor surface and therefore form a phenyl ring-covered
organic monolayer. The aromaticity of this category of
substituted aromatic molecule remains upon chemical binding
of these substituted functional groups. For phenylazide,132,133

binding to Si(100) occurs through a 1,3-addition followed
by nitrogen elimination. However, benzylazide chemisorbs
on Si(100) through the favorable 1,2-addition as opposed to
1,3-addition.132,134 The two adjacent carbonyl groups enforce
a cis conformation. In contrast to dissociation of these
substituent groups, the two adjacent carbonyl groups in an
o-benzoquinone molecule are theoretically predicted to react
with a SidSi dimer through a [4 + 2]-addition mechanism.113

This [4 + 2] cycloaddition at the two adjacent carbonyl
groups is thermodynamically favorable. The adsorption
energy of such a [4 + 2]-addition is almost twice that of [2
+ 2]-addition at a carbonyl for this molecule. This is
understandable since this reaction forms an aromatic ring in
the [4 + 2]-addition. In addition, similar to 1,3-butadiene,
the [4 + 2]-addition at the two carbonyl groups is kinetically
favorable compared to the [2 + 2]-addition.113

For some substituted aromatic molecules, the functional
groups react with the semiconductor surface, as does the
associated phenyl ring. For example, the ethylenyl group of
styrene and its conjugated phenyl ring both react with an
adatom and adjacent rest atom pair, forming a 5-ethylidene-
1,3-cyclohexadiene-like skeleton on Si(111)-7×7.108 Defi-
nitely, the product of this category of aromatic molecule loses
its original aromaticity upon adsorption.

Semiconductor Surfaces with Aromatic Systems Chemical Reviews, 2009, Vol. 109, No. 9 4001
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8. Polycyclic Aromatic Hydrocarbon Systems
The chemical attachment and growth of thin films of

polycyclic aromatic hydrocarbons comprised of one or more
fused benzene rings on semiconductor surfaces has attracted
much attention, as some acene-series hydrocarbons have been
successfully employed for device fabrication. This class of
molecules exhibits promising characteristics for the develop-
ment of new semiconductor devices such as organic field
effect transistors (OFETs) due to the relatively high carrier
mobility of the organic layer. This category of molecule
includes naphthalene, tetracene, pentacene, coronene, diben-
zo[a,j]coronene, and acenaphthalene as shown in Figure 15.
The carbon atoms of these molecules are labeled in Figure
15. These labels will be frequently cited in this section. These
molecules exhibit diverse reaction mechanisms on semicon-
ductor surfaces, mainly determined by the electronic and
geometric structures of molecules and semiconductor sur-
faces. Particularly, understanding the intrinsic connection
between reaction mechanisms and electronic and geometric
structures is extremely important for a controllable growth
of organic thin films of those molecules for applications in
the development of semiconductor devices, since the charg-
ing mobility depends strongly on the molecular orientation,
packing, and interaction of the molecules at the device
interface.

8.1. Polycyclic Aromatic Hydrocarbons on Si(100)
and Ge(100)

Naphthalene, consisting of two fused benzene rings, can
be considered as the basic system of the acene-series of
molecules. Its adsorption and binding configuration were
studied with infrared reflection absorption spectroscopy
(IRAS) and DFT calculation.137,138 Similar to benzene, the
adsorption of naphthalene on Si(100) exhibits a strong

coverage dependence.137,138 At low exposure, naphthalene
adsorbs on two adjacent dimers in a dimer row with the
configuration of a symmetric bridge (Figure 16a), which is
the most energetically favorable configuration. In this mode,
C1, C2, C5, and C6 carbon atoms of the molecule are bound
to the dangling bonds of two adjacent dimers to form four
Si-C sigma bonds. However, both MIR-IRAS and DFT
calculations suggest that the binding model of the symmetric
bridge is not the energetically most stable configuration at
high exposure due to the steric repulsion between the
hydrogen atoms of the two adjacent molecules in a dimer
row, as shown in Figure 16b. Alternatively, the rotated
symmetric bridge model (RSB, the model on the right side
of Figure 16c) or the tight bridge model (TiB, the model on
the right half of Figure 16d) is energetically favorable due
to a smaller steric repulsion with its adjacent molecule in a
dimer row (Figures 16c and 17d). Thus, the binding of
naphthalene at high exposure results in multiple configura-
tions including a symmetric bridge, a rotated symmetric
bridge, and a tight bridge (Figure 16).

There are no results reported on the detailed binding
configuration of anthracene on the clean Si(100) surface,
though its chemical adsorption on Si(111) has been studied.139

The chemical binding of tetracene on Si(100) was studied
recently.140,141 Both STM studies and theoretical calculations
revealed two binding configurations (A and B in Figure 17a),
in which SisC covalent bonds are formed. For both of the
two configurations A and B, tetracene is flat lying on the
surface. In configuration A, the long axis of the bonded
molecule is perpendicular to the dimer row. Two carbon
atoms in each of the inner aromatic rings (C2, C3, C8, and
C9) bond to two underlying SidSi dimers, forming four
SisC bonds (left-bottom panel of Figure 17c). This binding
is described as a so-called [2 + 8 + 2] addition.140,141 In the
formed products, rings I and IV maintain aromaticity upon
chemical binding to Si(100). In configuration B, the molec-
ular long axis is parallel to the dimer row. Only the two
central carbon atoms (C2a and C8a) participate in the chemical
binding with one underlying SidSi dimer, forming two SisC
sigma bonds (site B in Figure 17c). Due to the rehybridization
of the two bonded carbon atoms, the two sides of the C2asC8a

bond are significantly bent from the original planar structure.
In configuration B (the right-bottom structure in Figure 17c),
rings I and II (or rings III and IV) contain eight π-electrons.
Thus, this product loses its original aromaticity. Although a
third adsorbate (type C in Figure 17b) is indicated by the
empty state STM image,140,141 its binding configuration is
still uncertain.

Figure 15. Molecular structures of naphthalene (a), tetracene (b),
and pentacene (c), coronene (d), dibenzo[a,j]coronene (e), and
acenaphthylene (f).

Figure 16. Possible binding configurations of naphthalene on
Si(100). (From ref 137.)
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Pentacene is a planar molecule containing five fused
benzene rings. The chemisorption of this molecule on Si(100)
and the growth of thin films on this substrate have been well
studied by using several experimental techniques and theo-
retical calculations.142-150 These investigations show that
pentacene chemisorbs on Si(100) with Si-C covalent bonds
through an addition reaction mechanism,142-144,146 though a
limited amount of dissociation through breaking C-H bonds
was also observed.145 STM studies151 show that the plane of
the adsorbates is parallel to the silicon surface. Four major
binding configurations were revealed as shown in Figure 18.
They include A1 (on top of the dimer row), IB (in between
two adjacent Si dimer rows), and B1 and B2 (perpendicular
to a Si dimer row). In addition, four minor configurations
which occupied ∼5% of the surface were also observed.
Figure 19 represents the STM images and the calculated
adsorption structures of the four major binding sites. DFT
calculations143,151 show that the binding energies of A1, IB,
B1, and B2 are 104.5, 67.1, 127.8, and 100.7 kcal/mol,
respectively. Studies of the near edge X-ray absorption fine

structure (NEXAFS) spectra at the carbon K-edge144 show
that the chemisorbed molecules are flat-lying on the surface
and the physisorbed molecules have an upright molecular
orientation. In multilayer thin films, molecules are weakly
physisorbed via van der Waals interactions and the angle
between the molecular plane and the Si(100) surface is 76
( 2°.

Different from the above three acenes consisting of more
than one fused benzene ring arranged linearly, coronene
contains seven fused benzene rings which are arranged as a
hexagonal structure (Figure 15d). The free molecule has D6h

symmetry. It adopts a γ packing containing herringbone and
stacking geometries152 to form a 3-D crystal structure. The
3-D coronene is an important photoilluminator for green
light. It is also a new material with promising applications
in semiconductor device technologies. Thus, its surface
chemistry on Si(100) has been investigated.153 On a clean
Si(100) surface, it forms a major product (with a population
of ∼75%) of on-top binding mode (Figure 20a) and two
minor modes formed in between two adjacent dimer rows
(Figure 20b and c). For the adsorption site on-top of a dimer
row, it forms four Si-C sigma bonds with two adjacent
dimers in a dimer row. The two minor modes are called type-
C-assisted adsorption, which involves dissociation of one
water molecule near the two binding configurations.

Figure 20a shows STM images and binding configurations
of the on-top binding mode. Four carbon atoms at the two
ends of the molecule along any C3 axis of this molecule (C1,
C2, C7, and C8), as shown in Figure 20a2 and a3, participate
in this binding. DFT calculations suggest that the adsorption
energy of this tetrasigma on-top binding mode formed along
dimer rows is 24.6 kcal/mol.153 In this binding configuration,
due to the rehybridization of the four carbon atoms (C1, C2,
C7, and C8) in the front and back benzene rings of coronene,
the bonded molecule loses its original planarity and forms a
saddle-like structure. In this adsorbate two separated naph-
thalene-like structures have aromaticity. The two minor
adsorption sites (Figure 20b and c) are defect-assisted sites.
Figure 20b2 and b3 are structural modes of one binding
configuration associated with the dissociation of one water
molecule. The adsorption energy of this mode is calculated
to be 24.2 kcal/mol, which is similar to that of the on-top
binding mode.153 In this mode, the molecule also forms four
Si-C sigma bonds with Si(100). Compared to the on-top
binding mode, these bonds involve dangling bonds of two
adjacent dimer rows. The third binding mode (Figure 20c)
is also associated with a type-C defect and two adjacent
dimer rows. Its binding energy is 32 kcal/mol from a DFT
calculation.153 For all three binding modes, the formation of

Figure 17. (a) Occupied state STM image of tetracene on Si(100).
Two types of bright features can be distinguished. Feature A is a
tetracene molecule perpendicular to the Si dimer rows, while B
corresponds to a tetracene molecule on top of the Si dimer rows.
(b) Schematic of the adsorption sites for tetracene on Si(100) based
on STM images: type A, the molecular long axis is perpendicular
to the dimer rows; types B and C, the molecular long axis is parallel
to the dimer rows. (c) Mechanisms of molecular addition reaction
at binding sites A and B. (From ref 140.)

Figure 18. Large-scale STM image of Si(100) with chemisorbed
pentacene. (From ref 151.)
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four Si-C sigma bonds results in the loss of π character in
some phenyl rings and thereby makes the molecule adopt a
nonplanar structure. Compared to the adsorbate formed on
defect-free sites (Figure 20a), only one naphthalene-like
structure remains in the minor modes (Figure 20b and c)
and makes the two defect-assisted adsorbates to have
aromaticity to some extent.

