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TOPICAL REVIEW — Low-dimensional nanostructures and devices
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The controllable growth of nanostructures with desired geometric order and well-defined shapes has stimulated great
interest due to its applicability in the development of microelectronic devices. Self-assembly is an efficient and versatile
way to guide the atoms or molecules into low-dimensional nanostructures as a consequence of balancing complex interplay
between adsorbate-adsorbate and adsorbate—substrate interfacial interactions. The tailoring of low-dimensional nanostruc-
tures by control of inter-adsorbate and adsorbate—substrate interfacial interactions is reviewed. Such inherent interactions
greatly influence not only the size and shape of the growing nanostructures, but also their chemical identity. The degree
of interaction between adsorbates can be controlled via preparation procedures, opening up the study of the influence of
this phenomenon with respect to reactivity and catalytic behavior. The formation of well-defined molecular layers can
be controlled not only by repulsive molecule-molecule interaction but also by symmetry matching or charge transfer be-
tween adsorbed molecules and the substrate. It has become obvious that inter-adsorbate and adsorbate—substrate interfacial
interactions can be tuned to fabricate diverse surface nanostructures from semiconductor, metallic, and molecular materials.
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1. Introduction

Low-dimensional structures have stimulated great inter-
est because they often exhibit unique electronic and opti-
cal properties that differ from those observed in correspond-
ing bulk materials.!!! For example, one-dimensional (1D)
nanostructured materials with a high aspect ratio, such as
nanorods/nanowires, have dimensionality-dependent and size
reduction-dependent electrical and thermal transport or me-
chanical properties.!>3! Zero-dimensional nanoparticles have
special catalytic or magnetic properties originating from sur-
face and quantum size effects. These properties are closely
related to the average number of atoms in the particle or the
equilibrium shape of the particle.

Enormous efforts have already been made to tailor
nanostructures with desired geometric order and well-defined
shapes. There are two different strategies for creating nanos-
tructured materials in a controllable and repeatable man-
ner: “top-down” and “bottom-up” techniques.!*! The for-
mer exemplified by extreme ultraviolet or even hard X-
ray lithography,!) electron-beam writing, or microcontact
stamping, %! can only create nanostructures down to the sub-
100-nm range.

Another way is used to efficiently guide the atoms or
molecules into nanometer-scale structures through the assem-
bly process.!”! Usually, atomic or/and molecular constituents
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are deposited onto a solid surface and the assembly of nanos-
tructures is the consequence of complex interplay between
adsorbate—adsorbate and adsorbate—substrate interfacial inter-
actions. On a homogeneous surface inter-adsorbate interaction
controls the adsorbed species, forming geometric pattern with
equivalent binding sites. For example, on metallic surfaces,
the strong attractive force between adsorbed metal atoms
results in the formation of compact two-dimensional (2D)
and three-dimensional (3D) islands.!®) While between organic
molecules, the repulsive or attractive forces generally lead to
the growth of well-ordered superstructures in registry with the

9-161 Actually, on solid surfaces, the

lattice of the substrate.!
potential landscape for adsorption is unavoidably perturbed by
point or line defects, which greatly influences the spatial distri-
bution of the adsorbates.!!”) Additionally, by inserting an epi-
taxial layer between the adsorbates and the metallic substrate,
the underlying metallic states are effectively decoupled and
the adsorbate—substrate interaction is weakened.'®!°1 Due to
the lattice mismatch between the epitaxial layer and the metal
substrate, electronic superstructures form within the epitax-
ial layer, which leads to inhomogeneous distribution of the

n.[20-25] Moreover, the tunabil-

adsorbate—substrate interactio
ity of charge transfer from the metal substrate to the adsorbed
atomic or molecular constituents by directly tunneling through

the nano-patterned superstructure layer may be an additional
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factor that influences the inter-adsorbate interaction and then
the mode of spatial distribution/growth of the metal nanopar-
ticles or organic molecules.?>-20]

In this article, the growth of various low-dimensional
nanostructures on well-defined surfaces will be reviewed with
reference to our recent STM-based studies. In Section 2, the
formation of low-dimensional nanostructures under the influ-
ence of a strong adsorbate—substrate interaction will be ad-
dressed, e.g., semiconductor-supported Ge nanoparticles or
indium nanowires. In Section 3, nanostructural assemblies
dominated by inter-adsorbate interactions and charge transfer-
modulated electronic structures will be presented. Molecular
nanostructures controlled by balancing complex interplay be-
tween adsorbate-adsorbate and adsorbate—substrate interfacial
interactions will be discussed in Section 4. Section 5 con-
cludes the article.

2. Assembly dominated by adsorbate-substrate
interaction

STM investigation of coverage- and temperature-
dependent structural evolution of Ge-based and indium-
based nanostructures forming on Si(111) or Ge(001) is re-
viewed to elucidate the strong adsorbate—substrate interaction-
dominated assembly of nanostructures. Encapsulation of the
metal deposits induced by strong metal-support interactions

will also be addressed.

2.1. Ge/Si(111)-7x7:  From isolated atom to zero-
dimensional nanoparticles to 2D nanostructures

Based on the commonly accepted Dimer—Adatom—
Stacking (DAS) model,*”] each Si(111)-7x7 unit cell con-
tains a large number of distinct bonding sites distributed in
one faulted half unit cell (FHUC) and one unfaulted half unit
cell (UHUC) with different reactivity, which makes this peri-
odic surface an ideal template for growing well-ordered nanos-
tructures. Ordered arrays of nanodots/nanoparticles, includ-
ing Na, 1281 T1,[29] [, 130311 g 131-33] ¢y 1341 Gj [35:36] Ay, [37]
and Pb,[3840] have been fabricated successfully on this sur-
face. Because of potential applications in unique microelec-
tronic and optoelectronic devices, Ge-based nanostructures on
the Si(111)-7x7 surface have been intensely studied, 3641431
and it has been treated as model system to investigate the evo-
lution of self-assembly of various nanostructures as functions
of coverage and annealing temperature.

To facilitate the formation of ordered Ge-based nanos-
tructures on the Si(111)-7x7 surface, the substrate should be
kept at temperature ranging from 100 to 300 °C during de-
position, since at temperatures lower than 100 °C the physi-
cally deposited Ge atoms do not have enough mobility to span

e. [46-48

the dimer wall after arriving on the surfac | Figure 1(a)

shows the STM topographic image of the initial Ge adsorption

(0.10 ML) on Si(111)-7x7 surface at 150 °C. The individ-
ual Ge atoms substitute for Si adatoms, residing at a position
higher by 0.2 A than the original Si adatom (Fig. 1(b)), and
preferentially occupy the corner Si adatom sites in FHUC with
the correlated type-B pattern dominating (Figs. 1(c)-1(e)).[*")
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Fig. 1. (a) STM image (—1.5 V, 0.2 nA, 20 nmx20 nm) of Si(111)-
7x7 surface with Ge coverage of 0.10 ML.“"! Three different config-
urations of Ge-correlated patterns are denoted by the dotted-line, solid-
line, and dashed-line triangles. (b) The height profile corresponding
to the dashed-arrow line in (a). Schematics for the three typical Ge-
correlated patterns, named type A (c), type B (d), and type C (e), are
also shown. 4]

With increasing coverage, isolated Ge nanoparticles with
varying geometric configurations appear on the Si(111)-7x7
surface as shown in Fig. 2. Most of the Ge nanoparticles reside
at the center of FHUCS, just fitting with FUHCs.’%! A higher
substrate temperature during the deposition process greatly en-
hances the average mobility of the additional atoms, resulting
in Ge nanoparticles with more uniform size and a preference
of locating in FUHCs. Four configurations of Ge nanoparticles
appearing in the same image suggest that the Ge nanoparticles
evolve from triangular to tetragonal, then to pentagonal, and
finally to a hexagonalstar-like structure.>!

