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Solid+solid adhesion occurs at contacting asperities in two contacting solids. A thin liquid ® m with
a small contact angle, present at the interface, can result in the so-called liquid-mediated adhesion.
This may result in high adhesion during normal pull and high static friction during sliding, both
commonly referred to as “stiction.” The problem of high stiction is especialy important in an

interface involving two very smooth surfaces under lightly loaded conditions. This article provides
acritical and comprehensive review of mechanisms of adhesion and stiction, various measurement
techniques, and methods used to reduce stiction in magnetic storage devices and micro/

nanoelectromechanical systems. e

[. INTRODUCTION

When two nominally “at surfaces with asperities and val-
leys are placed in contact, surface roughness causes contacts
to occur at discrete contact spots. The sum of the areas of all
the contact spots constitutes the real (true) area of contact or
simply contact area, A,, which is a small fraction of appar-
ent area A, . The load is supported by the deformation at the
tips of the contacting asperities (Fig. 1). The proximity of the
asperities results in adhesive contacts caused by interatomic
attractions. In a broad sense, adhesion is considered to be
either physical or chemical in nature. Experimental data sug-
gest that adhesion is primarily due to weak van der Waals
forces.1** Because of adhesion or bonding across the inter-
face a ®nite normal force is required to pull the two solids
apart.

If there is a liquid present and it wets the surface (0<#6
<90E, where d is the contact angle between the liquid and
surface), the surface is referred to as hydrophilic (water lov-
ing), and if it does not wet (#=90B, the surface is referred to
as hydrophobic (water fearing). With the presence of a thin
liquid ®Im between two at surfaces, curved menisci form
around contacting and noncontacting asperities due to sur-
face energy effects, see Fig. 2. The meniscus is concave
shaped for an interface with hydrophilic surfaces and is con-
vex for hydrophobic surfaces. For an interface with hydro-
philic surfaces, the attractive meniscus force arises from the
negative Laplace pressure inside the curved (concave) me-
niscus as a result of surface tension. The product of this
pressure difference and the immersed surface area is the at-
tractive (adhesive) force as a result of liquid mediated adhe-
sion, and is referred to as the meniscus force.®® In some
cases, this attractive force may be large as compared to that
of solid+solid contact.?

When two contacting surfaces move relative to each
other, frictional force, commonly referred to as “intrinsic" or
“conventiona" frictional force, is contributed by adhesion
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and deformation of the contacting asperities [Fig. 3(a)]. For
most practical cases, the adhesional component of friction is
the primary contributor.?*4 Figure 3(b) also shows tangential
force versus time or displacement. In some cases, the static
friction force required to initiate dliding is larger than the
kinetic friction force required to sustain sliding. In addition,
in the presence of a thin liquid ®Im, high static friction can
occur due to meniscus/viscous effects; this is referred to as
“dtiction.” 1*478 The problem of high adhesion during nor-
mal pull and high static friction (stiction) during sliding in
liquid-mediated contacts is particularly important in an inter-
face involving two very smooth surfaces under lightly loaded
conditions. The word “stiction" was coined at IBM General
Products Division labs in San Jose, CA around 1980 when
they encountered that head slider getting stuck to the disk
surface while resting at high humidities due to liquid medi-
ated adhesion.? High lateral force had to be applied to initiate
dliding to overcome high static friction or sticking, hence
leading to the term stiction.

Mechanisms of solid+solid adhesion have been studied
over the last half a century and a good understanding
exists.®*® Because of the use of smooth surfaces and lightly
loaded conditions, liquid-mediated adhesion and stiction pre-
sented concern in the magnetic storage industry in the early
1980s,2 and is gaining importance in the emerging micro/
nanoel ectromechani cal systems (MEMSINEMS)
industry.’®*2 In micro/nanoscale drug delivery devices
(BIOMEMS/NEMS) under development, adhesion between
these devices and disease cells, referred to as bioadhesion, is
required. Bioadhesion is de®ned as the adherence of mol-
ecules to biological surfaces. Few papers on these devices
and bioadhesion issues exist.'9%**%

The objective of this paper is to provide a critical and
comprehensive review of the mechanisms of adhesion and
stiction, various stiction measurement techniques, and meth-
ods used to reduce stiction in magnetic storage devices and
the MEMS/NEMS industry.
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Fic. 1. Schematic of two rough surfaces in contact and corresponding con-
tact areas.

[Il. MECHANISMS OF SOLID+SOLID AND
LIQUID-MEDIATED ADHESION

When two solid surfaces are brought into contact, adhe-
sion or bonding across the interface can occur. A ®nite nor-
mal force is required to overcome adhesion, in order to pull
the two solids apart; see Fig. 4.3* The ratio of the normal
tensile force W' required for separation (normally referred to
as adhesive force) to the normal compressive force W ini-
tially applied is often referred to as the coef®cient of adhe-
sion, u',

= (1)

W'’ typically increases linearly with an increase of W and u'
generaly increases with duration of static contact and sepa-
ration rate.

Adhesion occurs both in solid+solid contacts and in con-
tacts involving two solids interposed with liquids or tacky

LD
Hydrophobic surfaces’ &

Fic. 2. Meniscus formation from a thin liquid ®Im between two “at sur-
faces.
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Fic. 3. (a) Schematic illustration of a body sliding on a horizontal surface,
where W is the normal load (force) and F is the tangential force experienced
by the body; and (b) tangential force vs time or displacement. F gy is the
force required to initiate sliding and F ;¢ IS the force required to maintain
diding.

solids. If two solid surfaces are clean and all of the chemical
®Ims and adsorbates are removed, strong adhesion or bond-
ing of one solid to another generally occurs. Surface con-
taminants or thin ®Ims in many cases reduce adhesion; how-
ever, in some cases, the opposite, may be true. With well-
lubricated surfaces, weak adhesion is generally observed.

Adhesion can be either desirable or undesirable. Strong
adhesion is required to bond the two surfaces together. In
many engineering applications such as sliding and rotating
machinery, however, adhesion is undesirable. Adhesion re-
sults in friction and wear. In some applications, controlled
adhesion is required.

A. Solid+solid contact

The proximity of the asperities results in an adhesive joint
caused by interatomic attractions. In a broad sense, adhesion
is considered to be either physical or chemica in
nature 2691113142729 Chamjcg interaction involves cova-
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FiG. 4. Schematic illustration of normal pull of two solid bodies; W is the
compressive normal force (load) applied for a certain duration and W’ isthe
tensile normal force needed to separate surfaces.
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lent bonds, ionic or electrostatic bonds, and metallic bonds.
Physical interaction involves the hydrogen bonds and van
der Waals bonds as a result of intermolecular forces (second-
ary forces of attraction). Hydrogen bonds and van der Waals
bonds are much wesker than that in the molecules that un-
dergo chemical interaction, because in these bonds there is
no electron exchange. van der Waals forces are aways
present when two asperities are in close proximity. For two
solid surfaces in contact, the interfacial bond may be stron-
ger than the cohesive bond in the cohesively weaker of the
two materials. In that case, separation of the two solids re-
sults in the transfer of the cohesively weaker materia to the
cohesively stronger. Adhesion is a function of material pair
and interface conditions such as crystal structure, crystallo-
graphic orientation, solubility of one material into another,
chemical activity and separation of charges, surface cleanli-
ness, normal load, temperature, duration of contact (rest time
or dwell time), and separation rate.***°

For clean surfaces, free from oxide and other surface ®ms
and from adsorbed gases, signi®cant adhesion is observed
between metal surfaces; such conditions can be achieved un-
der ultrahigh vacuum. Surface ®Ims, such as physisorbed,
chemisorbed and chemically reacted ®Ims, and contaminants
in the environment, generally decrease the adhesion of two
reactive surfaces. 3133 When exposed to ambient air, even
noble metals adsorb oxygen and water vapor; this ®m may
not be more than a few molecules thick. Small amounts of
contaminants may be much more effective in reducing the
adhesion of some metals than of others. For example, a very
small amount of oxygen (perhaps enough to give a mono-
layer) can produce a marked reduction in the adhesion of
iron, whereas far more oxygen is required to produce a com-
parable reduction in the adhesion of copper.3#4

Temperature affects the adhesive strength of a contact. At
high temperatures, softening of surfaces results in greater
“ow, ductility, and a larger real area of contact which results
in stronger adhesion. High temperatures can also result in
diffusion across the interface. In a metal £ metal contact, high
temperature may result in increased solubility, and in a
polymertpolymer contact, interdiffusion strengthens the
contact, which results in stronger adhesion.

If two surfaces are placed together, because of surface
roughness, the real area of contact is usualy very much
smaller than the geometrical area. Adhesion is affected by
the real area of contact, which is a function of normal load,
surface roughness, and mechanical properties.®* Adhesion
force generaly increases linearly with an increase in the nor-
mal load; see Fig. 5(a).3* Materials with higher roughness,
modulus of elasticity and/or hardness and lack of ductility
exhibit lower real area of contact, which leads to lower ad-
hesion. Any viscoelastic or viscoplastic deformation (creep)
under load would increase the real area of contact as a func-
tion of duration of contact leading to an increase in adhesion;
see Fig. 5(b).3** The real area of contact can also increase
as a result of interatomic attraction (van der Waals or vdw
forces) in the case of a soft solid, such as an elastomer, that
isin contact with a hard surface, both being smooth so that
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Fic. 5. (a) Adhesive force as a function of normal load, and (b) coef®cient
of adhesion as a function of duration of contact for a clean steel sphere on
indium (Ref. 34).

the asperity separation is on the order of molecular levels
(1+10 nm)*. Contact ®rst occurs at the tip of the asperities.
These are then drawn closer as a result of the van der Waals
forces, with a normal pressure on the order of 1 atm, when
asperity contacts are separated by 1+10 nm. This process
goes on and may result in a very large contact area at no
normal loads (Fig. 6). This mechanism is aso partially re-
sponsible for the behavior of thin polymer ®ms, such as
cling®Im wrap. Of course, this mechanism would be inop-
erative for hard materia pairs and/or rough surfaces.
Another consideration in the real area of the contact is
elastic recovery. When a normal force is decreased from two
surfaces in intimate contact, contact is partially peeled apart
by elastic forces in a process known as elastic recovery; see
Fig. 7.3% A lower elastic modulus would result in less elastic
recovery and vice versa. Ductility also plays a role: the
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FiG. 6. Diagram indicating how the real area of contact between a smooth
elastomer and a smooth hard surface grows to a larger fraction of the geo-
metric area.

greater the ductility, the greater the elongation of the contacts
and, therefore, less elastic recovery. Therefore, elasticity and
ductility affect the real area over which adhesion occurs and
in uence adhesion and friction. Elastic recovery, to a large
extent, is responsible for lower adhesion of clean interfaces
than the theoretical values.

Adhesive forces signi®cantly increase if a shear displace-
ment (force) is added in addition to the normal load. When a
tangential force is applied to the loaded metallic specimens,
there is a growth in the real area of contact by plastic ow
under the inuence of combined norma and tangentia
stresses>* and any relative sliding tends to produce penetra-
tion of surface layers that otherwise prevent metal-to-metal
contact.®*? Even hard metal's subjected to sliding or twisting
after being pressed can exhibit high adhesion.

Now, we discuss various physical and chemical interac-
tions that are responsible for solid+solid adhesion.

1. Covalent bond

A covalent bond consists of a pair of electrons (of oppo-
site magnetic spins) shared between two atoms.>*%3" When
covalent solids are brought into intimate contact, one might
expect the bonding across the interface to be similar to the
bonding within the solid. Most covalent solids have a high
elastic modulus and are generally extremely hard. Conse-
quently it is often dif®cult to obtain large areas of contact
even if appreciable joining loads are employed. However,
molecularly smooth surfaces can result in high rea area of
contact, leading to high adhesion.

Normai force removed- Normat foroe applied

Fic. 7. Schematic showing a sphere on anominally “at surface with normal
force applied and the force removed.
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2. lonic or electrostatic bond

lonic bonds are formed whenever one or more electrons
are transferred from one atom to another. Transfer of elec-
trons results in formation of negative and positive ions. Cou-
lombic attraction of unlike ions results in the formation of
ionic bonds. 333" Metals, which have relatively little attrac-
tion for their valence electrons, tend to form ionic bonds
when they combine with nonmetals. When the separation
equals the atomic spacing, the bond resembles that within the
bulk of the material. If a polymer (insulator) is brought into
contact with ametal, there is afar larger separation of charge
at the interface. This produces an electrostatic attraction in
addition to the van der Waals interaction between the
bodies.***¥+4! Based on detailed experiments with polymers,
Derjaguin et al.’® state that practically the whole of the ad-
hesion is electrostatic in origin.

Transfer of charge occurs by contact and separation of
two surfaces. Certain material combinations, generally non-
conductive materials, become electrically charged, by fric-
tion, being rubbed. This effect is commonly referred to as the
“triboelectric effect,” and is a common source of static
charge generation. Being electrically charged, either nega-
tively or positively, upon contact with an uncharged object or
one of opposite polarity, there may be a discharge of static
electricity, a spark. These nonequilibrium static charges will
decay with time and do not result in permanent adhesion.

3. Metallic bond

The valence electrons of metals are not bound to any par-
ticular atom in the solid and are free to drift throughout the
entire metal, referred to as delocalized electrons. They form
a sea of electrons or an electron cloud. The remaining non-
valence electrons and atomic nuclei form ion cores which
possess a het positive charge, equal in magnitude to the total
valence electron charge per atom. The free electrons shield
the positive ion cores from mutualy repulsive electrostatic
forces. The metal can be viewed as containing a periodic
structure of positive ions surrounded by a sea of valence
electrons (negative). The attraction between the two provides
the metallic bond.343637

Broadly speaking, most clean metals stick strongly to one
another. For separations greater than, say, 2 nm they are at-
tracted by van der Waals forces, which increase as the sepa-
ration decreases. At a small separation the metallic bond be-
gins to develop. When the surfaces are at an atomic distance
apart, the full metallic bond is generally formed and the
short-range repulsive forces also come into operation to pro-
vide ®nal equilibrium between the two bodies. If clean iden-
tical metals (e.g., gold) are pressed together with a force to
produce plastic deformation at the contact region, one would
expect an interfacial strength comparable with that of bulk
metal, so that the force required to pull two surfaces apart
should be large; it is always appreciably less, however. The
effect of released elastic stresses, surface roughness, and de-
gree of cleanliness are some of the reasons for adhesive
strength being lower than expected. The ductility of the met-
as is important, particularly if the loading is suf®cient to
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produce plastic deformation. Adhesion of ductile materias
such as indium, lead, copper, and gold is generally stronger
than for less ductile metals, for example, the hexagonal met-
als with a small nhumber of dlip systems and ceramics.

The self-adhesion of a wide range of metals seems to fall
into fairly well-de®ned groups, depending on structure; for
example, hexagonal metals form a self-consistent, poorly ad-
hering group. In particular, cobalt (hcp) exhibits markedly
low adhesive forces when brought in contact with itself. In
general, similar metal pairs with nonhexagonal structures are
metallurgically compatible and exhibit high adhesion and
must be avoided, particularly iron against iron.3*4?