Dibenzo[a,j]coronene is another polyaromatic molecule
(Figure 15e). It can be considered as a derivative of coronene
or of pentacene. This molecule exhibits quite different
binding chemistry on Si(100). Three binding configurations
(I, II, and III) were revealed with STM and electronic
structure calculations.154 Figure 21a shows the filled state
STM image and the calculated structure of this binding
configuration I. In this configuration (I), six covalent chemi-
cal bonds are formed between carbon atoms (four C2 and

two C4 atoms) in the phenyl rings on the two ends of the
molecular long axis and Si atoms on the substrate with a
binding energy of 26.2 kcal/mol. STM studies show this is
the dominant binding configuration. Figure 21b presents the
filled state STM image and calculated binding configuration
of the binding structure II. It also forms six Si-C sigma
bonds at four C2 and two C4 atoms with a binding energy of
37.5 kcal/mol. Compared to structure I, the higher binding
energy of structure II could result from less strain due to
bending of the molecule along the long molecular axis than
that of structure I. Another structural factor for the relatively
high binding energy in configuration II is the outward convex
profile along the short molecular axis in configuration II, in
contrast to an outward convex profile along the long
molecular axis in binding configuration I. The filled state
STM image and the calculated binding structure of config-

Figure 19. Comparison of experimental STM images of pentacene on silicon (100) with the computed adsorption sites. a1, b1, c1, and d1
are experimental STM images of binding configurations of A1, IB, B1, and B2, respectively. a2, b2, c2, and d2 are the top views of the
calculated binding configurations. a3, b3, c3, and d3 are side views of the calculated binding configurations. (From ref 151.)

Figure 20. STM images and calculated binding configurations of coronene on Si(100). (a1) STM images of the on-top binding mode. (a2
and a3) Side view and top view of the theoretically calculated atomic configurations of coronene adsorbed with the on-top mode. (b1) One
STM image of the minority species of adsorbed coronene on a defect-assisted adsorption site in between dimer rows. (b2 and b3) Side view
and top view of the theoretically calculated atomic configurations of coronene adsorbed on a defect-assisted adsorption site in between
dimer rows. (c1) One STM image of the minority species of adsorbed coronene on another defect-assisted adsorption site in between dimer
rows. (c2 and c3) Side view and top view of the theoretically calculated atomic configurations of coronene adsorbed on another defect-
assisted adsorption site in between dimer rows. Compared to the binding configuration in part b, the binding site of the OH group is
different in this binding configuration (c). (From ref 153.)
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uration III are shown in Figure 21c. Different from configu-
rations I and II, this structure forms only four Si-C bonds
at two C1 and two C2 atoms in configuration III. Thus, the
molecule in this configuration has a much smaller binding
energy of 17.7 kcal/mol in contrast to configurations I and
II.

Compared to the above five molecules consisting of fused
benzene rings, acenaphthylene includes two fused benzene
rings and one cyclopentadienyl ring (Figure 15f). To some
extent, it is a fusion of a naphthalene molecule and a
cyclopentadienyl ring. It can be considered as a precursor
of a more extended fullerene or nanotube. Thus, the
experimental studies155 and DFT calculations156 of the
adsorption of this molecule on Si(100) could provide clues
for understanding chemisorption and immobilization of extra
large aromatic organic systems such as buckyballs (C60) and
carbon nanotubes. Both STM and FT-IR studies155 revealed
a high selectivity in chemical binding of this molecule on
Si(100). The 1,2-alkene group of the cyclopentadienyl ring
(C1 and C2 in Figure 15f) chemically binds to a SidSi dimer,
therefore forming a monolayer with the naphthalene structure
perpendicular to the surface. The DFT calculations156 on the
basis of several potential binding configurations show that
the product formed through a [2 + 2]-like reaction at the
1,2-alkene unit is the most thermodynamically stable with
an adsorption energy of ∼37 kcal/mol. In addition, the
formation of this product is also kinetically favorable.
Selected isotopic labeling studies using FTIR155 show that
the aromaticity of this molecule is preserved upon chemical
binding (Figure 22). The homogeneous monolayer formed
on Si(100) is a stable, uniform organic monolayer with a

single aromatic product, which may be used as a good
precursor for the formation of an ordered and monodispersed
organic multilayer architecture. It is a model system for
developing a strategy to chemically bind more complex
π-systems to semiconductor surfaces for further functional-
ization and modification.

8.2. Polycyclic Aromatic Hydrocarbons on
Si(111)-7×7
8.2.1. Naphthalene on Si(111)-7×7

Naphthalene is two linearly fused benzene rings. Both
STM studies and DFT calculations157 suggest that naphtha-
lene chemisorbs on Si(111)-7×7 mainly through the forma-
tion of two covalent bonds between C1 and C6 of ring I or
the equivalent C2 and C5 of ring II and a neighboring adatom
and rest atom pair. Figure 23a is the STM image of the
chemisorbed naphthalene on Si(111)-7×7. Figure 23b1, b2,
b3, and b4 schematically present the four different binding

Figure 21. STM images and calculated binding configurations of dibenzo[a,j]coronene on Si(100). (a1) Filled state STM image of binding
configuration I. (a2 and a3) Top view and side view of the theoretically calculated structure of binding configuration I. (b1) Filled state
STM image of binding configuration II. (b2 and b3) Top view and side view of the theoretically calculated structure of binding configuration
II. (c1) Filled state STM image of binding configuration III. (c2 and c3) Top view and side view of the theoretically calculated structure
of binding configuration III. (From ref 154.)

Figure 22. Binding configuration of acenaphthylene on Si(100)
through a [2 + 2]-like addition at a 1,2-alkene group to form a
four-membered Si2C2 ring. (From ref 155.)

Semiconductor Surfaces with Aromatic Systems Chemical Reviews, 2009, Vol. 109, No. 9 4005
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sites of naphthalene with disigma binding at the C1 and C6

atoms of the same ring. The four possible binding sites
(Figure 23b1, b2, b3, and b4) correspond to configuration A
in Figure 24. In addition, three minor disigma models involve
C1 and C5 in configuration B, corresponding to Figure 23b5,
C1 and C3 in configuration C, corresponding to Figure 23b6,
and C4 and C8 in configuration D, corresponding to Figure
23b7, respectively. DFT calculation shows that disigma
binding configuration A at C1 and C6 (Figure 23b1, b2, b3,
and b4) and disigma binding configurations B (Figure 23b5),
C (Figure 23b6), and D (Figure 23b7) have binding energies
of 29.1, 27.9, 28.2, 29.9, 13.5, 18.0, and 25.3 kcal/mol,
respectively. Binding configuration A has an asymmetric
folded structure with an isolated benzene ring not involved
in the surface binding. This unreacted aromatic ring has a
planar structure so as to enhance the overlapping of the
π-orbital and in turn its aromaticity. On the other hand,
theoretical calculations suggest that disigma addition at the
ring fused carbon atoms (C1a and C5a) with an adatom-rest
atom pair on Si(111)-7×7 is thermodynamically unfavorable.
A possible explanation for the inertness of the ring fused
carbon atoms could be their high steric rigidity due to their
strong covalent binding with three adjacent carbon atoms in
contrast to the nonfused carbon atoms binding to two
neighboring carbon atoms and one hydrogen atom.

Calculations show that configuration A has a higher
adsorption energy than the other three binding modes B, C,
and D. The difference in adsorption energy of these binding
configurations can be well understood by utilizing Clar’s
sextet concept.158,159 Figure 24 shows the aromatic π-con-
jugation in a free naphthalene molecule and the bonded
adsorbates with different configurations. Obviously, only
configuration A maintains one aromatic sextet. The preserva-
tion of the resonance energy due to the aromatic sextet in
configuration A definitely contributes to its extra stability in
contrast to other configurations. On the other hand, from the

view of kinetics, the existence of one or more binding
configurations depends on the relative formation activation
barriers. Although there is no kinetic data available in
experimental studies and theoretical calculations, it is
expected that the formation of configurations B, C, and D
would have a high activation barrier due to the energy
required for the extended conjugation of the aromatic π
system to form a twisted or deformed structure. Thus, it is
proposed that configuration A is the major product of
naphthalene chemisorption on Si(111)-7×7.

Statistical studies of several large-scale STM images of
the reacted Si(111)-7×7 surface show that the most reactive
site is the center adatom on the faulted half unit cell.157,160

The reactivity of the corner adatom of faulted halves and
that of the center adatom of the unfaulted half are compa-
rable. At high exposure, the corner adatoms of faulted halves
have a lower reactivity in contrast to that at low exposure.
Overall, the multiple reactive sites of the Si(111)-7×7 have
different reactivities for naphthalene, similar to the case for
benzene, as discussed in section 3.2. This suggests that
naphthalene, with a larger size than benzene, does not
significantly modify the reactivity of the various reactive sites
on Si(111)-7×7.

8.2.2. Anthracene on Si(111)-7×7

The adsorption and growth of anthracene thin films on
Si(111)-7×7 was studied using photoemission electron
microscopy (PEEM).139 The binding configuration of this
molecule was not studied, but the molecular orientation in
the thin film deposited on Si(111)-7×7 was examined. In
the monolayer, molecules are lying flat. However, for the
second layer in terms of the first physisorbed layer, molecules
are standing up on the chemisorbed monolayer due to the
absence of strong interactions between the physisorbed layer
and the chemisorbed layer.

Figure 23. (a) STM image of Si(111)-7×7 exposed to 0.09 L of
naphthalene. The superimposed white lines mark out individual half
unit cells, and each circle indicates a missing adatom. Parts b1,
b2, b3, b4, b5, b6, and b7 correspond to binding configurations
A1, A2, A3, A4, B, C, and D of naphthalene on Si(111)-7×7.

Figure 24. (a) Aromatic sextet of a free naphthalene represented
by the circle in ring I. This aromatic sextet is shared via movement
of two π electrons (symbolized by the arrow) according to Clar’s
sextet concept. (b) Disigma reaction at ring II of naphthalene on
Si(111)-7×7 through binding configuration A produces one sextet
in the resulting structure. Sigma binding at both rings I and II of
naphthalene results in configurations B in part c, C in part d, and
D in part e on Si(111)-7×7, which contains conjugated double
bonds but no sextet.
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8.2.3. Tetracene on Si(111)-7×7

Compared to naphthalene, tetracene has a more compli-
cated structure and more categories of nonfused carbon
atoms. Figure 25 shows the STM images of Si(111)-7×7
following exposure to tetracene molecules.161,162 Both ex-
perimental and theoretical studies show that the most reactive
carbon atoms of tetracene for [4 + 2]-like addition with
Si(111)-7×7 are the meso carbons of the inner rings (namely
C2 and C9 or the equivalent C3 and C8) in Figure 15b. Again,
this can be rationalized qualitatively with Clar’s sextet
definition.158,159 A free tetracene molecule (gas phase) is a π
system sharing a single aromatic sextet having six π electrons
(Figure 26a). Figure 26a shows the sextet of tetracene
represented as a circle in the ring, which is mobile within
the molecule through the movement of two π electrons as
symbolized by the arrow. Notably, an addition reaction at
an inner ring forms a product with two sextets (rings I and
III) located on both sides of the reacted ring (Figure 26b),
whereas a reaction at the outer ring (ring I or IV) results in
only one sextet which is shared among the remaining three
unreacted rings (Figure 26c). Therefore, the binding at the
inner ring (C2 and C9) is the major reaction channel due to
its high binding energy. This binding forms a symmetric
butterfly structure (configuration A in Figure 26b). Such a
structure enhances the overlap of the π-orbitals and in turn
the aromaticity on both sides of the reacted ring (Figure 26b).
It is proposed that tetracene uses the fused carbon atoms
(C2a and C8a) to bind to a SidSi dimer of Si(100) on the
basis of STM studies.140,141 However, DFT calculations show
that such binding at C2a and C8a with an adatom and its
adjacent rest atom on Si(111)-7×7 is definitely not thermo-
dynamically favorable.161 This is consistent with theoretical
studies on the binding of naphthalene on Si(111)-7×7,157

which shows that disigma covalent binding at two fused
carbon atoms is thermodynamically unfavorable. The fused
carbons are much more rigid and are expected to be more
resistant toward transformation from the planar sp2 to the
tetragonal sp3 hybridization.