Fig. 2. STM image (2.0 V, 0.3 nA, 30 nmx30 nm) of Si(111)-7x7
surface covered by 0.12 ML Ge."! Ge nanoparticles with four typi-
cal geometrical configurations (triangular, tetragonal, pentagonal, and
hexagonal) are denoted by triangles with the dot-dashed line, dotted

line, dashed line, and solid line, respectively. (501
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Fig. 3. STM images of Ge/Si(111)-7x7 at different Ge cover-
ages. (a) 0.4 ML (2.2 V, 50 nmx50 nm).’! (b) 0.5 ML (2.6 V,
50 nmx50 nm).5! Six distinct patterns of the complexes of Ge
nanoparticles, ranging from an isolated Ge nanoparticle to a pair of
nanoparticles, an open nanoparticle ring, and finally a closed nanoparti-
cle ring with six nanoparticles surrounding the hole (inset of Fig. 3(b)),
are distinguished in panel (a) and simply depicted in panels (c)—(h),
respectively. !

Fig. 4. (a) Filled-state and (b) empty-state STM images of Si(111)-7x7
after depositing 0.12 ML Ge.!l (c)—(f) Close-up images for the two
characteristic patterns and the nearby areas in panels (a) and (b).5!]
The Si adatoms that are invisible in panels (c) and (d) are indicated by
the arrows in panels (e) and ().

Further increasing deposition coverage leads to a gradual
increase in the density of Ge nanoparticles with their distribu-
tion becoming very regular. As shown in Fig. 3(a), the com-
plexes of Ge nanoparticles vary from an isolated pattern to
hexagonal one as the initial dispersing arrangement evolves to
the final ordered hexagonal network (Fig. 3(b)). The evolution
of the complexes of Ge nanoparticles is sustained by charge
transfer.>!] When an isolated Ge nanoparticle is formed in
an FHUC (Fig. 3(c)), as shown in the filled-state STM im-

age (Fig. 4(a)), the closest center Si adatoms in the nearest-
neighbor UHUC: are invisible (Figs. 4(c) and 4(d)). From the
corresponding empty-state STM image (Figs. 4(e) and 4(f)),
the existence of the sead atoms excludes the geometric effect.
The substantial depletion of electron density associated with
these three Si adatoms suggests that electrons are transferred
to the nearby Ge nanoparticle.’!! As local coverage increases,
when a new nanoparticle forms in a neighboring UHUC, elec-
trons are transferred from the two new surrounding FHUCs
(Fig. 3(d)). First-principles calculations confirm the depletion
of charge associated with the dangling bonds of the central Si
adatoms in the three UHUCs surrounding a Ge nanoparticle
in an FHUC (Fig. 3(c)) and the decrease in electronic energy
that results from the charge transfer. The energy gain can be
attributed to “local Madelung energy” which is used in deter-
mining the energy of a single ion in a crystal. The substan-
tial reduction in the Madelung energy is used to overcome the
factors that inhibit the formation of isolated nanoparticles in
UHUCS, and the residual Madelung energy stabilizes the pair.
Starting with a pair in adjacent FHUC and UHUC:S, the third
Ge nanoparticle tends to form in one of the FHUCs near the
first two, accompanied by charge transfer from the nearby Si
adatoms in adjacent half unit cells.’!! In this way, the fourth
(Fig. 3(f)), fifth (Fig. 3(g)), and sixth nanoparticles (Fig. 3(h))
gradually form, eventually resulting in a hexagonal structure.
The reduction of the local Madelung energies contributes to
the stabilization of the local nanostructures. >!]

Deposition of Ge atoms on Si(111)-7x7 at room temper-
ature (RT) followed by annealing to ~300 °C or even higher
temperature results in formation of 2D epitaxial Ge wetting
layers. Figure 5(a) shows the STM image of one Ge-induced
reconstruction coexisting with the Si(111)-7x7 reconstruc-
tion. From the neighbor—neighbor distance of Ge atoms (in-
set of Fig. 5(a)) and the angle between the main direction
of the formed local reconstruction and the boundary of the
nearby 7x7 unit cells, Ge-induced 2D nanoscale structures
were determined to be (\ﬁ x /3 )R30° with respect to the bulk
1x1 structure.®?! Direct deposition of Ge atoms on Si(111)-
7x7 kept at ~ 300 °C also leads to formation of Ge-induced
2D (v/3 x v/3)R30° nanostructures, as shown in Fig. 5(b).
From the first-principles density-functional calculations, one
can learn that Ge atoms preferentially occupies the Ty sites
on the unreconstructed Si(111) substrate as shown in the in-
set of Fig. 5(b). During the growth of this nanostructure, the
surface Si atoms will rearrange to the bulk 1x1 structure.>3]
Different energy barriers must be overcome for removing re-
construction in the UHUCs and FHUCs (the energy barrier is
relatively lower in UHUCs than in FUHCs[P#). Therefore, the
activation barrier for Ge overgrowth in the FHUC: is clearly
higher than in the UHUCSs. Thus, the (\/§ X \/§)R30° nanos-
tructure is surrounded by FHUCs, as shown in Fig. 5(b).
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Upon deposition of Ge atoms on Si(111)-7x7 kept at
~300 °C, triangular epitaxial Ge islands consisting of domains
of 7x7 and 5 x5 periodic reconstruction were also formed, as
shown in Figs. 5(c) and 5(d).[*®>%] The intermixing of Ge/Si
plays an important role in the epitaxial growth of these Ge

islands.[?!

Fig. 5. (a) High-resolution STM image (1.6 V, 0.20 nA, 12 nmx 10 nm)
of the 2D nanostructure formed on Si(111) with a Ge coverage of
0.30 ML after annealing at 300 °C.5?! Inset: the height profile along
the dashed line indicated in (a).[2! (b) Close-up STM image (1.4 V,
0.20 nA, 22 nm x29 nm) of the Ge-induced 2D nanostructures obtained
by direct deposition of Ge on Si(111) kept at 300 °C.5% Inset: top and
side views of the schematic arrangement for reconstruction with the
adatoms at the T sites. The solid circles represent the adatoms. Larger
open circles and smaller ones are for the Si atoms in the first and sec-
ond layers, respectively.[®? (c) and (d) STM images show typical Ge
islands on the Si(111)-7x7 substrate formed upon direct deposition of
Ge on Si(111) kept at 300 °C. (c) 45 nmx45 nm, 2.0 V, 0.10 nA.[46]
Two-dimensional Ge triangular epitaxial islands have the same orien-
tation as the nearby Si(111)-7x7 reconstruction. (d) 120 nmx 100 nm,
1.8 V, 0.15 nA.15% Inset: close-up STM image (45 nmx45 nm, 1.2 V,
0.15 nA) shows 7x7 and 5 x5 reconstructions coexisting inside the Ge
island.[5%

2.2. In/Ge(001): From 1D nanowires to faceted indium
nanoparticles

Nanostructured materials with high aspect ratios such
as nanorods and nanowires often exhibit anisotropic elec-
tronic and optical properties that differ from those observed
in the bulk materials, and these properties have been given
much attention due to their potential applications in micro-
electronic and optoelectronic devices.!*7 Due to the or-
dered dimer-row (2x 1) structure,%7-8! Ge(001) and Si(001)
surfaces are good templates for fabricating 1D nanostruc-
tures via the “bottom-up” strategy.'>*~%* Because no indium—
germanium compounds have been found in the binary system,
indium-based nanostructure/Ge(001) system has been a model
system to investigate the evolution of self-assembled 1D metal

nanowires with coverage and annealing temperature. [03-73!

