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ABSTRACT 
 Interfacial adhesion is an important factor in determining 
the performance and reliability of microelectromechanical 
systems (MEMS).  Van der Waals dispersion forces are the 
dominant adhesion mechanism in the low relative humidity 
(RH) regime.  At small roughness values, adhesion is mainly 
due to van der Waals dispersion forces acting across extensive 
non-contacting areas and is related to 1/Dave

2, where Dave is the 
average surface separation.  These contributions must be 
considered due to the close proximity of the surfaces, which is a 
result of the planar deposition technology.  At large roughness 
values, van der Waals forces at contacting asperities become the 
dominating contributor to the adhesion.  Capillary condensation 
of water has a significant effect on rough surface adhesion in 
the moderate to high RH regime.  Above a threshold RH, which 
is a function of the surface roughness, the adhesion jumps due 
to meniscus formation at the interface and increases rapidly 
towards the upper limit of Γ=2γcosθ=144 mJ/m2, where γ is the 
liquid surface energy and θ is the contact angle. 

INTRODUCTION 
 Silicon gained acceptance as a structural material after 
Petersen’s review paper in 1982, which outlined the mechanical 
properties for single-crystal silicon and also provided a number 
of example structures to illustrate the potential for MEMS [1].  
At the same time, researchers were investigating polycrystalline 
silicon (polysilicon) as a mechanical material and fabricated 
structures using a silicon dioxide sacrificial layer [2].  This 
surface-micromachining technique has been used over the years 

to form micron-scale complex mechanisms such as pressure 
transducers [3], micromotors for optical scanners [4], pin joints 
and springs [5], comb drive actuators [6], linear vibrometers 
[7], and hinges [8].  Because of the large surface-to-volume 
ratio in this regime, however, surface forces can dominate over 
inertial forces and cause mechanisms to adhere rather than 
perform their intended function.  This unwanted adhesion, 
commonly called “stiction”, occurs when the restoring forces of 
the compliant microstructures are unable to overcome 
interfacial forces such as capillary and van der Waals 
attractions.  The primary objective of this work is to address the 
failure mechanisms associated with contacting surfaces, 
specifically adhesion due to van der Waals and capillary forces.  
By understanding the effects of surface topography (i.e., surface 
roughness) and environmental conditions (i.e., relative 
humidity) on the adhesion of micromachined surfaces, it should 
be possible to develop reliable, cost-effective MEMS for 
industrial applications. 

SURFACE FORCES ON SIMPLE GEOMETRIES 
 To start, we review the effect of various surface forces on a 
few simple geometries, namely two flat surfaces and a sphere on 
a flat surface, both separated by a distance d.  Capillary forces 
can develop between hydrophilic surfaces as a result of the 
relative humidity in the environment.  The Kelvin radius rk (i.e., 
the radius of curvature of a liquid meniscus in equilibrium with 
a vapor) is related to the RH by 
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where γ is the liquid-vapor surface energy, v is the molar 
volume, R is the gas constant, and T is the temperature (γv/RT = 
0.53 nm for water at 300 K).  For example, the Kelvin radius is 
-0.76 nm at 50% RH.  The values are negative, indicating that 
the Laplace pressure 

kr
P
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across the liquid meniscus is negative and the capillary forces 
act to pull the surfaces together.  The adhesion energy, or the 
work required to separate the surfaces, depends on the amount 
of evaporation or condensation during the separation process.  
de Boer and de Boer provide a review of the two extremes for 
the following geometries: two flat surfaces and a sphere on a 
flat surface [9].  In the first case, the volume of the liquid 
remains constant (i.e., no evaporation or condensation).  This 
corresponds to a rapid separation of the interface, which 
prevents the capillary menisci from reaching thermodynamic 
equilibrium.  For the constant volume case, the capillary force 
Fcap between two flat plates is related to the separation d by  
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where do is the initial separation, θ is the contact angle between 
the meniscus and the surface, and xd is the radius of the flat 
surface.  Additionally, the capillary force Fcap between a sphere 
and a flat surface is given by 
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where R is the radius of the sphere. 
 In the second case, the Kelvin radius rk (and thus the 
Laplace pressure ∆P) of the liquid remains constant.  This 
corresponds to a slow separation of the interface.  As a result, 
the liquid at the interface is allowed to reach thermodynamic 
equilibrium via evaporation or condensation.  For the constant 
Kelvin radius case, the capillary force Fcap between two flat 
plates is related to the separation d by 
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while the capillary force Fcap between a sphere and a flat 
surface is given by 
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 Unlike capillary forces, van der Waals dispersion forces 
cannot be eliminated and pose a fundamental limit to the 
adhesion between micromachined surfaces.  London showed 
that normal van der Waals forces can arise from a temporary 
dipole moment produced by the instantaneous positions of 

