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Abstract The adhesion versus vapor pressure (p/ps)

trend between two elastically hard rough surfaces is

modeled and compared with experimental results. The

experimental samples were hydrophilic surface-

micromachined cantilevers, in which the nanometer-

scale surface roughness is on the order of the Kelvin

radius. The experimental results indicated that adhe-

sion increases exponentially from p/ps=0.3 to 0.95, with

values from 1 mJ/m2 to 50 mJ/m2. Using the Kelvin

equation to determine the force-displacement curves,

the mechanics of a wetted rough interface are treated

in two ways. First, the characteristics of a surface with

rigid asperities of uniform height are derived. At low

p/ps, menisci surrounding individual asperities do not

interact. Beyond a transition value, [p/ps]tr, a given

meniscus grows beyond the asperity it is associated

with, and liquid fills the interface. Capillary adhesion

in each realm is found according to the integrated

work of adhesion. Second, a more general approach

allowing an arbitrary height distribution of Hertzian

asperities subject to capillary forces is justified and

developed. To compare with experimental results, a

Gaussian height distribution is first assumed but

significantly underestimates the measured adhesion.

This is because equilibrium is found far into the

Gaussian tail, where asperities likely do not exist. It

is shown that by bounding the tail to more likely limits,

the measured adhesion trend is more closely followed

but is still not satisfactorily matched by the model. The

uniform summit height model fits the data very well

with a single free parameter. These results can be

rationalized if the upper and lower surfaces are

geometrically correlated.

Keywords Adhesion . Roughness . Capillarity . Contact

mechanics . Elasticity . Plasticity . Vapor partial

pressure . Relative humidity

Introduction

Liquids can penetrate porous media, greatly affecting

the mechanical properties of dry solids. Resulting

capillary forces are important in granular materials

[1, 2], soil [3] and concrete [4] mechanics. Capillary

forces are also important at technological interfaces

such as in the head/disk system [5] and in microelectro-

mechanical systems (MEMS) [6, 7]. The surface rough-

ness of technologically fabricated films, frequently

deposited by vapor deposition methods on smooth

substrates, is often only several nanometers root mean

square (rms). The Kelvin radius rK, which is the radius

of curvature of a liquid meniscus in equilibrium with a

vapor of partial pressure p/ps [8], is also on the order of

nanometers for 0.3<p/ps<0.95. Therefore, a strong

interaction between capillary adhesion and p/ps for

technologically fabricated surfaces can be expected.

Various theories for the adhesion force per unit

area between nominally flat wetted interfaces have

been proposed [9, 10]. The measured normal force to

separate two nominally parallel surfaces inevitably

reflects stress concentrators at which cracks initiate,

and their geometry can vary significantly from one

sample to the next. Hence, for the separation of

nominally flat samples, it is difficult to compare
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experiment to theory from a force per unit area

criterion. On the other hand, the work or energy

per unit area to separate the surfaces, G, can be

accurately measured and within the framework of

fracture mechanics [11]. Independently, G can be

calculated as

G ¼
Z1

deq

P dð Þdd: ð1Þ

Here P is the net attractive pressure, d is the interface

separation and deq is the equilibrium separation in the

absence of external forces. Fracture mechanics test

specimens based on a cantilever geometry can be manu-

factured by surface micromachining methods to mea-

sure G, and measurements from 1 mJ/m2 to 100 mJ/m2

can be accurately made with a single sample [12–14].

Furthermore, nanometer-scale surface topographic maps

can be made. Hence, compliant surface-micromachined

cantilevers offer an excellent platform for contributing to

our understanding of capillary adhesion energies at

rough interfaces.

Here, we shall examine experimental results on

adhesion versus p/ps, previously reported in a confer-

ence paper [15]. Models for the work of adhesion

versus p/ps are then derived. First, a surface that

assumes uniform asperity heights is analyzed. This is

extended to the more general case of an arbitrary

height distribution of asperities. Finally, we shall

compare model predictions to experimental results.

Experimental

The sample fabrication, the experimental apparatus

and the experimental results, as previously reported

[15], are described in this section. Further details

describing the crack healing rates and the surface

topography measurements are also given. The test

sample used to measure adhesion was an array of

polycrystalline silicon (polysilicon) cantilevers fabri-

cated by surface micromachining. The process con-

sisted of repeated deposition, lithographic definition,

annealing and etching of polysilicon and sacrificial

silicon oxide layers [16]. At the end of the fabrication

process, the sacrificial oxide layers were dissolved in

HF:HCl solution and the parts were cleaned according

to the RCA-1 procedure [17]. If dried in air, water

pulls compliant structures into contact with the sub-

strate by capillary action, resulting in permanent

adhesion (also known as stiction) [6, 7]. Therefore,

critical-point drying, using supercritical carbon dioxide

as the working fluid, was used to obtain free-standing

cantilevers free [18]. Twenty cantilevers, of lengths

1,050 mmeLe2,000 mm in 50 mm increments, were on

the same test piece. The height of the step-up support

post was h=1.8 mm, the cantilever width was w=20 mm

and the cantilever thickness was t=2.5 mm.