Fig. 6. (a) STM image (106 nmx 106 nm, 1.50 V, 0.40 nA) of 0.85 ML
indium on Ge(001) surface, deposited at RT and annealed at 320 °C
for 1 h. The inset is its high resolution STM image (20 nmx20 nm,
—1.10 V, 0.20 nA) on one terrace.[”?! (b) STM image (71 nmx71 nm,
—1.40V, 0.30 nA) of 1.4 ML indium on Ge(001) surface, RT deposited
and annealed at 320 °C for 1 h.[”?! (¢) and (d) High-resolution STM
images obtained on two regions of (b).7?! (¢) 34 nmx34 nm, —0.60 V,
0.30 nA; (d) 26 nmx26 nm, —0.60 V, 0.3 nA. (e) and (f) The struc-
tural models of In rows corresponding to the regions indicated by white
rectangles.

A common feature for indium on Ge(001) is the 2x2 re-
construction consisting of parallel lines of dimerized indium
adatoms. [%®] Increasing coverage to 0.85 monolayer (1 ML=
1.3x 10" atoms-cm~2) and subsequent annealing at 320 °C
results in formation of In rows, which are made up of In
dimers, lying between the substrate Ge dimer rows. As shown
in Fig. 6(a), the assembled In rows have an equal spacing of
1.6 nm (4a), where a is the 1x 1 substrate lattice constant. On
adjacent terraces, In rows run perpendicularly in two direc-
tions [110] and [—110], respectively. Further increasing cov-
erage to 1.4 ML, as shown in Fig. 6(b), results in fully covering
the substrate by the assembled In rows, which still have equal
spacing of 1.6 nm (4a). On any given terrace, In rows run par-
allel forming domain A (B). It is interesting that the In dimers
making up the In rows exhibit different appearances in differ-
ent regions, as shown in Figs. 6(c) and 6(d), respectively. It
is known that on Ge(001) surface, the c(4 x 2) structure cor-
responds to the ground state of the Ge(001) surface, and the
transformation from c(4 x 2) to the (2x 1) structure occurs at
220-260 K.[731 At RT, because of thermal fluctuation, the dim-
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mers undergo rapid flip—flop motions, exhibiting a symmetric
(2x1) structure. Due to the strong bonding between the in-
dium and the underlying germanium, the In dimers bonded
with buckled Ge dimers also buckle, as shown in Fig. 6(e),
and exhibit a protrusion as if bonded with unbuckled Ge dimer
(Fig. 6().

Upon deposition of 2.1-ML indium onto Ge(001) and fol-
lowed by annealing at 130 °C, some indium nanoparticles with
irregular shapes arbitrarily distribute among the In-row do-
main (Fig. 7(a)). Subjected to annealing, indium atoms in
one domain first preferentially nucleate into small nanopar-
ticles; subsequently, one side grows more rapidly than the
other side, forming elongated nanoparticles, oriented in [010]
and [—100], running 45° counterclockwise from the direc-
tion of the In rows as shown in Fig. 7(b). This is an ef-
ficient way to relieve the strain. The elongated nanoparti-
cles so formed are Ge{103}-faceted In nanoparticles, due to
the fact that the four surfaces of the faceted In nanoparticles
correspond to Ge(—103), (103), (0 — 13), and (013).?] Fur-
ther annealing treatment at 240 °C leads to the substrate be-
ing completely covered by Ge{103}-faceted In-nanoparticles
(Fig. 7(c)). Upon further annealing at elevated temperature
(320 °C, Fig. 7(d)), the average width and length of the
Ge{103}-faceted In nanoparticles increase as more and more
indium atoms locate on their surfaces.!”?!

Fig. 7. (a) and (b) STM images (1.55 V, 0.30 nA) of the sample
with 2.1 ML coverage of indium after 130 °C annealing for 1 h.[7?]
Scan scale is 110 nmx 110 nm in panel (a) and 48 nmx48 nm in
panel (b). Inset: relative orientations of the In rows and the Ge{103}-
faceted In nanoparticles are indicated by the solid and dotted lines,
respectively.”?! (c) Large scale Ge{103}-faceted In-nanoparticle to-
pography (400 nmx400 nm, 1.40 'V, 0.34 nA) of the sample (a) annealed
at 240 °C for 1 h. Inset: zoomed-in STM image (100 nmx 100 nm,
140V, 0.34 nA).["?! (d) Typical STM image (100 nmx 100 nm, 1.60'V,
0.34 nA) of the sample (c) after annealing at 320 °C for 1 h. [72]

2.3. Pt/Fe;04/Pt(111): Strong metal-support interaction-
induced encapsulation

Oxide supported metal nanoparticles, which are usually
made of transition metals, play an important role in heteroge-
neous catalysis. The interaction between the metal nanopar-
ticles and the underlying oxide greatly influences the growing
nanoparticles not only their size and shape but also their chem-
ical identity properties which are naturally correlated with
their chemical performance.!”#! It is generally accepted that
deposition of metals with relatively high surface energy such
as Pt, Rh, and Pd on oxides with relatively low surface energy
such as titania, iron oxide, and ceria undergo the strong metal—
support interaction (SMSI) effect.[’>761 Here, an STM study
of Pt nanoparticles supported on Fe3O4(111) films is presented
to provide evidence that the strong interaction between Pt and
iron oxide induces encapsulation of Pt nanoparticles by the
FeO monolayer upon annealing at elevated temperatures.!’”-8]

