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Preface

The roots of micro/nanotribology can be found deep in conventional concepts of tribology. The recognition in
the last century of elasto-hydrodynamic lubrication �EHL � as the principal mode of ßuid-Þlm lubrication in
many machine components enabled reliable design procedures to be developed for both highly stressed and low
elastic modulus machine elements. Towards the end of the last century submicron Þlm thicknesses were rec-
ognized in many EHL applications. It is now being asked how EHL concepts can contribute to understanding
the behavior of even thinner lubricating Þlms. The answer is to be found in the subject widely known as
micro/nanotribology.

As early as 1929 Tomlinson considered the origin of friction and the mechanism of energy dissipation in terms
of an independent oscillator model. This import ant approach provided the foundation for many present studies
of atomic scale friction. The rapid development of micro/nanotribology in recent decades is certainly a signiÞ-
cant and fascinating aspect of modern tribology. New scientiÞc instruments, impressive modeling, and com-
puter simulations have contributed to the current fascination with nanotechnology.

A remarkable indication of these developments is evident in the boom of publications. Nevertheless, the knowl-
edge and understanding of micro/nanotribology remains incomplete, although several books related to the
subject have now been published. The interdisciplinary nature of tribology persists in studies of micro-
scopic scale tribology. Individual investigators contribute to speciÞc aspects of the Þeld as they help to develop
a general picture of the new Þeld of micro/nanotribology, thus adding additional bricks to the house of truth.

The present book is written by authors whose backgrounds are mainly in mechan ical engineering. They present
individual contributions to the development of microscopic tribology, with signiÞcant effort being made to form
a bridge between fundamental studies and applications.

I am conÞdent that readers in both academic and industrial sectors will Þnd the text interesting and beneÞcial
to their understanding of an exciting aspect of modern tribology.

Duncan Dowson
Leeds, U.K. June 2008

xi
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1
Introduction
Shizhu Wen, 1 Jianbin Luo, 1 and Yuanzhong Hu 1

IN 1966, “TRIBOLOGY,” AS A NEW WORD IN SCIENCE ,
was Þrst presented in a report by the U.K. Department of
Education and Science, which has been usually known as
the Jost report. Tribology is deÞned in this report as the sci-
ence and technology of interacting surfaces in relative mo-
tion and of related subjects and practices. The report empha-
sized the importance and a great potential power of
tribology as an individual branch of science in the develop-
ment of modern national economy. In the history of science,
however, research activities on tribology can be traced back
to the 15th century, when Leonardo da Vinci �1452Ð1519�
presented a scientiÞc deduction on solid surface friction.

As a practice-based subject, the formation and develop-
ment of tribology have always been associated with the re-
quirement from society and technology development. Tri-
bology experienced several different stages in its history. Its
developing process indicates an obvious trend of integration
and combination of multi-scientiÞc subjects in a multi-scale
nature from macroscopic dimension to nanometre.

The most remarkable character of tribology is the inte-
gration, combination, and interaction between multi-
scientiÞc subjects. This not only broadens the scope of tri-
bology research, but also enriches the research mode and
methodology. An early research was typically of Amontons
and CoulombÕs work on solid surface friction before the 18th
century. Based on experimental observations, they con-
cluded an empirical formula of sliding friction. An
experiment-based research mode represented a characteris-
tic of this stage. At the end of the 19th century, Reynolds �1�
revealed load carrying mechanics of lubricating Þlms and es-
tablished a foundation of the ßuid lubrication theory based
on viscous hydrodynamics. A new theoretical research mode
was then initiated, which is associated with the continuous
medium mechanics.

After the 1920s, the multi-subject nature of tribology re-
search was enhanced due to rapid development of economy
and relative technologies. During this period, Hardy �2� pro-
posed a model of boundary lubrication. He explained that
the polar molecules in lubricant had a physicochemical in-
teraction with metal surfaces, from which the boundary lu-
bricating Þlms were formed. At the same time, Ostwald �3�
presented a conception of mechano-chemistry, referring to
the physicochemical change and effect induced by the en-
ergy alternation in the friction and impact process. Subse-
quently, Heinicke �4� published his monograph in a book
titled Tribochemistry , emphasizing an integration of tribol-
ogy and chemistry. Bio-tribology emerged in the 1970s and is
another example of the integration of multi-scientiÞc sub-

ject research that bridges tribology, biology, and iatrology. In
development, it integrated with bionics and nanotechnol-
ogy, and created a new research Þeld �5�. Clearly, modern tri-
bology, in the process of its maturity, has combined different
scientiÞc subjects into an integrated science and technology.

A new stage of tribology started in the 1980s because of
an awareness of 21st century-oriented nanotechonology,
which resulted in a series of new scientiÞc branches, such as
nanoelectronics, nanomaterials, and nanobiology, etc.
Micro/nanotribology �6�, or molecular tribology as some
prefer to call �7�, is one of the most important branches that
emerged during that period. Nanotechnology studies behav-
iors and interactions of atoms and molecules in
natural or technical phenomena at nanometre scale �0.1 nm
� 100 nm � to improve and enhance our understanding of na-
ture. This would enable us to deal with the existing world
more effectively. In other words, micro/nanotribology cre-
ates a microscopic research mode of tribology.