electrons in a molecule [10].  This temporary dipole polarizes 
the electron distribution of a nearby molecule, creating an 
attractive dispersion energy proportional to 1/r6, where r is the 
distance between the molecules.  This theory, however, assumes 
the nearby molecule responds immediately to the temporary 
dipole and therefore only applies for separations less than 10 
nm [11].  In reality, information regarding the electron 
distribution travels at the speed of light with wavelengths 
corresponding to the emission spectrum of the molecule [12].  
Casimir and Polder demonstrated that the interaction energy 
between molecules becomes proportional to 1/r7 for distances 
larger than these wavelengths [13].  As a result, the Casimir 
force or retarded van der Waals force [14] governs at 
separations greater than 50 nm [11].  Assuming the forces are 
additive, the normal and retarded van der Waals forces between 
two smooth flat surfaces are 
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respectively, where A is the Hamaker constant and B is the 
retarded van der Waals constant [12].  The normal and retarded 
van der Waals forces between a sphere and a flat surface are 
given by 
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respectively [12].  A gradual transition from normal to retarded 
van der Waals forces occurs between these separations [11,15] 
according to the following function 
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where c=bλ/2π is a constant based on a characteristic 
wavelength λ=100 nm and an additional constant b=3.1 [15]. 
 The capillary and van der Waals forces acting across an 
area of πxd

2=1 µm2 are plotted as a function of surface 
separation in Fig. 1.  For capillary forces (constant volume 
case), we assume a contact angle of θ=0°, surface energy of 
γ=72 mJ/m2 for water, relative humidity of 50%, and an initial 
separation of do=2rkcosθ.  For van der Waals forces, we use 
dco=0.2 nm as the initial separation [16] and A=5×10-20 J as the 
Hamaker constant. 
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Figure 1: Capillary and van der Waals forces between two flat 
surfaces with a 1 µm2 area separated by a distance d.  Even at 
relatively low RH values (50% RH), capillary forces are shown 
to dominate van der Waals forces by several orders of 
magnitude. 
 
 In comparison, the restoring force for spring-suspended 
MEMS devices deflected by 1 µm in the transverse direction is 
between 10-3 and 10 µN [17].  Based on these results, the 
following conclusions can be made regarding the adhesive and 
restoring forces on the micron-scale.  Even at relatively low RH 
values (50% RH), capillary forces are shown to dominate van 
der Waals forces by several orders of magnitude.  Van der 
Waals forces, however, are still sufficient to overcome restoring 
forces at small surface separations.  Therefore, it becomes 
necessary to understand and manipulate these forces to avoid 
adhesion-induced failures in MEMS devices. 
 While the flat plate constitutive laws provide insight into 
the magnitude of the attractive forces as a function of surface 
separation, they neglect the actual surface topography.  
Interfacial forces are reduced several orders of magnitude as a 
result of surface roughness, which reduces the interfacial area to 
the contacting asperities.  Standard rough surface adhesion 
models account for surface roughness by assuming a statistical 
distribution of summit heights in contact with a rigid flat plane 
[18,19].  These models account for surface forces at or around 
the contact areas, which is a valid assumption for micron-scale 
spheres or surface roughness.  As a result of the planar 
deposition technology in MEMS, however, surfaces normally 
exhibit nanometer-scale roughness.  Thus, all points along the 
interface are separated by less than 100 nm and the adhesion 
contribution from these non-contacting areas can no longer be 
neglected.  The size and separation of these surfaces is further 
reduced in nanoelectromechanical systems (NEMS).  In this 
regime, the surface forces across non-contacting areas will 
require even more attention to prevent adhesion-induced 
failures.  Therefore, it becomes necessary to develop new 
theoretical and experimental techniques that take into account 

adhesion contributions from both contacting and non-contacting 
areas. 