The Fe304(111) films were grown on a Pt(111) sub-
strate by depositing one monolayer of Fe onto clean Pt(111)
at room temperature and subsequently oxidizing the sample in
0, (10~° mbar) at 1000 K for 2 min to form the FeO(111)
monolayer film, followed by repeated cycles of ~5 ML Fe de-
position and oxidation at ~900 K, with the final oxidation at
~1000 K for 10 min. Figure 8(a) shows a typical STM image
of the Pt/Fe304 (111) surface as deposited at 300 K.[78 After
annealing at 600 K, as shown in Fig. 8(b), platinum forms ex-
tended 2D islands, ~0.5 nm thick, that mostly exhibit irregular
shapes, although some preferential orientation for the island
edges can be seen. At the metal coverage studied (~2.6 ML),
3D particles also form. Stepwise annealing to 850 K in UHV
leads to an increase in particle size as shown in Fig. 8(d).!"8!
These annealed particles are well-faceted with a (111) top
facet. Good metal/oxide epitaxy is observed as the particle
edges are all parallel to the atomic rows on the FezO4(111)
surface. It is clear that annealing induces Pt dewetting such
that the Pt surface area decreases due to strong particle sinter-
ing with increasing annealing temperature. Corresponding CO
TPD results demonstrate that stepwise annealing to 700 K and
800 K in UHV leads to a dramatic reduction of CO adsorption
uptake, much more than the decrease in the Pt surface area
upon sintering.!”’! Considering that the capacity to adsorb CO
is proportional to the Pt surface area, the suppression of CO
adsorption clearly demonstrates the reduction of the Pt surface
area with migration of oxide support material onto the Pt par-
ticles. The inset of Fig. 8(d) shows direct evidence for the
encapsulation of Pt particles that the top facets of the largest
particles exhibit a moiré superstructure with ~25 A periodic-
ity. Since the moiré structure has the same periodicity as that
of FeO(111) on Pt (111) (see Section 3.2 for details),[2379:80]
the encapsulating layer is clearly FeO(111) in nature.
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Fig. 8. STM images (100 nmx 100 nm, 0.7 V, 0.4 nA) of 2.6 ML Pt
deposited onto Fe3O4(111) sample kept at 300 K (a) and after flashing
to 600 K (b) and annealing at 600 K for 5 min (c¢) and at 850 K for 1 min
(d).78) The inset of (d) indicates the top facets of the Pt particles where
the moiré superstructure is clearly resolved.!8!

The formation of Pt 2D structures on FezO4(111)
(Fig. 8(a)) implies a higher work of adhesion (W,qp), which
is defined through the corresponding surface energies as

Wadn = Yoxide 1 Ymetal — Yinterface - (D

The adhesion energy can be derived from the structural
information on the basis of Wulff construction analysis of the
particles with the equilibrium shape.!®:821 For Pt particles,
mainly exposing (100) and (111) facets, the adhesion energy
can be expressed as follows:

+1
Wadh = Y111 <2 a >7 2

3
225+ 1

where 71 is the surface energy of the (111) surface, i(w) is
the height (width) of the nanoparticles, and s is the ratio of the
top facet side length (s = s100/5111)-

The irregularly shaped Pt 2D islands (see Figs. 8(b) and
8(c)) are not in an equilibrium shape and are in fact formed by
the coalescence of smaller but better shaped ones. According
to Eq. (2), for the small height/width ratios observed on Pt is-
lands, the work of adhesion is rather insensitive to variations in
s. By using the value of 2.3 J/m? for th(lll),[SSJ the Wygn can
be obtained as 4.0+0.5 J/m? even though there is a relatively
large uncertainty.[77-78]

For 3D particles (Figs. 8(b) and 8(c)), the calculation is
more precise and gives Wygp as 3.8£0.1 J/m2. Both numbers
are significantly larger than 3.1540.1 J/m? for Pd/Fe304 (111)
at 600 K and 3.25+0.3 J/m? previously found for Pd/alumina
at 300 K.[®?! For 3D particles (Fig. 8(d)), the same approach
gives Wygn = 4.15+ 0.1 J/m? under the assumption that the
particles expose clean Pt surfaces. The encapsulating oxide

layer must reduce the surface energy of the particles formed
at 850 K. In a crude approximation, y;1; must be replaced by
YFeO/Pt(111) at 850 K. The latter is unknown but is obviously
smaller than yPt(111). Therefore, the value 4.15 J/m? gives
an upper limit in this case.!”’! Thus, the above analysis shows
that the strong interaction between Pt and Fe;O4 (111) leads
to the encapsulation of Pt particles by an FeO(111) monolayer
upon stepwise annealing, which is demonstrated in Fig. 9.

Pt(111) Pt(111)
300 K 600 K

Pt(111)
850 K 5 min

Pt(111)
600 K 5 min

Fig. 9. The progress of SMSI-induced encapsulation of Pt particles by
FeO monolayer upon stepwise annealing.

3. Assembly dominated by inter-adsorbate in-
teraction

3.1. Pd, BaO/Al,03/NiAl: Deposition sequence-influenced
formation of bifunctional nanoparticles

As reported by Taglauer and Knozinger,[” oxides with
a relatively low surface energy (such as titania, ceria, iron ox-
ide, and vanadia) undergo the SMSI effect, while alumina does
not. On alumina, the degree of inter-adsorbate interaction can
be controlled via the deposition sequence. In this section, the
sequential co-deposition of bifunctional Pd/Ba oxide system
on well-defined Al,O3/NiAl(110) was used as a model sys-
tem. After reviewing the structure and growth behavior of the
individual Pd and Ba nanoparticles on alumina, respectively,
the inter-adsorbate interaction-dominated growth for the co-
deposition systems have been found to be greatly influenced
by the preparation procedure.

The Al,O3 film was produced by two cycles of oxida-
tion of the NiAl(110) surface in 10~® mbar O, at 550 K
and subsequent UHV annealing at 1135 K. As shown in
Fig. 10(a), on the obtained alumina film there are two types of
domain boundaries, antiphase domain (APD) boundaries ap-
pearing as straight bright lines and rotational domain bound-
aries appearing as irregular lines.!'”) Upon deposition of Ba
and subsequent oxidation at 300 K, three-dimensional parti-
cles nucleate both on the domain boundaries and on the ter-
races with a high particle density estimated to be 5x10!2
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particles-cm~2 (Fig. 10(b)), which points to a strong inter-
action with the support. A recent high-resolution photoelec-
tron spectroscopy study shows that, even at RT, complete in-
termixing of Ba>* and AI’* ion occurs, leading to forma-
tion of BayAlpyO,3, mixed oxide particles.®* As shown in
Fig. 10(c), Pd deposition after growth of the BayAlp,Oyy3,
particles leads to 3D aggregates with a high, homogeneous
nucleation density (~3x10'? particles-cm~2) distributed over
the entire surface.®-37! The close-up (see inset of Fig. 10(d))
shows that between the majority of large aggregates, there
is a second type of small aggregates with a lower density
(~1x10'? particles-cm~2).

Compared to Pd deposition after growing the
Ba,Al»,O, 3y particles, a very strong difference in nucleation
behavior is observed for directly depositing Pd on pristine alu-
mina film, as shown in Fig. 10(e). The formation of larger 3D
nanoparticles preferentially nucleates at the rotational domain
boundaries with density amounting to approximately 1x10'?
particles-cm~2. Palladium and Ba show very different nucle-
ation and growth behaviors on the pristine support, with weak
interaction and preferential nucleation at rotational domain
boundaries for Pd, and strong interaction and high nucleation
density for the Ba deposits. Based on the differences in the
growth modes of the Pd and Ba,Al>, O, 3, particles discussed
above, the larger particles in Fig. 10(c) are attributed to Pd
aggregates nucleating on the preexisted Ba,Aly,O,,3, par-
ticles, and the smaller protrusions to leftover BayAlp,Oyy3,
particles,which have not yet been covered by Pd.