Another remarkable aspect of tribology is the transition
from macro scale to micro scale research known as scale-
down development. The foundation of micro/nanotribology
is not only a result of the integration of multi-scientiÞc sub-
jects, but also originates from the understanding that a tri-
bology process can proceed across several scales. A reduc-
tion in the research scale from macro to micro metre is also
determined by the nature of the tribology process itself. In a
friction process, for example, the macro tribology property
of sliding surfaces depends closely on micro structure or mi-
cro interactions on the interface. Micro/nanotribology pro-
vides a new insight and an innovative research mode. It re-
veals mechanisms of the friction, wear, and lubrication on
atomic and molecular scale, or both, and establishes a rela-
tionship between the microstructure and macroscopic per-
formance. This is very important for the further develop-
ment of tribology.

In addition, micro/nanotribology also has a broad appli-
cation foreground. A development of modern precision ma-
chinery, high technology equipment, and especially the
newly born scientiÞc areas promoted by nanotechnology,
such as nano electronics, nano biology, and the micro elec-
tromechanical system, leads to an urgent demand on micro/
nanotribology research for theoretical support.

It is clear that the emergence of micro/nanotribology
marks a new stage in tribology progress. Winer �8� pointed
out that a promising development of tribology is the micro
or atom-scale tribology. In such an area, new instruments for
surface observations with sub-nanometre resolution have
been established, and computer simulations allow one to ex-

1 State Key Laboratory of Tribology, Tsinghua University, Beijing, China.
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2plore a tribological process at atomic scale. These might
bring a great breakthrough in the Þeld of tribology.

As research progresses, a great many papers on the sub-
ject of micro/nanotribology appear in journals of science
and engineering, and several books have been already pub-
lished over the past decade. Examples include Micro and
Nanotribology by N. Ohmae, J. M. Martin, and S. Mori �9�,
Handbook of Micro/Nanotribology edited by B. Bhushan �10�,
and many more. To the present authors, however, it is worth-
while to write a new monograph on this subject for good rea-
sons such as: �1� The present book is contributed by a group
of authors who have been working on various aspects of
micro/nanotribology for more than a decade and yet closely
cooperating in the same institution, the State Key Labora-
tory of Tribology �SKLT �, which makes the book more sys-
temic and more extensive. �2� The book focuses on physics/
mechanics of micro/nanotribology, which may be found
interesting and convenient to the readers with a background
in mechanical engineering. The book was written on the ba-
sis of the new progress in micro/nanotribology since the
1990s. Since it is difÞcult for a single book to cover all related
subjects, more attention is paid to the areas we have been
working on, and in particular to the subjects brießy dis-
cussed in the following.

The Measurement and Investigation of Thin
Film Lubrication ŒTFLƒ

Since the 1990s, signiÞcant progress has been made in this
area, particularly three methods for the measurement of lu-
bricant Þlm at nanoscale. They are the spacer layer
optical interferometry �SLOI � proposed by Johnston
et al. in 1991 �11�, the relative optical interference intensity
�ROII � technique proposed by Luo et al. in 1994 �12,13�, and
the thin Þlm colorimetric interferometry �TFCI � proposed by
Hartl et al. in 1997 �14,15�. These instruments are powerful
for an investigation of the properties and characteristics of
oil Þlms from a few nanometres to hundreds of nanometres
in a contact region between a steel ball and a glass disk with a
semi-reßected coating. Therefore, thin Þlm lubrication
�TFL � as a lubrication regime between elastohydrodynamic
lubrication �EHL � and boundary lubrication has been pro-
posed and well studied from the 1990s �12Ð14�. In this re-
gime, the isoviscosities of liquid depends on multiple fac-
tors, such as the distance between two solid surfaces, the
polarity of additives, the surface energy of the materials in
contact, the external voltage applied, etc. �13,16,17�. The iso-
viscosity of pure hexadecane in a 7 nm gap, e.g., is about two
times of its bulk viscosity, or, about three times to more than
ten times of their bulk viscosities when the polarity additive
is increased to a concentration of 2 %. The critical Þlm thick-
ness for the transition from EHL to TFL was proposed as
�13�:

hct = a + bec/� 0 �1�

where hct is the critical Þlm thickness; � 0 is the initial viscos-
ity of lubricant; a, b, and c are coefÞcients that are related,
respectively, to surface energy or surface tension, the
electric-Þeld intensity, and the molecular structure and po-
larity of the lubricant.

Another powerful tool for investigating a rheology of liq-
uid Þlms on nano-scale is Surface Force Apparatus �SFA�

which was invented in 1969 by Tabor and Winterton �18� and
further developed in 1972 by Israelachivili and Tabor �19�. In
the 1980s, SFA was further improved by Israelachivili and
McGuiggan �20�, Prieve et al. �21�, and Tonock et al. �22�. A
great number of interesting results have been obtained by
using SFA. It is indicated that as Þlm thickness decreases to a
molecule dimension, the conÞnement of walls would induce
dramatic changes in rheological properties of thin Þlms, in-
cluding the viscosity enhancement, non-Newtonian shear
response, formation of ordering structures, and solidiÞca-
tion �23�. These have greatly improved our understanding of
TFL and boundary lubrication as well.

Surface Coatings

In the past ten years, another signiÞcant progress in tribol-
ogy is attributed to surface coatings and surface texture.
New coating materials and technologies for preparing ultra-
thin solid Þlms have been developed which has attracted
great attention in the Þeld of tribology.

Near Frictionless Coatings ŒNFCƒ
It has been a dream for a tribologiest to create a motion with
a super low friction or even no friction between two contact
surfaces. In order to reduce friction, great efforts have been
made to seek materials that can exhibit lower friction coefÞ-
cients. It is well known that friction coefÞcients of high qual-
ity lubricants, e.g., polytetraßuoroethylene �PTFE�, graph-
ite, molybdenum disulphide �MoS 2� , etc., are hardly reduced
below a limit of 0.01.