In contrast to benzene43 and naphthalene,157 each half unit
cell of Si(111)-7×7 only accommodates one tetracene due
to the large size of this molecule. In principle, the disigma
binding mode at C2-C9 or C3-C8 (configuration A in Figure
26) only results in the disappearance of one adatom in each
half unit cell. However, in some half unit cells, two center
adatoms disappear simultaneously as observed in STM
images (Figure 27a). Such an observation is due to tetracene
bonded to Si(111)-7×7 with the structure indicated as
configuration B (Figure 26d). DFT calculation161 shows that
the binding configuration B stems from the binding of
C1-C10 of ring I and C4-C7 of ring IV to two adjacent pairs
of center adatom-rest atoms as the separation between C1

and C4 on tetracene (7.42 Å) is comparable to the separation
of 7.68 Å between two adjacent center adatoms.163,164 The
calculated adsorption energy of the binding mode (config-
uration B) is ∼54.6 kcal/mol, which is larger than that of
the disigma binding mode (configuration A) at C1-C10 or
C4-C7 by ∼11.9-14.2 kcal/mol due to the formation of four
Si-C sigma bonds. Figure 27b schematically shows the
tetrasigma binding mode (configuration B) of this molecule
on half a unit cell.

Notably, it can be observed from Figure 27a,ii that the
three neighboring adatoms (marked by the crosses) on an
unfaulted half unit cell have greater brightness as compared
to the adatoms in the other unfaulted half unit cells that have
not been reacted. This increase of charge density on the three
adatoms indicates a transfer of charge from the neighboring
reacted rest atoms (labeled with two small circles) to the
three brighter adatoms (marked with three crosses). This
electron transfer is schematically shown in Figure 27c. This
is clear evidence for the direct participation of the two rest
atoms in reaction with tetracene instead of only a π electron
interaction between π-conjugated molecules and dangling
bonds on adatoms of Si(111)-7×7. Such a movement of
electrons through the backbonds into other adatoms which
do not participate in this reaction facilitates the reaction of
the rest atoms, via removal of their excess charges to the
unreacted adjacent adatoms. The electron transfer from rest
atoms to their adjacent unreacted adatoms during the reaction
with tetracene (Figure 27c) is opposite to that from adatom

Figure 25. STM images of unoccupied states (a) and occupied
states (b) of the chemisorbed tetracene on Si(111)-7×7. The
corresponding high resolution images are shown in parts c and d.
The image in part b is obtained by scanning the same area of image
a with negative bias. The image in part d is obtained by scanning
the same area of images c with negative bias. The high resolution
images show simultaneous disappearance of adatoms (labeled A
in part c) and rest atoms (labeled R in part d) that are adjacent to
each other. This is a clear evidence for the participation of both
adatom and rest atom in binding with tetracene.

Figure 26. (a) Sharing of an aromatic sextet (represented by the
circle in ring I) within a free tetracene molecule via movement of
two π electrons (symbolized by the arrow) according to Clar’s sextet
concept. Disigma reactions at ring II (b) and ring I (c) of tetracene
produce two and one sextet in the resulting structures, respectively.
(d) Loss of aromatic sextet due to nonplanar structure in config-
uration B of tetracene on Si(111)-7×7. (e) Tetracene in configu-
ration C contains a radical site and possibly a sextet at ring IV. (f)
Reactions at rings I and III in configuration D result in isolation of
a sextet to ring IV.
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to rest atom during the 7×7 reconstruction of a clean surface
(Figure 27d).

An aromatic sextet is formed between rings I and III in
the product of binding mode B (Figure 26d). However, the
tetrasigma binding configuration shows that rings II and III
deviate slightly from the planar structure due to the rehy-
bridization of C1, C10, C4, and C7 from sp2 to sp.3 This
deformation would impede the efficient overlap of the
π-orbitals within the sextet and thereby cause a loss in
aromaticity.

Other binding modes such as binding modes C and D were
proposed in Figure 26e and f. For example, three C-Si
covalent bonds can be formed between C11, C3, and C9 in
configuration C of Figure 26e and the Si dangling bonds at
positions 3, 6, and 1 of Si(111)-7×7 (Figure 28a), respec-
tively. In addition, C1 and C8 of configuration D could bind
to two adjacent adatoms at the border of a faulted and an
unfaulted half unit cell. However, STM cannot exclusively
assign a particular feature to the two binding modes since
other binding modes possibly could produce a similar feature.

DFT calculation161 shows that the tetrasigma bonded
molecule (configuration B) located on the unfaulted half unit-
cell is slightly more stable than that on the faulted half. This
is consistent with Brommer’s concept.165 Based on Brom-
mer’s concept of local softness and electronegativity with
regard to the relative reactivities of the dangling bonds on
Si(111)-7×7, electron donating species prefer to react with
the center adatoms on the faulted as compared to the
unfaulted half cell. However, the opposite behavior, that is

the reaction with the unfaulted center adatom, is expected
to be observed for electron accepting species. The calculated
Mulliken charge difference161 obtained by subtracting the
charge on an isolated tetracene molecule from those adsorbed
with binding configuration B on the unfaulted half unit cell
shows a charge transfer of ∼0.79 electrons from substrate
to adsorbate. This indicates that tetracene is an electron
acceptor with respect to Si(111)-7×7.

8.2.4. Pentacene on Si(111)-7×7

Although benzene, naphthalene, and tetracene exhibit
different binding configurations, all of them have a major
binding configuration utilizing two facing carbon atoms on
the same phenyl ring, such as C2 and C5 of naphthalene or
C2 and C9 of tetracene bound to one adatom-rest atom pair.
Compared to these molecules, however, pentacene exhibits
a significantly different binding configuration.166,167 The
formation of the unique binding configurations of pentacene
possibly results from its larger size. Based on STM results
and DFT calculations,166 three binding configurations (Fig-
ures 28c and 29), each involving four C-Si covalent bonds,
were revealed by identifying the orientation of pentacene
with respect to the underlying substrate. Parts i, ii, and iii of
Figure 28b are the observed images of pentacene on Si(111)-
7×7 at room temperature corresponding to the three binding
configurations A, B, and C in Figure 29. As shown in Figure
29b, configuration A involves a unique engagement of two
pairs of adatoms and rest atoms on the surface with four
carbon atoms of pentacene (C4, C6, C13, and C10). This

Figure 27. STM images (a) and schematic diagram (b) of
configuration B of tetracene on Si(111)-7×7. Images i and ii of (a)
were obtained at Vs ) 1.5 and -1.5 V, respectively, with F and U
denoting the faulted and unfaulted half unit cells. (c) Schematic
diagram showing electron transfer from a reacted rest atom to its
adjacent unreacted adatom. (d) Schematic diagram showing electron
transfer from adatom to rest atom during reconstruction for the
formation of a clean Si(111)-7×7.

Figure 28. (a) Dimensions, in units of angstrom, between various
dangling bonds within a single unit cell (whose two different halves
are distinguished by the shaded and unshaded triangles) of Si(111)-
7×7. Some of the adatoms and rest atoms are labeled, and their
locations on the different halves of the unit cell are differentiated
by the primed and unprimed labels. (b) STM images (Vs ) 2.0 V).
(c) Schematics i, ii, and iii showing the configurations of pentacene
on a Si(111)-7×7 unit cell for type A, B, and C binding modes,
respectively.
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product contains the CdC bonds, but its aromaticity is
completely lost. Another configuration B binds to two center
adatom-rest atom pairs within a half unit cell (Figures 28b,ii,
c,ii, and 29c). The third configuration C is a twisted
pentacene structure where the molecule terminally bridges
at two oppositely oriented adatom-rest atom pairs that span
across the faulted and unfaulted halves of a unit cell (Figures
28b,iii, 28c,iii, and 29d). Each configuration has a few
possible binding energies since it may bond to Si(111)-7×7
through a few different binding geometries in terms of the
different combination of surface dangling bonds used to
attach the molecule.166 For configurations A, B, and C, they
are 57.9-58.6 kcal/mol, 66.6-75.1 kcal/mol, and 50.5-53.9
kcal/mol, respectively.166

The three binding configurations result in the adsorbed
pentacene species having different electronic structures. STM
studies suggest that for configuration A one of the bright
spots was located at position 7 of one 7 × 7 unit cell and
the other bright spot would appear at either position 4′ or 5′
on the other half of the unit cell (Figure 28b,i and a). These
two adatom positions are separated by a distance of 13.84
Å.163,164 However, in configuration B, the bound molecule
appears as a dark feature in the STM image (Figure 28b,ii).
The dark feature occupies only half of the 7 × 7 unit cell.
Similar to configuration B, pentacene in configuration C also
appears as a dark feature, but it straddles the border between
the faulted and unfaulted half unit cell (Figure 28b,iii). DFT
calculation suggests that C12 and C1 of ring I and C9 and C4

of ring IV in configuration B form four C-Si sigma bonds
with two adjacent pairs of center adatom-rest atoms at
surface dangling bonds 7, 2, 6, and 1 (Figure 28a),
respectively. In configuration C, the dark feature in the STM
image straddles the faulted and unfaulted halves of the 7 ×
7 unit cell and covers a center adatom on one half and a
corner adatom on the other half (Figure 28b,iii). Theoretical
studies suggest that configuration C involves the formation
of covalent bonds between C1 and C12 of ring I and C5 and
C8 of ring V with two adatom-rest atom pairs located on
different halves of a unit cell at surface dangling bonds 3′,
1′, 1, and 4 (Figure 28a), respectively.