The orientation at the surface in uences adhesive behav-
ior. Like planes in contact with like planes exhibit higher
adhesive bonding forces than dissimilar crystallographic
planes of the same metal in contact with itself. The lowest
adhesion force is found on the close-packed, high atomic
density and low free surface energy planes. The polycrystal-
line form of a metal in contact with itself exhibits higher
adhesive forces than single crystals in contact with them-
selves; this re ects the in uence of grain boundary energies.

In the case of dissimilar metals, the mutual solubility of
metals would affect adhesion; mutually insoluble metals
would generally show poor adhesion.”?** However, if the
surfaces are thoroughly clean, regardless of mutual solubil-
ity, the adhesion would be strong. In general, but not always,
transfer occurs from the softer metal to the harder metal.
With some aloys, preferential segregation of one of the con-
stituents could occur at the free surface.

4. Hydrogen bond

Hydrogen can exist both as a positively charged and as a
negatively charged ion. The positive hydrogen ion, or proton,
results from the removal of the only electron. The negative
ion, on the other hand, is formed by the imperfect shielding
of the positively charged nucleus by the single electron in the
neutral atom. This imperfect shielding will result in a con-
stantly shifting dipole that has a weak tendency to acquire
another electron by purely ionic attraction. This property of
the hydrogen atom enables it to bridge two negative ions in
what is known as a hydrogen bond.3#6337 |t plays an im-
portant role in adhesion with polymers if there are certain
polar atoms present capable of producing hydrogen bonding.
Hydrogen bonds or hydrogen bridges are the strongest sec-
ondary forces of attraction.

Hydrophilic silica surfaces in MEMS contain adsorbed
water layers. When two of these hydrated surfaces are
brought into close contact, hydrogen bonds may form be-
tween oxygen and the hydrogen atoms of the adsorbed water
layers. Hydrogen bonds are productively used in wafer bond-

ing.

5. van der Waals bond

The ®rst three types of bonding mentioned so far are all
relatively strong primary bonds followed by hydrogen bond-
ing. Weaker, secondary bonds, which also result in inter-
atomic attraction, are van der Waals forces. These act be-
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tween molecules or within molecules with atoms between
which chemical bonds have not formed.>46%37 With polar
molecules they arise from dipole+dipole interactions. With
nonpolar molecules, they arise from the interaction of uc-
tuating dipoles in the individual atoms (London forces). For
two parallel surfaces separated by a distance d, the force per
unit area is

Al67d3
Fuaw=) g/ g4

where A and B are the Hamaker constants. For purely van der
Waals solids, A is on the order of 10~ *ergs, which holds
true for most hydrocarbons. This equation can be used right
down to atomic contact.*®

The existence of van der Waals forces between macro-
scopic bodies, such as crossed mica cylinders, has been mea-
sured by several investigators®*® The effect of surface
roughness on van der Waals forces has been studied by
Meradudin and Mazur.*’” Based on calculations, they found
that surface roughness increases the magnitude of the van der
Waals force over its value when the two surfaces are smooth.

for d=30 nm
for d>30 nm,

@

6. Free surface energy theory of adhesion

A detailed calculation of van der Waals forces is dif®cullt.
A simpler approach is to use the concept of free surface
energy.>** |f one cleaves a crystalline solid along its cleav-
age plane, two highly chemically active surfaces are gener-
ated. The cleavage process causes the fracture of cohesive
bonds across the cleavage interface, and these fractured
bonds leave the surface in a highly energetic state. Thus, the
energy that normally would be associated with bonding to
other atoms (like other atoms in the bulk solid) is now avail-
able at the atoms on the surface. This energy required to
create a new surface, expressed over an area consisting of
many atoms in the surface lattice, is referred to as free sur-
face energy. It is a function of the material as well as the
surface orientation.

Because the atoms at the surface have this unused energy,
they can interact with each other, with other atoms from the
bulk, and with species from the environment. Free surface
energy in uences adhesive bonds for solids in contact and,
hence, friction and wear. In addition, it determines the nature
of the interaction of lubricants with solids. When a bond is
formed between two materials [having free surface energies
per unit areain air (vyga)1 @nd (ysa), or simply v, and y,]
in contact, the surface energy of the interface per unit area
changes to y;,. Based on early work by Bradiey® and
Bailey,*® work of adhesion or the energy of adhesion per unit
areais de®ned as

Wa=Ay=y1+ Y2~ Y12, (3

where Ay is equa to areduction in the surface energy of the
system per unit area (always negative), in mJm?, erg/cm?,
dyn/cm, or mN/m (1 m¥m?=1 erg/em?=1 dyn/cm=1 mN/
m). Thus, Ay represents the energy that must be applied to
separate a unit area of the interface or to create new surfaces.
For two similar materials, Ay becomes the work of cohesion,
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and is equal to 2y (y1,=0). This important thermodynamic
relation [Eq. (3)] is valid for both solid and liquid interfaces.
v is generally called free surface energy for solids and sur-
face tension for liquids. McFarlane and Tabor** and
Sikorski*® have reported a good correlation between the co-
ef®cient of adhesion and Wy /Hg for metal+meta pairs
where Hy is the hardness of the softer metal. The exception
was the hep metals pair which exhibited low values of coef-
®cients of adhesion.

The higher the surface energy of a solid surface, the stron-
ger the bonds it will form with a mating material. One obvi-
ous suggestion from the surface energy theory of adhesion is
to select materials that have a low surface energy and low
Avy. Use of lubricants at the interface reduces the surface
energy. The surface energy of solid surfaces typically ranges
from a few hundred to a few thousand mJm?, whereas for
most liquids it is few tens of m¥m? Nonpolar lubricants
have a lower surface energy than polar lubricants. Organic
contaminants can also reduce the surface energy consider-
ably.

Contact analysis. We consider two elastic spheres in
contact under zero external load, as shown in Fig. 8(a). Be-
cause of a decrease in the surface energy during contact, an
attractive molecular force between the surfaces exists. This
attractive force produces a ®nite contact radius such that
there is an energy balance between the released surface en-
ergy and the stored elastic energy around the interface, as
shown in Fig. 8(b). The loss in free surface energy Eg is
given by

Es=—ma®Ay. (4)
The attractive force F¢ associated with this energy change is
Fs=—dEs/d5, (5)

JVST B - Microelectronics and Nanometer Structures
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where § is the normal movement of the bodies, given by the
Hertz equations>* as §=a?/R. Combining Egs. (4) and (5)
with the Hertz equations, we get

F.=mRAvy. (6a)

From Hertz analysis the contact radius at no externaly ap-
plied force is

3F R\
4E* |

a= (6b)

where R is the composite radius and E* is the composite
modulus.

This theory is approximate since contact stresses, even in
the enlarged area, are assumed to be Hertzian. However,
when spherical surfaces are maintained in contact over an
enlarged area by surface forces, the stresses between the sur-
faces are tensile at the edge of the contact area (peripheral
region) and only remain compressive in the center; see Fig.
8(c).>® Since the applied force is zero, the integrated com-
pressive force must equa the integrated tensile force. Fur-
thermore, in the case of a sphere with relatively low elastic
modulus, the deformed pro®le of the sphere outside the con-
tact area is also changed. A determination of the contact
equilibrium between elastic spheres under surface forces in-
volves computation of the total energy in the system, includ-
ing surface energy effects, as a function of contact radius.*
Based on the modi®ed Hertz analysis, referred to as JKR
analysis, expressions, for a tensile force Fg required to pull
spheres apart and the residual contact radius a when the ex-
ternal load is reduced to zero, are

Fs= %TrRA vy (7a)
and
9mwA yR?\ V3
=\ (7b)

Note that F is independent of elastic modulus. The value of
F is the same whether the surfaces are initially pressed to-
gether with an external force or not. As a result of surface
forces, contact size is larger than the Hertzian value without
adhesion and will be ®nite for zero external force.

If we pull the spheres apart, the smallest force will begin
to produce separation at the periphery of the contact region
(where the forces are already tensile); the separating force
will rapidly increase until a critical value is reached at which
the rate of release of stored elastic energy just exceeds the
rate of increase of surface energy arising from creation of
free surface at the interface. The surfaces will then pull apart.
The analysis predicts that at zero applied force, the contact
area and attractive force between the two spheres is ®nite,
and they decrease as the applied force is made negative until
apoint is eventualy reached at which the surfaces separate.

Experimental data of the contact zone formed between a
rubber sphere and a rubber “at as the initial joining load of 4
g is gradually reduced and then made negative, is shown in
Fig. 9. The contact radius a remains ®nite until a critical
tensile force of about —0.75 g is reached. Then it suddenly



2268
pig
£ r
E Lo
@
] é
g
™ot
% ~ ¢ Expdata
& [ '/ o Affrasion analysis
/ s ) .
G / karty analysis
- [ 4
O H
Ot 4
13
1
1
§t bty i 1 : L i3
" 4 1 2 3 4
Foad {a}

Fic. 9. Radius of contact zone formed between a rubber sphere (22 mm
radius) and arubber “at astheinitial joining load of 4 g is gradually reduced
and then made negative (Ref. 50).

falls to zero as the surfaces pull apart. Assuming a surface
energy of rubber of about 34 mJ/m? for each rubber surface,
agreement between the theory and data is very good. Hertz
analysis does not predict this behavior.

Another analysis was developed by Derjaguin, Muller,
and Toporov® (DMT analysis) for a sphere with high elastic
modulus whose pro®le does not change outside the contact
area. The contact region is under compression with the Hert-
zian distribution of stresses. For negligible elastic deforma-
tion of the sphere on a rigid surface, an expression for the
tensile force required to pull spheres apart due to surface
energy effects is given by

Fs=2m7RAYy. (8)

This equation is smilar to Eq. (7) but has a coef®cient of 2
instead of 3/2. This equation is the same as that derived by
Bradley.”® The interaction of the surfaces was assumed to be
governed by a Lennard-Jones potential by Muller et al., %3
which corresponds to an attractive pressure as a function of
distance between the two surfaces and energy of adhesion
Avy. It is known that the surface forces are of a reversible
nature in equilibrium.

These analyses are recognized to apply to the opposite
end of a spectrum of a nondimensional parameter:>*

3

R(Ay)?
(Avy) ' ©

*253
E*“z;

where z, is the equilibrium spacing between two half-spaces
made up of Lennard-Jones 6-12 particles and modeled as a
continuum. The parameter 6 is a measure of the magnitude
of the elastic deformation compared with the range of sur-
face forces. For small 6 (say less than 0.1) elastic deforma-
tion is negligible (hard solids) and the DMT analysis pro-
vides a good approximation; for large 6 (greater than 5 say),
elastic deformation is large (soft solids) and the JKR theory
is good. A useful analysis of the intermediate range has been
developed by Maugis.!>>®
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The aforementioned analyses include two simplifying as-
sumptions. First, that the surfaces are so smooth that they
make molecular contact over the whole of the region. If the
surfaces are initialy of optical quality and if the modulus of
the rubber is very low, small protrusions are easily squeezed
down to a common level and this assumption becomes rea-
sonably valid. This is probably one of the reasons why very
soft rubbers generally appear to be tacky. If the surfaces are
rough and/or hard, true molecular contact will occur over a
smaller area within the macroscopic region. Second, it is
assumed that the deforming solids are ideally elastic.

We now extend the analysis of a sphere against a at
rough surface in elastic contact. In an interaction between
elastic solids, elastic energy is stored in the asperities as they
deform to bring surfaces into intimate contact. If this elastic
energy is signi®cant compared to the released surface energy
(Avy), the reduction in free energy is small and the resulting
adhesion is small and vice versa. Fuller and Tabor® modeled
asperity contacts of two rough surfaces using a statistical
contact model. Their analysis predicts that the adhesion ex-
pressed as a fraction of maximum value (relative pull-off or
adhesive force) depends upon a single parameter, called the
adhesion parameter «, which is de®ned as
4%) 23

3 , (10a)

E*
WRE,JZA v
where o, is the composite standard deviation of the summit
heights, and R, is the composite of mean radii of curvature
of the summits of the two interacting surfaces.>* The physi-
cal signi®cance of the parameter o can be seen by consider-
ing

a=

4\32E* ag/ZR,l)jz

3 RpAy

We note that the denominator of Eq. (10b) is a measure of
the adhesive force experienced by spheres of radius R, and
the numerator of Eq. (10b) is a measure of the elastic force
needed to push spheres of radius R, to a depth of o, into an
elastic solid of modulus E*. Clearly, the adhesion parameter
represents the statistical average of a competition between
the compressive forces exerted by the higher asperities that
are trying to separate the surfaces and the adhesive forces
between the lower asperities that are trying to hold the sur-
faces together. The relative pull-off (adhesive) force is virtu-
aly independent of initial applied load, and is a function
solely of the adhesion parameter, as shown in Fig. 10(a).
When the adhesion parameter is small (less than 1) the ad-
hesive factor dominates and the adhesion is high, and it is
small if the adhesion parameter is large (2 or greater).
Relative pull-off forces measured between optically
smooth rubber spheres of various moduli and a hard “at
surface of Perspex of various roughnesses are shown in Fig.
10(b). The data show that an increase in surface roughness
that is small compared with the overall deformation occur-
ring at the interface can produce an extremely large reduc-
tion in adhesion and the effect is more marked for rubbers of
higher modulus. An increase in the modulus or a decrease in

(10b)

ko
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Fic. 10. (a) Predicted relative pull-off force as a function of the adhesion
parameter («) and (b) relative pull-off force for smooth rubber spheres in
contact with a at Perspex surface as a function of the R, roughness of the
Perspex for three moduli of the rubber: curve 1, 2.4 MPa; curve 2, 0.68
MPa; curve 3, 0.22 MPa. The pull-off force of smoothest surface was a few
mN (Ref. 56).

the released surface energy also decreases the adhesion. On
the other hand, the curvature of the sphere (over the range
examined) had little in uence. These results are consistent
with the predictions of the analytical model [Fig. 10(a)].

For smooth and clean surfaces, the attractive forces can be
on the order of several grams. In normal circumstances, the
adhesion observed between hard solids when placed in con-
tact is very small. This may be due either to surface ®Ims of
low surface energy and/or surface roughness.

7. Chemical effects in adhesion and friction

The adhesion and friction of transition metals (metals
with partially ®lled d shells) can be correlated with their
relative chemical activity. The latter can be ascertained from
their percentage of the d-bond character. The greater the per-
centage of the d-bond character, the less active the metal, and
the lower is the adhesion and friction.?>

8. Grain-boundary effects in adhesion

For polycrystalline materials, the presence of grain
boundaries in the material in uences adhesion, friction, and
wear. The near surface dislocations in the sliding process are
blocked in their movement by a grain boundary, they accu-
mulate at the grain boundary and produce strain hardening in
the surfacial layers. This strain hardening makes it more dif-
®cult for diding and increases the friction force of materials
in sliding contact.?
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Strained metal, that is, metal that contains a high concen-
tration of dislocations, is chemically more active on the sur-
face because the presence of defects increases the energy in
the material.1*?*%® A grain boundary is a strained condition
in that there are a large number of dislocations present to
help accommodate the mis®t or mismatch in adjacent orien-
tations plus there are rows of strained atoms that must help in
accommodating the mismatch. Consequently, these regions
are high-energy regions at the surface. The energy is greater
at the boundary, and the boundary has its own characteristic
energy that is separate and distinct from the energy of the
grains on either side of the boundary.