To render the surface hydrophilic while minimizing

surface charging, the cantilevers were exposed to a

downstream oxygen plasma. The contact angle of the

polysilicon surfaces with water after this treatment was

0-. The samples were then placed in an environmental

chamber where p/ps could be controlled from 0.01 to 1

(corresponding to a relative humidity range from 1 to

100%) by combining dry and wet nitrogen. This

chamber also allowed viewing of the samples with

optical interferometry, from which out-of-plane deflec-

tions are measured with a resolution of 10 nm/pixel.

The cantilevers were placed in the chamber in dry

nitrogen ambient (p/ps=0.01) for 16 h to minimize

adsorbed water. As seen in Fig. 1, they were brought

into contact with the landing pad using an electric

potential of 150 V applied to the actuation pad (of

length a=50 mm). The cantilever and the landing pad

were electrically grounded so that their interaction was

adhesive only [14, 19]. The voltage was reduced to 0 V,

and the cantilevers remained adhered to the polysili-

con substrate. Most cantilevers remained adhered in

the BS-shape^ [12], in which the cantilever is parallel to

the substrate beyond the crack tip at s.

The adhesion energy per unit area G of a given

cantilever was calculated according to [12]

G ¼ 3

2
E

h2t3

s4
: ð2Þ

The Young_s Modulus E of the polysilicon is 164 GPa

[20] and Poisson_s ratio for silicon is n=0.22. The crack

length is determined by matching the deflection data

H to a model curve [12]. With crack length s ranging

initially from 600 mm to 850 mm in dry nitrogen,

corresponding values of adhesion were G=0.068j

0.017 mJ/m2, respectively.

Fig. 1 Schematic cross-section of adhered microcantilever
configured in the S shape
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The value of p/ps was increased to 0.3, and the crack

lengths spontaneously decreased. An equilibrium

value for crack length, as monitored by interferograms

taken every 30 min, was achieved gradually. The

average crack length decreased from savgõ700 mm

initially to savgõ550 mm after 1.5 h, to savgõ400 mm

after 5 h, and to savgõ375 mm after 10 h. At this time,

the minimum crack length was sminõ350 mm (G=

0.6 mJ/m2), and did not decrease further. Cantilevers

of lengths 1,050 mmeLe1,200 mm, originally in the Barc-

shape^ (i.e., contacting only at the end), reconfigured

into the S-shape and also decreased to sõ350 mm over

the next 30 h.

After a 40-h exposure to p/ps=0.3, only one cantile-

ver remained adhered in the arc-shape configuration.

This was the fourth cantilever from the top in Fig. 2(a),

and its length was L=1,200 mm. The value of p/ps was

then successively increased to 0.45, 0.55, 0.7 and 0.95.

At each RH value, crack length steadily decreased

until no decrease was observed after approximately

16 h. The p/ps level was maintained from 24 to 40 h

before increasing to the next level. Between 1 and 1.5 h

at p/ps=0.45, the L=1,200 mm cantilever also assumed

the S-shape, and had a crack length identical to other

cantilevers within 4 h. At p/ps=0.95, equilibrium was

attained within 1 h. As seen in Fig. 2(b) at p/ps=0.7 and

Fig. 2(c) at p/ps=0.95, the equilibrium crack lengths

were 200 mm (G=6 mJ/m2) and 130 mm (G=33 mJ/m2),

respectively. The adhesion for each of five cantilevers at

the five different RH values ranging from 0.01ep/

pse 0.95, and is plotted in Fig. 3.

Contact mode atomic force microscopy was used to

characterize the surface topography of the upper and

lower surfaces. Representative images are shown in

Figs. 4(a) and (b). The surface roughness of the top of

the landing pad is 1.62 nm root means square (rms),

while the roughness of the bottom of the cantilever is

2.31 nm rms. The asperity radius of curvature R was es-

timated by fitting to linescans of individual asperities.

In Fig. 4(c), for example, a typical value of R=500

nm is seen.

Model

At p/ps=0.01, the average value of G is 0.03 mJ/m2

while the equivalent surface roughness is 2.8 nm. This

value is larger than G=0.008 mJ/m2, which was

measured when the equivalent surface roughness was

3.7 nm [21]. In that case, the adhesion was modeled

well by accounting for the van der Waals forces of the

contacting and non-contacting areas. Given that the

current roughness is smaller, the value of 0.03 mJ/m2 is

consistent with dry adhesion mechanisms. However,

over the range of 0.3ep/pse0.95, capillary bridges can

Fig. 2 Interferograms of crack length s vs. RH (p/ps) after 40 h exposure

Fig. 3 Adhesion data with least squares fit to data over the
range 0.3<p/ps<0.95 (r2=0.96). Also indicated are the upper limit
due to capillary adhesion (2gl) and the adhesion at p/ps$0.01
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nucleate between the surfaces. The adhesion is then

much higher, reflecting the much longer range of

capillary forces. In the remainder of this paper, two

models incorporating these forces will be developed

and compared with the data.