Similar to tetracene on Si(111)-7×7, the chemically bound
pentacene molecules adopt an orientation nearly parallel to
the surface. However, due to the rehybridization of some
carbon atoms from sp2 to sp3 and the twist or tilting of some
rings, the aromaticity could be weakened or lost. The
variation in molecular structure and aromaticity definitely
directly contributes to the binding energy. Again, a qualitative
approach to compare the binding configuration is to make
use of Clar’s sextet concept.158,159 From this concept, only
one ring within a free pentacene molecule can be assigned
to three conjugated double bonds without duplication and,
thus, be considered as an aromatic sextet. The qualitative
analysis for the free tetracene molecules and the three binding
configurations is shown in Figure 29. In configuration A
(Figure 29b), the unique orientation of the four surface
dangling bonds participating in the reaction results in a
complete loss of the aromatic sextet in the product, though
several conjugated double bonds can still be observed. In
configuration B (Figure 29c), the two disigma reactions at
rings I and IV form the product and thereby isolate the sextet
to ring V. In addition, it seems a sextet at ring II can be
identified. However, the slight deviation of rings V and II
from planarity would impede the efficient overlap of the
π-orbitals within the sextet and therefore cause a loss of
aromaticity of configuration B to some extent, though the
product of configuration B is aromatic due to at least the
existence of aromatic ring V. Compared to configuration A,
configuration B has higher stability, as the resonance energy
of the aromatic sextet of rings II and V contributes to the
stability of the formed adsorbate of configuration B. For
configuration C, it seems that a sextet could be shared among
rings II, III, and IV in the product. However, the significantly
twisted structure of this configuration prevents the proper
overlap of the π orbitals from taking place and hence destroys
the aromatic sextet, which is consistent with the lower
binding energy of configuration C in contrast to configuration
B.

9. Extra Large Aromatic Systems
Fullerene is the third allotrope of elemental carbon.168-170

Fullerenes are a group of large molecules consisting entirely
of carbon atoms. They may exist in the form of a hollow
sphere, an ellipsoid, or a tube. Fullerene molecules with the
shape of a ball or an ellipsoid are called buckyballs. The
ones with the form of a tube are called carbon nanotubes.
Their structure, various mechanical, chemical, and physical
properties, including their surface chemistry and immobiliza-
tion on metal, semiconductor, and insulator surfaces, have
been extensively studied in recent years due to promising
applications in a wide spectrum of technological areas such
as new generation semiconductor device technology. Similar
to acene-series molecules, fullerenes exhibit aromaticity, as
they contain fused benzene rings. Here, these molecules are
categorized as extra large aromatic systems. Fullerenes tend
to react as electrophiles. In addition, a relief of spatial strain
of the bonded carbon atoms with sp2 hybridization by
rehybridizing into sp3 is a driving force for the addition
reaction between CdC bonds of fullerene and reactive sites
of semiconductor surfaces.

The simplest and also the most extensively studied
fullerene is C60, consisting of 12 pentagonal rings and 20
hexagonal rings as shown in Figure 30. As each fullerene
molecule consists of a large number of carbon atoms with
different binding nature, their binding chemistry on semi-

Figure 29. (a) Sharing of an aromatic sextet (represented by the
circle in ring I) within pentacene via movement of two π electrons
(symbolized by the arrow) according to Clar’s sextet concept. (b)
Pentacene in configuration A contains conjugated double bonds but
no sextet. (c) Presence of a sextet at ring V of pentacene in
configuration B. (d) Aromaticity loss at rings II, III, and IV due to
the twisted structure of pentacene in configuration C.
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conductor surfaces is quite complicated. Their surface
chemistry, particularly their interfacial binding, has been
extensively investigated with various experimental techniques
including STM,171-182 PES,178,183-187 HREELS,178,186,188 NEX-
AFS,185 FT-IR, Raman spectroscopy,189 and theoretical
calculations.172,190-196 Several surface phenomena such as
interfacial charge transfer, chemical reaction, orientational
ordering, surface reconstruction, and relaxation upon adsorp-
tion of fullerene molecules have been revealed. In addition,
the manipulation of fullerene molecules on semiconductor
surfaces and on prefunctionalized semiconductor
surfaces,172,173,197-201 and the surface chemistry of heterof-
ullerenes such as C59Si,202 C59N,203 and C60Fx

204 were also
extensively studied. However, in this section our focus is
the electronic and structural factors in the chemical binding
of extra large aromatic systems on clean semiconductor
surfaces, primarily on Si(100) and Si(111)-7×7. C60 will be
used as a model molecule to address the chemical binding
of fullerenes on semiconductor surfaces.

Carbon nanotubes are another important category of
fullerene. Generally, carbon nanotubes have a diameter of a
few angstroms to a few nanometers or larger, but their length
can be as long as a few millimeters (Figure 31). They can
be considered as rolled graphene sheets. They are categorized
as single-walled nanotubes (SWNTs) and multiwalled nano-
tubes (MWNTs). Here the chemisorption of SWNTs will be
used as a model for the surface chemistry of carbon
nanotubes on semiconductor surfaces.

9.1. C60 on Si(100)
STM studies172-182 show C60 is adsorbed at the trough

between two adjacent dimer rows along the [110] direction
without preference to step edge, suggesting a strong bonding
between this molecule and Si(100) surface dangling bonds
(Figure 32a179). The binding chemistry was extensively

studied by PES178,183-187 and HREELS.178,186,188 The bonding
states between C60 and a clean Si(100) surface are clearly
identified at 2.4 eV in the valence band spectra.178,186 The
shift of binding energy of the molecular orbital and the C
1s core-level spectra indicate a significant charge transfer
from the silicon surface to C60 molecules. Similar to the
calculated charge transfer (0.79 eV) from Si(111)-7×7 to
the chemisorbed tetracene,161 these studies suggest that
buckyball is an electron acceptor. At low coverage, C60

molecules adsorb predominately at a four-dimer site in the
trough between two adjacent dimer rows (Figure 32b). At a
coverage of 1 ML, 75% of C60 molecules are physisorbed
and 25% chemisorbed.185 NEXAFS studies further show that
the character of chemisorption of C60 on Si(100) is covalent
and LUMO+1 contributes to this binding.185 At 1.0 ML, the
adsorbed molecules form a thin film with a C(4×4) and
(4×3) superlattice on the Si(100) surface.179 At higher
coverage such as 5 ML, the molecules in the multilayer of
this film have the same packing as those of bulk C60.179 The
C60 molecule in each layer has weak van der Waals
interactions with their adjacent layers, and the molecules
adopt a hexagonal stacking mode similar to the bulk C60.

Calculations using ab initio total energy minimization
studied the possible structures of C60 on Si(100).194,195 These
calculations show that the C60 molecule bonds to Si(100)
through breaking four CdC bonds. One π electron from each
broken CdC bond forms a SisC bond with a dangling bond
of this silicon surface. The second π electron from each
broken CdC bond forms a new π bond within the molecular
cage. Rebonding takes place within the C60 molecule so that
no extra π-radical is left upon breaking four CdC bonds
and forming four SisC bonds. The four SisC bonds are
primarily covalent with some charge transfer, consistent with
experimental findings.

Notably, the binding energy for C60 and Si(100) is
∼47.6-66.8 kcal/mol.194 The aromaticity of C60 is expected
to remain upon chemical binding on Si(100). Thus, the
chemical binding of four surface silicon atoms to a small
portion of the whole C60 molecule does not significantly
change its original aromaticity.

9.2. C60 on Si(111)-7×7
Extensive studies have been carried out on the adsorption

of C60 molecules on Si(111)-7×7.171,177,178,182,186,187 Compared
to Si(100), the adsorption of C60 on Si(111)-7×7 exhibits
more complicated behavior. This stems from the fact that
Si(111)-7×7 consists of multiple surface sites with different
electronic and geometric structures. STM studies171 show
there exist two types of binding configurations (Figure 33a)
at a low coverage (<1 ML). One is called a “large” molecule

Figure 30. Structure of a C60 molecule consisting of 20 six-
membered rings and 12 five-membered rings. All carbon atoms
are sp2 hybridized. Bonds marked with yellow and red are CdC
and CsC bonds, respectively.

Figure 31. Structural model of single-walled carbon nanotubes.

Figure 32. (a) STM image of Si(100) with the chemisorbed C60

molecules. (b) Top view and side view of the schematics for the
chemisorbed C60 bonded with four SidSi dimers between two
adjacent dimer rows. (From ref 179.)
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which has an apparent height of ∼0.6 nm and width of ∼2.0
nm in the STM image and appears more round and fuzzy.
The other is called a “small” molecule which has a height
of ∼0.5 nm and width of ∼1.5 nm in the STM image. The
“small” molecule presents a more discernible internal
structure and a large variety of shapes. DFT calculations196

suggest two binding modes for the observed “large” and
“small” molecules (Figure 33b and c).

The calculated structure of the “large” molecule bonds to
three adatoms of this surface as shown in Figure 33b. Upon
relaxation, the carbon atoms remain in their original positions
and the molecule preserves a spherical shape. However, the
height of this molecule over the substrate decreases from
5.9 to 5.35 Å. Notably, the three adatoms bonded to the C60

molecule move up significantly toward the C60 molecule by
∼1.0 Å. The rest atom close to the molecule and pedestal
atoms move down by 0.61 Å and up by 0.08 Å, respectively.
This relaxation increases the binding energy to 94.4 kcal/
mol.

Figure 33c is the binding configuration of the “small”
molecule from theoretical simulation. Its height over the
substrate is only 4.56 Å. The molecule occupies almost a
bridge position between two adatoms. One Si-Si backbond
of each adatom is broken to form an extra Si-C bond with
the C60 molecule. Thus, the “small” molecule is bonded to
the surface through five Si-C bonds, including two with
adatoms, two with silicon atoms formed by breaking the
Si-Si backbonds of the two adatoms, and one with the rest
atom. This relaxed structure has a higher binding energy of
151.4 kcal/mol.

Obviously, the structural relaxation substantially impacts
the adsorption energy of C60 at different sites. In addition,
this calculation shows a significant charge transfer from the
silicon surface to C60 upon chemisorption, consistent with
the charge transfer revealed by HREELS178,186 and valence
bond spectroscopy.178,186 The calculated charge transfer is
0.94-1.13e,196 depending on different binding sites. A similar
charge transfer from Si(111)-7×7 to tetracene161 and Si(100)
to C60

178,186 has also been observed. This charging of the C60

molecule stems from the hybridization of the molecular
orbital and surface state instead of an occupation of the
initially unoccupied state of the C60 molecules. NEXAFS
studies185 show that 75% of the molecules physisorb and 25%

chemisorb on Si(111)-7×7 at 1.0 ML as on the Si(100)
surface. At a higher exposure, intermolecular interactions
play an important role in the adsorption.