Diamond-like carbon �DLC� coating has emerged as one
of the most attractive coatings. It exhibits many excellent
properties, for instance, a low friction coefÞcient, high hard-
ness, good bio-consistence, etc. At the end of the last century,
Erdemir et al. �24�, from Argonne National Laboratory USA,
reported a new type of DLC Þlm called near frictionless car-
bon �NFC� coating. It is reported that super low friction coef-
Þcients in a range from 0.001 to 0.003 have been achieved be-
tween ball and disk, both coated with NFC Þlms. Such a low
friction coefÞcient was proposed mainly due to the elimina-
tion of the strong covalent and � -� * interaction at sliding
DLC interfaces plus good shielding of carbon atoms by di-
hydration �25�. The additional works have been tasked for an
improvement of anti-wear property of these low friction
coatings.

Superhard Nanocomposite Coatings
Superhard materials refer to the solids with Vickers hard-
ness higher than 40 GPa. A great number of attempts have
been made to synthesize these superhard materials with the
hardness close to the diamond. Two approaches were
adopted to achieve this objective. One is to synthesize intrin-
sic superhard material. In general, it is believed that the dia-
mond is the hardest intrinsic material due to strong, nonpo-
lar C-C covalent bonds which make the hardness as high as
70Ð100 GPa. Synthetic c-BN is another of the hardest bulk
material with a hardness of about 48 GPa. Ta-C coatings
with a sp 3 fraction of larger than 90 % show a superhardness
of 60Ð70 GPa. The second approach is to make nano-
structured superhard coatings. Their superhardness and
other mechanical properties are determined by a proper de-
sign of microstructure. A typical example for nano-
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structured superhard coatings is the heterostructures or su-
perlattices. TiN/VN superlattice coatings, for instance, can
achieve a superhardness of 56 GPa as the lattice period is
5.2 nm �26�. Carbon nitrides are another type of coating ma-
terial. It is claimed that their bulk modulus could probably
be greater than diamond. This has attracted a great deal of
attention since its Þrst prediction in 1989 �27�.

Applications of Micro/Nanotribology

The technologies resulting from the progress in micro/
nanotribology have been successfully applied to the manu-
facture of high-tech products, such as hard disk drivers
�HDD �, integrated circuits �IC�, particularly high density
multilevel interconnected circuits, and microelectro-
mechanical systems �MEMS �. For example, the fast growth
of areal recording density of HDD, continuous decrease in IC
line width or the size of micro/nano-printing, and improve-
ments of MEMS service life and performance are greatly at-
tributed to recent advancements in micro/nanotribology.
Two typical applications are given in the following.

Hard Disk Driver ŒHDDƒ
The HDD recording density has been increasing at a high
rate of 100 % per year in the past ten years. It is expected that
the recording density is to be increased to over
1,000 Gbit/ in. 2 and the ßy height be decreased to about
3 nm in the near future. There are three major challenges for
tribologists to face today: �1� to make a solid protective coat-
ing, i.e., a diamond-like carbon �DLC� layer, with a thickness
of about 1 nm without any micro-pinholes; �2� to make a lu-
bricant Þlm about 1 nm thick on the disk and head surfaces,
or both, to minimize the wear, friction, and erosion; and �3�
to control vibration of the magnetic head and its impact on
the surface of the disk.

Ultra-Thin Coatings
DLC coatings on both HDD head and disk surfaces become
thinner with an increase of the storage area. Initially, sput-
tered DLC coatings with a thickness of 7 nm were used for an
HDD with an area density of 10 Gbits/ in. 2 �28�. Later,
PECVD was used to deposit a-C:H coatings less than 5 nm
in thickness on the disk surface, giving rise to an area density
of 20Ð30 Gbits/ in. 2 �29�. Recently, a-CNx coatings �28� and
Si doped coatings were introduced to replace a-C:H. In or-
der to achieve a storage density more than 200 Gbit/ in. 2,
only 2 nm is allowed for DLC protective coatings to remain
on the head and disk surfaces, or both. To synthesize this
thin and smooth DLC coating, it is required to grow the coat-
ing layer by layer to avoid island formation. As a result, a
deposition method with a high fraction of energetic carbon
ions is needed. Traditional deposition methods, such as
magnetron sputtering and PECVD, cannot meet this re-
quirement. Due to a nearly 100 % ions fraction, FCVA is a
promising technique to deposit an ultra-thin DLC coating
with a thickness of 2 nm or even less. Recent research indi-
cates that a continuous DLC coating with a thickness of
2 nm could be synthesized by FCVA. Additional work has to
be carried out to be successful in preparing continuous DLC
coatings with a thickness of 1 nm.

Lubrication and Monolayers
Impressive advances in lubrication technology of HDDs
have also made a great contribution to the theoretical devel-
opment of boundary lubrication. Perßuoropolyethers
�PFPE�, particularly PFPE Z-DOL, is one of the synthetic lu-
bricants that is widely applied due to its excellent perfor-
mance, such as chemical inertness, oxidation stability, lower
vapor pressure, and good lubrication properties �30�. Since
the recording density is approaching more than 1 Tbit/ in. 2,
a ßying height has to be reduced to about 2 nm. Sliding con-
tacts between two surfaces of the head and disk would occur
much more frequently than before. A good surface mobility
of lubricant Þlm could ensure the lubricant reßow and cover
the area where the lubricant molecules are depleted after a
head-disk interaction. Therefore, a proper combination of
the mobile and surface grafted molecules would be preferred
for the lubricant to be used in HDDs. Interaction of PFPE
with a DLC coating and lubricant degradation are important
subjects to be considered in HDD lubrication �31�. A more
detailed discussion on this issue will be given in Chapter 11.

