1.1 Surface diffusion

(a) Using linear optical diffraction technique

Surface diffusion is one of the many surface processes which are both fundamentally and technologically
important. It plays vital roles in crystal growth, thin film epitaxy, surface chemical reaction, surface catalysis,
and corrosion. The previously available techniques suffer different problems such as specific to particular
systems (FIM, FEM), too small dynamic range, or complicated and indirect relations for diffusion coefficient
extraction. We have successfully developed a linear optical diffraction technique for surface diffusion study [1].
Compared to other techniques, this optical technique has a number of advantages: i) it involves a one
dimensional diffusion process and the diffusion coefficient can be easily extracted; ii) it can measure a wide
dynamic range of diffusion coefficient, as much as 9 orders of magnitude, from 10 to10™"* cm*/sec, while others
can only measure ~3 orders of magnitude or less; iii) it can readily measure anisotropic diffusion; iv) there is no
limitation on the substrates, either metals, or semiconductors, or insulators are all possible; v) it has a very high
sensitivity so that the coverage dependence of diffusion can be investigated.

With this technique, over the years, we have systematically studied a wide range of effects such as
coverage [2-5], anisotropy [6,7], impurity [8-10], step [4,5,11-14], and phase transition [13,14] on diffusion for
gas atom or molecules on a number of metal substrates. The conclusions obtained not only enrich our
fundamental understandings on the diffusion process itself but also shed light in surface chemical reaction and
catalysis in particular, and thin film expitaxy and crystal growth in general.

For CO/Ni(110) [2], CO/Pt(111) [3], H/W(100) [4], and H/Pt(111) [5], the coverage effect has been fully
studied. Since we can make a shallow coverage grating, i.e., with a small coverage difference (~0.02ML)
between the high and low surface density regions, the interactions among the molecules are easily extracted out,
either within mean field approximation or the quasi-chemical approximation. For the above systems, the
adsorbate-adsorbate interactions were found dominantly repulsive and speed up diffusion as coverage increases.

For diffusion over a length scale of microns, steps are often a concern and their effects on diffusion must
be studied. We have systematically studied step effect for CO/Pt(111) [11,12,13], H/W(100) [4], H/Pt(111) [5]
with controlled step densities via miscutting the surface with different amount. These three systems actually
represent different step effects: While for CO/Pt(111), the normal step hindrance of diffusion was observed,
diffusion of H/W(100) was found to be little affected by steps. On the other hand, for H on Pt(111) it was found
that diffusion actually speeds up on stepped surfaces, in strong contrast to the conventional picture of step effect,
calling for a non-local mechanism to explain the results.

It is particularly worthwhile to study CO diffusion on Pt(111). Surprisingly, six groups in the last thirty
years have measured the surface diffusion coefficient of this system by a variety of techniques. Yet, the results,
both the diffusion activation energy and prefactor, were scattered at significant discrepancies. We have taken the
optical diffraction method to examine the problem. Working on well characterized stepped Pt(111) surfaces, we
have discovered that the step effect can explain most of the discrepancies observed in the past [3]. In addition,
we observed a number of interesting phenomena for CO diffusion perpendicular and parallel to the steps, such as
very different prefactors on terraces, across steps, and parallel to steps; a new step-parallel diffusion channel that
strongly dependent on step orientations [10,12-14].

We have also studied impurity [8-10] and phase transition [4,15] effect on surface diffusion. In the case of
S on Ni(110) [8,9], we found that a low degree of impurity contamination of ~1% ML of S could already affect
CO diffusion dramatically, an unexpected results. The observation is important not only for re-interpretation of
many previous measurements but also for theoretical understanding of the diffusion mechanism over areas larger
than a terrace width. We have developed a model to explain our observation. Phase transition has been predicted
to affect surface diffusion for a long time. However, clear experimental demonstration is rare. For H on W(100)
[4,15], we have shown that a second order phase transition of the substrate clearly slows down surface diffusion,
verifying the theory and moreover supplement the theory with important finite size effect.

(b) Using scanning tunnelling microscopy
Recently, we have developed a new operation mode with scanning tunnelling microscopy to measure

diffusion within a nano-region confined by surface potential heterogeneity. Compared to previous STM modes
for diffusion measurement, our method can measure at least 4 orders of magnitude faster diffusion and provides



information on the site specific hopping rate. With this method, one may detect quantum diffusion of H (~10™2
cm’/sec) which was inaccessible with STM before. The inaccessibility to fast diffusion measurement by STM is
an obstacle in the past for its application to a wide range of practically important systems. We have used this
method to measure diffusion of a number of metallic atoms confined in the half unit cell of Si(111)7x7 [16].
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1.2 Nanotribology study using atomic force microscopy

Tribology, a study of friction, adhesion, and wear, is an old subject of science. However, tribology study at
nanometer scales, nanotribology, has become a focused study in recent years not only because of the search for
fundamental understanding of the origin of friction, adhesion, and wear, and the application in magnetic data
storage systems and in micro-electro-mechanical systems, but more importantly because of the invention of
atomic force microscope (AFM), which made the study of tribology at this scale possible. In the age of reduced
device size in both electronics and micromachines, understanding and control of tribological properties at
nanometer scales is increasingly important.