9.3. Carbon Nanotubes on Si(100)
Carbon nanotubes can exhibit either metallic or semicon-

ducting behavior depending on the diameter and helicity of
the tube. It is a very promising material to be applied to
electronic and optoelectronic devices. However, one crucial
technological problem to be solved before applying them in
the semiconductor industry is the integration with conven-
tional semiconductor platforms. Although some experimental
studies have been carried out for the parallel assembly of
carbonnanotubestohydrogen-passivatedsiliconsurfaces,184,197,198,205

and perpendicular assembly of carboxylic acid-functionalized
carbon nanotubes on HO-passivated silicon surfaces,206 the
interfacial chemistry between carbon nanotubes and clean
semiconductor surfaces is not clear so far. In fact, there is
no experimental result reported on the interfacial chemistry
between carbon nanotubes and silicon surfaces.

Theoretical calculations190-192 investigated the nature of
the interfacial interactions between carbon nanotubes and
Si(100) and the modification of electronic properties through
the chemical binding of carbon nanotubes. For the chemical
binding of metallic nanotubes on Si(100), a (6,6) carbon
nanotube with a diameter of 8.2 Å consisting of 72 atoms
was selected as a model to study.191 The trench site (binding
between adjacent dimer rows) and on-top site (on the top of
a silicon dimer row) were considered. The most stable
configuration is the trench site without tilting (the long axis
of the carbon tube is parallel to the direction of the dimer
row). Figure 34a is the calculated binding configuration of
the nanotube. The binding energy per unit length of the
carbon nanotube is calculated to be 5.9 kcal/mol per
angstrom. Upon this binding, the relative tilting between two
adjacent dimers in a dimer row is reduced to 9° from the
original 19° at alternate dimers on a clean Si(100) surface.
This adsorption-induced distortion implies the formation of
Si-C chemical bonds at the interface of the carbon nanotubes
and the dimer row. The binding energy of the carbon
nanotube on the trench site is decreased to 3.57 kcal/mol
per Å if the aligned angle between the long axis of the tube

Figure 33. (a) STM image of Si(111)-7×7 with chemisorbed C60 molecules. (From ref 171.) (b) One binding configuration of C60 on
Si(111)-7×7, labeled as S3, in which the molecule maintains the 3-fold symmetry of the substrate. This binding configuration corresponds
to the so-called “large” molecule in STM images. (From ref 196.) (c) The most stable structure revealed in calculations. In this binding
mode, two of the adatoms have broken their bonds with corresponding pedestal atoms highlighted as bold features. Thus, two extra Si-C
bonds are formed with C60. It corresponds to the “small” molecule in the STM image. (From ref 196.)
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and the dimer row is 15°. This tilting binding does not result
in a significant structural distortion of the carbon nanotube
and the silicon surface dimer except a longer Si-C bond
length of 3.0 Å.

Mulliken population analyses191 show 0.75 electron per
unit cell of the carbon nanotube is transferred to the Si dimer
which forms C-Si bonds with the nanotube. The unit cell
in this calculation was defined as a (2 × 4) unit cell of a
clean Si(100) surface (Figure 34b). The charge on these
dimers is increased by 0.19 electron per unit cell. The dimers
which do not form any chemical bond with the nanotube
also get 0.05 electron per unit cell from the nanotube. The
charge transfer from the nanotube to Si dimers is consistent
with the empty states of the buckled-down silicon atoms.
Figure 34a shows the charge transfer between carbon
nanotubes and SidSi dimers of Si(100). Notably, the charge
transfer from carbon nanotubes to Si(100) is opposite to the
charge transfer from Si(111)-7×7 to tetracene161 and from
Si(111)-7×7 to C60.186,196 DFT calculations show that the
formation of C-Si covalent bonds stems from hybridization
of the unoccupied 3p states of the buckled-down silicon
atoms of a Si-Si dimer and the occupied 2p states of the
carbon atoms. In addition, the calculated total charge density
plot (Figure 34c) for the trench site binding configuration
clearly shows the formation of Si-C bonds between buckled-
down silicon atoms of Si-Si dimers and the nearest carbon
atoms of the nanotube. Overall, upon chemical binding the
metallic character is enhanced due to the formation of Si-C
bonds at the interface and the significant electron transfer
from carbon nanotubes to the buckled-down silicon atoms,
which creates an electronic channel along the nanotube/
silicon interface. This indicates that the chemical binding
and the resulting electron transfer between nanotube and
Si(100) is a promising strategy for the development of a new
silicon-based nanoelectronic technology.

Compared to metallic nanotubes on Si(100), semiconduct-
ing nanotubes exhibit different adsorption behavior.190 Figure
35 presents the difference in binding configurations of
semiconducting nanotubes (12,4 and 8,4) (Figure 35a and
c) and metallic nanotubes (9,3) (Figure 35b and d) on
Si(100). The analyses of Voronoi and Hirshfield deformation
density charge190,207 show that the charge is transferred from
the semiconducting nanotube to the silicon surface, which
is similar to the charge transfer for metallic nanotubes191 on

silicon. The magnitude of the transferred charge is larger
for the configuration parallel to the dimer trench (Figure 35a
and b) in contrast to the one perpendicular to the dimer trench
(Figure 35c and d). Ab-initio calculations190 show that the
band gap of the hybrid system consisting of semiconducting
nanotube and the Si(100) single crystal is significantly
reduced in contrast to the case of the free nanotube and free
Si(100). This dramatic reduction of the semiconductor gap
for the hybrid could stem from the modification of the band
structure through surface relaxation and charge transfer to
the silicon surface upon chemically binding the carbon
nanotubes. The calculated Si-C bond length at the interface
of semiconducting nanotube/semiconducting Si(100) is larger
than that of the metallic nanotube/semiconducting Si(100)
hybrid system, suggesting a lower adsorption energy for
semiconducting nanotubes.

Overall, these calculations show significant difference in
the adsorption structure and electronic structure, and charge
transfer between the metallic nanotube/Si(100) and semi-
conducting nanotube/Si(100) hybrid systems. This difference
could be a strategy to shape the electronic properties of the
surface in the development of new silicon-based molecular
devices.

10. Graphene
Graphene is a huge aromatic system that conducts both

electricity and heat in two dimensions. Besides its electronic
properties, graphene exhibits several other unusual attributes.
It can be considered as a building block of zero-dimensional
fullerenes and three-dimensional nanotubes. It has been
known conceptually for more than half a century208-210 and
was presumed not to exist as a separate entity. However, a
free-standing graphene was prepared 4-5 years ago.211,212

Since then, it has attracted tremendous interest because it
might perform as an atomically thin and robust component
for a wide spectrum of nanoelectronics and nano-electro-
mechanical devices, and as a building block of various new
materials.

Although its electronic and mechanical properties were
studied recently,211-218 its binding on solid surfaces has not
been studied because this material is relatively new. How-
ever, its binding chemistry on both inert and reactive surfaces,
particularly on semiconductor surfaces, is quite important

Figure 34. (a) Calculated equilibrium geometry of the adsorbed carbon nanotube on the Si(100) surface which is the most stable structure
formed through aligning the long-axis of SWNTs parallel to the direction of the dimer row. The distances are in angstroms, and the charge
transferred from the carbon nanotube (positive) to the surface (negative) is indicated in units of electrons per unit cell. Blue and yellow
balls represent silicon and carbon atoms, respectively. (b) Schematic of a (4×2) reconstruction on the Si(100) surface. (c) Total charge
density contour plots for the adsorbed carbon nanotubes on Si(100) with a binding geometry shown in Figure 34a. (From ref 191.)
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for transplanting its unique electronic and mechanical
properties to existing silicon-based device technology. It is
also important for development of new devices and materials.
Thus, we assume that the binding of graphene on semicon-
ductor surfaces will be studied soon, though as yet there are
no results to report.

11. Aromatic Systems on Partially Hydrogenated
Semiconductor Surfaces in Vacuum

The partial hydrogenation of semiconductor surfaces has
become an important approach to the modification of surface
reactivity and toward nanopatterning. In this section hydro-
genation refers to passivation of reactive sites on clean
semiconductor surfaces with hydrogen atoms through physi-
cal or/and chemical methods under vacuum conditions.
Controllable hydrogenation of semiconductor surfaces usu-
ally changes surface electronic structures and reactivity. The
subsequent controllable removal of hydrogen atoms bonded
on a fully hydrogenated semiconductor surface may create
reactive sites and therefore provide platforms which make
organic reactions selectively occur on a surface.

11.1. Formation of a Partially Hydrogenated
Semiconductor Surface

A fully hydrogenated surface can be prepared by thermal
cracking of hydrogen molecules and the following adsorption
of hydrogen atoms on clean semiconductor surfaces,16 or with
hydrogen plasma for some semiconductor surfaces such as
diamond (100).219 The procedure of the first method is quite
simple. A hot tungsten wire can be used to thermally
dissociate hydrogen molecules in the experimental chamber.
The formed hydrogen atoms react with clean semiconductor
surfaces. The clean semiconductor surfaces are usually
simultaneously heated to a certain temperature during
hydrogen cracking and atomic deposition. Experimental
parameters including the temperature of the tungsten filament,
the sample-filament distance, the temperature of the semi-
conductor surface, the pressure of hydrogen in the chamber,

and the time of deposition can be adjusted. The surface
structure and formation of hydrides on the hydrogenated
semiconductor surface can be identified with reflection high
energy electron diffraction (RHEED) and HREELS. This
method can be used to form fully hydrogenated Si(100),
Ge(100), and Si(111) surfaces. Another method is treatment
of the surface with hydrogen plasma. This approach requires
relatively complicated instrumentation. It is used to generate
hydrogenated surfaces if the thermal cracking of hydrogen
molecules does not work. In fact, it is the major method for
hydrogenation of diamond surfaces.219 Briefly, microwave
heating of hydrogen gas at a relatively high pressure
generates a hydrogen plasma which is in contact with the
sample surfaces for hydrogenation. Figure 36 represents STM
images of a hydrogenated diamond surface prepared with
hydrogen plasma.219

The fully hydrogenated surface can be generated with the
above routes. To selectively create reactive sites on hydro-
genated semiconductor surfaces, several methods have been
developed to partially desorb hydrogen atoms bonded on the
semiconductor surface. These methods are electron stimu-
lated desorption (ESD), photon stimulated desorption (PSD),
and thermal desorption. The advantage of ESD is that the
energy of electrons impacting the surfaces is adjustable. In
fact, an STM tip has been used as an electron beam source

Figure 35. Binding configurations of semiconducting nanotubes (a and c) and metallic nanotubes (b and d) on Si(100). In parts a and b
the long-axis of the carbon nanotubes is parallel to the dimer row. In parts c and d the long axis is perpendicular to the dimer row. (From
ref 190.)

Figure 36. STM images (occupied states) of the hydrogenated
diamond C(100)-(2×1) surface: (a) large area; (b) small area with
high resolution showing the assignment of STM features of the
hydrogenated semiconductor surface. (From ref 219.)