In addition, efforts have been made to explore the possi-
bility of applying a monolayer as a lubricant to the surfaces
of the magnetic head and disk, or both �32Ð35�. The results
indicate:
1. The FAS SAMs on the magnetic heads lead to a consider-

able improvement on tribological and corrosion-
resistant properties, a high water contact angle, and
electron charge adsorption-resistant property of the
magnetic head.

2. The monolayers of organic long-chain molecules are
fairly well oriented relative to the substrates. Unlike the
bulk crystals, however, the ordering found in the mono-
layers is short-range in nature, extending over a few
hundred angstroms.

3. The short-range order gradually disappears as the tem-
perature rises, and the structure becomes almost com-
pletely disordered near the bulk melting point of the
monolayer materials.

Gas Lubrication Theory in HDD
In a hard disk drive, the read-write components attached to a
slider are separated from the disk surface by an air-bearing
force generated by a thin air layer squeezed into a narrow
space between the slider and disk surfaces due to a high rota-
tion speed of the disk. An increase in the HDD storage den-
sity requires a corresponding reduction of the smallest thick-
ness of the air bearing between the slider and disk surfaces,
estimated as low as 2 nm in the near future. At such a small
spacing, many new problems, such as particle ßow and con-
tamination �36�, surface force effect �37�, surface texture ef-
fect �38�, etc., emerge and have been extensively investigated
in recent years. From a theoretical point of view, the most
important problem is that the physical models that describe
an air-bearing phenomenon well at larger spacing could no
longer give any prediction close to the reality of 2 nm FH. So
it is important to have an improved lubrication model to en-
sure the read-write elements attached at their trailing edge
to ßy at a desirable attitude.

In 1959, Burgdorfer �39� Þrst introduced a concept of
the kinetic theory to the Þeld of gas Þlm lubrication. This was
to derive an approximation equation, called the modiÞed
Reynolds equation, using a slip ßow velocity boundary con-
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dition for a small Knudsen number Kn � 1. For larger Knud-
sen numbers, Hisa �40� in 1983 proposed a higher order ap-
proximation equation by considering both the Þrst- and the
second-order slip ßows. In 1993 Mitsuya �41� introduced a
1.5-order slip ßow model which incorporated different order
slippage boundary conditions into an integration of the tra-
ditional macroscopic continuum compressible Stokes equa-
tions under an isothermal assumption.

In 1985, Gans �42�, who treated the linearized Boltz-
mann equation as a basic equation, derived an approximate
lubrication equation analytically using a successive approxi-
mation method. Fuikui and Kaneko �43� started from a lin-
earized Boltzmann equation with slip boundary conditions
similar to GanÕs but with different solution methods. Conse-
quently, they derived the generalized Reynolds equation in-
cluding thermal creep ßow. Their results showed that the
BurgdorferÕs Þrst-order slip model overestimated the load-
carrying capacities, while the second-order slip model un-
derestimated it. In 1990, Fuikui and Kaneko �44� proposed a
polynomial Þtting procedure to explicitly express Poseuille
ßow rate as a function of the inverse Knudsen number using
cubic polynomials.

In 2003, Wu and Bogy �45� introduced a multi-grid
scheme to solve the slider air bearing problem. In their ap-
proach, two types of meshes, with unstructured triangles,
were used. They obtained the solutions with the minimum
ßying height down to 8 nm.

For a ßying height around 2 nm, collisions between the
molecules and boundary have a strong inßuence on the gas
behavior and lead to an invalidity of the customary deÞni-
tion of the gas mean free path. This inßuence is called a
Ònanoscale effectÓ�46� and will be discussed more speciÞ-
cally in Chapter 6.

Chemical Mechanic Polishing ŒCMPƒ
Chemical Mechanical Polishing, also referred to as Chemi-
cal Mechanical Planarization �CMP�, is commonly recog-
nized to be the best method of achieving global planarization
in a super-precision surface fabrication. From the technol-
ogy point of view, the original work to develop CMP for semi-
conductor fabrication was done at IBM �47�. It also has been
the key technology for facilitating the development of high
density multilevel interconnected circuits �48�, such as sili-
con, dielectric layer, and metal layers �49�.

The material removal mechanisms in the CMP process
involve abrasive action, material corrosion, electrochemis-
try, and the hydrokinetics process. They are closely related to
tribology. To date, it is extremely difÞcult to clearly separate
the key factors associated with a required removal and sur-
face quality during CMP. There is still a lack of knowledge on
the fundamental understanding of polishing common mate-
rials widely used in microelectronic industries, such as sili-
con, SiO 2, tungsten, copper, etc. The growing and wide-
spread applications of CMP seem to exceed the advances of
our scientiÞc understanding. Modeling the material removal
process is now an active area of investigation, which may
help us to improve the understanding of CMP mechanisms.
In the recent ten years, progress in the following aspects has
contributed much to the development of CMP technology
and the understanding of CMP mechanisms.
1. An investigation of interaction between individual par-

ticles and solid surface indicates that the atoms on the
surface have been extruded out by the incident particles.
This forms a pileup at the rim of the impacted region.
Amorphous phase transition takes place and materials
in the contact region are deformed due to plastic ßow in-
side the amorphous zone �50,51�.