After growth of the Pd particles, Ba deposition and sub-
sequent oxidation results in two types of particles, shown in

the corresponding STM images (Fig. 10(f)). On the basis of

Fig. 10. (@) STM (100 nmx100 nm, 3.0 V, 0.15 nA) of
the Al,O3/NiAl(110) model support showing the typical defect
structures.!®5 (b)) STM (100 nmx100 nm, 2.7 V, 0.16 nA) af-
ter deposition of Ba and subsequent oxidation at 300 K.[86:87]
(¢) STM (100 nmx100 nm, 2.5 V, 0.17 nA) and (d) close-up
(40 nmx40 nm, 2.5 V, 0.17 nA) image after deposition of Pd on
Ba, Al O, 3,/Al,03/NiAl(110) prepared at 300 K (Fig. 1(b)).%1 (e)
STM overview (200 nmx200 nm, 2.2 V, 0.17 nA) after deposition
of Pd at 300 K on pristine Al;03/NiAl(110) support.[31 (f) STM
(100 nmx 100 nm, 2.8 V, 0.15 nA) image after Ba deposition onto
Pd/Al,03/NiAl(110) and subsequent oxidation at 300 K.[86]

their typical nucleation behavior, the larger particles can be
attributed to Pd particles that preferentially decorate the rota-
tional domain boundaries. Between the Pd particles, there is a
higher density of small aggregates nucleating both on alumina
terraces and at domain boundaries, which are assigned to iso-
lated BayAl>,O. 43, particles without direct contact to Pd. It
is worth noting that the density of the isolated Ba,Aly; O, 3,
particles is significantly lower (~2x 10'? particles-cm~2) than
for growth on the pristine alumina, which suggests that a sub-
stantial fraction of the Ba is collected by nucleating on the Pd
particles.

The different structure and growth behavior as a function
of deposition sequence allows us to modify the interaction be-
tween barium aluminate-like and Pd nanoparticles supported
on the Al, O3 film. The initial growth of Ba,Al»,O,3, leads to
formation of a high density of three-dimensional Pd particles
nucleating at the pre-deposited barium aluminate aggregates,
whereas the initial deposition of Pd gives rise to the forma-
tion of isolated Ba,Aly,O,,3, aggregates in addition to sur-
face modified Pd particles. The degree of interaction between
metal nanoparticles and oxide nanoparticles can be controlled
via the preparation procedure, opening up the possibility to
study the influence of this property with respect to reactivity
and catalytic behavior. 38871

3.2. Cgo/FeO/Pt(111):
tronic structures

Charge transfer modulated elec-

The distribution of metal particles on oxide surfaces is
not only largely determined by heterogeneous nucleation on
defect sites,?*?!! but also influenced by the presence of elec-
tronic superstructures, as observed on thin Al,O3 films. 2] On
polar oxide surfaces, spatial variation in the surface potential,
which is built up by a modulated distance between the layers
carrying an opposite net charge, would also influence the local
arrangement of adsorbates.

For example, the Pt(111) supported FeO film has a bi-
layer structure with Fe adhering to the Pt(111) and O atoms
forming the outermost layer.[**71 The mismatch between the
Fe—Fe distance (~ 3.10 A) and the Pt—Pt distance (~2.73 A)
gives rise to a moiré pattern with a period of about 25.8 A. Ac-
cording to their characteristic contrast (Figs. 11(a) and 11(b))
within the moiré cell, three kinds of regions are distinguished
with fairly distinct stacking configurations (Fig. 11(c)). For
example, at bias voltages of 4.5 V and above, the “atop” re-
gions are imaged as bright protrusions, which had been at-
tributed to the local variations in the energy at which field-
emission resonances happen. [?28-101 From the atomically re-
solved STM image (Fig. 11(b)), the alignment of the oxygen
atoms rotates about 5.8" relative to the lattice of the moiré cell
as depicted in Fig. 11(c). Additionally, due to the positive
charge of the iron layer and the negative charge of the oxygen
layer, a surface dipole is built up perpendicular to the surface
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plane. The separation between the iron layer and the oxygen

layer modulates in different regions, resulting in the spatial

variations of the surface potential within the moiré cell.[20%7]

&

Pt ® Fe 'o_: ) 1 2 3 [ T

r
[l
L}

Fig. 11. (a) Moiré pattern (8§ nmx8 nm, 4.50 V, 40 pA) of
the FeO/Pt(111) film.”>>! (b) Corresponding atomic resolution image
(8 nmx8 nm, 0.15 V, 55 pA) of the FeO film.[?>) The moiré cell is de-
noted by parallelograms. (c) The proposed structure of the FeO layer on
Pt(111).125931 Only a portion of the oxygen atoms are shown. (d) Line
profile across the atop, fcc and hep regions of the moiré cell obtained at
different bias voltages.[?!

Cgo-based compounds and/or assembly have stimulated
much physical and technical interest for their unique electronic
properties and significant physical characteristics.[!%2-105] In
the majority of practical applications, the formation of homo-
geneous Cg structure greatly improves the performance of the
device.[19:1971 Moreover, this ordering is important in under-
standing the molecule—environment interaction.!!08101 The
physical behaviors and/or properties of Cgp—metal systems de-
pend on the nature of the chemical bond (which is related to
the orientations of the Cg cage), on their geometric adsorption
structures, and on the partial filling of the lowest unoccupied
molecular orbital (LUMO) which is influenced by the charge
transfer from the supported metal. Herein, the exploitation of
the above-mentioned FeO layer on Pt(111) as a template will
be reviewed, with special attention to the fact that the inhomo-
geneous distribution of the work function within the FeO layer
tunes the degree of charge transfer between the Cgy molecules
and the Pt(111), resulting in the formation of the final Cgg su-
perstructures and/or superlattice.

As reported previously, due to the work function varia-
tion (as much as 0.4 eV?%l), organic molecules and metallic
nanoparticles are highly site-selective inside the FeO moiré
cell at lower temperatures.l>!?>! Here, as demonstrated in
Fig. 12(a), the Cgy molecules assemble into compact molec-
ular islands at sample temperature of 400 K. The formation
of compact Cgp island indicates the Cgy—Cgo interaction is
stronger than the Cgp—FeO interaction. Cgo molecules prefer to
nucleate and align with the moiré lattice of the underlying FeO

layer. Since the FeO layer effectively reduces the hybridiza-
tion of the Cgp molecular frontier orbitals with the wave func-
tions of the underlying Pt(111), Cgy molecules exhibit various
internal molecular structures and orientations. As shown in
the empty-state STM image (Fig. 12(b)), the majority of Cgg
molecules present a dumbbell pattern, which corresponds to
the Cgo molecule with a 6:6 bond facing up.['®!°1 Two other
configurations are also identified: hexagonal ring facing up
(hexagon) and al (one lobe brighter than the other two). Such
varied molecular configurations might be caused by differ-
ent bonding geometries on the oxide layer. The configuration
of the Cgomolecules periodically varies and a kind of regular
Ceo/FeO (111)-(v/133 x v/133)R17.5° structure forms. 23!
The electronic structure of the Cgy molecular layer is
found to be influenced by the spatially distributed electronic

(a)