A complete description of the interactive phenom-

ena that contribute to the work of adhesion at a rough,

wet interface is complex. The models here address the

basic physical mechanisms of capillary forces, elastic

repulsion between contacting asperities and non-

interacting as well as interacting menisci. In the first

model (BConstitutive Laws for Single Asperity and

Parallel Plates^ and BCase of Uniform Asperity

Heights^), it is assumed that all asperities are at the

same height and are initially in contact with the

substrate. At sufficiently low values of p/ps, menisci

condense around the asperities but do not interact, and

therefore a single-asperity constitutive law applies. At

high p/ps, menisci merge, and therefore the initial

capillary force is governed by a flat plate solution.

These two realms are described and linked in BCase of

Uniform Asperity Heights^. In the second model

(BCase of Asperity Height Distribution^), a more

general treatment allowing a distribution of asperity

heights and elastic repulsion is developed.

Constitutive Laws for Single Asperity

and Parallel Plates

The geometry for a single asperity is shown in Fig. 5(a).

A meniscus of radius rK, corresponding to the Kelvin

radius, bridges the flat surface and the sphere of

radius R. The contact angle between the meniscus and

the surfaces is q (fully wetting corresponds to q=0-).

The Kelvin radius depends on surface tension gl of the

condensing liquid, the temperature, the molar volume

V, and the partial pressure of the vapor. Under

standard conditions for water (V=0.018 l/mol, gl=

Fig. 4 Atomic force micro-
graphs showing the topogra-
phy of the two surfaces (1 mm
field of view, 10 nm z-range)
(a) top of landing pad (1.62
nm rms), (b) bottom of canti-
lever (2.31 nm rms) (c) ex-
ample linescan and curve fit
across the asperity indicated
by the arrow in (b)
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0.073 N/m, R=0.082 l atm/(mol -K), T=300 -K, 1 atm=

1.013&105 N/m2),

rK ¼
glV

RT ln p=psð Þ ¼
0:53

ln p=psð Þ nm: ð3Þ

The Kelvin radius is negative for 0<p/ps<1. In turn,

significant negative (tensile) pressures exist in the

liquid according to the Laplace equation,

DP ¼ gl=rk: ð4Þ

It is this attractive tensile pressure that gives rise to the

very strong capillary forces and large adhesion in

micron-scale structures. Liquids are metastable in

tension and are susceptible to spinodal decomposition.

However, in the absence of cavitation, very high

negative pressures can be sustained by the van der

Waals or hydrogen bonding between adjacent liquid

molecules. Indeed, pressures of j140 MPa have been

measured for bulk water [22], in good agreement with

vapor nucleation theory [23]. Using equations (3) and

(4), j140 MPa places a lower bound on p/ps at 0.37.

However, the critical vapor nucleus radius at a given

pressure, as calculated from the nucleation theory, is

larger than the Kelvin radius. Therefore, the lower

bound value may be smaller. However, as |rK| decreases,

it reaches the size of individual molecules (a water

molecule is õ0.3 nm in diameter [8]) and continuum

theory must reach a limit.

From the geometry represented in Fig. 5(a), using

equation (4), and with the approximation R d |rK| cos

q, the capillary force at fixed Kelvin radius between

the two bodies at separation d is

Fc ¼ dð Þ ¼ 4pRgl cos q 1� d
2 rKj j cos q

� �
ð5Þ

for de2 |rK| cos q [24]. Attractive forces are taken to be

positive. It assumed here that gl cos qdgsl (as is often

the case (Chapter 15 of [8]), where gsl is the liquid–

solid adhesion energy.

Surface force apparatus measurements validate an

adhesion force of 4pRgl cos q (at d=0) for crossed

cylinders of mica in water vapor for p/ps above 0.7

[25]. However, the adhesion force decreased to a

limiting value of 3pRgl cos q for p/ps approaching

zero. Fogden and White [26] developed a dimension-

less parameter

k ¼ 3

4

ffiffiffiffi
p
2

r� �
K

gl

� �
rkj j 1�Do=2 rkj jð Þ½ �3=2

ffiffiffiffi
R
p ð6Þ

where K ¼ 4=3ð Þ E
�

2 1� u2
� 	
 �� 	

, H is Poisson_s ratio

and Do atomic spacing when the surfaces are in

contact. The parameter k is related to the inverse of

the Tabor parameter [27], which describes the transi-

tion from the Johnson–Kendall–Roberts (JKR) [28]

regime to the Derjaguin–Muller–Toporov (DMT)

[29] regime. Small k (¡1) corresponds to large

spheres at low vapor pressures. This extreme is

JKR-like and the coefficient in equation (5) changes

from 4 to 3. Large k (d1) applies to small hard

spheres at high vapor pressures and this extreme is

DMT-like. The coefficient remains as in equation (5)

and the sphere deformations are Hertzian.