Sliding friction experiments have been conducted by
Buckley® and Weick and Bhushan® across the surface of
grain boundaries to measure the in uence of the grain
boundary on friction. They have reported a marked change in
friction value in the grain boundary region as compared to
that in the grain.

9. Polymer adhesion

Polymeric solids are used in many industrial applications
where inherently low adhesion, friction, and wear is desired.
Interaction of polymeric solids primarily results in van der
Waals attraction.'?4®° There are other factors involved with
polymers. First, these materials are easily deformed by com-
parison with the other hard solids. With soft rubbers, for
example, large areas of intimate contact can easily be estab-
lished; consequently, although the interfacial forces them-
selves are weak, it is not dif®cult to obtain relatively high
adhesive strengths. A similar factor probably accounts for the
strong adhesion between sheets of thin polymeric ®Ims. Fur-
thermore, being highly elastic solids, they can stretch appre-
ciably under the in uence of released elastic stresses without
rupturing. Second, interdiffusion of polymeric chains across
the interface may occur. This will greatly increase the adhe-
sive strength, since valence bonds, as distinct from van der
Waals bonds, will be established.®® Third, for dissmilar ma-
terials, charge separation may lead to an appreciable electro-
static component. 133841

B. Liquid-mediated contact

Generally, any liquid that wets or has a small contact
angle on surfaces will condense from vapor into cracks and
pores on surfaces as bulk liquid and in the form of an
annular-shaped capillary condensate in the contact zone; see
Fig. 11. This spontaneous condensation and formation of ad-
hesive bridges or menisci is due to the proximity of two
surfaces and the af®nity of these surfaces for condensing
liquid. The presence of liquid ®Ims of the capillary conden-
sates or pre-existing ®Ims of liquid can signi®cantly increase
the adhesion between solid bodies.>*®

Liquid-mediated adhesive forces can be divided into two
components:. a meniscus force due to surface tension and a
rate-dependent viscous force. These forces increase for
smaller gaps and smoother surfaces so that the adhesion of
ultra at surfaces can be extremely strong. Figure 12 shows
schematically for alinear ramping load that the applied force
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Fic. 11. Condensation from liquid vapor on the surfaces at the interface.

changes from meniscus to viscous before the surfaces are
separated during a normal pull of the two surfaces. For an
applied normal force less than the meniscus force there is no
tendency for the surfaces to separate. When the force ex-
ceeds the meniscus force (F,,) at timet,,, then the viscous
component in the normal direction (F,,) is the excess over
Fm. The force F 4 is the total required to separate the two
surfaces in time tg,

Fa=FmtF,. . (11)

The viscous component of the adhesive force is signi®cant
for more viscous liquids (dynamic viscosity ~1 Pas), but it
can dominate for liquids of modest viscosity at high shear
rates.

1. Idealized geometries

a. Meniscus forces. We study the effect of a liquid that
wets, on the adhesion force between a macroscopic sphere
and a surface and between two “at surfaces. In the former
case, either a sphere can be in contact with a surface with a
meniscus [Fig. 13(a)], can be close to a surface with a sepa-
ration and with a meniscus [Fig. 13(b)], or can be close to a
surface in the presence of a continuous ®m and a meniscus
forms on one of the surfaces [Fig. 13(c)].

Shere on a plane surface. We ®rst consider the case of a
sphere in contact with a plane surface with a meniscus [Fig.

Separation
OCours

Fog “I mmmmmm
FV.Z.
Fmi mmmmm

MNormat force

t t

ot kil

Time
FiG. 12. Forcextime relationship for alinearly ramping force during normal
pull of two surfaces with aliquid bridge. The schematic shows the meniscus
and viscous contributions.
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Fic. 13. Meniscus formation from aliquid condensate at the interface for (a)
a sphere in contact with a plane surface, (b) a sphere close to a plane
surface, and (c) a sphere close to a plane surface with a continuous ®Im.

13(a)]. If aliquid is introduced at the point of contact, the
surface tension results in a pressure difference across a me-
niscus surface, referred to as capillary pressure or Laplace
pressure. The pressure inside the liquid in a concave menis-
cus (Kelvin radius r¢<0) is lower than it is outside the
liquid. (The inverse of the Kelvin radius is equal to the sum
of the inverses of the meniscus curvatures r; and r, aong
the two mutually orthogona planes. Note, r;>r,.) If the
liquid wets the (hydrophilic) surface (0<#<90E, whered is
the contact angle between the liquid and surface), the liquid
surface is constrained to lie parallel with the surface, and the
complete liquid surface must therefore be concave in shape.
The exact geometric shape of the meniscus depends upon the
liquid volume and its properties and on the interface geom-
etry. The geometric shapes of the meniscus and meniscus
force as a function of relative humidity, radius of the sphere,
surface tension, and contact angles have been reported by
Stifter et al.®*

The attractive Laplace force for a sphere in contact with a
plane surface is
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FL~27Ry,(cos 6+ cosb,) (12a)
~47Ry,cos6 (if 6,=06,), (12b)

where vy, is the surface tension of liquid, and 6, and 6, are
the contact angles of the liquid with surfaces 1 and 2, respec-
tively. Note that F isindependent of the amount of liquid at
the interface. However, the full meniscus force is realized
only provided the ®Im thickness exceeds the combined
roughnesses of the contacting surfaces. Equation (12) has
been experimentally veri®ed by McFarlane and Tabor* and
others. Israglachvili® has reported that meniscus force ex-
pression is valid for water meniscus radii down to 2 nm.

Another component of the adhesive force arises from the
resolved surface tension around the circumference. The nor-
mal component of the surface tension force is

Fr=2mRy,sin¢sin(¢+0). (13

The F+ component is always small for small ¢ compared to

the Laplace pressure contribution except for large 6 close to

90E (when cos 6~0) as well as for large ¢. The angle ¢ is
generaly small in asperity contacts. However, menisci

formed around ®ne particles interposed between two surfaces
can result in high ¢.%% For most cases with small ¢, the
meniscus force,

Frn=FL+Fr~F =4mRy, cose. 4

Yet another adhesive force must be included in the pre-
ceding analysis. This arises from the direct solid+solid con-
tact inside the liquid annulus; see Fig. 13(a). Thisforce F is
given by either Eq. (7a) or (8). Based on DMT analysis [Eq.
(8)], for two identical solids of free surface energiesin liquid
vs. (Ay=2vy4) using Eq. (12b), the total adhesive force is

Fmn=4mR(vy,cos6+ vy ). (15)

Sohere close to a surface. For the case of a sphere close to
a surface with a separation D and with a meniscus [Fig.
13(b)],°

2w Ry,(cos 6+ cosbs,)
L (1+Dl/s)

(16)

This analysis is based on consideration of how the total free
surface energy of the system changes with separation D. It is
assumed that ¢ is small and liquid volume remains constant.
Maximum attraction occurs at D=0, for which Eq. (16) re-
duces to Eg. (12).

Shere close to a surface with continuous liquid ®Im For
the case of a sphere close to a surface in the presence of a
continuous liquid ®Im of thicknessh and meniscus formed
on the sphere [Fig. 13(c)],%®

FL=27Ry,(1+cos#), (17)

where 6 is the contact angle between the liquid and the
sphere. The contact angle with the lower liquid ®Im is zero
and Eq. (17) can be obtained from Eq. (12) by substituting
0,=6 and 6,=0. Note that for a ®nite value of ®Im thick-
ness, F, is independent of ®Im thickness.
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Fic. 14. Meniscus formation from a liquid condensate between two “at
surfaces.

Two “at surfaces separated by a liquid ®Im For the case
of two "at surfaces ( R—) separated by a liquid ®Im of
thickness h, s=h and for projected area of the meniscus A,
comprising the liquid ®Im(Fig. 14), F is**

Apye(COS 64+ Cos 65)
h .

Meniscus area can be less than or equal to the interfacial area
of any shape. For a circular meniscus of radius x, A,
=mx?, and

FL~ (18a)

X27y,(C0S A + COS 6,)
L™ h .
The meniscus forces can be large for two “at surfaces with
large menisci.

An example of the effect of water vapor (relative humid-
ity) on the adhesive force for a hemispherically ended pin of
Ni+Zn ferrite in contact with a at of Ni+Zn ferrite is shown
in Fig. 15.” Note that the adhesive force remained low below
about 60% relative humidity (RH); it increased greatly with
increasing relative humidity above 60%. The adhesion at
saturation is 30 times or more greater than that below 80%

(18b)

LY
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Fic. 15. Effect of humidity on adhesion of a hemispherically ended pin of 2
mm radius of Ni+Zn ferrite in contact with a "at of Ni+Zn ferrite in nitro-
gen atmosphere in the load range of 0.67+0.87 mN (Ref. 7).
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RH. The change in the adhesive force of contacts was revers-
ible on humidifying and dehumidifying. Adhesion was inde-
pendent of the normal load (in the range studied). Adhesive
force measured in saturated atmosphere of 1.35 mN can be
predicted using meniscus analysis of sphere- at contact. This
shows that the increase in adhesion of ferrite against itself at
increasing humidity primarily arises from the meniscus (sur-
face tension) effects of a thin ®Im of water adsorbed in the
interface.

b. Viscous forces Based on experimental evidence, the
viscous component of the adhesive force for a liquid-
mediated contact is given by>*

:,BW
ts '

F, (19)
where B is a proportionality constant (dimension of length?),
7. 1sthe dynamic viscosity of the liquid, and t5 isthetimeto
separate (unstick) the two surfaces. We note that tg is in-
versely related to acceleration or velocity of the interface
during start-up. We further note that the "uid quantity has a
weak dependence on the viscous force.

To overcome a viscous force, a critical viscousimpulse |,
must be exceeded, de®ned by the time (t) integral of the
viscous force,>%

tS
|U:f F,dt.
tI'T]

I, is independent of the rate at which the separation is per-
formed. A constant applied force F, is related to the separa-
tion time, tg, from Eq. (20),

IU
F,==2.
v ts

(20)

(21a)

For a linearly ramping applied force FU=I5t, we obtain the
peak viscous force from Eq. (19),

F,=(2&,)Y2 (21b)
and
E=kv,

where € is the instantaneous rate of change of force and is
proportional to the velocity V (constant velocity) and k is the
stiffness of the loading member.

If the applied force accelerates at a constant rate (constant
accel eration) IE, then the peak viscous force is

9 - 13
Fu=(§FEI§) (210)
and
|E= ke,

where « is the start-up linear acceleration. Equations (21b)
and (21c) show that the viscous force increases proportion-
ally with the sguare root of the start-up velocity or cube root
of the start-up acceleration for an interface that moves at
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constant velocity or constant acceleration (before separa-
tion), respectively. It is further assumed that separation oc-
curs instantly at some critical value.

Equation (21) applies for any surface geometry separation
along any path; geometry and path information are contained
in the appropriate expression for I, . It is readily shown that,
assuming a zero contact angle, 6, the impulse, required to
separate two “at surfaces bridged by a “uid ®Im of circular
meniscus radius x and of thickness h (Fig. 14), in the perpen-
dicular and parallel directions (required for calculation of
friction to be described later) are

3myxt

I, = ez (22a)
167,x3

|U||:3—h (22b)

The viscous impulse for dliding of a sphere over a at
[Fig. 13(a)] is not known but by analogy with the expres-
sions for parallel plates and using an effective plate separa-
tion, an approximate expression for diding of a sphere away

from the wetting zone is given as®*

(23a)

2h
h_m ’

where h,, is the distance of the closest approach of the as-
perity and the "at surface, which could be interpreted as the
microroughness of the asperity or the size of “uid molecule,
and h is the average (original) thickness of the liquid ®Im.

For two at surfaces of area A, of any geometry, bridged
by a uid ®Im and not separating instantly, the peak viscous
force for constant acceleration is given by®

I, =6m7R%In

(23b)

32
=3 7¢R(Rh)*?In

. 7¢Aa
ol ™ h

where L is the distance surfaces slide to become unstuck.

¢. Kinetic meniscus analysis. So far, we have discussed
meniscus forces at equilibrium. When a body ®rst comes in
static contact (or rest) on another body, in the presence of
liquid ®Im, the interface is not in equilibrium. The "ow of
liquid results in an increase in the wetted meniscus area
which causes an increase in the meniscus force until it
reaches equilibrium.®#% This explains the experimentally
observed increase in adhesive force with rest time in aliquid-
mediated contact.?*4®

F (La)Y?exp(—1/2), (24)

2. Multiplebasperity contacts

Consider a smooth surface on a rough surface. Figure 16
shows a model of the contact region with different levels of
®lls of the interface dependent upon the mean interplanar
separation and the liquid levels. Four distinct regimes are
shown.}?*487 |n the ®rst three regimes, menisci are formed
which contribute to meniscus forces. The ®rst and third are
the extreme regimes in which either a small quantity of lig-
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Fic. 16. Regimes of different liquid levels at the interface with a smooth
dlider surface in contact with a rough surface.

uid bridges the surfaces around the tips of contacting asperi-
ties (the “toe-dipping" regime ) or the liquid bridges the en-
tire surface (the ™ ooded" regime ) and in the second regime
(the “pillbox" regime ), the liquid bridges the surface around
one or more asperitiesto alarge fraction of the apparent area.
The "ooded regime has the potential of generating very high
adhesive forces. In the fourth regime (the “immersed" re-
gime), the interface is immersed in the liquid and thus me-
niscus forces do not exist. Only viscous forces are present.
For a suf®ciently thin liquid ®Imy ;<<d/2 (d=interplanar
separation), the contacting surfaces will be in the toe-dipping
regime. For a suf®ciently thick ®m so that the equilibrium
Kelvin radiusis greater than half the interplanar separation d,
the menisci will form pillbox-shaped cylindrical menisci
with a capillary radius r,>d/2 around the contacting asperi-
ties. These pillbox menisci, which initially have an attractive
Laplace pressure higher than the digoining pressure in the
[ubricant ®Im, grow by draining the surrounding lubricant
®Im until it is thin enough to have a digjoining pressure equal
to the Laplace pressure, p,=2v,/d. The pillbox regime,
however, is thermodynamically unstable, as the liquid ®Im
away from the interface has its original thickness and low
digoining pressure. Consequently, the high attractive
Laplace pressure of the pillboxes will slowly pull in liquid
from the ®Im on the surface surrounding the contact regions,
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until the interface ®rst becomes “ooded, then immersed, and
the appropriate equilibrium meniscus radius can form along
the sides of the body.