2. The material removal in CMP is attributed to multi
mechanisms of wear, including abrasive, adhesive, ero-
sive, and corrosive wear.

3. An abrasive-free CMP is an enhanced chemically active
process, which provides lower dishing, erosion, and less
or no mechanical damage of low-k materials compared
to conventional abrasive CMP processes �52�.

4. Electric chemical polish �ECP� and electric chemical
mechanical polish �ECMP� � 53� have been developed as
promising methods for global planarization of LSI fab-
rication and abrasive-free polish.

5. The surface stress free �SSF� approach for removal of
the Cu layer and planarization without polishing is criti-
cal for manufacturing a new generation of IC wafer
composed of soft low-k materials �54�.

Summary

Micro/nanotribology emerges as a new area of tribology and
has been growing very fast over the past ten years. Both the
experimental measuring technique and the theoretical
simulation method have been scaled down to atomic level,
which provides powerful tools for us to explore new tribo-
logical phenomena or rules in a nano-scale. As we recog-
nized, new challenges would emerge as a result of develop-
ment in nanotechnology, particularly in MEMS, HDD, and
nano-manufacturing, which are expected to be the most im-
portant and fastest developing areas in the 21st century.
Therefore, micro/nanotribology will play a more signiÞcant
role in the next 30 years.
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2
Measuring Techniques
Dan Guo, 1 Jiangbin Luo, 1 and Yuanzhong Hu 1

1 Introduction

THE DEVELOPMENT OF NEW TECHNIQUES TO MEA-
sure surface topography, adhesion, friction, wear, lubricant
Þlm thickness, and mechanical properties on a micro- and
nanometre scale has led to a new Þeld referred to as micro/
nanotribology, which is concerned with experimental and
theoretical investigation of processes occurring from micro
scales down to atomic or molecular scales. Such studies are
becoming ever more important as moving parts and mating
surfaces continue to be smaller. Micro/nanotribological
studies are crucial to develop a fundamental understanding
of interfacial phenomena occurring at such small scales and
are boosted by the various industrial requirements.

The Þrst apparatus for nanotribology research is the
Surface Force Apparatus �SFA� invented by Tabor and Win-
terton �1� in 1969, which is used to study the static and dy-
namic performance of lubricant Þlm between two molecule-
smooth interactions.

The invention of the Scanning Tunneling Microscopy
�STM� in 1981 by Binning and Rohrer �2� at the IBM Zurich
Research Laboratory suddenly revolutionized the Þeld of
surface science and was awarded the Nobel Prize in 1986.
This was the Þrst instrument capable of directly obtaining
three-dimensional images of a solid surface with atomic res-
olution and paved the way for a whole new family of Scan-
ning Probe Microscopies �SPM�, e.g., Atomic Force Micros-
copy �AFM �, Friction Force Microscopy �FFM �, and others.
The AFM and FFM are widely used in nanotribological and
nanomechanics studies for measuring surface topography
and roughness, friction, adhesion, elasticity, scratch resis-
tance, and for nanolithography and nanomachine.

As a major branch of nanotribology, Thin Film Lubrica-
tion �TFL � has drawn great concerns. The lubricant Þlm of
TFL, which exists in ultra precision instruments or ma-
chines, usually ranges from a few to tens of nanometres thick
under the condition of point or line contacts with heavy load,
high temperature, low speed, and low viscosity lubricant.
One of the problems of TFL study is to measure the Þlm
thickness quickly and accurately. The optical method for
measuring the lubricant Þlm thickness has been widely used
for many years. Goher and Cameron �3� successfully used
the technique of interferometry to measure elastohydrody-
namic lubrication Þlm in the range from 100 nm to 1 � m in
1967. Now the optical interference method and Frustrated
Total Reßection �FTR� technique can measure the Þlm thick-
ness of nm order.

Mechanical properties of solid surfaces and thin Þlms

are of interest as they may greatly affect the tribological per-
formance of surfaces. Nanoindentation and nanoscratching
are techniques developed since the early 1980s for probing
the mechanical properties of materials at very small scales.
Ultra-low load indentation and scratching employs high res-
olution sensors and actuators to continuously control and
monitor the loads and displacements on an indenter as it is
driven into and withdrawn from a material. In some sys-
tems, forces as small as a nano-Newton and displacements
of about an Angstrom can be accurately measured. One of
the great advantages of the technique is that many mechani-
cal properties can be determined by analyses of the load-
displacement data alone. The nanoindentation technique is
usually used to measure the hardness, the elastic modulus,
the fatigue properties of ultrathin Þlms, the continuous stiff-
ness, the residual stresses, the time dependent creep and re-
laxation properties, and the fracture toughness. The nanos-
cratching technique is used to measure the scratch
resistance, Þlm-substrate adhesion, and durability.

The brief history, operation principle, and applications
of the above-mentioned techniques are described in this
chapter. There are several other measuring techniques, such
as the ßuorometry technique, Scanning Acoustic Micros-
copy, Laser Doppler Vibrometer, and Time-of-ßight Second-
ary Ion Mass Spectroscopy, which are successfully applied in
micro/nanotribology, are introduced in this chapter, too.

Many technologies presented in this chapter were devel-
oped or improved by the authors of this book, or the insti-
tutes they belong to, as summarized as follows:

The Relative Optical Interference Intensity Method pre-
sented in Section 2.2 was Þrst developed by Professor Luo
�one of the authors of this book � and his colleagues in 1994
�4,5�, for measuring the nanoscale lubricant Þlm thickness.