M\ 1‘&'»:%-' o w LY
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T il A%
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Fig. 12. (a) Morphology (30 nmx 11 nm, 3.50 V, 20 pA) of FeO/Pt(111)
after deposition of less than 1 ML Cgg fullerenes.!?! (b) Orientation-
ally ordered commensurate coincidence superstructure (15 nmx 12 nm,
3.50 V, 48 pA) of Cgy molecules on FeO/Pt(111).?5! Three configura-
tions are distinguished in the STM image: 6:6 bond facing up, hexag-
onal ring facing up, and al (one lobe brighter than the other two). (c)
Structure diagram for the Cgy molecular (\/ﬁ X \/m)RITSO orienta-
tion ordering, in which big balls represent the position of Cgp molecules,
neglecting molecular orientation. For clarity, only the outermost oxy-
gen layer of the underlying FeO layer is shown and one moiré cell is
indicated by a dashed parallelogram. %!
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states of the underlying polar FeO layer. Figures 13(a)-13(d)
demonstrate filled-state STM images of the same assembled
Ceo molecular layer with distinct appearances. For empty-
state STM scanning (Fig. 12(b)), there is no difference in the
molecular contrast with changing bias voltage. For filled-state
STM scanning (Fig. 13), the bright-dim molecular contrast is
bias-dependent. Moreover, with increasing bias voltage, the
molecular contrast becomes more obvious and finally reaches
an apparent height difference of 0.40 A at —5.0 V. Dim-
bright molecular contrast has been found in Cgy monolayer
on Cu(111),"%1 on Ag(100),''% and on Cu(100)," 11121 and
has been interpreted as a topographic feature attributed to Cg-
induced substrate reconstruction. Here, the dim-bright con-
trast (0.40 A) is likely to be associated with the molecular
electronic effect rather than a geometric effect.[>! Similarly,
for Cgp on Pb(111), two kinds of moiré structures with differ-

ent angles relative to the Pb symmetry direction were shown
[26]

to arise from electronic effects.

Fig. 13. STM images of the same region (12 nmx 10 nm, 20 pA) ob-
tained with different bias voltages, as indicated in the image.!>>) The
Cgp molecular contrast shows bias dependence. Coincidence 8x8 su-
perstructure with respect to the Cg primitive cell is marked by parallel-
ograms in panels (c) and (d).

Upon Cgp adsorption on a Pt(111)-supported FeO layer,
charge could transfer between the Pt(111) surface and the Cgg
molecules by tunneling through the thin oxide layer. Due to
the inhomogeneous distribution of the work function, the mag-
nitude of charge transfer may be tuned when Cgq resides in
different regions. One can speculate that electrons prefer to
transfer from the Pt(111) to the electron-attracting Cg cage.
The direction of the charge transfer may also be influenced
by the dipole orientation of the oxide layer underneath. Any-
way, because of the modulated degrees of the charge transfer,
Cso molecules possess different electronic states when resid-
ing on different regions, and they exhibit bright-dim STM con-
trast. As shown in Figs. 13(c) and 13(d), the majority of Cgg

molecules are imaged as protrusions, and the rest are shown

up as a protrusion with a hole. According to density function
theory (DFT) calculations,!'”! the Cqy molecules exhibiting
bright protrusions in the filled-state STM image are oriented
with a 6:6 bond facing up, and the protrusions with a hole cor-
respond to molecular orientations with a hexagonal ring facing
up. By considering the commensurability between the Cgg N—
N distance and the underlying moiré lattice, one more likely
coincidence lattice ordering would be a p(8x8) structure with
respect to the Cgo primitive cell, which overlays a 3 x3 moiré
cell of the FeO layer.

4. Assembly by delicate balance between inter-
adsorbate and adsorbate-—substrate interac-
tions

The adsorption of organic molecules on metal surfaces
has been intensively studied for prospective applications in
electronic and optoelectronic devices.!!'3-117] Because effec-
tive m—7 stacking of organic molecules can greatly facilitate
the overlapping of their 7 orbitals, resulting in high carrier mo-
bility, formation of homogeneously ordered molecular struc-
tures can greatly improve the performance of the moletronic
devices.!''8 In general, molecular ordering on a surface is
precisely governed by a delicate balance between intermolec-
ular and molecule—substrate interactions.!®~'4 In particular,
metal phthalocyanines (MePcs) and fullerenes have attracted
remarkable interest, in hope of applying them in fabricating
moletronic devices, especially in the field of gas and radia-

s,[119-1221 hydrogen storage and spin-based quan-

S [102,104,123]

tion sensor:
tum computing device

Here, we choose two typical molecules, the CoPc
molecule with planar 7-conjugate structure and Cgy with
spheroidal 7-conjugate structure. As we know, the intermolec-
ular and molecule—substrate interactions can be controlled, to
some extent, by the symmetry of the substrate. Due to the
symmetry match between fcc(001) metal surfaces and MePc
molecules, it can be expected that well-defined self-assembly
MePc layers could be formed on these surfaces. In Section
4.1, on a selected substrate, Cu(001), the evolving molecu-
lar orientations and structures of CoPc molecules from disor-
dered distribution, to self-assembled monolayer (SAM), and
finally periodic structures in the second layer are reviewed.
The coverage-dependent structures and their evolutions domi-
nated by competing intermolecular and molecule—substrate in-
teractions will be discussed in detail.[!”]

Several studies have indicated that the wunderly-

ing surfaces may dramatically reconstruct upon fullerene

124-126] Unlike the adsorption and growth of pla-

adsorption.|
nar CoPc molecule, Cgo adds an additional degree of freedom

by molecular rotation, a characteristic which is crucial in
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the understanding of the Cgp growth manner. As we know,
the binding geometry and the exact adsorption structure of
the molecules on the surface may play an important role when
measuring the conductance through a single molecule.[!?7-130]
For Cgp, the complex adsorption structures on metallic sub-
strates depend on the nature of the chemical bond which is
related to the orientations of the Cgo cage with respect to the
substrate, on their geometric adsorption structures, and on
the partial filling of the lowest unoccupied molecular orbital
(LUMO), which is influenced by the charge transfer from the
substrate metal.!'31132] The work function of the substrate is
an important factor for the amount of charge transferred to the
Ceo cage. To better elucidate the nature of the charge transfer-
induced partial filling of the LUMO, Pt(111) substrate, with
its higher work function, was adopted. Moreover, at a high
enough temperature, the interaction between Pt(111) and Cgg
molecules is able to catalyze decomposition of the fullerene
cage, 1331341 demonstrating the strong bonding between them.
In Section 4.2, for the system of Cgp on Pt(11 1,110 the intra-
molecular orientations, interfacial structures, their adsorption
structure transformation as functions of coverage and temper-
ature as well as their thermal stability before decomposition
will be reviewed in order to understand the interaction between
Cep and its environment, an understanding that is fundamental

to the development of Cgg-based devices.

4.1. CoPc/Cu(001): Symmetry matching

Previous studies demonstrated that MePcs take various
adsorption structures and orientations depending on the cen-
tral metal ions and the substrate underneath.!'3>-138] More-
over, the electronic properties of MePcs can thus be greatly
influenced as well. For example, the Kondo effect of MePcs
was strongly influenced by the molecule—substrate interfacial
interactions.!'3°-141] Since the adsorption sites and thereby
the self-assembly manner of the MePcs are dominated by
the molecule-molecule interaction (MMI) and molecule—
substrate interaction (MSI), which vary with the molecu-
lar concentration, it is necessary to systemically investi-
gate the coverage-dependent MePcs adsorption structures and
their evolution. In this section, we review the compet-
ing intermolecular and molecule—substrate interactions domi-
nated molecular orientations and structures of CoPc molecules
on Cu(001) from disordered distribution, to self-assembled
monolayer (SAM), and finally periodic structures in the sec-
ond layer. 3]

Upon RT deposition, CoPc molecules separately dis-
tribute on the Cu(001) surface (Fig. 14(a)). CoPc molecules
have a strong tendency to locate at the step sites of Cu(001),

assembling into molecular chains along the step edges.!!]