Fogden and White_s paper clarifies that the mica in

water vapor experiment [25] does not necessarily

bound the lower limit of equation (3) with respect to

p/ps because k=1 at p/ps=0.7. In a recent report,

capillary forces at p/ps=0.15 were detected for silicon

tips with R ranging from 50 to 400 nm, and capillarity

theory was used to accurately model the force-

displacement curves [30]. In the current experiment,

R=260 nm (see below) and K=115 GPa. Then k=3,115

at p/ps=0.95 and k=24 at p/ps=0.3, i.e., k d1.

Therefore, equation (5) applies to the present exper-

iment, and the deformations of the sphere can be

treated as Hertzian.

In the context of Hertz theory, equation (5) is also a

good approximation of the capillary force for d<0 if

Rd|rK| and the range 0.3ep/pse0.95 is used. Using the

exact Hertzian deformation profile calculated from

equation 3.42(a) in [31], the error incurred by this

Fig. 5 A capillary of radius rK bridging (a) a sphere on a
substrate (b) two parallel flat disks
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approximation can be calculated. Using a force of 1 mN

(the average force on a contacting asperity as will be

seen below) and R=260 nm, it is found that equation

(5) overestimates the exact capillary force by 0.2% at

p/ps=0.95 and by 10.0% at p/ps=0.3. In view of

simplicity, equation (5) will be used in BCase of

Asperity Height Distribution^ instead of an exact

formulation.

It should be noted that the authors in [30] modeled

their data with the constant volume limit. How-

ever, they first allowed their tips to come into contact

with the substrate and equilibrate before measuring

pull-off curves. Considering that as described in

BExperimental,^ the cracks healed spontaneously, the

present experiment measures the integrated force-

displacement law of asperities approaching each other.

The constant pressure constitutive law [(i.e., equation

(5)] shall be used here, which corresponds to thermo-

dynamic equilibrium.

Assuming dQ0 and integrating over this range

according to equation (1), the work of adhesion for

the asperity geometry is

Wasp dð Þ ¼
Z2rK cos q

d

Fc d 0ð Þdd 0 ¼4pRgl cos q rKj j cos q

1� d
2 rKj j cos q

� �2

:

ð7Þ

For an asperity initially contacting the substrate (d=0),

the work of adhesion is W 0ð Þ ¼ 4pRgl cos q rKj j cos q.

Consider now the work of adhesion between two

parallel plates subject to capillary condensation. With

a disc of radius xdd|rK| as in Fig. 5(b), the force is

independent of the separation, such that

Fc ¼ px2
d

gl

rKj j
: ð8Þ

In this case, capillary condensation must take place as

the plates are separated under equilibrium conditions.

The force is independent of the contact angle because

the force is applied purely against the liquid surface

tension. The work of adhesion of two plates initially

separated by d is

W �
Z2 rKj j cos q

d

Fc d0ð Þdd0 ¼ 2gl cos qpx2
d

1� d
2 rKj j cos q

� �
:

ð9Þ

If d is taken to be zero, then W 0ð Þ ¼ 2px2
dgl cos q, and

the work of adhesion per unit area is 2gl cos q.

Case of Uniform Asperity Heights

The work of adhesion of spherically-capped asperities, of

radius R and areal density nasp, all of which are at the

same height as in Fig. 6(a), is considered in this section.

A surface with uniform asperity heights is much stiffer

than one with a distribution of heights. Because capillary

attraction dominates the integrated force-displacement

curve, the elasticity of the asperities is neglected.

In Fig.6(a), the largest separation between the

substrate and the rough surface, zmax, is related by

geometry to nasp. For a square array of asperities

zmax ¼
1

8Rnasp
: ð10Þ

Fig. 6 Array of spheres with
areal density nasp=1/(8Rzmax)
contacting a plane, with liquid
bridges of radius rK providing
adhesive energy. (a) under-
saturated asperities (b) ini-
tially saturated asperities,
with the surfaces partially
separated
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Using equation (7) with d=0, the adhesion for an