In Section 2.4, we describe the principle of the Frus-
trated Total Reßection �FTR� Technique, which was Þrst ap-
plied by Professor WenÕs group at State Key Laboratory of
Tribology, Tsinghua University, for measuring Þlm thickness
in mixed lubrication �6,7�.

In Section 3, the contributions from one of the authors,
Professor Hu, to a new version of Surface Force Apparatus
�SFA� are included �8�.

In Section 4.3, we introduce a Friction Force Micros-
copy �FFM �, designed and made by one of the authors, Pro-
fessor Lu et al. �9�.

The research presented in Section 6.1 on two phase ßow
containing nano-particles was carried out using the Fluo-
rometry Technique developed recently in Professor LuoÕs
group.

1 State Key Laboratory of Tribology, Tsinghua University, Beijing, China.
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2 Optical Measuring Techniques

2.1 Wedged Spacer Layer Optical Interferometry
•10‚
This method was developed by Johnston et al. in 1991 and
well described in Ref. �10�, according to which the method is
introduced as follows. The principle of optical interference
is shown schematically in Fig. 1. A coating of transparent
solid, typically silica, of known thickness, is deposited on top
of the semi-reßecting layer. This solid thus permanently aug-
ments the thickness of any oil Þlm present and is known as a
Òspacer layer.Ó The destructive interference now obeys the
equation:

noilhoil + nsphsp =
�N +

1

2
• � ��

2 Cos �
N = 0,1,2 �1�

and the Þrst interference fringe occurs at a separation re-
duced by hsp, where hsp is the spatial thickness of the spacer
layer. With a ßat spacer layer, Westlake was able to measure
an oil Þlm of 10 nm thickness using optical interferometry
�11�. Guangteng and Spikes �12� used an alumina spacer
layer whose thickness varied in the shape of a wedge over the
transparent ßat surface in an optical rig. The method was
able to detect oil Þlm thickness down to less than 10 nm. A
problem encountered using this technique was the difÞculty
of obtaining regular spacer layer wedges. Also, with low vis-
cosity oils requiring high speeds to generate Þlms, high
speed recording equipment was needed to chart the continu-
ously changing interference fringe colors.

The two limitations of optical interferometry, the one-
quarter wavelength of light limit and the low resolution,
have been addressed by using a combination of a Þxed-
thickness spacer layer and spectral analysis of the reßected
beam. The Þrst of these overcomes the minimum Þlm thick-
ness that can normally be measured and the second ad-
dresses the limited resolution of conventional chromatic in-
terferometry.

A conventional optical test rig is shown in Fig. 2 �13�. A
superÞnished steel ball is loaded against the ßat surface of a
ßoat-glass disk. Both surfaces can be independently driven.
Nominally a pure rolling is used as shown in Fig. 2 that the
disk is driven by a shaft and the ball is driven by the disk.

The disk was coated with a 20 nm sputtered chromium
semi-reßecting layer, a silica spacer layer was sputtered on
top of the chromium. This spacer layer varied in thickness in
the radial direction, but was approximately constant cir-
cumferentially round the disk �10�.

The reßected beam was taken through a narrow, rectan-
gular aperture arranged parallel to the rolling direction, as

shown in Fig. 3 �a�. It was then dispersed by a spectrometer
grating and the resultant spectrum captured by a black and
white video camera. This produced a band spectrum spread
horizontally on a television screen, with the brightness of the

Fig. 1—Spacer layer method �10�.

Fig. 2—Schematic representation of optical EHD rig �13�.

Fig. 3—Schematic representation of screen display showing calcu-
lated intensity proÞle.
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spectrum at each wavelength indicating the extent of inter-
ference, as shown schematically in Fig. 3 �b�. The vertical axis
of the spectral band mapped across the center of the contact
as illustrated in Fig. 3 �a�. This image was screen-dumped in
digital form into a microcomputer, which drew an intensity
proÞle of the spectrum as a function of wavelength. This is
shown in Fig. 3 �c�. In practice, the spectrometer was ar-
ranged so that one digitized screen pixel corresponded to a
wavelength change of 0.48 nm. A cold halogen white light
source was employed and the angle of incidence was 0¡.

By this means, the wavelength of light which construc-
tively interfered could be determined accurately for separat-
ing Þlm thickness, thus permitting a highly resolved Þlm
thickness measurement.

The silica Þlm thickness was determined as a function of
the disk radius by an optical interference method using the
spectrometer. A steel ball was loaded against the silica sur-
face to obtain an interference pattern of a central, circular
Hertzian area with surrounding circular fringes due to the
air gap between the deformed ball and ßat. The thickness of

the silica layer in the Hertzian contact, hsp, was calculated in
terms of Eq �2�, based on the measured wavelength, � max, at
which maximum constructive interference occurred. N was
known from the approximate thickness of the silica layer
and � was taken to be 0.28 from the value measured previ-
ously in air. The refractive index of the separating medium is
known to affect � by less than 2 % �14�. The refractive index
of the spacer layer, nsp, was measured as 1.476±0.001 by the
method of Kauffman �15�.

hsp =
�N • � � � max

2nsp
�2�

When using the thin silica spacer layer, however, it was
found that the results from the above-mentioned methods
did not agree with the direct measurements from the Taly-
surf proÞlemeter, as shown in Fig. 4 �a�. This was tentatively
ascribed to the effect of penetration of the reßecting beam
into the substrate. With a very thin silica layer, the depth of
penetration and thus the phase change would depend upon
the thickness of the silica spacer layer and also upon that of
any oil Þlm present.