High resolution STM images (Figs. 14(b) and 14(c)) demon-
strate that well-defined four-leaf-clover CoPc molecules are
formed. The center Co>* ions display as protrusions in the
filled state (Fig. 14(b)) and as depressions in the empty state
(Fig. 14(c)), which can be ascribed to the different Co*t
dz? orbital contribution to tunneling current at different bias
polarity.['*?) From Fig. 14(d), it is observed that the Co®* lies
directly on the top site of the Cu atom and the molecular lobes
have an angle of +22.5° with respect to the [1 — 1 0] direc-
tion. From the sketched molecular adsorption configurations
(Fig. 14(e)), the molecules showing two configurations have
the same chemical environments and adsorption energy, and
thereby have the equivalent adsorption ratio. No other adsorp-
tion configurations can be found, even when the coverage is in-
creased to monolayer, which indicates that the CoPc molecules
are stable in both adsorption configurations at RT. Upon in-
creasing the coverage to 0.83 ML, as shown in Figs. 14(f) and
14(g), the molecules arrange into a quasi-hexagonal lattice,
which can be proved by corresponding fast Fourier transform
(FFT) (inset of Fig. 14(g)). The molecules randomly distribute
in one domain with two different adsorption configurations
(Fig. 14(e)) as clearly indicated by depicting molecular con-
tours (Fig. 14(g)). In accord with the intermolecular spacing,
the molecular adsorption structure is proposed in Fig. 14(h),
in which the blue solid circles represent the positions of CoPc
molecules, neglecting the orientation information, and the yel-
low ones represent the copper atoms underneath. As shown
in Fig. 14(i), the CoPc molecules rarely adsorb on top of
other CoPc molecules until monolayer coverage is reached.
The lattice of the first layer is not quasi-hexagonal anymore,
but assembles into a quadrate lattice as shown in Fig. 14(j).
The corresponding molecular reconstruction structure is pro-
posed as (v/29 x v/29)R21.8°, as shown in Fig. 14(k). Note
that molecule insertion is possible in the quasi-hexagonal ar-
rangement (Fig. 14(g)). With more CoPc molecules coming
to the surface, molecule insertion induces the formation of
the quadrate reconstruction, a more compact arrangement.[15]
Comparing the 0.83 ML and 1.05 ML cases, in the latter case
the molecules have consistent orientation induced by inter-
molecular interactions, in which the short-ranged intermolec-
ular repulsive force dominates their assembly. As the molec-
ular distance is short enough, the energy associated with the
repulsive force can overcome the molecular rotation potential
barrier, and the molecules rotate and form the quadrate lattice.
The total energy of the system is lowered as a result of the con-
sistent orientation. On the other hand, in the 0.83 ML case the
CoPc molecules have a little longer intermolecular distance,
and the repulsive force attenuates rabidly, resulting in incon-

sistent orientation in quasi-hexagonal arrangement. [
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Fig. 14. (a) Typical STM image (30 nmx30 nm, 2.0 V, 59 pA) of CoPc molecules (~0.20 ML) on Cu(001) surface.!'>! (b) and (c)
Zoomed-in STM images (5 nm x5 nm, 44 pA) of the region indicated by a solid square showing isolated CoPc molecules with different
appearances.'>! (b) —0.50 V, (¢) 1.50 V. (d) STM image with a CoPc molecule and the substrate lattice resolved simultaneously. ') (e)
Two equivalent adsorption structural models of CoPc on Cu(001).1"31 (f) STM image of ~0.83 ML CoPc on Cu(001) surface.[13] (2)
Zoomed-in STM image (15 nmx 15 nm, 1.0 V, 50 pA). Inset is the corresponding FFT image suggesting quasi-hexagonal molecular
arrangement.[!>! (h) Proposed reconstruction structure.!!>! Yellow and blue spots represent the positions of the substrate copper atoms
and the Co?* ions of CoPc molecules, respectively. (i) STM image (50 nmx 50 nm, 0.50 V, 50 pA) of CoPc with 1.05 ML coverage.[!’!
(j) Compact arrangement structure of the first molecular layer. (k) Proposed structural model for the CoPc monolayer on Cu(001 ).113]

With molecular coverage increased to ~1.6 ML, as shown
in Fig. 15(a), the molecules of the second layer aggregate into
a quadrate lattice but with a different lattice distance, which
has been identified as v/38 x /38 reconstruction.!!5! On the
surface, there are a few domains, such as one domain in-
dicated by the arrow, in which the molecules arrange more
compactly. From the zoomed-in STM image (Fig. 15(b)),
it can be clearly seen that there are two kinds of molecular
lattices. A corresponding schematic is shown in Fig. 15(c).
The high-resolution STM images of the v/58 x /58 superlat-
tice (Fig. 15(d)) displays that every phenyl-lobe of CoPc ad-
sorbed on top of the first CoPc layer changes into two frag-
ments, relating to the free CoPc molecules orbital, and the
central Co?t ions are more pronounced, different from the
molecules directly adsorbed on Cu(001) in appearance. All the
molecules in both v/38 x v/38 and v/29 x /29 constructions
locate on top sites of the first layer. However, the molecules
rotate 45° in the v/38 x /58 structure while no rotation is

found in the v/29 x /29 structure. The different molecules—
substrate interfacial and intermolecular interactions are sup-
posed to play a key role for these orientation differences. At
the initial period of molecular adsorption on the first layer, the
molecules rotate 45° as mentioned in the 1.05 ML case. As
more and more molecules adsorb on the first layer, first the
molecules arrange into the /58 x 1/58 superlattice. Owing
to the large intermolecular distance, a CoPc molecule can en-
ter a v/38 x /58 unit cell, as the molecular coverage is high
enough, leading to the formation of V29 x /29 reconstruc-
tion. Figure 15(e) shows the possible structural evolution pro-
cess from /38 x /538 structure to v/29 x /29 structure. The
insertion of a CoPc molecule into a v/38 x v/58 unit cell in-
duces this molecule and its neighboring ones to rotate and
form an angle of 0° with respect to the ones underneath, in
order to decrease the energy of the whole system, forming the
/29 x v/29-R21.8° structure.[!9!
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Fig. 15. (a) STM image (93 nmx93 nm, 2.05 V, 71 pA) of the surface
with CoPc coverage of ~1.6 ML.[15] (b) An area (9.25 nmx9.25 nm,
2.05V, 72 pA) having both /38 x /38 and v/29 x /29 structures and
(c) is its schematic structure.!!>! (d) High-resolution STM image (4.5
nmx4.5 nm) of the second molecular layer with V/38 x /38 structure
(1.50 V). (e) Proposed structural transition process from V38 x /58 to
V29 x /29 structure.[19]

4.2, Cgo/Pt(111): Charge transfer

Recently, a large number of studies have focused on the
adsorption and interaction of Cgoy molecules with solid sur-
faces, in which a variety of Cgp—substrate interactions, rang-
ing from weak van der Waals type to strong chemisorptions

d. [21-23,28,29,108,143-154] Due to the complex

have been reveale
adsorption structures of Cgo on metallic substrates, the nature
of Cgp—metal interactions is still far from being completely un-
derstood. The focus of this section is to review the thermally
activated intra-molecular orientations and interfacial structural
reconstructions as well as the transformation of their adsorp-
tion structure.