under-saturated interface (2|rK|cos q<zmax) is

G ¼ nasp Wasp ¼ 4pnaspR rkj j gl cos q2: ð11Þ

Using equations (3) and (10), this is recast in terms of

p/ps as

G ¼ p
2

�  0:53 nm

zmax

� �
gl cos2 q
ln p=psð Þj j ð12Þ

When asperities begin to merge (2|rK|cos q>zmax), the

geometry becomes that of a flat plate bridged by

liquid. The work of adhesion is the work to separate

the plane of the flat plate to a separation of 2|rK|cos

qjzmax, plus the remaining work to separate the

menisci from the protruding asperities [Fig. 6(b)],

G � gl

rKj j

� �
2 rKj j cos q � zmaxð Þ

þ nasp

Z2 rKj j cosq

2 rKj j cosq�zmax

F d0ð Þdd0: ð13Þ

This expression is approximate because it ignores the

details of meniscus separation as the transition from

the saturated to the under-saturated interface occurs.

Accurate treatment of this issue requires a full three-

dimensional formulation. Given that this meniscus

separation occurs only over a small range of d, ignoring

this effect induces inaccuracy only over a small range of

p/ps. Proceeding with equations (5) and (10), for an

initially saturated interface

G � 2gl cos q 1� zmax

2 rKj j cos q

� �
þ p

8
gl

zmax

rKj j
: ð14aÞ

Setting zmax=eR where e¡1, and recasting in terms of

p/ps,

G � 2gl cos q 1� eR ln p=psð Þj j
2 0:53 nmð Þ cos q

� �

þ p
8

gl

eR ln p=psð Þj j
0:53 nm

ð14bÞ

To illustrate, assume e=0.03, gl=73 mJ/m2 and q=0-.

Equations (11) and (14b) are then plotted versus p/ps in

Fig. 7. The transition from equation (11) to equation

(14b) is defined by the condition 2|rK|cos q=zmax, or

equivalently

p=ps½ �tr ¼ exp � 2 0:53 nmð Þ cos q
"R

� �
; ð15Þ

is indicated by the asterisk. Strictly, G reaches 2gl cos q
only at p/ps=1. Also shown are the adhesion values if

only van der Waals forces are considered according to a

DMT model.

The trend in Fig. 7 is similar to the experimental

trend, as will be seen in BModel Evaluations.^ How-

ever, the asperities in Fig. 3 are not all at the same

height. This observation motivates the development of

a model that takes into account a distribution of

asperity heights.

Case of Asperity Height Distribution

When there is a distribution of asperity heights it is no

longer reasonable to neglect their elastic deformation.

Here, the applied pressure is due to the attractive

capillary forces. Greenwood and Williamson [32, 33]

(henceforth referred to as GW) determined the elastic

contact mechanics between rough surfaces under the

assumptions of non-interacting asperities of radius R

and of density nasp. Surface models with a Gaussian

asperity height distribution are widely used in the

literature. Fuller and Tabor extended the GW model

to calculate adhesion between two rough surfaces

assuming adhesive tractions occur only in the area of

contact [34]. Maugis reviewed these models and

showed how adhesion due to van der Waals forces

just outside the contact area could be calculated [35].

The model developed in this section extends the GW

model to the case of capillary forces. In BModel

Evaluations^ the asperity height distribution function

will be considered in view of the surface topography

measurements.

The model geometry is represented in Fig. 8, where

the mean asperity height is at z=0 and the distance

Fig. 7 G vs p/ps (with zmax=0.03R, gl=73 mJ/m2 and q=0-). The *
marks the delineation between equations (11) and (14b). Also
shown are the adhesion values if only van der Waals forces are
considered according to a DMT model
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between the asperity mean plane and the rigid surface

is d. Note that the quantity (djz) is equivalent to d in

Fig. 5(a). The asperity peak heights are distributed as

described by the function 8(z), which is normalized

according to

Z1

�1

8 zð Þdz ¼ 1: ð16Þ

Here, z is the distance from the asperity mean plane

to the summit peak. To obtain the expected value for a

given property, 8(z) is multiplied by the property and

integrated over appropriate limits. Hence, the number

of contacting asperities in contact per unit area is

nc ¼ nasp

Z1

d

8 zð Þdz; ð17aÞ

while the number of non-contacting asperities bridged

by a liquid meniscus is

nnc ¼ nasp

Zd

d�2 rKj j cos q

8 zð Þdz; ð17bÞ

The area associated with a given asperity is 1/nasp.