The solution to this problem was to use a space layer of a
thickness greater than the wavelength of visible light, which
is above the limit of penetration of a reßected light beam.
Due to space layer or oil, any variation above this value will
have no further effect on phase change. Figure 4 �b� shows
that there is good agreement between Talysurf and optical
calibration methods with a thick space layer.

2.2 Relative Optical Interference Intensity Method
•4,5‚
This method was proposed by Luo �one of the present au-
thors � et al. in 1994 �4,5�. The principle of optical interfer-
ence is shown in Fig. 5. On the upper surface of the glass disk
there is an anti-reßective coating. There is an oil Þlm be-
tween a super polished steel ball and the glass disk covered
by a semi-transmitted Cr layer. When a beam of light reaches
the upper surface of the Cr layer, it is divided into two
beamsÑone reßected at the upper surface of the Cr layer and
the other passing through the Cr layer and the lubricant Þlm,
and then reßected at the surface of the steel ball. Since the
two beams come from the same light source and have differ-
ent optical paths, they will interfere with each other. When
the incident angle is 0¡, the optical interference equation �16�
is as follows:

Fig. 4—Measured Þlm thicknessÑthick spacer layer �10�.

Fig. 5—Interference lights �4,5�.
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I = I 1 + I 2 + 2� I 1I 2 Cos�4�� n

�
+ � � �3�

where I is the intensity of the interference light at the point
where the lubricant Þlm thickness h is to be measured, I 1 is
the intensity of beam 1 and I 2 is that of beam 2 in Fig. 5, � is
the wavelength of the monochromatic light, � is the system
pure optical phase change caused by the Cr layer and the
steel ball, and n is the oil refractive index.

I 1 and I 2 can be determined by the maximum interfer-
ence intensity I max and the minimum one I min in the same
interference order.

I max = I 1 + I 2 + 2� I 1I 2

I min = I 1 + I 2 • 2 � I 1I 2 �4�

Therefore, Eq �3� can be written as:

I =
1

2
� I max + I min � +

1

2
� I max • I min �cos�4� nh

�
+ � � �5�

If I a and I d are expressed as follows:

I a =
I max + I min

2

I d =
I max • I min

2

We deÞne the relative interference intensity as below:

Ī =
I • I a

I d
=

2I • � I max + I min �

I max • I min
�6�

Hence, from Eqs �3�Ð�6�, the lubricant Þlm thickness can be
determined as below:

h =
�

4n�
�arccos� Ī � • � � � 7�

If the ball contacts the surface of the glass disk without
oil, h =0, and then the pure phase change � of the system can
be obtained as follows:

� = arccos� Ī 0�

Ī 0 =
I 0 • I a

I d
�8�

where I 0 is the optical interference intensity at the point
where the Þlm thickness is zero and should be determined by
experiments. Then Eq �7� can be rewritten as:

h =
�

4� n
�arccos� Ī � • arccos � Ī 0�� � 9�

A diagram of the measuring system is shown in Fig. 6
�4,5�. After the interference light beams reßected separately
from the surfaces of the Cr layer and the steel ball passes
through a microscope, they become interference fringes
caught by a TV camera. The optical image is translated to a
monitor and also sent to a computer to be digitized.

The experimental rig is shown in Fig. 7 �18�. The steel
ball is driven by a system consisting of a motor, a belt, a shaft,
a soft coupling, and a quill. The ball-mount is ßoating during

the running process in order to keep the normal force con-
stant. The micrometre enables the ßoating mount to move
along the radial direction of the disk and to maintain a Þxed
position. The microscope can move in three dimensions.

The resolution of the instrument in the vertical direction
depends upon the wavelength of visible light
�450 to 850 nm �, the oil refractive index, and the difference
between the maximum and the minimum interference in-
tensity as follows �5,18�:

� h =
�

4n�
�arccos� Ī + � Ī � • arccos � Ī �� � 10�

Ī =
2I • � I max + I min �

I max • I min
�11�

� Ī =
2� I

I max • I min
�12�

where n is oil refractive index, � is the wavelength of the light
and it is 600 nm in the normal experiment, I max and I min are
the maximum and minimum interference intensity sepa-
rately, which can be divided in 256 grades in the computer
image card, � I is the resolution of optical interference inten-
sity, which is one grade. The variation in the vertical reso-
lution with respect to these factors is shown in Fig. 8. Among
these factors, the wavelength is the most important in deter-
mining the vertical resolution. When effects of all these fac-
tors are considered, the vertical resolution is about 0.5 nm
when wavelength is 600 nm. The horizontal resolution de-
pends upon the distinguishing ability of CCD and the en-
largement factor capacity of the micrometre. It is about
1 � m.

2.3 Thin Film Colorimetric Interferometry ŒTFCIƒ
•19,20‚
The method is proposed by Hartl et al. �19Ð21�. The colori-
metric interferometry technique, in which Þlm thickness is
obtained by color matching between the interferogram and
color/Þlm thickness dependence obtained from Newton
rings for static contact, represents an improvement of con-
ventional chromatic interferometry.

The frame-grabbed interferograms with a resolution of
512 pixels by 512 lines are Þrst transformed from RGB to
CIELAB color space and they are then converted to the Þlm
thickness map using appropriate calibration and a color

Fig. 6—Diagram of the measuring system �4,5�.
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matching algorithm. L *, a*, b* color coordinates/Þlm thick-
ness calibration is created from Newton rings for ßooded
static contact formed between the steel ball and the glass
disk coated with a chromium layer. In the CIE curve as
shown in Fig. 9, the wavelength can be determined by the ra-
tio of R, G, B separately measured by color CCD. Therefore,
this method has a much higher resolution than that of Gohar
and Cameron �22� who measured the Þlm thickness in terms
of the colors of interference fringes observed by the eyes,
which gives a resolution in the vertical direction of about
25 nm.