In the toe-dipping regime, the liquid adhesion force be-
tween a single asperity and a surface can be modeled by a
sphere of composite radius of curvature in contact with a”at
surface, with aliquid bridge in between. Total meniscus and
viscous forces of all wetted asperity contacts can be calcu-
lated by multiplying the number of contacts by meniscus and
viscous forces at a typical contact. The “ooded regime can
be modeled by a liquid bridge between two “at surfaces.
Note that in the toe-dipping regime, the meniscus force is
independent of the apparent area and proportional to the nor-
mal load (i.e., the number of asperity contacts). However, the
“ooded regime shows the opposite tendencies. The pillbox
regime is intermediate and can exhibit either behavior at the
extremes. Meniscus force generally decreases with an in-
crease in roughness o.

If one assumes that surface asperity radii are constant and
their heights follow a Gaussian distribution, the true coef®-
cient of friction u, can be obtained from the following ex-
pressions for the friction forces for the two regimes.?

For the toe-dipping regime:

W

F~ .
1—[16.6y,(cos 6, +cos 0,) J/[ E* o p( oy /R,) 2]
(25)

For the “ooded regime:

A
Ne a(La)llz

Aave
F=pu|W+ T(cosalJr cos 6,) |+

X exp(—1/2), (26a)

where

h/o,~1.4{10g[ 0.57R,0,E* (0, /R,) ¥ p,11°%  (26b)

and p, is the apparent pressure, E* is the composite elastic
modulus, and o, and R, are the composite standard devia-
tion and mean radius of curvature of asperity summits, and »
is the summit density.

a. Satistical analysis of contacts. A schematic of a ran-
dom rough surface in contact with a smooth surface with a
continuous liquid ®Im on the smooth surface is shown in Fig.
17. Note that both contacting and near-contacting asperities
wetted by the liquid ®Im contribute to the total meniscus
force. A statistical approach is used to model the contact. The
peak heights are assumed to follow a Gaussian distribution
function and peak radii are assumed to be constant. In gen-
eral, given the peak-height distribution function p(z), the
mean peak radius (R;), the thickness of liquid ®m(h), the
liquid surface tension (), and the contact angle for the
liquid in contact with the rough surface (6), the total menis-
cus force (F,,) at the diding interface is obtained by sum-
ming up the meniscus forces from all individual contacting
and noncontacting asperities that form menisci over the
nominal contact area [(F,,);] shown in Fig. 17.%% For the
surface height distribution considered here, peak radii of
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Fic. 17. (a) Schematic for a rough surface in contact with a "at surface with
a liquid ®Im, and (b) schematic of contact area and meniscus area in a
contacting asperity.

various contacts are the same, consequently, meniscus con-
tribution of each contact is the same. The total meniscus
force is given as

0

Fm=27-ery((1+cosa)Nf p(z)dz, (27)
—h

d

where N is the total number of peaks in the nominal contact
area. The interplanar separation, d, is determined from®
4 vz [ 32
W+ Fm:§ E* RpyN [ (z—d)**p(z)dz. (28)
d

An iterative numerical approach is used to solve Egs. (27)
and (28).

It is evident that the maximum meniscus force can be
obtained by setting h very large so that the integra in Eq.

(27) approaches its maximum value of unity. Therefore the
maximum possible mensicus force is

Fma=2mR,y¢(1+cos )N (29)

regardless of the distribution function of peak heights. Con-
versely, when the ®Im thicknessh is very small, i.e., less than
amolecular layer thick, F, is zero since no meniscus can be
formed and the problem reduces to dry contact.
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Fic. 18. Ratio of the meniscus force to applied load (F,/W) as a function
of water ®Im thickness at differento, , R, , and N for an interface (Ref. 63).

Meniscus force increases as a function of liquid ®Im
thickness (h). For a given ®Im thickness, meniscus force de-
creases with an increase in standard deviation of peak
heights (o) and it increases with an increase of radii of
peaks (R,) and number of peaks (N), Fig. 18.

It has been reported that non-Gaussian surfaces with a
range of positive skewness (between 0.3 and 0.7) and a high
kurtosis (greater than 5) exhibit low real area of contact and
meniscus forces and these surfaces are somewhat insensitive
to liquid ®Im as far as magnitude of meniscus force is
concerned.®® Further discussion will be presented in the next
section.

b. Numerical three-dimensional contact models. In anu-
merical model, meniscus forces as a result of multi-asperity
contacts with a pre-existing liquid ® m during contact of two
rough surfaces are calculated. The meniscus force due to the
Laplace pressure is given by®
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p.=32.8kPa

Contact area ~ Meniscus Area

AJA,=123E-4 W/A =032GPa A /A, =15E3 F /A, =010MPa

FiG. 19. Contact area and meniscus area for the case of computer-generated
rough surface (6=1 nm, 8*=0.5 um) in contact with a smooth surface with
a composite elastic modulus of 100 GPa and a nominal pressure (p,) of
32.8 kPa, in the presence of water ®Im (y, =73 dyn/cm, #=60B thickness
of 1 nm and meniscus height of 1 nm.

Fm:f f pL(X,y)dQ

Q

1 Q
=y€f fadQNYg(Cosal+C0502)§\,
Q

(30)

where p, is the Laplace pressure, r is the meniscus radius,
Ais the mean meniscus hei ght, and Q) is the projected area of
meniscus enclave which intersects the upper contacting as-
perity at a mean meniscus height. For multiple isolated me-
nisci scattered over the whole contact interface, () should be
the sum of the projected area of each meniscus enclave. To
solve Eq. (30), we need to know both the meniscus radius at
different locations (or mean meniscus height) and the pro-
jected area of the meniscus enclave. These parameters are a
function of the shape and the size of the meniscus.

In the numerical wet model developed by Tian and
Bhushan,®® elastic-plastic dry contact of rough surfaces®* is
®rst analyzed. In the next step, aliquid ®m of known mean
thickness is introduced over the deformed rough surfaces.
Wetted areas are determined by selecting the areas where
asperities of both contacting surfaces touch the liquid. A
mean meniscus height is assumed, () is calculated, and Eq.
(30) is used to calculate the meniscus force. Figure 19 shows
representative contact area and meniscus area maps for a
computer-generated rough surface in contact with a smooth
surface in the presence of water ®m. As expected, the me-
niscus area is larger than the contact area and the meniscus
force is three times that of the normal force. The number and
size of contacts increase with an increase in the apparent
contact pressure. The effect of relative humidity on an inter-
face is shown in Fig. 20(a). The effect of liquid ®Im thick-
ness and interface roughness on meniscus force for
computer-generated rough surfaces in contact with a smooth
surface is shown in Fig. 20(b). An increase in either relative
humidity or liquid ®Im thickness increases the liquid present
a the interface. The thicker aliquid ®Im, the more asperities
touch the liquid surface and the larger the number of asperi-
ties on which menisci form. In addition, with a thicker ®Im,

JVST B - Microelectronics and Nanometer Structures

Bharat Bhushan: Adhesion and stiction: Mechanisms, measurement techniques

2275
2]
g =37
8w 0.6 pm [
83
E f
W 02
13
40 . : —
0.6 02 84 06 08 18
Relative humidity
{a)
O 1
3 ¢F =05 mm
3 08 am Iam
itk

&1

\

001 -4

Meniscus force/nominal area (MPa}

7
Critical film thickness

LEFH

Film thickness {am}

(b}

Fic. 20. (a) Effect of relative humidity on the relative meniscus force for a
glass ceramic disk substrate in contact with a smooth surface, and (b) the
effect of water ®m thickness and surface roughness on the relative meniscus
force for computer generated Gaussian surfaces (correlation distance
B*=0.5 um) in contact with a smooth surface. The dotted line de®nes the
critical ®Im thickness for different o (Ref. 116).

a larger volume of liquid is present around the asperities,
resulting in a greater amount of meniscus volume accumu-
lated at the contact interface and in a greater meniscus
height. These effects lead to larger meniscus forces. There is
a critical ®Im thickness for a surface with given roughness,
above which the meniscus force increases rapidly. The criti-
cal ®Im thickness is on the order of three-quarters of the
liquid ®Im thickness. Experimental evidence for these obser-
vations will be presented later.

Selected non-Gaussian surfaces exhibit low real area of
contact. Figure 21 shows the probability density functions of
non-Gaussian surfaces with various skewness (Sk) and kur-
tosis (K) values. The three-dimensional contact model has
been used to study the effect of skewness and kurtosis on
real area of contact and meniscus forces.”**"? Figure 22(a)
shows the effect of skewness and kurtosis on the fractional
real area of contact (A, /A,, where A, is the apparent area)
and the relative meniscus force (F,/W) at different nominal
pressures. A positive skewness between 0 and 0.2 at low
pressure and about 0.2 at higher pressures results in the low-
est real area of contact and meniscus force. Contact area and
meniscus force decrease with an increase in the kurtosis.
Fewer peaks present on a surface with positive skewness or
high kurtosis can explain the trends. Figure 22(b) shows the
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Fic. 21. Probability density functions for surfaces with (a) difference skew-
ness (Sk) and (b) different kurtosis (K) values.

variation of relative meniscus force with the h/o ratio for
different skewness and kurtosis values. Note that sensitivity
of h/o to meniscus force decreases at a range of positive
skewness of 0+0.2 and kurtosis values of about ®ve or larger
are optimum.

C. Separation distance dependence of meniscus and
van der Waals forces

When two hydrophilic surfaces come in close proximity
in the presence of a liquid ®Im, they form a meniscus. The
intrinsic attractive force always consists of meniscus and van
der Waals (vdw) forces in addition to the result of some other
sources, described earlier. As mentioned earlier, the magni-
tude of the meniscus force depends upon the liquid volume
and its properties and on the interface geometry. Lower-
surface tensions and larger contact angles can reduce the
strength of the meniscus forces. The magnitude of weak vdw
force depends on the Hamaker constants and the minimum
separation distance between the two bodies. This force in-
creases rapidly as the distance is reduced and can be large at
a spacing of atomic dimensions.? In the case of two rough
surfaces, the average interplanar distance would be large and
the vdw forces would be small. However, these forces can be
large for two smooth surfaces at a small separation distance.

If the two smooth surfaces under lightly loaded conditions
are brought in close proximity, meniscus and vdw forces may
be comparable to the external load, such asin scanning probe
microscopy, magnetic storage devices, and MEMS/NEMS.
The relative contribution of the two forces depends upon the
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Fic. 22. (a) Fractional real area of contact and relative meniscus force as a
function of skewness and kurtosis at various nominal pressures, and (b)
relative meniscus force as a function of h/o for different skewness and
kurtosis values, for an interface in the presence of per uoropolyether liquid
®Im (y,=25dyn/cm, #=10B.

separation distance among other things. Stifter et al. (2000)%*
studied the distance dependence of meniscus and vdw forces
to study their relative importance at various operating condi-
tions. They calculated vdw force as well as the Lennard-
Jones force with the strongest vdw force. They considered a
spherical body of radius R in contact with a at surface in the
presence of a liquid ®Im (y,=72.5N/m, 6,=6,=0E). For
the meniscus analysis, the sphere was brought in contact
with the mating surface and the meniscus was built and then
the tip was retracted to a distance D.* Figure 23(a) shows
the comparison of meniscus and vdw forces as a function of
separation distance D. The two dashed curves in Fig. 23
indicate the spread of possible vdw forces. The dotted curve
shows the Lennard-Jones force with the strongest van der
Waals force. The two solid curves are meniscus forces at two
relative humidities in terms of p/pg, where pg is the normal
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Fic. 23. Relative contribution of meniscus and van der Waals forces as a
function of separation distance (D), (a) effect of relative humidity (p/po),
and (b) sphere radius (R) (Ref. 61).

vapor pressure of the liquid and p is the pressure acting out-
side the curved surface. The meniscus force can be stronger
or weaker than vdw force for distances smaller than about
0.5 nm. For greater distances, the meniscus force is stronger
than the vdw force. vdw forces must be considered for a
separation distance up to a few nanometers (D <5 nm). For
many material combinations a smaller distance (<2 nm) is
enough. Meniscus forces operate up to the break of the me-
niscus, ranging from 5 to 20 nm. Thus for large separations
only the meniscus force is important while for smaller sepa-
rations both forces must be considered.

Figure 23(b) shows the sphere radius dependence on both
forces as a function of separation distance D for various val-
ues of radii.®! The forces show an increase with an increase
in radius. For the vdw force, the increase is exactly linear
with the tip radius. The meniscus forces shown here are one
of the strongest for each radius, together with the strongest
van der Waals forces.

Based on the meniscus and vdw forces data presented in
Fig. 23, three possible arrangements can occur. The meniscus
force can be dominant, the vdw force can be dominant, or
both forces can be roughly equal. vdw forces are generally
dominant over a distance of 0.5£2 nm.
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Fic. 24. Typical forcetdistance curve for a contact between Si;N, tip and
single crystal silicon surface in measurements made in the ambient environ-
ment. Contact between the tip and silicon occurs at point B; tip breaks free
of adhesive forces at point C as the sample moves away from the tip.

IIl. ADHESION MEASUREMENT TECHNIQUES

A. Surface force apparatus and atomic
force microscopy

Surface force apparatus (SFA) and atomic force micro-
scopes (AFM) are used to measure adhesion on micro- to
nanoscales between two surfaces. In the SFA, adhesion of
liquid ®Ims sandwiched between two curved smooth surfaces
is measured. In an AFM, adhesive force measurement is per-
formed in the so-called force calibration mode.>*™ In this
mode, forcexdistance curves are obtained, as shown for ex-
ample in Fig. 24. The horizontal axis gives the distance the
piezo (and hence the sample) travels and the vertical axis
gives the tip de ection. As the piezo extends, it approaches
the tip, which is at this point in free air and hence shows no
de ection. This is indicated by the “at portion of the curve.
As the tip approaches the sample within a few nanometers
(point A), an attractive force exists between the atoms of the
tip surface and the atoms of the sample surface. The tip is
pulled toward the sample and contact occurs at point B on
the graph. From this point on, the tip is in contact with the
surface and as the piezo further extends, the tip is further
de ected. This is represented by the sloped portion of the
curve. As the piezo retracts, the tip goes beyond the zero
deection (at) line because of attractive forces (van der
Waals forces and long-range meniscus forces), into the adhe-
sive regime. At point C in the graph, the tip snaps free of the
adhesive forces, and is again in free air. The horizontal dis-
tance between points B and C along the retrace line gives the
distance moved by the tip in the adhesive regime. This dis-
tance multiplied by the stiffness of the cantilever gives the
adhesive force. Incidentally, the horizontal shift between the
loading and unloading curves results from the hysteresis in
the PZT tube, 347374

B. Microtriboapparatus

To measure adhesion, friction, and wear between two mi-
crocomponents, a microtriboapparatus has been used. Figure
25 shows the schematic of a microtriboapparatus, capable of
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FiG. 25. Schematic of the microtriboapparatus including specially designed
cantilever (with two perpendicular mirrors attached on the end), lower speci-
men holder, two piezos (X- and Z-piezos), and four ®ber optic sensors(X-
and Z-displacement sensors and X- and Z-force sensors)DRef. 75.

adopting MEMS components.” In this apparatus, an upper
specimen, mounted on a soft cantilever beam, comes in con-
tact with a lower specimen mounted on a lower specimen
holder. The apparatus consists of two piezos (X- and
Z-piezos), and four ®ber optic sensors (X- and
Z-displacement sensors, and X- and Z-force sensors). For
adhesion and friction studies, Z- and X-piezos are used to
bring the upper specimen and lower specimen in contact and
to apply a relative motion in the lateral direction, respec-
tively. The X- and Z-displacement sensors are used to mea-
sure the lateral position of the lower specimen and vertical
position of the upper specimen, respectively. The X- and
Z-force sensors are used to measure friction force and nor-
mal load/adhesive force between these two specimens, re-
spectively, by monitoring the de ection of the cantilever.