We are among the first to study tribology using AFM, and its offspring frictional force microscopy (FFM),
in particular for quantitative measurements. Our measurement on mica [1] represented the beginning of
quantitative nanotribology. Our work on lubricant monolayer [2-5] also stimulated continuous interest on the
subject.

In quantitative nanotribology measurement, we first carefully characterized the properties of clean mica
surface and established it as a reference [1]. This reduces or even eliminates the uncertainties involved in AFM
cantilever force constants, tip chemistry, and tip size and shape. With the later development to quantitatively
measure the normal and lateral force constants for AFM cantilevers, quantitative nanotribology on any sample
becomes possible and comparison between results among different groups becomes meaningful. Our study on
the chain length dependence of lubrication effect of alkylsilane monolayers on mica is also a representative work
in such a direction [5].

During recent years in HKUST, we have been focusing on two topics of nanotribology: (1) to identify
energy dissipation channels in frictional process at nano scale; and (2) to study environment effects on organic
monolayer lubricants. For the former, we wanted to control the degrees of freedom of motion and isolate one that
can be controlled for energy dissipation study. For example, Cg single crystal undergoes an orientational order-
disorder phase transition, in which the molecular rotational degree of freedom changes from a free one to a
hindered one. Measurement of frictional and adhesion properties across the phase transition allow us to conclude
that this degree of freedom only affects adhesion but does not provide effective energy dissipation mechanism
[6]. In an alkanethiol monolayer film, the packing structure can be changed via thermal treatment. We found that
for compact packing the friction is small but for open packing the friction drastically increases [7,8]. This
phenomenon can be explained by that the creation of gauche defects in the open structure would dissipate energy.
These fundamental studies enriched our understanding to the origin of friction in particular from the fundamental
excitation point of view.

The environmental effect on monolayer lubricants is important in their applications. Here, we have to
characterize the binding strength between the monolayer to the substrate and among the monolayer itself [9]. We
have further studied how humidity and temperature affect their lubrication performance. We found that the
alkylsilane lubricants can help reduce the stiction of Si/Si contact significantly [9-14]. In addition, the reduction
of the adhesion is only weakly humidity dependent. For alkanethiol on Au(111), we found that the monolayer
can have different structures, which in turn results in different friction. Those results are keen for their
applications in magnetic storage and micromachine systems since durability and environmental change are the
factors that must be considered.

Recently, we expanded our direction to study glass-to-rubber phase transition of polymers by using the
adhesion and friction measurements [15-18]. Such studies provide important information on the behavior of
polymer surfaces in contrast with polymer bulk.
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1.3 Novel properties of nano structures and nanomaterials

Nano science is an active research field in recent years. We are making use of the optical and microscopic
tools to actively study the properties of nanostructures and nanomaterials.

Metal clusters of nanometer sizes are interesting because they often exhibit novel physical and chemical
properties. Due to the small size, when placed in a double-barrier tunnel-junction (DBTJ) geometry, discrete
charging properties such as Coulomb blockade and Coulomb staircases show up. When the size of the cluster is
small enough, the energy levels may become discrete as well due to quantum size effect. Again, the quantized
energy levels can be observed in the tunnelling spectroscopy. The discrete charging effect can be used to realize
single electron transistor devices, a base for future generation electronics. In the past years, we have studied Au
clusters evaporated on alkylthiol/Au(111) [1,2,3]. The Au clusters are of two dimensional. It is found that the
Coulomb blockade/Coulomb staircases still exists, with some detail difference from the three dimensional
clusters [4]. Because of the two dimensionality, the size of the clusters can be measured by STM precisely while
the tunneling spectrum is being taken. With the size information, we can check the validity of the theory directly.
By reducing the distance between an STM tip and the cluster, we have found some intriguing tunneling
behaviour [3]: The width of the Coulomb blockade (e/2C) first decreases as a consequence of increased
capacitance, and then increases due to “quantum capacitance” of the junction. Our observation established the
quantum effect of capacitance for the first time by experiment.

Carbon nanotube is another topic that attracts intensive research in the last decade. It is regarded as a key
materials in nano-technology. While single-walled carbon nanotubes are known to exhibit many interesting
mechanical and electrical properties due to their unique one-dimensional (1D) structures, only recently
photoluminescence (PL) from the direct band gap semiconducting carbon nanotubes was reported, which may
extend the possible applications to optoelectronics. We found that strong visible PL was emitted from metallic
(3,3) tubes and from indirect narrow band-gap (~0.2 eV) semiconducting (4,2) tubes, which become metallic
after N-doping [5]. Compared to bulk gold and copper which have a PL efficiency of only ~10™", our discovery
demonstrates that 1D metals could be much more efficient PL emitters.
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