All aspects of interferogram and experimental data ac-
quisition and optical test rig control are provided by a com-
puter program that also performs Þlm thickness evaluation.
It is believed that the Þlm thickness resolution of the colori-
metric interferometry measurement technique is about
1 nm. The lateral resolution of a microscope imaging system
used is 1.2 � m. Figure 10 shows a perspective view of the
measurement system conÞguration. This is an even conven-
tional optical test rig equipped with a microscope imaging
system and a control unit.

The optical test rig consists of a cylindrical thermal iso-
lated chamber enclosing the concentrated contact formed

between a steel spherical roller and the ßat surface of a glass
disk. The underside of the glass disk is coated with a thin
semi-reßective chromium layer that is overlaid by a silicon
dioxide Òspacer layer,Ó as shown in Fig. 11. The contact is
loaded through the glass disk that is mounted on a pivoted
lever arm with a movable weight. The glass disk is driven, in
nominally pure rolling, by the ball that is driven in turn by a
servomotor through ßexible coupling. The test lubricant is
enclosed in a chamber that is heated with the help of an ex-
ternal heating circulator controlled by a temperature sensor.
A heat insulation lid with a hole for a microscope objective
seals the chamber and helps to maintain constant lubricant
test temperature. Its stability is within ±0.2¡C.

An industrial microscope with a long-working distance
20� objective is used for the collection of the chromatic in-
terference patterns. They are produced by the recombina-
tion of the light beams reßected at both the glass/chromium
layer and lubricant/steel ball interfaces. The contact is illu-
minated through the objective using an episcopic micro-
scope illuminator with a Þber optic light source. The second-
ary beam splitter inserted between the microscope
illuminator and an eyepiece tube enables the simultaneous
use of a color video camera and a Þber optic spectrometer.

Fig. 7—Schematic representation of experiment rig �5,18�, �a� measuring part, �b� whole structure.
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Both devices are externally triggered by an inductive sensor
so that all measurements are carried out at the same disk po-
sition.

Spherical rollers were machined from AISI 52100 steel,
hardened to a Rockwell hardness of Rc 60 and manually pol-
ished with diamond paste to RMS surface roughness of
5 nm. Two glass disks with a different thickness of the silica
spacer layer are used. For thin Þlm colorimetric interferom-
etry, a spacer layer about 190 nm thick is employed whereas
FECO interferometry requires a thicker spacer layer, ap-
proximately 500 nm. In both cases, the layer was deposited
by the reactive electron beam evaporation process and it cov-
ers the entire underside of the glass disk with the exception
of a narrow radial strip. The refractive index of the spacer
layer was determined by reßection spectroscopy and its
value for a wavelength of 550 nm is 1.47.

2.4 Frustrated Total Reßection ŒFTRƒ Technique
When a beam of light goes through a boundary between two
dielectrics n1 and n2, with incident angle sufÞciently large to

the critical angle, total reßection will occur. There exists an
inhomogeneous wave called the evanescent wave with its
phase-normal parallel to the boundary and attenuated in the
height direction. The behavior of light in this condition is
changed remarkably if the second medium n2 has a Þnite
�and sufÞciently small � thickness, and if the third medium n3
behind the second boundary has a higher index of refraction
�n3 	 n2� , the total reßection of energy originally occurring at
the Þrst boundary is now frustrated in that it becomes partial
reßection, accompanied with some leakage of energy from
the Þrst to the third medium. This phenomenon is called
frustrated total reßection �FTR�. The principle of FTR was
Þrst applied for measuring the Þlm thickness in mixed lubri-
cation by Xian L., Kong and Wen of State Key Lab of Tribol-
ogy, Tsinghua University in 1993 �6,7�.

If a beam of light is incident upon Medium 1 from Me-
dium 2 at an incident angle � 1 as shown in Fig. 12, then ac-
cording to the law of refraction:

n1 sin � 1 = n2 sin � 2 �13�

where n1 and n2 are the refractive indexes of Media 1 and 2,
respectively.

If n1 	 n2, then, if � 2=90¡, sin � 1=n2/n1. The incident
angle at this moment is called the critical angle, designated
by � c. If the incident angle is larger than the critical angle � � 1
	 � c� , then the incident wave will be totally reßected back to
Medium 1. This is known as total reßection.

According to the electromagnetic wave theory as ap-
plied to total reßection, the continuity condition at the
boundary surface requires that an electromagnetic Þeld in
Medium 2 should persist in the form of a damped wave,
called the evanescent wave. Its penetrating depth is the same
order as the wavelength. If Medium 2 is unlimited, then the
evanescent wave totally returns to Medium 1. The case is dif-
ferent if Medium 2 is only a layer bounded by Medium 3 and
the latter is gradually brought closer to the boundary surface
between Media 1 and 2. If the distance between Media 1 and
3 is within the penetration depth, then the total reßection is
disturbed. Light energy no longer totally returns to Medium

Fig. 8—Resolution of Þlm thickness versus optical interference in-
tensity �4,5�, �a� different wavelengths, �b� different refractive
indexes.

Fig. 9—Interference colors in CIE x, y chromaticity diagram �19�.
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