C. Cantilever beam array technique

The propensity of adhesion between two surfaces can be
evaluated by studying the tendency of microstructures with
well-de®ned contact areas, covering a wide range of suspen-
sion compliances, to stick to the underlying substrate. The
test structures, which have been used, include a cantilever
beam array (CBA) with difference lengths'”®*" and stand-
off multiple dimples mounted on microstructures with a
range of compliances, free standing above a substrate.?’ The
CBA technique, more commonly used, utilizes as array of
micromachined polysilicon beams (for Si MEMS applica-
tions), in the mesoscopic length scale, anchored to the sub-
strate at one end and with different lengths paralel to the
surface. It relies on peeling and detachment of cantilever
beams. Change in surface energy or reversible work done to
separate unit areas of two surfaces from contact is called
work of adhesion. To measure the work of adhesion, electro-
static actuation is used to bring all beams in contact with the
substrate; see Fig. 26(a).”*"® Once the actuation force is
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Fic. 26. (8) SEM micrograph of micromachined array of polysilicon canti-
lever beams of increasing length. The micrograph shows the onset of pin-
ning for beams longer than 34 um (Ref. 77), and (b) schematic of a canti-
lever beam of length ¢ adhering to its substrate in the presence of a liquid
®Im.

removed, the beams begin to peel themselves off the sub-
strate. This can be observed with an optical interference mi-
croscope (e.g., Wyko surface pro®le). For beams shorter
than a characteristic length, the so-called detachment length,
their stiffness is suf®cient to free them completely from the
substrate underneath. Beams larger than the detachment
length remain adhered. The beams at the transition region
start to detach and remain attached to the substrate just at the
tips. The technique has been used to screen methods for ad-
hesion reduction in polysilicon microstuctures by using de-
tachment length as a measure of work of adhesion.”®’’

An expression for the work of adhesion as a function of
detachment length is derived next.”® Figure 26(b) shows a
cantilever beam of length ¢, thickness t, width w, and
Young's modulus E, anchored at a spacing d. The beam at-
taches the underlying substrate at distance s from the anchor
over alength € £s from the tip. The stored elastic energy of
the beam in the segment 0<x=<'s induces a restoring force
that tends to peel the beam from the adhering substrate. The
adhesion energy stored in the segment s<x=<+¢ induces an-
other force that holds the beam in contact with the substrate.
At equilibrium, the peel distance ¢4 minimizes the total en-
ergy of the system (bending plus adhesion energies).
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The elastic energy stored in the rectangular cantilever,
using boundary conditions which alow the shear deforma
tion of the tip of the beam,
_ Et’d’w

e=
8s®

(31)

The interfacial adhesion energy stored in the attachment
length (€ —s) is simply the work of adhesion per unit area,
Wy, times the area of contact

The sign of work of adhesion is negative because it is a
binding energy. The unit isJm~2 or Nm™. The total energy
(or free energy) of the system is the sum of elastic plus
adhesion energies. In equilibrium, the total energy is mini-
mized and this gives the detachment length (s* =¢),
d
Using expressions from Egs. (31) and (32) into Eq. (33), one
gets an expression for work of adhesion as a function of

critical length of the cantilever beam or detachment length,
4. Wy isgiven as

_3Et3d2

Wyy=—. 34
ad 8¢t (34)

IV. LUBRICATION APPROACHES AND TYPICAL
STICTION DATA

Several studies on liquid per uoropolyether (PFPE) lubri-
cant ®Ims, self-assembled monolayers(SAMs), and hard dia-
mondlike carbon (DLC) coatings have been carried out for
the purpose of minimizing adhesion, stiction, friction, and
wear, 34197581288 \any variations of these ®Ims are hydro-
phobic (low surface tension and high contact angle) and have
low shear strength. These provide low adhesion, friction, and
wear.

The classical approach to lubrication uses freely sup-
ported multimolecular layers of liquid lubricants.®>* The lig-
uid lubricants are sometimes chemically bonded to improve
their wear resistance. Partially chemically bonded, molecu-
larly thick per uoropolyether (PFPE) lubricants (Z-DOL) are
widely used for lubrication of magnetic storage media,? and
are found to be suitable for MEMS/NEMS devices,>86:8889

A preferred method of lubrication of MEMS/NEMS is by
the deposition of organized and dense molecular-scale layers
of long-chain molecules, as they have been shown to be su-
perior lubricants.?%8-84+8 Tyyo common methods to produce
monolayers are the Langmuir+Blodgett (LB) deposition and
self-assembled monolayers (SAMs) by chemical grafting of
molecules. LB ®Ims are physically bonded to the substrate
by weak van der Waals forces while SAMs are bonded by
covalent bonds to the substrate and provide high durability.
SAMs can be spontaneously formed by immersion of an ap-
propriate substrate into a solution of active surfactant in an
organic solvent. SAMs offer the “exibility and advantage of
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molecular tailoring to obtain a variety of different tribologi-
cal and mechanical properties. For example, researchers have
shown that by changing the head groups, tail groups, chain
lengths, or types of bonds within a chain, varying degrees of
friction, adhesion, and/or compliance can be obtained.8>®
These studies indicate that the basis for molecular design and
tailoring of SAMs must include a complete understanding of
interrelationships between the molecular structure and tribo-
logical properties of SAMs, as well as a deep understanding
of the friction and wear mechanisms of SAMs at the molecu-
lar level.

Bhushan and Liu® and Liu and Bhushan®’ studied nanot-
ribological properties of four different kinds of alkylthiol and
biphenyl thiol monolayers with different surface terminals,
spacer chains, and head groups using atomic force micros-
copy. They reported that compliant alkylthiolDhexadecane
thiol (HDT) ®Ims exhibit superior adhesion, friction and
wear resistance.

Hard amorphous carbon (a-C), commonly known as
DLC (implying high hardness) coatings are deposited by a
variety of deposition techniques including ®ltered cathodic
arc, ion beam, electron cyclotron resonance chemical vapor
deposition, plasma-enhanced chemical vapor deposition, and
sputtering.®® The coatings deposited by ®Itered cathodic arc
deposition provide excellent friction and wear properties.
DLC coatings are used in a wide range of applications in-
cluding tribological, optical, electronic, and biomedica ap-
plications. Ultrathin coatings (3.5 to 10 nm thick) are em-
ployed to protect against wear and corrosion in magnetic
storage applicationsbthin-®Im-rigid disks, metal evaporated
tapes, and thin-®Im read/write headb,Gillette Mach 3 razor
blades, glass windows, and sunglasses. The coatings exhibit
low friction, high hardness, and wear resistance, chemical
inertness to both acids and akalis, lack of magnetic re-
sponse, and optical band gap ranging from zero to a few
electron volts, depending upon the deposition technique and
its conditions.

A number of adhesion and friction studies have been per-
formed on DLC, chemically bonded Z-DOL, and HDT ®Ims.
Typica data follow.

A. Normal pull mode data

For two surfaces in the presence of liquid, intrinsic adhe-
sive force may be large. It is well known that in computer
rigid disk drives, the adhesive force increases rapidly with an
increase in the rest time between a magnetic head and a
magnetic disk.? Considering that the adhesion and friction
are the major issues that lead to the failure of MEMS/INEM S
devices, the rest time effect on micro- and nanoscales on
Si(100), DLC, chemicaly bonded Z-DOL, and HDT have
been studied by Liu and Bhushan’ and Bhushan et al.2® The
results are summarized in Fig. 27. It is found that the adhe-
sive force of Si(100) logarithmically increases with the rest
time to a certain equilibrium time (t=1000s) after which it
remains constant. Figure 27 aso shows that the adhesive
forces of DLC, Z-DOL, and HDT do not change with rest
time. Single asperity contact modeling of the dependence of
meniscus force on the rest time has been carried out by Chi-
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Fic. 27. (a) Inuence of rest time on the adhesive force of Si (100), DLC,
chemically bonded Z-DOL, and HDT, and (b) single asperity contact mod-
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viscosity of 7)DRef. 66.

lamakuri and Bhushan,®® and the modeling results (Fig. 27)
verify experimental observations. Due to the presence of thin
®Im adsorbed water on Si(100), menisci form around the
contacting asperities and grows with time until equilibrium

J. Vac. Sci. Technol. B, Vol. 21, No. 6, Nov/Dec 2003

occurs, which causes the rest time effect on its adhesive
force. The adhesive forces of DLC, Z-DOL, and HDT do not
change with rest time which suggests that either the water
menisci are not present on their surfaces or they do not in-
crease with time.

The measured adhesive forces of Si(100), DLC, Z-DOL,
and HDT at arest time of 1 s on micro- and nanoscales are
summarized in Fig. 28(a).”>® It shows that the presence of
solid ®Ims of DLC, Z-DOL, and HDT greatly reduces the
adhesive force of Si(100), whereas, HDT ®Im has the lowest
adhesive force. (It should be noted that contact pressures in
the adhesion experiments are different for various samples
because of differences in elastic properties, which will affect
the magnitude of the adhesive forces.) It is well known that
the native oxide layer (SiO,) on the top of Si(100) wafer
exhibits hydrophilic properties, and water molecules, pro-
duced by capillary condensation of water vapor from the
environment, can easily be adsorbed on this surface. The
condensed water will form meniscus as the upper specimen
approaches to the lower specimen surface. The meniscus
force is a major contributor to the adhesive force. For a
simple case of a sphere in contact with a at surface, the
attractive Laplace force F| caused by menisci is given by
Eq. (12), presented earlier. In this study, the measured adhe-
sive force on a microscale is generally higher than that mea-
sured on a nanoscale. This happens because the larger radius
of the Si(100) ball, as compared to that of an AFM tip, in-
duces larger F| and van der Waals force. Figure 28(a) sum-
marizes the measured contact angles of water against
Si(100), DLC, Z-DOL, and HDT and the corresponding cal-
culated Laplace forces F| . The results show that DLC,
Z-DOL, and HDT have larger contact angles, or in other
words, lower surface energy than Si(100), which means that
they exhibit more hydrophobicity.

The schematics in Fig. 28(b) show relative sizes of water
meniscus on different specimens. Because DLC, chemically
bonded Z-DOL, and HDT ®Ims have low free surface energy
and can adsorb a small number of water molecules to form
water meniscus, these ®Ims can reduce the adhesive force.
The reason why the calculated F| is smaller than the mea-
sured adhesive forceis that in additionto F| , van der Waals,
electrostatic, and other possible surface forces also contribute
to the adhesive force. These studies suggest that DLC,
chemically bonded Z-DOL, and HDT ®Ims can act as anti-
adhesion ®Ims. They greatly reduce the adhesive force of
Si(100) by modifying the surface hydrophobic property and
can be applied in MEMS/NEMS.

B. Sliding mode data

The intrinsic attractive force due to liquid-mediated adhe-
sion may result in high static friction, kinetic friction, and
wear. The total normal force on the wet interface is the ex-
ternally applied normal force plus the intrinsic meniscus
force. Therefore, during sliding, in the absence of any hydro-
dynamic effects, the force required to initiate or sustain dlid-
ing is equal to the sum of the intrinsic (true) friction force F;
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Fic. 28. (a) Adhesive forces of Si(100), DLC, chemicaly bonded Z-DOL, an HDT at ambient condition and the contact angle values and the calculated
Laplace values, and (b) a schematic showing the relative size of water meniscus on different specimens.

and the stiction force Fg; the latter is a combination of the
friction force due to the meniscus and viscous effects,?

F=Fi+Fs=u (W+F,+F,, (35)

where u, is the true coef®cient of friction in the absence of
meniscus, and smaller than the measured value of u
=F/W. The sum of Wand F, isthe total normal load. F, is
the meniscus force in the normal direction, and F,; is the
viscous force in the dliding direction. The friction force
(W) depends on the material properties and surface topog-
raphy, whereas F,,, depends on the roughness parameters as
well as the type of liquid and its ®Im thickness. u,F,+F,
is the friction force due to liquid-mediated adhesion. In a
well-lubricated contact, shearing primarily occurs in the lig-
uid ®Im. The stress required to shear the liquid increases
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with an increase in the diding velocity and the acceleration.
Consequently, coef®cients of static and kinetic friction gen-
eraly increase with the dliding speed or acceleration.

The coef®cient of friction, u, including the effect of the
meniscus and viscous force, is given by

F
W=y =

( 1+ (36)

Fml F
w)+

F. and F,, calculations can be made based on the analyses
presented in the previous section. For static friction calcula-
tions at low velocities and accelerations, the viscous effect
can be neglected.
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DLC, Z-DOL, and HDT, the surfaces exhibit hydrophobic
properties, and only can adsorb few water molecules in am-
bient conditions. The above-mentioned meniscus breaking
and tribochemical reaction mechanisms do not exist for these
®Ims. Therefore, their friction force does not change with

The in uence of relative humidity was studied in an en-
vironmentally controlled chamber.”>® The adhesive force
and friction force were measured by making measurements
at increasing relative humidity, and the results on micro- and
nanoscales are summarized in Fig. 30. It shows that for
Si(100) and Z-DOL, the adhesive force increases with rela-
tive humidity, but the adhesive force of DLC shows only a
very dight increase at higher humidity, while the adhesive
force of HDT does not change with humidity. Figure 30 also
shows that for Si(100), the friction force increases with rela-
tive humidity increase up to 45% RH, and then it shows a
slight decrease with a further increase in the relative humid-
ity. For Z-DOL, there is an increase in the friction force
when humidity is higher than 45% RH. In the whole testing
range, relative humidity does not have any apparent in u-
ence on the friction properties of DLC and HDT. In the case
of Si(100), theinitial increase of relative humidity up to 45%
RH causes more adsorbed water molecules, and form bigger
water meniscus, which leads to an increase of friction force.
But at very high humidity of 65% RH, large quantities of
adsorbed water can form a continuous water layer that sepa-
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Fic. 29. In uence of diding velacity on the friction forces of Si (100), DLC,
chemically bonded Z-DOL, and HDT.