Semiconductor Surfaces with Aromatic Systems Chemical Reviews, 2009, Vol. 109, No. 9 4013
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at an atomic scale, selectively removing one or more
hydrogen atoms in ESD (also called feedback controlled
lithography FCL220). This method has advanced many
potential techniques such as nanopatterning and lithography
at an atomic scale.220 PSD can be carried out by lasers or
with synchrotron radiation. The synchrotron-based PSD has
the advantage of tunable energy windows and spatial
resolution of the photon beam for selective excitation of
chemical bonds. By controlling the intensity and size of the
beam and using different patterning of multiple beams, PSD
and ESD can create surface active sites with a specific
pattern. Compared to PSD and ESD, thermal desorption is
a relatively simple method. However, it is not a localized
technique. A complicated surface restructuring may ac-
company the partial desorption of hydrogen atoms in the
route of thermal desorption. The kinetics of this process can
be studied with STM or TPD.

11.2. Electronic Structures of Partially
Hydrogenated Semiconductors

Generally, the electronic structures of hydrogen-passivated
semiconductor surfaces exhibit different surface states and
band gaps compared to clean semiconductor surfaces. For a
clean Ge(111)-2×8 surface, surface states of the rest atoms
and adatoms are at ∼16.3 and ∼33.3 kcal/mol below the
Fermi level, respectively.221,222 A monohydride (Ge-H) can
be formed at sample temperatures >150 °C, whereas GeH2

and GeH3 are formed at low temperatures <100 °C.223 A new
surface state was observed at ∼119 kcal/mol below the Fermi
level, corresponding to the formation of a Ge-H bond in a
monohydride-covered surface. In the low coverage regime,
adsorption takes place on the rest atom sites and not on the
adatom sites;224 STM studies show that local electron density
is transferred from a rest atom to the nearest-neighbor
adatoms at low coverage.224

For partially hydrogenated Si(100), isolated dangling bonds
were observed.225 A surface state at ∼16.7 kcal/mol below
the Fermi level as well as one at ∼23.8 kcal/mol was
identified in the valence band spectra.225 This state may be
attributed to the isolated silicon dangling bonds on the
partially hydrogenated Si(100).

Diamond surfaces have received much attention recently
due to their exceptional physical properties including high
thermal stability, biocompatibility, and large band gap.
Hydrogenated diamond surfaces have such properties as well.
Compared to the conversion from clean silicon and germa-
nium surfaces to hydrogen-passivated surfaces, two rather
amazing features are seen upon hydrogenation of diamond
surfaces. Compared to the rapid oxidation of hydrogenated
silicon surfaces formed in vacuum upon exposure to ambient
conditions, the hydrogenated diamond surfaces are very
stable in air for many weeks.226,227 In addition, diamond
surfaces are changed into conducting p-type semiconductor
surfaces upon hydrogenation because the surface bonded
hydrogen atoms play the role of a dopant by being directly
responsible for the hole accumulation layer, forming shallow
electron acceptors.228

11.3. Reactivity of Partially Hydrogenated
Semiconductors

As mentioned above, hydrogen atoms bonded on such
semiconductor surfaces can be removed by a localized
technique such as ESD and PSD or a nonlocalized technique

such as thermal desorption. The regenerated dangling bonds
or active sites exhibit reactivity which in many cases is
different from that of clean semiconductor surfaces. Reac-
tions of organic and inorganic molecules on such partially
hydrogenated semiconductor surfaces have been studied. The
particular interests are the local manipulation of hydrogen
atoms and the subsequent promotion of surface reactivity at
these selective sites229 as well as the growth of nanopatterned
materials through certain surface reaction mechanisms.230-232

Here the reactions of aromatic molecules on partially
hydrogenated surfaces are reviewed.

For these partially hydrogenated semiconductor surfaces,
a few aromatic systems on such surfaces were studied. They
form chains of aromatic molecules on partially hydrogenated
Si(100) through radical generation and a hydrogen abstraction
mechanism. Active sites can be created by using feedback
controlled lithography, which was first demonstrated by
Lyding.233,234 The generation of a dangling bond on Si(100)
through initial desorption of a hydrogen atom by applying a
pulse to a specific site has been creatively used to self-
propagate the attachment of organic molecules along a dimer-
row. This approach was successfully used to grow 1-D
organic wires with a diameter on the molecule scale. The
first example was the formation of one-dimensional aromatic
chains on Si(100) reported by Wolkow et al.230 Figure 37
schematically shows the mechanism for the formation of a
molecular chain along the direction of dimer rows of Si(100)
terminated with hydrogen atoms.230 A bias is applied to a
specific hydrogen atom, desorbing this hydrogen atom and
generating a dangling bond. The adsorption of a styrene
molecule on this single dangling bond creates a radical on
the vinyl group. This vinyl group subsequently picks up one

Figure 37. Mechanism for formation of a molecular chain through
self-directed growth of molecular nanostructures on silicon. Forma-
tion of a carbon-centered radical subsequently abstracts a hydrogen
atom from an adjacent dimer along a dimer row, creating a new Si
radical. This reaction can form a phenyl-terminated molecular chain
on this surface by using styrene. (From ref 230.)
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hydrogen atom from an adjacent dimer terminated with
hydrogen atoms, creating another dangling bond site on this
dimer. Such alternating creation of a dangling bond on a
silicon dimer and a radical on a vinyl group will continue
and terminate at a defect site on this dimer row. Figure 38
represents the STM images for the growth of an aromatic
chain on hydrogen-terminated Si(100) at different exposures
of styrene.230 Recently, such a radical generation and
hydrogen absorption mechanism was successfully applied
to develop an interconnected one-dimensional inorganic and
organic nanostructure on Si(100).235

The adsorption of several large molecules with aromatic
groups on partially hydrogenated Si(100) was studied. For
a complicated organic molecule, in fact, a group of isolated
dangling bonds created with FCL is required for adsorption.
Several aromatic systems including biphenyl,236 copper
phthalocyanine220,237 (CuPc), 1,4′′-paraterphenyldimethylac-
etone, and C60

220 can assemble onto such a template with
multiple dangling bonds. Diphenyl can be selectively ad-
sorbed into a group of dangling bonds with four or more
adjacent dangling bonds on two or three neighboring
dimers.236 Notably, the dynamics of the adsorbed molecules
are modified by the presence of the bonded hydrogen atoms
around these dangling bonds. CuPc is attached to the surface
through the Cu atom or through formation of a π bond with
a pyrrole group. CuPc molecules are adsorbed on clusters
of Si dangling bonds through two binding modes. As shown
in Figure 39a, molecule #1 has a size of ∼16 Å with a nearly
4-fold symmetry compared to the large size of ∼35 Å with
radial symmetry of molecule #2. The match of measured
size of CuPc on this surface to its size in its free state
suggests a site-specific adsorption. In fact, molecule #1 binds
to a dangling bond of a hydrogenated silicon surface through
a Si · · ·Cu π-binding. Molecule #2 is adsorbed to dangling
bonds through a weak interaction with one of the outer
benzene rings, which supports the measured large size (35
Å) and its rational freedom. The assignment of the binding
geometry of molecule #2 is supported by the STM feature
of ammonia-reacted CuPc on such a Si(100) surface. Before
sublimation of CuPc onto a partially hydrogenated Si(100),
the CuPc source is exposed to ammonia; this treatment forms
ammonia-reacted CuPc. The measured size of the ammonia-
reacted CuPc adsorbed on the surface is ∼30 Å (Figure 39b).
Such a large size suggests a weak interaction between an

outer benzene ring and the surface and a rotational freedom
for the adsorbed molecule.238

The geometric and electronic structures of C60 on a cluster
of dangling bonds on hydrogenated Si(100) have been well
studied. C60 is adsorbed on a group of dangling bonds. Figure
40a represents the STM image of an adsorbed C60 and a
cluster of created dangling bonds. Figure 40c shows the
measured density of states of three different areas of Figure
40b including C60, Si-dangling bonds, and an H-terminated
surface.220 Clearly, a new surface state is observed at ∼30.1
kcal/mol above the Fermi level, which is attributed to the
lowest unoccupied state of the adsorbed C60. This difference
suggests that the intramolecular electronic structure is
sensitive to the localized substrate structure.220

Figure 38. Sequence of STM images showing the growth of
styrene lines on a H-terminated Si(100) surface at different
exposures of styrene. The white and black arrows denote the
dangling-bond sites starting to grow styrene lines and the defects
terminating propagation of a molecular chain, respectively: (a) 3
L; (b) 28 L; (c) 50 L; (d) 105 L. (From ref 230.)

Figure 39. (a) STM image of CuPc molecules adsorbed on clusters
of dangling bonds of partially hydrogenated Si(100). Molecule #1
possesses a 4-fold symmetry, whereas molecule #2 possesses a
radial symmetry. Molecule #1 exhibits the expected 16 Å diameter,
whereas molecule #2 perturbs the surface over a diameter of ∼35
Å. (b) STM image of an isolated NH3-reacted CuPc molecule. The
arrow suggests that a rotation about this axis would sweep out a
circle with the observed diameter of ∼30 Å. (From ref 220.)

Figure 40. (a) STM image of an isolated C60 molecule and a
cluster of Si dangling bonds. (b) STM image showing locations
where the STM spectroscopy was performed at every pixel within
this image. (c) The spectra of three different locations in part b
obtained by averaging spectra of all of the pixels in the location.
(From ref 220.)
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12. Aromatic Systems on Hydrogenated or
Halogenated Semiconductor Surfaces in Solution

As discussed above, the functionalization of clean or
hydrogenated semiconductor surfaces in vacuum has been
used to develop organic monolayers or even multilayers with
well controlled surface structure and chemistry. On the other
hand, organic reactions in solution on hydrogenated and
halogenated semiconductor surfaces allow us to synthesize
complicated organic structures on semiconductor surfaces.
Such semiconductor-based advanced organic layers are
crucial in the development of sophisticated surfaces with a
wide spectrum of applications in the design of sensor,
nanopatterning, immobilization of biomolecules, and surface-
related microreactors. We note that many excellent studies
on the functionalization of porous silicon and germanium
surfaces have been carried out in the Buriak group.17,239,240

However, this section will focus on the organic functional-
ization on flat semiconductor wafers instead of porous
semiconductor materials.