Upon RT deposition of Cgp molecules on a Pt(111) sur-
face, Cg aggregate into larger islands, as shown in Fig. 16(a).
The corresponding line profile (not shown here) demonstrates
the formation of Cgy single-layer islands (SLIs), which is
the consequence of balancing Cgy—Cgg intermolecular interac-
tion and Cgo—substrate interfacial interaction.!'®! This growth
mode is associated with the relatively low mobility of Cgg
molecules, as previously revealed for Cgy on SiC nano-
mesh,!'3) and is also consistent with the strong Cgo—Pt inter-
action as predicted.°%~138 The Cgy molecules form oriented
domains, as denoted by A and B. The orientations of the two
domains are rotated 15+1° with respect to the Pt(1 — 1 0) di-
rection. It is concluded that both domains (A and B) corre-
spond to Cgo/Pt(111)-(v/13 x v/13)R13.9° superstructure.

Orientations of Cgy molecule with respect to Pt(111) are

clearly identified in a high-resolution STM image (Fig. 16(b)).
Rotations of Cgy on Pt(111) are hindered at RT due to the
strong molecule—substrate interaction/bond. Five types of
molecular topographies are clearly revealed, among which
89% of the Cgp molecules show the dumbbell pattern (6:6
bond), with their C, symmetry axis randomly oriented in
the plane. Molecularly resolved STM images (Figs. 16(c)
and 16(d)) reveal that stepwise thermal treatment induces Cgg
molecules to arrange into a more and more ordered orientation
(Fig. 16(e)) with the final formation of a three-lobe intramolec-

ular pattern as shown in Fig. 16(d).[1¢)

Fig. 16. (a) Molecular-resolution STM image (30 nmx25 nm) of Cg
single layer (2.0 V, 30 pA).['% (b) High resolution STM image (2.0 V,
40 pA, 12 nmx10 nm) of C4SAM on Pt(111) with clearly resolved
molecular orientations.!'%) (c) High resolution STM image (2.0 V,
40 pA, 20 nmx7 nm) showing the molecular orientation after anneal-
ing treatment. Most molecules show ‘al’ and ‘a2’ configurations that
are randomly oriented. At the circled area, molecules in the same rows
are oriented uniformly.['®! (d) Uniformly self-assembled Cgy molecules
with hexagonal configuration after further annealing of the sample at
700 K for 10 min (2.0 V, 40 pA, 10 nmx 3 nm). ') (e) The thermally ac-
tivated evolution of molecular orientations in CgoSAM on Pt(111).11°!
(f) High resolution STM image (2.0 V, 40 pA, 14 nmx 14 nm) show-
ing Cgop molecules of Cgo/Pt(111)-(v/13 x v/13)R13.9° (lower part)
and (2v/3 x 2\/§)R30° domains (upper part) with ordered distribu-
tion and orientation. !9 (g) Proposed adsorption model of Cgo/Pt(111)
(2V3 x 2\/§)R30° superstructure.“s]

Figure 16(f) displays a typical STM image of the sam-
ple subjected to further annealing at ~1100 K.!'¢! The Cgj
molecules are resolved to have the identical molecular con-
figuration (hexagon) within two (2V/3 x 2\@)R30° domains
(upper part) and a (v/13 x \/B)R13.9° domain (lower part)
That Cg
molecules can stably exist on the Pt(111) surface after an-

with some exception at the domain boundaries.

nealing at 1100 K suggests the strong bonding between Cgg
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and Pt surface atoms. In addition, from the high-resolution
STM images, it can be seen that the molecular orientation and
appearance are identical, adopting hexagonal configuration
in Cgo/Pt(111)-(24/3 x 24/3)R30° and Cgo/Pt(111)-(v/13 x
V/13)R13.9° domains, and three vectors of the hexagon face-
up of all the Cgp molecules are parallel to the Pt(1 — 10) di-
rection. Also, all the Cgy molecules on Pt(111) have similar
apparent heights. These phenomena suggest that the inter-
facial structure in Cgo/Pt(111)-(2v/3 x 24/3)R30° domain is
most probably the same as in Cg/Pt(11 D-(v/13 x \/ﬁ)R13.9°
domain.'"°! Figure 16(g) displays the corresponding pro-
posed adsorption structure, following the Cgo/Pt(111)-(v/13 x
V/13)R13.9° interfacial structure. First-principles calculations
have demonstrated that Cgy molecules adsorb on the Pt(111)
surface with the center of a hexagonal ring located on top of a
surface Pt atom. One Pt atom under every Cgg molecule can be
removed easily, and the neighboring slightly displaced Pt sur-
face atoms form six covalent Pt—C bonds with the Cgy molec-
ular hexagonal faces.[®"! The strong covalent bonds between
Ceo and the Pt(111) surface and the formation of adatom-
vacancy pairs in the Cgo/Pt(111) system may be the main driv-
ing forces promoting the substrate reconstruction pattern ob-

served in experiments. 160!

5. Conclusion and outlook

Experiments with controlled growth of low-dimensional
nanostructures on solid surfaces provide valuable informa-
tion for the development of future nanoscale devices. In
this review, we show that various nanostructures can be tai-
lored with desired geometric order and well-defined shapes
by balancing the interplay between adsorbate-adsorbate and
adsorbate—substrate interfacial interactions. On template
surfaces, such as Si(111)-7x7 and Ge(001)-2x1, ordered
nanoparticles/nanowires can be formed under the domination
of strong adsorbate—substrate interaction. For example, on
Si(111)-7x7, diverse Ge-based nanostructures can be assem-
bled as functions of coverage and annealing temperature, rang-
ing from an isolated, substituted atom to “local Madelung en-
ergy” stabilized nanoparticles with varying geometric config-
urations and to a Ge/Si intermixing-induced 2D wetting layer.
Moreover, the strong interaction between the metal nanopar-
ticles and the underlying oxide support greatly influence not
only the size and shape of the growing nanoparticles but also
their chemical identity. For example, Pt nanoparticle encapsu-
lation by FeO monolayer is induced by the SMSI effect. Ad-
ditionally, by inserting an oxide layer between the adsorbate
and the metallic substrate, the underlying metallicstates are
effectively decoupled, making the adsorbate—substrate interac-
tion weaker. The degree of interaction between nanoparticles
can be controlled via the preparation procedure, thus open-
ing up the possibility to study the influence of this property

with respect to reactivity and catalytic behavior. Moreover,
the charge transfer from the metal substrate to the adsorbed
atoms or molecular constituents may be tuned by changing the
spatial variations of the surface potential inside the polar ox-
ide layer in order to influence the inter-adsorbate interaction
and, in turn, the spatial distribution/growth mode of the metal
nanoparticles or organic molecules. On metal surfaces, the
adsorption sites and thereby the self-assembly mode of the ad-
sorbed molecules are precisely governed by a delicate balance
between intermolecular and molecule—substrate interactions.
The formation of well-defined molecular layers can be con-
trolled not only by the laterally repulsive molecule-molecule
interaction but also by symmetry matching (e.g., CoPc on
Cu(001)) or charge transfer between adsorbed molecules and
the substrate (e.g., Cgp on Pt(111)). We believe that these
STM-based studies of tailoring low-dimensional nanostruc-
tures in a controlled manner are of great interest for further
atomic scale engineering. A further challenge for the future
would be to understand the nature of interactions between
atoms or molecules or supermolecules within the assembled
functional structures through a combination of advanced ex-
perimental techniques and first-principles calculations.
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