1. Solid ®Ims

Sliding properties of DLC, chemically bonded Z-DOL,
and HDT ®Ims have been performed for applications to the
MEMS/NEMS devices. These devices are used at a range of
velocities, humidities, and temperatures. To investigate the
velocity effect on friction, the friction force as a function of
velocity on micro- and nanoscales was measured and is sum-
marized in Fig. 29.°% |t indicates that, for Si(100), the fric-
tion force decreases logarithmically with increasing velocity.
Figure 29 aso indicates that the velocity has almost no effect
on the friction properties of DLC, Z-DOL, and HDT. This
implies that the friction mechanisms of DLC, Z-DOL, and
HDT do not change with the variation of velocity. For
Si(100), at high velocity, the meniscus is broken and does not
have enough time to rebuild. In addition, it is also believed
that tribochemical reaction plays an important role. The high
velocity leads tribochemical reactions of Si(100) (which has
native oxide SiO,) with water molecules to form a Si(OH),
®Im. This ®Im is removed and continuously replenished dur-
ing diding. The SIOH, layer at the dliding surface is known
to be of low shear strength. The breaking of the water me-
niscus and the formation of Si(OH), layer results in a de-
crease in friction force of Si(100) at higher velocity. For
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rates the tip and sample surfaces, and acts as a kind of lubri-
cant, which causes a decrease in the friction force. It is ob-
served that the humidity effect on Si(100) depends on the
history of the Si(100) sample. In AFM experiments, as the
surface of a Si(100) wafer readily absorbs water in air, with-
out any pretreatment the Si(100) used in this study almost
reaches its saturated stage of adsorbed water, and has in u-

ence as compared to thermally treated sample (150 EC for 1
h) relative humidity is increased. For Z-DOL, dewetting of
[ubricant ®Im at humidity higher than 45% RH results in an
increase in adhesive and friction forces. For DLC and HDT,
the surfaces show hydrophobic properties, and increasing
relative humidity does not play much of a role on their fric-
tion force.

The in"uence of temperature was studied using a heating
stage.”® The adhesive force and friction force were mea-
sured in temperature range of 22+125EC. The results are
presented in Fig. 31. It shows that once the temperature is
higher than 50 EC, increasing temperature causes a signi®-
cant decrease of adhesive and friction forces of Si(100) and a
slight decrease in the case of DLC and Z-DOL. But the ad-
hesive and friction forces of HDT do not show any apparent
change with test temperature. At high temperature, desorp-
tion of water, and reduction of surface tension of water lead
to decreases of adhesive and friction forces of Si(100), DLC,
and Z-DOL. However, in the case of HDT ®Im, as only afew
water molecules are adsorbed on the surface, the above-
mentioned mechanisms do not play a big role. Therefore, the
adhesive and friction forces of HDT do not show any appar-
ent change with temperature.



2283 Bharat Bhushan: Adhesion and stiction: Mechanisms, measurement techniques 2283
Microscale
1000 e 1200 22°C, 2000 o, 720 s
800 | 000 ¢
z {100 | [
s sieo Z 800t $100)
£ 600 F 8 I S
& 8 800}
J I Z-DOL
& 400 | oc  |€ /ar—"°
£ ZD0L |8 400 | pree g ooty DLC
b4 w S F————
200 F . -+ oy el MENT 200 b
O i i Lk 0 A i - Fl i i
8 20 40 80 80 8 20 45 60 80
Retative humidity {%) Relative hurmidity (%)
Nanoscale
100 10
 22°C Thermally treated SI(100) 22°C, TO N, 2 prmis
. SH100}
g $#100)] '
= Z Thermally treated Si{100)
3 -noi| €
2 2 .
;".3 é o ] DEC
E= &
<L ™
. HDT
0 L i 5 i 2 X e N ":“HDT
0 25 48 68 80 ] 20 43 80 8%
Retative humidity (%) Retativa fumidity (%)

Fic. 30. In"uence of relative humidity on the adhesive and friction forces of Si (100), DLC, chemically bonded Z-DOL, and HDT.

In summary, Figs. 29+ 31 show that in the entire velocity,
relative humidity, and temperature test range, the adhesive
force and friction force of DLC, Z-DOL, and HDT are al-
ways smaller than that of Si(100), and HDT has the smallest
value.

2. Liquid ®Ims

For two surfaces in contact in the presence of liquid, co-
ef®cients of static and kinetic friction and durability are a
function of the amount of liquid present at the surface with
respect to the interplanar separation.>* The liquid ®Im thick-
ness and composite roughness of the interface are known to
have an opposite effect on static and kinetic friction and
durability; that is, an increase in ®Im thickness or a decrease
in roughness results in an increase in the values of static and
Kinetic friction, and ®rst an increase followed by a decrease
in durability (Fig. 32).%° For rough surfaces with a composite
roughness o and a uniform liquid ®Im thicknessh, to ®rst
order, the static friction force, kinetic friction force, and du-
rability are a function of h/o282%%% (Fig, 33). The coef®-
cient of friction remains low below a certain value of h/o
and increases, in some cases rapidly, beyond this value.
Larger values of h/o correspond to a larger number of as-
perities wetted by the liquid ®Im, resulting in larger meniscus
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and viscous contributions. Below the critical value, much of
the liquid remains in the valleys and does not readily form
menisci. It appears that for low static kinetic friction, h/o
should be less than or equal to about 0.7. Of course, if the
contact isimmersed in the liquid, menisci are not formed and
shear occurs in the liquid ®Im, leading to very low friction.
The durability data in Fig. 33 show that the durability in-
creases with an increase in avalue of h/o. A rapid decrease
in durability above a critical h/o occurs because of a large
meniscus being formed around slider edges and the presence
of the stick-slip phenomenon.®

In a humid environment, the amount of water present at
the hydrophilic interface increases with an increase in their
relative humidity. The adsorbed water ®Im thickness on a
diamondlike carbon-coated magnetic disk, for example, can
be approximated as follows:®?

h=h,(RH)+h, exp[a(RH—1), (37)
where h;=0.3nm, h,=0.5nm, «=20, and RH is the rela-
tive humidity fraction ranging from 0 to 1. In the data shown
in Fig. 34, the coef®cient of static friction of the lubricated
disk increases rapidly above a relative humidity (RH) of
about 60%. This critical humidity is dependent upon the in-
terface roughness. Trends observed in Figs. 32+34 are con-
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Fic. 31. In uence of temperature on the adhesive and friction forces of Si (100), DLC, chemically bonded Z-DOL, and HDT.

sistent with those predicted by contact modeling, Fig. 21.
The coef®cient of friction of the unlubricated disk remains
low at high humidities. It is the total liquid ®m thickness
(including water and lubricant), which contributes to the me-
niscus effect; therefore, an unlubricated disk can sustain
much more water condensation than a lubricated disk before
friction increases signi®cantly. For kinetic friction, little
change is observed. The coef®cient of kinetic friction of an
unlubricated disk remains unchanged with humidity, whereas
the kinetic friction of a lubricated disk increases dlightly
above 60% RH. The durability of a lubricated disk increases
with an increase in the relative humidity but decreases at
high humidities. The durability of an unlubricated disk in-
creases with an increase in humidity. Condensed water acts
as lubricant and is responsible for an increase in the durabil-
ity, whereas the drop in durability at high humidity in the
case of a lubricated disk occurs because of high static fric-
tion.

Static friction starts to increase in some cases, rapidly
beyond a certain rest time and then levels off, as shown in
Fig. 35. This trend is similar to that observed for adhesive
forces in Fig. 27. The rest time required for increased static
friction is again dependent upon the total liquid present at the
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Fic. 32. Normalized static (after a rest time of 100 s) (top) and kinetic
(middle) friction forces and durability in revolutions (bottom) as a function
of the lubricant ®Im thickness of lubricant Z-DOL, untreated, applied on
disks with two roughnesses against a smooth slider.
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Fic. 33. Normalized static (top) and kinetic (middle) friction forces and
durability in revolutions (bottom) as a function of the ratio of the lubricant
®Im thickness to compositeo roughness (h/ o). Data on untreated, partially
bonded, and fully bonded Z-DOL lubricants are presented. For static and
kinetic friction data, h used is a mobile fraction; for durability, h used is a
total ®Im thickness.

interface; a lubricated disk requires less rest time than an
unlubricated disk.%

Figure 36 shows the coef®cient of static friction as afunc-
tion of acceleration.>®! Static friction increases with the ac-
celeration because of viscous effects as predicted from the
analysis.>*

Finaly, Fig. 37 shows an example of the coef®cient of
friction dependence on the surface roughness for a magnetic
thin-®Im rigid disk? An increase in roughness results in a
decrease in friction up to a certain roughness value, as ex-
pected. High roughness results in plowing.

C. Effect of tip radii and humidity on adhesion and
friction

1. Experimental observations

Tip radius and relative humidity affect adhesion and fric-
tion for dry and lubricated surfaces.”**® Figure 38 shows the
variation of single point adhesive force measurements as a
function of tip radius on a Si(100) sample for severa hu-
midities. The adhesive force data are also plotted as a func-
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Fic. 34. Coef®cients of static friction(after a rest time of 100 s) and kinetic
friction and durability as a function of relative humidity for unlubricated and
lubricated disk+head interface.

tion of relative humidity for several tip radii. The genera
trend at humidities up to ambient is that a 50 nm radius
SizN, tip exhibits a dightly lower adhesive force as com-
pared to the other microtips of larger radii; in the latter case,
values are similar. Thus for the microtips there is no appre-

87 —O—— Unlubricated
—>—— 2 nm lubricant
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Fic. 35. Coef®cient of static friction as a function of rest time for unlubri-
cated and lubricated disk+head interface.
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Fic. 36. Coef®cient of static friction(after arest time of 100 s) as a function
of acceleration of the disk during start-up of the magnetic disk drive.

ciable variation in adhesive force with tip radius at a given
humidity up to ambient. The adhesive force increases asrela-
tive humidity increases for al tips.

Sources of adhesive force between a tip and a sample
surface are van der Waals attraction and meniscus
formation.3* Relative magnitudes of the forces from the two
sources are dependent upon various factors including the dis-
tance between the tip and the sample surface, their surface
roughness, their hydrophobicity, and relative humidity.®* For
most surfaces with some roughness, the meniscus contribu-
tion dominates at moderate to high humidities. The trend in
adhesive forces as a function of tip radii and relative humid-
ity shown in Fig. 38, can be explained by the presence of
meniscus forces, which arise from capillary condensation of
water vapor from the environment forming meniscus
bridges. If enough liquid is present to form a meniscus
bridge, the meniscus force should increase with an increase
in tip radius (proportional to tip radius for a spherica tip)
and should be independent of the relative humidity or water
®Im thickness. In addition, an increase in tip radius in a dry
environment results in increased contact area leading to
higher values of van der Waals forces. However, if nanoas-
perities on the tip and the sample are considered then the
number of contacting and near-contacting asperities forming
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Fic. 37. Coef®cient of friction as a function of disk texture for a magnetic
thin-®Im rigid disk against a ferrite dlider (Ref. 2).

J. Vac. Sci. Technol. B, Vol. 21, No. 6, Nov/Dec 2003

Bharat Bhushan: Adhesion and stiction: Mechanisms, measurement techniques

2286

meniscus bridges increases with an increase of humidity
leading to an increase in meniscus forces. This explains the
trends observed in Fig. 38. From the data, the tip radius has
little effect on the adhesive forces at low humidities but in-
creases with tip radius at high humidity. Adhesive force also
increases with an increase in humidity for all tips. This ob-
servation suggests that thickness of the liquid ®m at low
humidities is insuf®cient to form continuous meniscus
bridges to affect adhesive forces in the case of al tips.

Figure 38 aso shows the variation in coef®cient of fric-
tion as a function of tip radius at a given humidity, and as a
function of relative humidity for a given tip radius for
Si(100). It can be observed that for 0% RH, the coef®cient of
friction is about the same for the tip radii except for the
largest tip, which shows a higher value. At al other humidi-
ties, the trend consistently shows that the coef®cient of fric-
tion increases with tip radius. An increase in friction with tip
radius at low to moderate humidities arises from increased
contact area (higher van der Waals forces) and higher values
of shear forces required for larger contact area. At high hu-
midities, similar to adhesive force data, an increase with tip
radius occurs because of both contact area and meniscus ef-
fects. Although AFM/FFM measurements are able to mea-
sure the combined effect of the contribution of van der Waals
and meniscus forces toward friction force or adhesive force,
it is dif®cult to measure their individual contributions sepa-
rately. It can be seen that for al tips, the coef®cient of fric-
tion increases with humidity to about ambient, beyond which
it starts to decrease. The initia increase in the coef®cient of
friction with humidity arises from the fact that the thickness
of the water ®m increases with an increase in the humidity,
which results in a larger number of nanoasperities forming
meniscus bridges and leads to higher friction (larger shear
force). The same trend is expected with the microtips beyond
65% RH. This s attributed to the fact that at higher humidi-
ties, the adsorbed water ®Im on the surface acts as a lubricant
between the two surfaces. Thus the interface is changed at
higher humidities, resulting in lower shear strength and
hence lower friction force and coef®cient of friction.

2. Adhesion and friction force expressions for a single
asperity contact

We now obtain the expressions for the adhesive force and
coef®cient of friction for a single asperity contact with a
meniscus formed at the interface. For a spherical asperity of
radius R in contact with a "at and smooth surface with the
composite modulus of elasticity E* and with a concave me-
niscus, the attractive meniscus force (adhesive force) F, or
W is given by Eq. (12a). For an elastic contact for both
extrinsic (W) and intrinsic (W,) normal load, the friction
force is given as

3(W+Wy )R
4E*
where 7 is the average shear strength of the contacts (surface

energy effects are not considered here). Note that adhesive
force increases linearly with an increase in the tip radius, and

23
: (38)

Fe=mT
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the friction force increases with an increase in tip radius as
R?3 and with normal load as (W-+ W,q) %3, The experimental
data in support of W3 dependence on the friction force can
be found in various references.® The coef®cient of friction

Me 1S Obtained from Eq. (38) as
Fe B

Ke=w+wy 7

(39)

3R
4E*

(WH W) 3

In the plastic contact regime,®* the coef®cient of friction
Mp IS Obtained as

_ Fp T
Hp™(W+Wy)  H'

where Hg is the hardness of the softer material. Note that in
the plastic contact regime, the coef®cient of friction is inde-
pendent of external load, adhesive contributions, and surface
geometry.

For comparison, for multiple asperity contacts in the elas-
tic contact regime the total adhesive force W is the sum-
mation of adhesive forces at n individual contacts,®*

(40)

n

W= 2, (Wa) (41)
and
3.27
e B (0 IR P+ (Wagf W)

where o, and R, are the standard deviation of summit
heights and average summit radius, respectively. Note that
the coef®cient of friction depends upon the surface rough-
ness. In the plastic contact regime, the expression for w, in
Eq. (40) does not change with surface roughness.