12.1. Formation of Hydrogenated or Halogenated
Semiconductor Surfaces

Most functionalization of semiconductor surfaces with
organic reactions in solution was carried out on silicon
surfaces, though several studies have been reported on
germanium surfaces.241-244 The starting platforms for such
functionalization in solution are silicon or germanium wafers
with a layer of native oxide. The first step is the removal of
native oxide and subsequent formation of hydrogen-
terminated surfaces. In most cases, the formed surface is fully
covered with hydrogen. In general, dilute HF or NH4F is
used to etch surface oxides and form a hydrogen-terminated
semiconductor surface.245,246 The surface flatness and smooth-
ness can be identified with the sharpness of vibrational peaks
of ν(Si-H) at ∼2080 cm-1 or ν(Ge-H) at ∼2100 cm-1.
Multiple silicon hydrides such as SiH, SiH2, and SiH3 can
be formed, determined by reaction conditions which are
widely adjustable.245-247

In a few cases, halogenated surfaces (Si-Cl and Si-Br)
are used as reactants for organic modification. They can be
obtained by treating hydrogenated silicon surfaces with PCl5

at 80-100 °C248 or N-bromosuccinimide at 60 °C249 through
radical initiation from benzoyl peroxide. In addition, Cl2 or
CCl3Br can initiate the conversion from hydrogenated silicon
surfaces into halogenated-silicon surfaces.249-251 A chlori-
nated germanium surface can be prepared by a reaction with
gaseous HCl or 10% aqueous HCl on Ge(111) wafers
pretreated with H2O2 and oxalic acid.241,252

12.2. Functionalization of Hydrogenated or
Halogenated Semiconductor Surfaces

Driven by the wide spectrum of applications, several
different approaches for formation of organic structures on
silicon surfaces in solution have been developed. They are
radical-initiated hydrosilylation, thermal-driven hydrosily-
lation, photomediated hydrosilylation, metal complex-
catalyzed hydrosilylation, electrochemical grafting, Grignard-
relatedhydrosilylation,andmechanicalcarvingandsimultaneous
hydrosilylation in solution. In addition, chlorinated germa-
nium surfaces can be functionalized by using ethyl Grignard
reagents. Moreover, reactions similar to thermal-driven
hydrosilylation can be used to hydrogermylate hydrogenated

germanium surfaces. Figure 41 briefly represents these
reaction mechanisms.17 The following is a brief description
and comparison of these approaches. A detailed description
can be found in the original literature.

For radical-initiated hydrosilylation, hydrosilylation of a
hydrogenated silicon surface inserts an unsaturated bond,
which is generally a terminal group, into a Si-H or Ge-H
bond, forming an alkenyl or alkyl monolayer through Si-C
or Ge-C covalent bonds.253,254 Generally, a diacyl peroxide
is used as radical initiator which decomposes and forms an
alkyl radical and CO2. This alkyl radical can abstract a
hydrogen atom from the silicon surface, forming a silicon
radical. This silicon radical can rapidly react with an
unsaturated bond of an organic molecule and therefore form
a radical on the �-carbon of the immobilized organic chain.
This carbon-based radical can abstract a hydrogen atom from
its adjacent Si-H bond or from another molecule. Figure
41a represents the reaction mechanism of this radical-initiated
hydrosilylation.254

In the absence of radical initiator, hydrosilylation through
homolytic cleavage of Si-H bonds can occur at a temper-
ature higher than that for radical-initiated hydrosilylation.
The high temperature, generally 150-200 °C, promotes
homolytic cleavage of Si-H to generate silicon radicals on
silicon surfaces.255-264 Such a radical on a silicon atom can
react with an unsaturated bond with the same reaction
mechanism as that of radical-initiated hydrosilylation (Figure
41a). The organic layers formed through thermal-driven
hydrosilylation are thermally stable up to ∼350 °C in
vacuum.255 This method has been used to functionalize both
hydrogenated Si(100) and Si(111). In most cases, half of the
hydrogen atoms on the hydrogenated silicon surface can be
converted into organic chains with radical-initiated hydrosi-
lylation and thermal-driven hydrosilylation.

Besides radical initiation and thermal cleavage, photolysis
is an alternative source to break Si-H bonds to generate
silicon radicals for further reaction with unsaturated bonds
of organic molecules.251,264-269 Compared to homogeneous
contact between a silicon surface and a radical initiator in
solution and the possible damage to other parts of a silicon
device wafer in thermal-driven hydrosilylation, photoinitiated
hydrosilylation can controllably functionalize a local area
required for specific applications. The general procedure is
an irradiation of a hydrogenated semiconductor surface with
lightinthepresenceofalkenesoralkynes.Bothultraviolet184,251,265,266

and white light268-270 can be used for this purpose. By using
masks with different sizes, shapes, or/and multiple beams
with certain pattern and spot size, semiconductor surfaces
can be selectively functionalized for technological pur-
poses.271 As shown in Figure 42, the Si(111) wafer was
selectively functionalized271 using this approach. Notably,
styrene- and phenylacetylene-terminated monolayers have
been developed on hydrogenated Si(111) through photome-
diated hydrosilylation. The preserved phenyl group protrudes
away from the surface on the functionalized silicon
surfaces.15,251,265-269

Transition metal complexes can catalyze hydrosilyation
at liquid-solid interfaces. Similar to the catalysis of Pt(0)
complexes for hydrosilylation of alkenes with silanes in
organic reactions in solution,272 Pt(0) complexes can catalyze
hydrosilylation at the liquid-solid interface between unsatur-
ated organic molecules and a hydrogenated silicon wafer in
solution as represented in Figure 41b. Notably, the transition-
metal complex can catalyze oxidation of the silicon surface

4016 Chemical Reviews, 2009, Vol. 109, No. 9 Tao et al.
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as well. Actually, to avoid this accompanying problem of
oxidation, Lewis acid-catalyzed or mediated hydrosilyation
is an alternative route.273-275 Lewis-acid hydrosilylation has
been successfully used to functionalize the hydrogenated
Si(111) surface at a relatively high temperature such as 100
°C.273

Compared to the oxidation of silicon surfaces during
catalysis by transition metal complexes for hydrosilyation
at the liquid-solid interface, electrochemistry-based func-
tionalization avoids the problem of oxidation during the
process of hydrosilyation, because an electron-rich cathode
is inactive for nucleophilic attack by water. As demonstrated
in Figure 41c, aryl radicals can be produced by applying a
negative potential of about 1 V in an HF solution containing
the bromobenzene diazonium salt.276 The aryl radical can
abstract a bonded hydrogen atom to form a silicon radical.
Another aryl radical can bond with the silicon radical through
a Si-C covalent linkage. Such an electrochemistry approach
has been successfully applied to grow a robust phenyl

monolayer on hydrogenated Si(111) surfaces by electro-
chemically reducing 4-NO2 and 4-Br benzenediazonium salts
on H-terminated Si(111) electrodes.276,277 The coverage of
the formed phenyl monolayer is ∼50%. Figure 43 schemati-
cally shows the 2 × 1 structure of the phenyl monolayer
formed on hydrogenated Si(111) in solution.

The transmetalation reaction is another approach to form
Si-C bonds on Si surfaces.278 Figure 41d1 represents the
mechanism. The formation of Si-C bonds results from the

Figure 41. Reaction mechanisms for organic functionalization of hydrogenated and halogenated semiconductor surfaces in solution: (a)
radical-initiated hydrosilylation, thermal-driven hydrosilylation, and photomediated hydrosilylation; (b) metal complex-catalyzed hydrosi-
lylation; (c) electrochemical grafting; (d) Grignard-related hydrosilylation and halogenosilylation; and (e) mechanical carving and simultaneous
hydrosilylation in solution. (After ref 17.)

Figure 42. SEM image of a hydrogenated Si(111) wafer upon
selective functionalization through photochemical hydrosilylation
on exposed holes. The dark grid in this image is the gold grid with
a width of 10 µm. (From ref 271.)

Figure 43. (2 × 1) structure in a monolayer of bromoaryl layers
on Si(111) formed from 4-Br benzenediazonium salts on hydro-
genated Si(111) through the electrochemical method in solution:
(a) top view; (b) side view. (From ref 276.)

Semiconductor Surfaces with Aromatic Systems Chemical Reviews, 2009, Vol. 109, No. 9 4017
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attack of the weak Si-Si bonds by a carbanion nucleophile.
With a similar mechanism (Figure 41d2), hydrogenated- or
halogenated-Si(111) can be functionalized.248,249,279-283 Mono-
layers of several aromatic systems including oligoth-
iophenes249 and 5-(N-pyrrolyl)phenyllithium reagents281 have
been developed on Si(111) with this method.

All of the above approaches involve the use of hydroge-
nated or halogenated silicon wafers as starting materials. A
simple and quite effective surface functionalization is a
combination of physical removal of native oxide and instant
chemical functionalization in solution. The mechanical
removal of natural oxide creates dangling bonds (or silicon
radicals) which may exhibit reactivity similar to that of a
SidSi dimer formed under UHV conditions.284-286 Figure
41e represents three different reactions possibly occurring
on this surface. More descriptions of this method can be
found in a nice review17 and in the original literature. In
this method, precise control of mechanical removal can be
developed into a technique to selectively functionalize silicon
surfaces to form organic nanopatterns on semiconductor
surfaces.

Two approaches have been developed for functionalization
of germanium surfaces. One starts from a halogenated
germanium surface. Alkyl Grignard reagent reacts with the
halogenated surface and forms an alkyl-terminated germa-
nium surface.287 The other method is hydrogermylation of
the hydrogenated germanium surface.288 This route is similar
to hydrosilylation, in which an unsaturated C-C bond is
inserted into the Ge-H bond.

12.3. Formation of Organic Multilayers on
Semiconductor Surfaces through Chemical
Reactions

Because organic monolayers formed through dry chemistry
in vacuum and wet chemistry in solution are quite robust,
they have been used as substrates to immobilize second
organic layers through chemical reactions, or biomolecules
such as DNA through formation of strong chemical bonds
or weak noncovalent interactions. The immobilization of
biomolecules is beyond the focus of this review. The
formation of the second organic layers on the first layer
through organic reactions will be briefly introduced here for
completeness.

Several routes for the formation of organic multilayers
through chemical reactions in solution were well developed.
They included C-H bond activation of terminal methyl
groups,289 amide and sulfonamide bond formation,290-292 ester
hydrolysis,256 ester reduction and cleavage,292 ester forma-
tion,292 hydroboration of olefins,274,275 and polymerization.293

These routes were nicely reviewed by Buriak.17

Many organic reactions only occur in solution since they
involve solvent-mediated electron/proton transfer or par-
ticipation of a third molecule such as a catalyst. Thus,
formation of multilayer organic architectures through
chemical reactions under vacuum conditions remains a
great challenge. A few strategies have been creatively
developed for the formation of organic multilayers under
vacuum conditions. Bent et al. successfully designed a
layer-by-layer growth through a urea coupling reaction

between ethylenediamine and 1,4-phenylene diisocyanate
on Ge(100) in vacuum at room temperature.294 Figure 44
represents the layer-by-layer growth of an organic multilayer
through interlayer chemical reaction on Ge(100) in vacuum.
Ethylenediamine reacts with Ge(100), forming a monolayer
with an amine group protruding into vacuum. This amine
group subsequently reacts with 1,4-phenylene diisocyanate,
leading to a spontaneous urea coupling reaction between the
surface-bound amine and the highly reactive isocyanate
functional group. Bent et al. have demonstrated that such a
method can grow at least four layers of organic molecules
on Ge(100) through repeated urea coupling. This elegant
layer-by-layer growth provides a strategy for formation of
organic multilayers with controllable thickness on semicon-
ductor interfaces under vacuum conditions.