Considering the geometry of Fig. 6(a), an asperity is

saturated if

px2 � 1
�

nasp ð18aÞ

Associating the quantity 2|rK|cos qjd in Fig. 5(a) with

Di ¼ zi � dð Þ þ 2 rKj j cos q for the ith asperity in Fig. 8,

saturation occurs when

zi � dþ 1
�

2p R nasp

� 	
� 2 rKj j cos q: ð18bÞ

Note that saturated asperities may or may not be in

contact. Defining dsat ¼ 2 rKj j cos q � 1
�

2p R nasp

� 	
, the

number of saturated asperities per unit area is

nc;s ¼ nasp

Z1

d�dsat

8 zð Þdz; ð19aÞ

while the number of unsaturated asperities per unit

area is

nc;us ¼ nasp

Zd�dsat

d�2 rKj j cos q

8 zð Þdz; ð19bÞ

The capillary force on saturated asperities is

Fc;s ¼
gl

rKj j
1

nasp
ð20aÞ

while the capillary force on unsaturated asperities is

Fc;us ¼ 4pRgl cos q 1� d� zi

2 rKj j cos q

� �
: ð20bÞ

The attractive pressure due to saturated asperities is

Pc;s ¼
gl

rKj j

Z1

d�dsat

8 zð Þdz: ð21aÞ

Applying equation (5), the attractive pressure from

unsaturated asperities is

Pc;us ¼ 4pg cos q Rnasp

Zd�dsat

d�2 rKj j cos q

1� d� z

2 rKj j cos q

� �� �
8 zð Þdz:

ð21bÞ

The total attractive pressure is then

Pc ¼ Pc;s þ Pc;us; ð22Þ

From Hertzian mechanics (as justified in BConstitutive

Laws for Single Asperity and Parallel Plates^), the

elastic repulsion pressure is

Pr ¼ nasp

Z1

d

KR1=2 z� dð Þ3=28 zð Þdz; ð23Þ

Fig. 8 Asperities of height distribution �(z) with mean plane indicated. The distance from the asperity mean plane to a summit is z.
Both contacting (djze0) and non-contacting asperities bridged by menisici (d� z < 2 rKj j cos q) are considered to contribute to the
capillary force
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where K ¼ 2=3ð Þ E
�

1� u2
� 	� 	

for two rough surfaces

in contact. Force equilibrium occurs at a separation

deq such that

Pc deq

� 	
� Pr deq

� 	
¼ 0 ð24Þ

Once deq is determined, the adhesion energy per unit

area is found according to equation (1). Note that in

this model, [p/ps]tr=1 provided that there is a non-

zero probability of an asperity for all z<0.

Model Evaluations

For a Gaussian asperity height distribution, 8(z) is

8 zð Þ ¼ 1

ss

ffiffiffiffiffi
2p
p exp � 1

2

z

ss

� �2
" #

; ð25Þ

where ss is the asperity height standard deviation.

McCool [36] has summarized and contributed to the

work of Nayak [37] and Longuet–Higgins [38] to show

how topographic data can be converted into Gaussian

asperity distribution data. That approach was applied

to the topographic data from surfaces of Fig. 4 and the

resulting input values, representing a conversion from

two rough surfaces to an equivalent single rough

surface against a rigid plane, are given in Table 1.

The value in Table 1 for R agrees well with

curvature measurements made on actual asperities as

shown in Fig. 4(c). A value of R1=480T117 nm (one

standard deviation, 18 measurements) was found on

the surface of the landing pad, and R2=540T109 nm

(one standard deviation, 18 measurements) was found

on the cantilevers. Then, from R ¼ 1=R1 þ 1=R2ð Þ�1,

R=254 nm. The relatively small standard deviations for

R substantiate the assumption of constant R. The value

of nasp appears to be reasonable when comparing to

Fig. 4. The assumption RdrK is also validated. The

applicability of ss over the entire distribution range

will be considered below.

Before evaluating the elastic model according to the

Gaussian distribution assumption, the issue of asperity

plasticity must be considered. GW have proposed a

plasticity parameter

Y ¼ E0

H

ffiffiffiffiffi
ss

R

r
: ð26Þ

Here E0 ¼ E
�

2 1� u2
� 	

and H is the hardness. When

Y<0.6 the deformation is elastic, while when Y>1, the

deformation is predominantly plastic. With E¶=86 GPa

and H=11 GPa for polysilicon [39], ss=2.50 nm and

R=260.5 nm, a value of Y=0.80 is found. Because there

Table 1 GW input values using McCool_s method

Parameter Value

R (nm) 260.5

ss (nm) 2.50

nasp (per mm2) 80.1

K (GPa) 115.4

Fig. 9 Force versus separation trend at p/ps=0.3 and p/ps=0.5

Fig. 10 Adhesion versus p/ps trend for measured data and the
model with Gaussian and Gaussian-cutoff distributions. Also
equation (11), the uniform summit height model with free
parameter nasp is plotted (similar results are obtained with a
steep Gaussian cutoff at d/ss=1.7). The results can be rational-
ized if there is a topographic correlation between the upper and
lower surfaces (see text)
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is a relatively small amount of plasticity, it is not

necessary to apply the plasticity theory of rough

contacts [40] here.