The source of the adhesive force, in a wet contact in the
AFM experiments being performed in an ambient environ-
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Relative humidity (%)

ment, includes mainly attractive meniscus force due to cap-
illary condensation of water vapor from the environment.
The meniscus force for a single contact increases with an
increase in tip radius. A sharp AFM tip in contact with a
smooth surface at low loads (on the order of a few nN) for
most materials can be simulated as a single-asperity contact.
At higher loads, for rough surfaces and for soft surfaces,
multiple contacts would occur. Furthermore, at low loads
(nN range) for most materials, the local deformation would
be primarily elastic. Assuming that shear strength of contacts
does not change, the adhesive force for smooth and hard
surfaces at low normal load (on the order of few nN) (for a
single asperity contact in the elastic contact regime) would
increase with an increase in tip radius, and the coef®cient of
friction would decrease with an increase in total normal load
as (W+W,y) ~ 2 and would increase with an increase of tip
radius as R?3. In this case, the Amontons law of friction,
which states that coef®cient of friction is independent of nor-
mal load and is independent of apparent area of contact, does
not hold. For a single-asperity plastic contact and multiple-
asperity plastic contacts, neither the normal load nor the tip
radius come into play in calculation of coef®cient of friction.
In the case of multiple-asperity contacts, the number of con-
tacts increases with an increase of normal load, therefore
adhesive force increases with an increase in load.

In the data presented earlier in this section, the effect of
tip radius and humidity on the adhesive forces and coef®-
cient of friction is investigated for experiments with a
Si(100) surface at loads in the range of 10+100 nN. The
multiple asperity elastic-contact regime is relevant for this
study. An increase in humidity generaly results in an in-
crease in the number of meniscus bridges, which would in-
crease the adhesive force. As suggested earlier, that increase
in humidity also may decrease shear strength of contacts. A
combination of an increase in adhesive force and a decrease
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TaBLE |. Typical adhesive force and friction force data on micro- and
nanoscales of various samplesin air.

Adhesive force Coef®cient of friction(u)
Microscale®  Nanoscale”
Sample (uN) (NN) Microscale? Nanoscal €
Si(100) 685 52 0.47 0.07
DLC 325 44 0.19 0.03
Z-DOL 315 35 0.23 0.04
HDT 180 14 0.15 0.006

a/ersus 500 mm radius Si(100) ball.
bVersus 50 nm radius SizN, tip.

in shear strength would affect the coef®cient of friction. An
increase in tip radius would increase the meniscus force (ad-
hesive force). A substantial increase in the tip radius may
also increase interatomic forces. These effects in uence the
coef®cient of friction with an increase in the tip radius.

D. Scale dependence on friction

Table | summarizes adhesive force and friction data. Ad-
hesive force and coef®cient of friction values on nanoscale
are much lower than that at microscale.®® Scale dependence
is clearly observed in these data. As further evidence of scale
dependence, Table Il shows the coef®cient of friction mea-
sured for single-crystal graphite, SiO,, and natural diamond
on nano- and macroscales.® It is clearly observed that fric-
tion values are scale dependent. The values on the nanoscale
are much lower than those on the micro- and macroscale.

There are at least the following four (and possibly more)
differences in the operating conditions responsible for the
differences in friction values. First, the contact stresses at
AFM conditions, in spite of small tip radii, generally do not
exceed the sample hardness; that minimizes plastic deforma-
tion. Average contact stresses in micro/macrocontacts are
generaly lower than that in AFM contact. However, a large
number of asperities come into contact and some go through
some plastic deformation. Second, when measured for the
small contact areas and very low loads used in nanoscae
studies, indentation hardness is higher than at the
macroscale>4% Lack of plastic deformation and improved

TABLE Il. Surface roughness (standard deviation of surface heights of ) and
coef®cients of friction on nano-/micro- and macroscales of various samples
in air.

Coef®cient of
macroscale friction

Coef®cient of
nanoscale friction

Material o (nm)  versus SigN, tip?  versus SigN, ball®
Graphite (HOPG) 0.09 0.006 0.1
Natural diamond 2.3 0.04 0.2
Si(100) 0.14 0.07 04

#Tip radius of about 50 nm in the load range of 10+150 nN (2.5+6.1 GPa)
and a scanning speed of 0.5 nm/s and scan area of 1 nmXx1 nm for HOPG
and a scanning speed of 4 um/s and scan area of 1 umx1 um for diamond
and Si(100).

bBall radius of 3 mm at anormal load of 1 N (0.6 GPa) and average sliding
speed of 0.8 mm/s.
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mechanical properties reduce the degree of friction and wear.
Third, the small apparent area of contact reduces the number
of particles trapped at the interface, and thus minimizes the
third-body plowing contribution to the friction force. As a
fourth and ®nal difference, we have seen in the previous
section that coef®cient of friction increases with an increase
in the AFM tip radius. AFM data are taken with a sharp tip,
whereas the size of asperities in contact in macro/microscale
tests range from nanoasperities to much larger asperities
which may be responsible for larger values of friction force
on macro/microscale.

Scale effects in friction have recently been modeled by
Bhushan and Nosonovsky.®” According to this model, scale
effects play a big role in friction.

V. EXAMPLES OF METHODS TO REDUCE
ADHESION AND STICTION IN MAGNETIC
STORAGE AND MEMS/NEMS APPLICATIONS

A variety of techniques have been proposed, and some are
used in commercia applications, to reduce stiction. If the
source of high adhesion and static friction (stiction) is liquid
mediated adhesion, then surface energy, the amount of mo-
bile liquid present at the interface, and/or contact area need
to be minimized. Surface energy can be reduced by provid-
ing a hydrophobic surface. The amount of mobile liquid can
be reduced by using solid lubricants or partially chemically
bonded liquid ®Ims or by controlling relative humidity. The
contact area can be reduced by introducing roughness or
bumps on the surfaces and/or by having stiffer/harder sur-
faces, or by reducing the apparent size of one of the bodies.
Stiction reduction is especially important in devices with
smooth surfaces which involve relative motion under light
loads. In these devices, in the presence of liquid ®Im, menis-
cus forces may be large and in some cases much larger than
the external load. In close proximity (0.5+5 nm), van der
Waals forces may also be signi®cant. Examples of devicesin
which stiction is important include magnetic storage devices
and MEMS/NEMS devices which involve relative motion.
Some details follow.

A. Magnetic storage devices

Magnetic storage devices are used for data storage. These
include rigid disk drives, tape drives, and "exible disk
drives.? Under steady operating conditions, a hydrodynamic
air ®m is developed at the head-medium interface. However,
a continuous physical contact occurs during start+stop opera-
tions of the drives. Stiction, friction, and wear limit their
reliability, stiction being a more important issue! Sources of
liquid present at the interface responsible for liquid mediated
adhesion or stiction are capillary condensation of the water
vapor from the environment and deliberately applied liquid
®Ims for durability. Stiction is minimized by optimization of
the surface roughness, interface geometry, and interface ma-
terials, including lubricant ®Ims.
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Fic. 39. Schematic showing the effect of h/o on static, kinetic friction, and
durability and associated mechanisms for a lubricated interface.

1. Lubrication methods and slider designs in rigid
disk drives

The effect of liquid ®Im thickness(h) and interface rough-
ness (o) on static and kinetic friction forces and durability is
summarized in Fig. 39.82 Film thickness h is the total thick-
ness of the mobile fraction of the liquid ®Im, which includes
the lubricant ®Im plus the water ®m(condensation of water
vapor from the environment) on disk and head slider surfaces
for static and kinetic friction, but h is the total thickness of
the liquid ®Im for durability; and o is the composite rough-
ness of disk and head dlider surfaces. The vertical axis indi-
cates the normalized static friction (Fs/W), normalized ki-
netic friction (F, /W), and durability in terms of disk
revolutions or contact+start+stop (CSS) cycles. Note that a
high h/o (10), which isin the immersed region, is desirable
for low static and kinetic friction and long durability. At the
intermediate value of h/o (between ~0.7 and 6), stiction
increases with an increase of h/ o in the range of about 0.7+2
for the head/disk interface and remains high up to the ratio of
about 6. Durahility is poor at low h/o, and gradualy in-
creases with h/o up to about 1. It slightly decreases with
increasing h/o and then increases and approaches a high
value at h/o>10. In general, smooth surfaces and surfaces
with thick ®Ims result in low wear. Bonded and solid lubri-
cants can be used to maintain low stiction, friction, and wear.
Reduction in the slider size and load can also be used to
reduce the stiction.

Thick ®Ims have been known to be undesirable because
of dlider instability during accessing and contamination re-
sulting from recirculation of the lubricant required for thick
®Ims. Therefore, partialy bonded thin-®Im lubrication with
h/a (maobile fraction ®Im/composite o roughness between
0.5 and 0.7) is recommended. Further optimization can be
obtained with a smooth surface, small slider size, and low
load. In a ooded interface, the apparent contact area needs
to be reduced to reduce stiction. The apparent contact area
between the disk and head slider surfaces can be reduced by
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FiG. 40. Schematic showing various types of geometrical design (size and
shape) of a dlider for low stiction in near-contact recording applications.

either providing a crown on the dlider, using three pads on
the dlider surface, or reducing the physical size of the dlider
(Fig. 40).82 Wear of the interface can be high if the apparent
contact area is signi®cantly reduced; thus, the slider shape
and size need to be optimized.

2. Roughness distributions in rigid disks

Surface roughness of rigid disk surfaces is optimized in
the landing zone to minimize stiction and friction. Histori-
cally, the disks are polished to a desired roughness using
either free or ®xed abrasives® During the past decade, a
laser texturing process is used to provide “patterned sur-
faces' with precise and controllable topography. In the laser
texturing process, a high-energy, pulsed laser is used to rap-
idly melt a microscopic area of a disk substrate, the surface
tension causes the pool to deform, and the molten pool is
instantaneously solidi®ed®* This creates discrete topographic
features. The features used in the disk industry are either
rounded, dome-like protrusions (sombrero shaped) or craters
(V or W type or donut shaped), usually known as bumps; see
Fig. 41. Typical sombrero, V and W type bumps have about
10 to 15 um rim diameters and heights of about 15+25 nm
with about a 50 um>x50 wum pitch. This gives on the order of
400000 bumps in the landing zone of a 95-mm-diam disk.

The stiction phenomena at the head/disk interface can be
controlled by controlling the size, shape, and number of the
laser bumps. Studies to identify an optimum bump shape and
the relationship between the optimum number of bumps as a
function of the bump geometry for various bump shapes
have been conducted by Bhushan and co-workers.8+%®° The
following design methodology has been used to determine an
optimum number of bumps. For a given size and shape, the
meniscus force increases with an increase in the number of
bumps. Thus, it is important to minimize the number of
bumps to control the stiction phenomenon. On the other
hand, too few bumps can result in the failure of a disk sur-
face due to plastic deformation and wear. To prevent the
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bumps from yielding, the number of bumps on the disk sur-
face should be greater than a certain minimum, which would
also give a lower bound for the stiction. Numerical analyses
of computer-generated surfaces are used to predict an opti-
mum number of bumps.

3. Some approaches in tape drives

The friction between the tape and bearing surfaces (mag-
netic head and other support bearings in the tape path) can be
reduced by suitable acoustic excitation of the tape or the
bearing surface. High-frequency (a few Hz to few kHz) os-
cillation of a surface with a small amplitude (a few microns)
produces an intermittent separation of the bearing surface
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Fic. 42. Effect of acoustic excitation on friction for a magnetic tape (Ref.
100).

from the tape at ®rst. This sucks in air, producing a thin air
®Im between the tape and the bearing surface. This is known
as the squeeze-®Im effect®* Tam and Bhushan'® stretched a
magnetic tape onto contact with a spherical glass surface that
was acoustically excited by a small coil (loud speaker). The
coil was connected to a signal generator that provided an
oscillating voltage of amplitudes less than 5 V (peak-to-
peak) at frequencies in the range of 10+ 10* Hz. The friction
as afunction of the oscillating voltage is shown in Fig. 42 for
an acoustic excitation frequency in the range of 100+1000
Hz. Note that the reduction of friction by at least a factor of
2 was achieved. Frequencies used in the measurements were
in the audio range, but any suitable frequency, such as sub-
sonic or ultrasonic frequencies, may aso be possible.

Tam and Bhushan'® proposed two examples of possible
embodiment of acoustic excitation in atape-bearing interface
(Fig. 43). In the concepts shown in the ®gure, the bearing
surface is vibrated by a radio frequency (oscillating) electri-
cal pulse in the range of audio to video frequencies applied
to a piezoelectric element attached to the bearing surface. For
a head-tape interface application, friction reduction is only
necessary during the start/stop duration, and a rf pulse of
duration long enough to last the start or stop duration is
selected. For applications to the bearing in the tape path
other than the magnetic head, a rf pulse can be continuously

applied.

B. MEMS/NEMS

In a number of MEMS/NEMS devices involving relative
motion, stiction may limit the lifetime and compromise the
performance and reliability.’® A variety of MEMS devices
have been produced and some are used commercialy.
MEMS for mechanical applications include acceleration,
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Fic. 43. Examples of possible embodiment of acoustic excitation for a tape-
bearing interface: (a) an end-on excitation con®guration, and (b) side-on
excitation con®guration (Ref. 100).

pressure, ow, and gas sensors, linear and rotary actuators,
and other microstructures or microcomponents such as elec-
tric motors, gear trains, gas turbine engines, nozzles, "uid
pumps, uid valves, and switches. Two major MEMS de-
vices involving relative motion are integrated capacitive-type
silicon accelerometers used for deployment of air bags in
automobiles and for the consumer electronics market'01%2
and digital micromirror devices (DMD) for digital projection

Capacitive type silicon accelerometer
for automotive sensory applications
(Sulouft, 1998)

Landing site  Spring Tip

Digital micromirror device for displays (Hornbeck, 1999)
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displays in portable and home theater projectors as well as
table top and projection TVs.1%*1% |n an accelerometer,

shown in Fig. 44, the central suspended beam mass (about
0.7 ug) is supported on the four corners by spring structures.

The central beam has interdigitated cantilevered electrode
®ngers(about 125 um long and 3 wm thick) on all four sides
that alternate with those of the stationary electrode ®ngers as
shown, with about 1.3 wm gaps. Lateral motion of the central

beam causes a change in the capacitance between these elec-

trodes, which is used to measure the acceleration. Here stic-

tion between the adjacent electrodes as well as stiction of the
beam structure with the underlying substrate are detrimental

to the operation of the sensor.’*1%2 Wear during unintended
contacts of these polysilicon ®ngers is also a problem. A
subnanometer thick phenylsiloxane lubricant ®Im is used on
the electrodes to reduce stiction and wear.