Xu et al. recently developed a photochemistry-grafted
organic multilayer on Si(111)-7×7 in vacuum.122 Figure 45
schematically presents the formation of the covalently bonded
second layer in vacuum. The first organic layer with
protruding C-Cl groups was formed through OH dis-
sociation on a Si(111)-7×7 surface. The C-Cl bonds of
the robust organic monolayer were then cleaved by a 193
nm photon, producing radicals on the terminal C atoms
of the adsorbed molecules, which subsequently react with
the cyano groups of the physisorbed benzonitrile molecules
near to the formed radicals. This reaction forms a
benzoimine-like second layer with radicals on the carbon
atoms of the cyano groups. This generated carbon-based
radicals abstract nearby H atoms, creating silicon-based
radicals on the adjacent silicon atom. The formation of
this multilayer organic architecture demonstrated that a
combination of organic reactions and photochemistry on
the semiconductor surfaces is an important approach to
the development of organic architectures in vacuum, since
photons can be readily used in vacuum.

Figure 44. Layer-by-layer growth of an organic multilayer through
interlayer chemical reactions on Ge(100) in vacuum. (From ref 294.)
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13. Overall Interpretation of the Reaction
Mechanism of Aromatic Systems on
Semiconductor Surfaces

Based on the mechanistic studies of the chemical binding
of various aromatic molecules on clean and passivated
semiconductor surfaces reviewed above, these aromatic
systems can be broadly classified as heteroaromatic and
nonheteroaromatic systems. The heteroaromatic molecules
studied include thiophene, furan, pyrrole, oxazole, isoxazole,
thiazole, pyridine, pyrazine, pyrimidine, and the substituted
heteroatom aromatic molecules. Nonheteroaromatic mol-
ecules include benzene, naphthalene, tetracene, pentacene,
coronene, acenaphthalene, graphene, C60 and carbon nano-
tubes, and their derivatives. For the first category of aromatic
molecule, heteroatoms play an important role in choosing
the reaction channel and in shaping the binding configuration.
However, for the second category of aromatic molecule, the
geometric and electronic structures of the reactive sites of
the semiconductor surfaces play a more important role in
determining the reaction mechanism.

For heteroatom aromatic molecules, there are several
interacting complicated electronic and structural factors
which affect the molecular reaction channel on semiconduc-
tor surfaces. Among them, the electronic and structural
factors of the heteroatoms in terms of the hybridization of
the atomic orbital, the electron contribution to the aromatic
ring, and the atomic geometric arrangement on the aromatic
ring are crucial. Figure 46 shows the hybridization of
heteroatoms of the first category of aromatic molecule.
Obviously, the equivalent sp2 hybridization of electrons on
the N 2p orbital of pyrrole does not allow donation of
electron density to an electron-deficient surface silicon atom.
This is why it cannot form a dative bond with Si(100),
Si(111)-7×7, and Ge(100). The N, O, and S atoms in all
other molecules in Figure 46 have the possibility to form a
dative bond due to the availability of one lone pair in an
inequivalent sp2 hybridized orbital of these heteroatoms.
Thus, in principle, the nitrogen atoms of isoxazole, oxazole,
thiazole, pyridine, and pyrimidine, and the sulfur atom of
thiophene and thiazole can transfer electron density to
semiconductor surfaces, forming dative bonds. However, for
the same molecule, such as thiophene, a dative bond is
formed with Ge(100), but not with Si(100), suggesting the
importance of the electronic structure of the surface reactive
site as well. In fact, even for the same molecule on the same
semiconductor surface, such as isoxazole (or oxazole and
thiazole) on Si(111)-7×7, an adatom of this surface forms a
dative bond with the nitrogen atom but not with its oxygen
atom, even though the oxygen or sulfur atom has a lone pair.
Thus, the competition and selectivity of reaction channels

in an aromatic molecule containing multiple heteroatoms is
quite complicated, in contrast to the case of heteroatom
molecules containing only one heteroatom. In general, the
binding mechanisms of heteroatom aromatic molecules are
more complicated than those of nonheteroatom aromatic
molecules. The difference in reaction mechanism between
oxazole and thiazole demonstrates that the electronegativity
of the heteroatom is another factor in determining the reaction
channel for heteroatom aromatic systems. The difference in
reaction channel between oxazole and isoxazole suggests that
the arrangement of heteroatoms in the molecule is also a
factor in determining the reaction pathway. Thus, these
differences show that the variation of molecular structure is
an approach to shaping chemical binding on the semiconduc-
tor surfaces. This is an advantage in the use of organic
molecules for the modification and functionalization of
semiconductor surfaces, since the molecular structure and
functional group in organics can be varied controllably.

Molecular polarity could be another factor for some
heteroatomic aromatic molecules in determining the reaction
channel on semiconductor surfaces. Pyrazine is a six-
membered aromatic ring molecule with two symmetrically
arranged nitrogen atoms (Figure 13d). Similar to the role of
the nitrogen atom of isoxazole, oxazole, thiazole, and

Figure 45. Schematic of the formation of the covalently bonded second layer in vacuum.

Figure 46. Hybridization of electrons on N 2p, O 2p, and S 3p
orbitals of the heteroatoms of heteroatom aromatic molecules
reviewed in this article. The red arrows show the lone pair in an
sp2 hybridized orbital which is localized and therefore could be
donated for the formation of dative bonds with a semiconductor
surface. The blue arrows show the contribution of electrons on p
orbitals in the formation of 4n + 2 aromatic π conjugation.

Semiconductor Surfaces with Aromatic Systems Chemical Reviews, 2009, Vol. 109, No. 9 4019
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pyridine in the formation of aromatic π conjugation, each
nitrogen atom in pyrazine contributes only one electron for
the formation of the aromatic π sextet. Thus, each of the
two nitrogen atoms in pyrazine has a high electron density
due to their localized lone pairs. However, pyrazine does
not form a dative bond with the Si(111)-7×7 and Si(100)
surfaces. This is possibly because the nonpolar pyrazine does
not allow electron-rich nitrogen atoms to transfer electron
density to the electron-deficient surface silicon atoms of
Si(111)-7×7 and Si(100). This understanding is further
supported by the formation of a dative bond between
pyrimidine (Figure 13e), an isomer of pyrazine with polarity,
on Ge(100). Thus, it is expected that polar pyrimidine forms
a dative bond with Si(100) and Si(111)-7×7. In addition,
the understanding of the role of the molecular dipole is
consistent with the formation of dative bonds between
oxazole, isoxazole, thiazole, and Si(111)-7×7. All of these
molecules have a strong dipole moment. Thus, molecular
polarity is a necessary factor, in addition to the availability
of a localized lone pair for the formation of dative bonding
between heteroatom aromatic molecules and semiconductor
surfaces.

The simplest molecule in the second broad category of
aromatic molecule considered here is benzene. Its six atoms
exhibit equivalent reactivity for surface reactive sites.
Compared to the equivalence in reactivity and electron
density of all six carbon atoms in benzene, the fused and
nonfused carbon atoms in acenes exhibit quite different
reactivity. Compared to the fused carbon atoms in the acene-
series molecules, the nonfused carbon atoms have much
higher reactivity in the formation of Si-C bonds with
semiconductor surfaces, due to less steric strain in the
bonding of the nonfused carbon atoms. Thus, the nonfused
carbon atom is easily rehybridized into sp3 in contrast to the
very rigid fused carbon atom structure. For large acene-series
molecules, the selection of reaction channel is mainly
determined by the availability of the combined reactive site
(such as two pairs of adjacent adatom-rest atoms for
pentacene), which matches the molecular structure. Com-
pared to the heteroatom aromatic molecules, the distribution
of electron density on the nonheteroatom aromatic ring is
not so important a factor in determining molecular reaction
channel and binding configuration. In addition, compared to
small five-membered and six-membered aromatic molecules,
a large charge transfer from Si(100) to tetracene and C60 and
from carbon nanotubes to Si(100) is clearly observed for
large aromatic molecules. This is possibly due to the
availability of molecular conjugated π-orbitals upon chemical
binding, which can transfer electrons to or accept electrons
from semiconductor surfaces. In addition, the multiple
reactive sites with different geometric and electronic struc-
tures make it more complicated. From the view of promising
applications, the complicated reaction mechanisms offer
diverse approaches to fine-tuning the chemical and physical
properties of semiconductor surfaces by chemical binding
of organic materials controllably.

Compared to the participation of the aromatic group in
reactions between organic molecules and clean semiconduc-
tor surfaces in Vacuum, in many cases aromatic systems or
molecules with aromatic groups do not directly participate
in the functionalization reaction in solution. This mainly
results from the high resonance energy due to the formation
of a large π bond delocalized on an aromatic group. Thus,
generally CdC or CtC groups instead of the aromatic group

are used as the functional group to react with hydrogenated
or halogenated semiconductor surfaces. Thus, in solution,
aromatic groups are generally preserved in the formed
organic monolayers. Such protruding aromatic groups can
be well used as linkers for further syntheses of multilayer
organic architectures on semiconductor surfaces, or for
immobilization of biomolecules such as DNA, useful in the
development of biosensing technology.

14. Summary
Molecular chemical binding on reactive sites of semicon-

ductor surfaces is an important approach to shaping chemical,
physical, and mechanical properties of semiconductor sur-
faces, and integrating functions of organic materials into
inorganic semiconductor-based devices for a wide spectrum
of technological needs. The aromatic system is one of the
most important building blocks for a great number of organic
materials. The chemical binding and reaction mechanisms
of various aromatic molecules from the simplest benzene to
the extra large buckyballs and carbon nanotubes on different
semiconductor surfaces were reviewed on the basis of recent
extensive experimental and theoretical studies. In general,
aromatic molecules could be chemically bound to semicon-
ductor surfaces through one or more of several possible
reaction pathways, including [4 + 2]-like and [2 + 2]-like
additions, dative bonding, and dissociative reaction. Sys-
tematic studies from simplest benzene to extra large carbon
buckyballs and nanotubes show that the selection of the
reaction channel for aromatic systems is determined by the
interplay of structural and electronic factors of the aromatic
molecules and geometric and electronic factors of the surface
reactive sites. The electronic and structural factors of
aromatic molecules include the distribution of electron
density on the molecule determined by the geometric
arrangement of the carbon atoms and particularly the
heteroatoms on the ring, the electronegativity of the het-
eroatoms, and the electronic contribution of the heteroatoms
to the formation of aromatic π conjugation, as well as the
overall molecular polarity. The intrinsic connection between
electronic and structural factors and molecular reaction
mechanisms in the modification and functionalization of
various semiconductor surfaces with aromatic systems was
established in this review.
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