Using the values from Table 1, the dependencies of

Pc and Pr on d are found from equations (22) and (23),

respectively. In Fig. 9, these are plotted for p/ps=0.3

and 0.5, and the equilibrium separations (Fa=Fr) are

found at deq/ss=4.97 and 3.87, respectively. Applying

equation (1), the predicted adhesion versus p/ps trend

is plotted in Fig. 10 (Gaussian height distribution), and

it is seen that for p/ps<0.9, the measured data are

severely under-predicted. The average load for contact

asperities is Pr deq

� 	�
nc deq

� 	
� 12N. As discussed

above, this leads to at most a 10% overestimate of

the capillary forces, which does not explain the large

underestimate of the model when compared with the

experiment.

In Fig. 9, the force equilibrium occurs at large

values of deq/ss. The question of whether Gaussian

statistics apply to such large values bears scrutiny. That

is, the model assumes that a very low probability event

must occur. If the assumed asperities are not available,

the surface separation will be smaller, and adhesion

will be larger. To investigate whether this low proba-

bility event actually occurs, an algorithm that searches

for asperities [41] was applied to the AFM data in the

4�4 um2 area (256�256 pixels). To make the transfor-

mation to two rough surfaces against a rigid plane, the

AFM data from the opposing surfaces was added

together. Using a neighborhood search factor of 4

pixels, a typical distribution of asperity heights is

shown in Fig. 11. Here, it is seen that the previous

value of ss is reasonable (ss=2.5 in Table 1 and ss=2.4

in Fig. 10). Furthermore, the Gaussian function fits the

data out to approximately 2.7ss.

For d/ss>3, there is uncertainty as to the applicabil-

ity of the Gaussian probability function. First, the area

associated with such large values is much larger than

the area than the experiment measures. For example,

with d/ss=4.97, equation (19a) gives nc=2.3&10j5/mm2,

meaning that there is one contacting asperity in an

area of 43,000 mm2. Considering that w=20 mm, the

corresponding adhesion length would be 2,200 mm.

The cantilever beam geometry measures adhesion

locally over a length of about 5t [12], which corre-

sponds to an area of 5wt=125 mm2. To ensure that at

least one contacting asperity in this region, d/sse3.72 is

required. Second, the highest asperities will be de-

formed plastically because of large local normal

tractions as the crack tip passes over a given area.

The calculation in the Appendix show that this will

reduce the height of very high asperities by approxi-

mately 1.3 nm, or 0.5ss.

A detailed calculation of these effects is beyond the

scope of this work and would involve considering the

areal statistics, characterization of the skew and

kurtosis of the distribution [42], and the elastic-plastic

unloading of the rough surfaces [43]. To bound the

likely effects, two tail distributions are considered as in

Fig. 11. The first is the Bsloping cutoff,^ which likely

overestimates the true distribution of asperities in the

tail region, and drops to 0 at d/ss=3. This distribution

was normalized according to equation (16), and the

predicted adhesion is shown in Fig. 10. While it still

underestimates the measured adhesion, it is within a

factor of 12 at the low p/ps values. The second is the

Bsteep cutoff,^ which likely underestimates the true

asperity distribution. The corresponding adhesion is

shown in Fig. 10 and shows that the trend is closer to

the measured data, but still underestimates it by a

factor of 4 at low p/ps. Empirically, a sharp cutoff at d/

ss=1.7 predicts the measured data quite well, but

cannot be justified by the considerations mentioned.

It can be concluded from these calculations that the

adhesion is very sensitive to the details of the

distribution tail, but that some important detail of

the surface topography is not captured even when

reasonable bounds are placed on it.

Let us now consider the simpler model developed in

BCase of Uniform Asperity Heights.^ Using R=260.5

nm and allowing nasp as a single free parameter,

equation (11) compares favorably with respect to the

GW-type models as seen in Fig. 10. A value of nasp=20/

mm2 was used, which is one quarter of the measured

value of 80/mm2. Also, from equation (10), zmax=25 nm.

Because eR=zmax, from equation (15) [p/ps]tr=0.96.

Fig. 11 The asperity distribution as determined from a nearest-
neighbor algorithm and compared to a Gaussian distribution
with ss=2.4 nm. The plot also shows the sloping and steep cutoff
distributions assumed in Fig. 10
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Hence only equation (11) need be applied over the

range of the data. Because this model incorporates no

asperity distribution but does fit the data well, the idea

that there is a cutoff in the tail is further supported.

One implicit assumption in topography models is

there is no surface correlation. At larger surface

roughness values correlation of the upper and lower

polysilicon layers has been observed [21, 44], and is

due to a degree of conformation of the sacrificial oxide

layer to the underlying substrate. Surface correlation

would explain how much larger real contact areas than

those predicted by GW-like models could exist, and

why the very simple model of BCase of Uniform

Asperity Heights^ works relatively well. It might also

justify a cutoff value at d/ss=1.7, which fits the data as

well as the simple model, i.e., equation (11) with nasp=

20/mm2. According to this idea, the highest asperities

on the lower surface are aligned with pits on the upper

surface, and therefore the average surface separation is

less than the calculated value. Proving that this is

indeed the key issue will involve detailed AFM mea-

surements of locally aligned counterfaces.