Figure 44 also shows two DMD pixels. The surface mi-
cromachined array (chip set) consists of haf a million to
more than two million of these independently controlled re-
“ective, micromirrors (mirror size on the order of 14 um
square and 15 um pitch) which “ip backward and forward at
a frequency on the order of 5000 times a second. For the
binary operation, micromirror/yoke structure mounted on
torsional hinges is rotated at 10E (with respect to the hori-
zontal plane) as a result of electrostatic attraction between
the micromirror structure and the underlying memory cell,
and is limited by a mechanical stop. Contact between canti-
levered spring tips at the end of the yoke (four present on
each yoke) with the underlying stationary landing sites is
required for true digital (binary) operation. Stiction and wear
during a contact between aluminum alloy spring tips and

Fic. 44. (a) Integrated capacitive-type silicon acceler-
ometer, and (b) two digital micromirror device (DMD)
pixels used in digital light processing (DLP) technology
for digital projection displays.
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TaBLE I11. Surface roughness parameters and coef®cient of microscale friction for various micromotor compo-
nent surfaces measured using an AFM. Mean and *1c¢ values are given.

Peak-to- Coef®cient of
rms valley microscale
roughness® distance® Skewness,? Kurtosis,? friction®
(nm) (nm) Sk K (w)
Rotor topside 21+0.6 225+23 1.4+0.30 6.1+1.7 0.07%+0.02
Rotor underside 14+24 80+11 —1.0+0.22 3.5+0.50 0.11+0.03
Stator topside 19+1 246+21 1.4+0.50 6.6£1.5 0.08+0.01

#Measured from a tapping mode AFM scan of size 5 umXx5 um using a standard Si tip scanning at 5 um/sin

a direction orthogonal to the long axis of the cantilever.

PMeasured using an AFM in contact mode at 5 umX5 um scan size using a standard SizN, tip scanning at 10
pm/s in adirection paralel to the long axis of the cantilever.

landing sites and sensitivity to particles in the chip package
and operating environment are some of the important issues
affecting the reliable operation of a micromirror device. Per-
“uourodecanoic acid (PFDA) self-assembled monolayers,
applied by a vapor deposition process are used on the tip and
landing sites to reduce stiction and wear.’® The spring tip is
used in order to use the spring stored energy to pop up the tip
during pull-off. A lifetime estimate of over one hundred
thousand operating hours with no degradation in image qual-
ity is the norm.

There are adso a number of NEMS/BIoONEMS devices
where adhesion, friction, and wear issues are important.’®
For example, in intravascular micro/nanoscale drug delivery
devices used for search and destroy disease cells, these mi-
crodevices are injected into the blood stream, and they travel
freely through the circulatory system.?*?>1%7 |n order to di-
rect these drug-delivery particles to cancer sites, their exter-
nal surfaces are chemically modi®ed to carry molecules that
have lock-and-key binding speci®city with molecules that
support a growing cancer mass. As soon as the particles dock
to the cells, a compound is released that forms a pore on the
membrane of the cells which leads to cell death and ulti-
mately to the cancer mass that was nourished by the blood
vessel. Adhesion between particles and cancer cellsis key to
successful operation of these drug delivery devices.

1. Roughness studies

Surface roughness of the surfaces usually has a strong
inuence on the friction characteristics on the micro/
nanoscale. Roughness measurements on various microfabri-
cated component surfaces of a micromotor were made by
Sundararagjan and Bhushan.®® Table |11 shows various surface
roughness parameters obtained from 5 umXx5 um scans of
the various component surfaces of several micromotors using
the AFM in tapping mode. A surface with a Gaussian height
distribution has a skewness of zero and kurtosis of three.
Although the rotor and stator top surfaces exhibit compa-
rable roughness parameters, the underside of the rotors ex-
hibits lower rms roughness and peak-to-valley distance val-
ues. More importantly, the rotor underside shows negative
skewness and lower kurtosis than the topsides, both of which
are conductive to high real area of contact and hence high
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friction.>*"? The rotor underside also exhibits higher coef®-
cient of microscale friction than the rotor topside and stator,
as shown in Table I11.

Figure 45 shows representative surface height maps of the
various surfaces of a micromotor measured using the AFM in
tapping mode. The rotor underside exhibits varying topogra-
phy from the outer edge to the middlie and inner edge. At the
outer edges, the topography shows smaller circular asperi-
ties, similar to the topside. The middle and inner regions
show deep pits with ®ne edges that may have been created
by the etchants used for etching of the sacri®cial layer. It is
known that etching can affect the roughness of surfaces in
surface micromachining. The residence time of the etchant
near the inner region is high, which is responsible for larger
pits. The fabrication process should be optimized to realize
near optimum surface roughness of the contacting surfaces.

The analysis of separation distance dependence on menis-
cus and van der Waals forces presented earlier (Fig. 23) can
be used in the design of surface roughnessin MEMS/NEMS.
For example in DMDs, if thetip isin close proximity (on the
order of 0.5 nm), van der Waals forces may be dominant over
meniscus forces. van der Waals forces can be minimized by
increasing the surface roughness. Increased surface rough-
ness also reduces the meniscus forces.

2. Lubrication studies

The viability of chemically bonded per ourorpolyether
lubricant ®Ims of Z-DOL for micromotors was investigated
and the effect of humidity on the friction forces of unlubri-
cated and lubricated devices was studied by Sundarargjan
and Bhushan.®® Figure 46 summarizes static friction force
data for two motors, M1 and M2, along with schematics of
the meniscus effects for the unlubricated and lubricated sur-
faces. Static friction force was measured by pushing a rotor
using an AFM tip and measuring the lateral force required to
initiate its relative motion.®® For unlubricated surfaces, me-
nisci are formed at moderate to high humidity, resulting in
high friction force between the surfaces. The formation of
meniscus bridges is supported by the fact that the static fric-
tion force for unlubricated motors increased at high humidity
as reported by Sundarargjan and Bhushan.® Solid bridging
may occur near the rotor+hub interface due to silica residues
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after the ®rst etching process. In addition the drying process
after the ®nal etch can result in liquid bridging formed by the
drying liquid due to meniscus force at these areas.'*"" The
initial static friction force therefore will be quite high. Once
the ®rst movement of the rotor permanently breaks these
solid and liquid bridges, the static friction force of the motors
will drop to a value dictated predominantly by the adhesive
energies of rotor and hub surfaces, the real area of contact
between these surfaces and meniscus forces due to water
vapor in the air. Figure 46 shows that lubrication with a
mobile layer, even a thin one, results in very high static
friction forces due to meniscus effects of the lubricant liquid
itself at and near the contact regions. It should be noted that
a motor submerged in a liquid lubricant would result in a
fully “ooded lubrication regime. In this case there is no me-

niscus contribution and only the viscous contribution to the
friction forces would be relevant. However, submerging the
device in alubricant may not be a practical method. A solid-
like hydrophobic Iubricant layer (such as bonded Z-DOL)
results in favorable friction characteristics of the motor, as
shown in Fig. 46. The hydrophobic nature of the lubricant
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Fic. 45. Representative AFM surface
height images obtained in tapping
mode (5 umX5 um scan size) of vari-
ous component surfaces of a micromo-
tor. RMS roughness and peak-to-
valley values of the surfaces are given.
The underside of the rotor exhibits
drastically different topography from
the topside (Ref. 89).

=13 nm, PV =80 nm 5 um

inhibits meniscus formation between contact surfaces and
maintains low friction even at high humidity. This suggests
that solid-like hydrophobic lubricants are good for lubrica-
tion of MEMS while the use of mobile lubricants result in
increased values of static friction force.

3. Issues in fabrication processes

There are tribological issues in the fabrication processes
as well. For example, the last step in the surface microma-
chining involves the removal of sacri®cia layex(s), caled
release, since the microstructures are released from the sur-
rounding sacri®cial layexs). The release is accomplished by
an agqueous chemical etch, rinsing and drying processes. Due
to meniscus effects as a result of wet processes, the sus-
pended structures can sometimes collapse and permanently
adhere to the underlying substrate, as shown in Fig. 47. Sev-
eral methods have been proposed to avoid this, so-called,
release stiction.’® These include CO, critical point drying at
high pressure,X® the use of temporary support structures to

counteract the surface tension forces,'® introduction of anti-
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Fic. 46. Summary of effect of liquid and solid lubricants on static friction
force of micromotors. Despite the hydrophobicity of the lubricant used (Z-
DOL), a mobile liquid lubricant (Z-DOL as is) leads to a very high static
friction force due to increased meniscus forces whereas a solid-like lubricant
(bonded Z-DOL, BW) appears to provide some amount of reduction in static
friction force (Ref. 89).

stiction tabs located at the center of a doubly clamped beam
or at the end of a cantilever beam," the use of side-wall
spacers to reduce contact area, ™! by providing a hydrophobic
surface, 212 and introducing roughness or bumps to the sili-
con substrate in order to reduce contact area'*® Com-
monly used methods to overcome release stiction are dry
release methods (e.g., CO, critical point drying or sublima-
tion method). The work of adhesion per unit area for poly-
silicon beams released by the conventional evaporation
method for drying has been reported to be 100+300
mJm~ 2 whereas the work of adhesion per unit area for
polysilicon beams released by using supercritical CO, drying
method is 1+2 mJm 22

Another issue in the polysilicon surface micromachining
is the formation of solid bridges. Chemical reactions at sili-
con surfaces immersed in water can lead to the formation of
silica precipitates, which can form strong solid bridges dur-
ing drying. Methods used to overcome adhesion due to this
mechanism include formation of chemical oxide layer to pro-
tect silicon surfaces or coating the silicon surfaces with athin
(~200nm) SizN, coating that can survive 10:1 HF release
etch, thereby preventing the exposure of structural
polysilicon.®
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FiG. 47. Schematics of microstructures during fabrication using surface mi-
cromachining.

VI. SUMMARY

Adhesion between solids arises from the interatomic
forces exerted across the interface. These forces may be
strictly surface forces in the sense that they derive from the
surface atoms themselves. Valence bonds provide surface
forces. Surface charges also provide surface forces; these
occur when ionic surfaces are in contact with other ionic
solids. They will also occur if an electrically charged layer is
formed at the interface, e.g., during sliding (the triboelectric
effect). Metallic bonds can form primarily in metal+metal
pairs. All solids will, in addition, experience adhesion due to
van der Waals interactions between atoms below the surface
layers. Hydrogen bonds can occur in polymers. Adhesion
interactions may often be calculated in terms of free surface
energies. The energy required to create new surface, ex-
pressed over an area consisting of many atoms in the surface
lattice, is referred to as the free surface energy. The higher
the surface energy of a solid surface, the stronger the bonds
it will form with a mating material. One obvious suggestion
is to select materials that have alow surface energy. The use
of lubricants at the interface reduces the surface energy. Ma-
terials with low work of adhesion result in low adhesion,
where work of adhesion represents the energy that must be
applied to separate a unit area of the interface or to create
new surfaces.

Broadly speaking, clean surfaces will adhere to most
other clean surfaces. The rea strength of hard solids is far
lower than the theoretical strength because of the presence of
surface ®Ims, roughness, and lack of ductility leading to low
real area of contact (as compared to apparent area of contact)
as well as peeling apart of the contact due to elastic recovery
during unloading. In general, highly elastic solids, such as
polymers, adhere strongly if the surfaces are fairly smooth,
in spite of the fact that the interfacial forces are relatively
weak. Since the materials are soft and deformable they easily
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give alarge area of contact, and they can stretch appreciably
under the in uence of released elastic stresses without rup-
turing.

Liquids that have a small contact angle or wet, such as
water, will spontaneously condense from vapor as bulk liquid
onto (hydrophilic) surfaces. The presence of the liquid ®Ims
of the capillary condensates or the pre-existing ®/m of the
liquid can signi®cantly increase the adhesion between solids
bodies. Liquid-mediated adhesive forces include meniscus
force due to surface tension and a rate-dependent viscous
force. A liquid between and around two contacting bodies
results in the formation of curved (concave shaped) menisci
(liquid bridges). The menisci should be concave for a liquid
in between hydrophilic surfaces. The attractive meniscus
force occurs because of the negative Laplace pressure inside
the curved (concave) meniscus arises as a result of surface
tension effects. The product of this pressure difference and
the immersed surface area is the attractive meniscus force.
The equilibrium meniscus force increases with an increase in
the surface tension of the liquid. The viscous component of
the liquid-mediated adhesive force increases with the liquid
viscosity and decreases with the time to separate the two
surfaces. Viscous force increases proportionally to the square
root of the start-up velocity or cube root of the start-up ac-
celeration for an interface that moves at constant velocity or
constant acceleration (before separation), respectively. In the
contact of two rough surfaces, meniscus force increases with
an increase in relative humidity and/or liquid ®Im thickness
and decrease of surface roughness of the interface. Selected
non-Gaussian surfaces exhibit low meniscus forces.

In liquid-mediated contacts, high adhesion and static fric-
tion, and in some cases kinetic friction, is a function of me-
niscus and viscous contributions. Surface roughness, type of
liquid and its ®Im thickness, rest time, and start-up accelera-
tion affect the adhesion and static friction. Very high adhe-
sion and static friction can be reached in very smooth sur-
faces in the presence of some liquid.

When two hydrophilic surfaces come in close proximity
in the presence of aliquid ®Im, the intrinsic attractive force
always consists of meniscus and van der Waals forces in
addition to other sources. If the separation distance between
the two surfaces is on the order of about 0.5 nm, van der
Waals forces may be dominant compared to meniscus forces.
van der Waals forces must be considered for separation dis-
tances up to about 2+5 nm. Meniscus forces operate up to
the break of meniscus, ranging from 5 to 20 nm. van der
Waals forces can be minimized by making surfaces rougher.

Adhesion measurements can be measured using a SFA or
an AFM on micro- to nanoscales, respectively, between an
AFM tip and the component and by using a microtriboappa-
ratus between two components. A cantilever beam array
technique can aso be used to screen methods for adhesion
reduction between two beams.

Adhesion and friction measurements on micro- and
nanoscale on single-crystal silicon and three hydrophobic
and low friction ®Ims, DLC, chemically bonded Z-DOL, and
HDT, show that these ®Ims can reduce adhesion and friction
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of silicon. These ®Ims can be used as anti-adhesion ®Ims for
MEMS/NEMS in different environments and operating con-

ditions. The adhesion and friction data clearly show scale

dependence. Severa reasons for scale dependence are dis-

cussed.

A variety of techniques have been proposed and some are
used in commercia applications to reduce stiction. If the
source of high adhesion and static friction (stiction) is liquid
mediated adhesion, then surface energy, the amount of mo-
bile liquid present at the interface, and/or contact area need
to be minimized. Surface energy can be reduced by provid-
ing a hydrophobic surface. The amount of mobile liquid can
be reduced by using solid lubricants or partially chemically
bonded liquid ®Ims or by controlling relative humidity. The
contact area can be reduced by introducing roughness or
bumps on the surfaces and/or by having stiffer/harder sur-
faces, or by reducing the apparent size of one of the bodies.
Stiction reduction is especially important in devices with
smooth surfaces which involve relative motion under light
loads. In these devices, in the presence of liquid ®Im, menis-
cus forces may be large and in some cases much larger than
external load. In close proximity (0.5+5 nm), van der Waals
forces may also be signi®cant. Examples of devicesin which
gtiction is important include magnetic storage devices and
MEMS/NEMS which involve relative motion.
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