Finally, it should be noted that the experiment

described in BExperimental^ was previously modeled

[45]. The authors calculated a plasticity parameter of

Y=14 rather than 0.8 as found here. Plasticity then

gave rise to a hard wall in the tail of the distribution.

The model, which used a step function constitutive law

rather than an integrated force-displacement constitu-

tive law [i.e., equations (7) and (9)], found that

adhesion versus p/ps increased beyond the measured

value at p/ps=0.4. However, the present work, which

analyzed these particular surfaces in greater detail,

does not support the contention that a hard wall forms

due to plastic deformation.

Summary and Concluding Remarks

The adhesion trend of two contacting rough surfaces

versus p/ps has been reported. To gain insight into the

results, two models were developed. The first model

accounts for the roughness of the surface, but not the

distribution of asperity heights. The second is an

extension of the Greenwood–Williamson (GW) model

of rough surfaces. Based on Fogden and White_s k

parameter [26], it assumes a DMT-like force-displace-

ment law and takes the asperity height distribution

into account. Inputs to the GW model include the

asperity radius of curvature, the asperity density and

the asperity height distribution function. Each was

independently assessed by two methods, and agree-

ment was good. Further, the assumption of surface

elasticity was validated. Quantitatively, however, the

GW model with a Gaussian distribution function

severely underestimated the measured trend for p/

ps<0.9. A possible reason was traced to convergence of

the model at large values of d/ss. Using distribution

functions with cutoff values, the experiment was more

closely modeled. However, only an unreasonable

cutoff value of d/ss=1.7 closely approximates the

measured results. It was noted that the first model

matches the experiment well if the asperity density is a

free parameter. These results can be rationalized if the

upper and lower surfaces are geometrically correlated,

and this possibility should be explored in future work.

First order effects in the adhesion of rough surface

under capillary conditions have been considered here.

Many details deserve further attention. First, a surface

layer of water exists on silicon according to the BET

isotherm [46], but has not been taken into account.

Second, the theory could be improved by better

describing both the scale-dependent roughness as well

as the free volume between the surfaces, perhaps

according to a power spectrum description [47]. Third,

the issues of how the menisci nucleate [48], how in

detail menisci merge, and the rate at which the cracks

heal at fixed p/ps are of considerable interest.
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Appendix: Calculation of Surface Height Change

Due to Plasticity

As the crack tip passes over a given area, a moment-

induced normal traction is applied. For a smooth

surface, it can be shown [49, 50] that the average

contact pressure over a zone of length t just beyond the

crack tip Pct is

Pct ¼
1:2

p
Eht

s2
ðA<1Þ

over a region of length t. Through equation (2), the

dependence of Pct on adhesion can be calculated. For a

rough surface, this pressure is localized to the highest

asperities. The force on the highest asperity is initially

Pcttw, which is 160 mN for s=300 mm. As the crack tip

passes over these asperities, they will experience a

plastic deformation loading and unloading cycle. For a
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spherical contact and assuming continuum plasticity

(as may be applicable for a polycrystalline aggregate),

the critical displacement for plastic deformation is [51]

d � dc ¼
p 0:454þ 0:41uð ÞH

2E0

� �2

R ðA<2Þ

with E0 ¼ E
�

2 1� u2
� 	

, dc=3.1 nm. The corresponding

critical load is

Pc ¼
4

3
E0

ffiffiffiffiffiffiffiffi
Rd3

c

q
: ðA<3Þ

Then Pc=10 mN. The elastic-plastic loading curve is [51]

P ¼ 1:03Pc d=dcð Þ1:425

for 1 � d=dcð Þ � 6:
ðA<4Þ

while the residual plastic displacement is

dres ¼ dmax 1� 1

dmax=dcð Þ0:28

 !
1� 1

dmax=dcð Þ0:69

 !

ðA<5Þ

where dmax is the maximum displacement. Two other

histograms similar to Fig. 11 were analyzed. In each,

there are one or two outliers on the high end of the tail,

similar to Fig. 11. As the crack tip passes over, let us

assume there are two high asperities in the compressive

region (of area tw) sharing the majority of the local load,

say 50 mN each. (If the distribution is a continuous

function, then this calculation overestimates dres because

more asperities share the load.) Using equation (A-4),

dmax=9.3 nm. From equation (A-5), dmax=3.0dc, and

dres=(0.14) dmax=1.3 nm. That is, the plastic deformation

will shift the tail about 1.3 nm towards the center of the

distribution.
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