EXPERIMENTAL TECHNIQUES 
 Several experimental techniques have been used to analyze 
the adhesion between surfaces (e.g., surface force apparatus, 
atomic force microscope, and single/double cantilever beam 
specimens).  The surface force apparatus (SFA) is an instrument 
used to measure interfacial phenomena between two crossed 
mica cylinders in various environments [11,12].  Though mica 
is the primary surface for the measurements, it is also possible 
to deposit optically smooth metals or polymers [20].  The force 
sensitivity and distance resolution are about 10 nN and 0.1 nm, 
respectively.  The atomic force microscope (AFM) can also 
measure interfacial forces via a sharp tip (radius of ~10-100 
nm) attached to the end of a compliant cantilever [21].  The 
separation between the cantilever and sample is varied with 0.1 
nm resolution, while the force is measured by considering the 
deflection of the cantilever beam.  The resulting force-
displacement curve can be integrated to find the work of 
adhesion in a variety of environments, including liquids [22] 
and ultrahigh vacuum [23].  While more of a test structure than 
an instrument, the double cantilever beam has long been used to 
measure adhesion; a stable cleavage crack is introduced through 
a sample (force or displacement controlled) and the new 
interfacial area is measured [24-26].  A related device can be 
fabricated using standard micromachining techniques as shown 
in Fig. 2.  The cantilever beam test method has an important 
advantage over the other techniques: it uses the actual mating 
micromachined surfaces to measure the adhesion, as opposed to 
only one surface and a cylinder/tip.  For this reason, the 
cantilever technique will be used throughout this work. 
 

 
Figure 2: A schematic representation of an s-shaped cantilever 
beam. 
 
 The microcantilevers were fabricated by standard surface 
micromachining techniques [27].  Nanotexturing of the lower 
layer of polysilicon, which defines the landing pad, was 
accomplished by thermal oxidation in dry O2 at 900°C for 
increasing times.  The main texturing effect is due to grains that 
protrude upwards from the surface.  This occurs because the 
polysilicon grains are randomly oriented and dry oxidation in 
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the linear regime proceeds at different rates on the various 
orientations of silicon. 
 The microcantilevers are supported by a step-up support 
post and are electrically connected to the landing pad.  An 
actuation pad is also defined in the landing pad level.  After 
fabrication, the structures were released in hydrofluoric acid, 
which removes the sacrificial and thermal oxide layers.  To 
render the cantilevers freestanding, we applied a hydrophobic 
monolayer coating of perfluorodecyltrichlorosilane (FDTS, 
F(CF2)8(CH2)2SiCl3) to analyze van der Waals adhesion [28] 
and used a laser irradiation process to consider capillary 
adhesion [29].  Critical cantilever dimensions, as indicated in 
Fig. 2, include gap height g, thickness t, width w, length L and 
actuation pad length a.  Using the terminology of linear elastic 
fracture mechanics, we refer to the open, unattached section of 
the beam as the crack length s.  The gap g=1.90 µm and 
thickness t=2.62 µm were determined from freestanding 
cantilevers using profilometry.  Mask dimensions were w=30 
µm, a=81.5 µm and L =1500 µm. 

VAN DER WAALS ADHESION 
 To examine van der Waals adhesion, we brought 
freestanding cantilevers into contact with the substrate by 
modulating the voltage on the actuation pad.  Using phase-
stepping interferometry, the full deflection curve of the 
cantilevers was determined to nanometer-scale accuracy.  The 
resulting interferograms are shown in Fig. 3 for cantilevers with 
an applied load of Vpad=50 V.  They qualitatively indicate a 
decrease in adhesion for an increase in surface roughness. 
 

 
Figure 3: Interferograms of cantilever beams at an actuation 
voltage of Vpad=50 V, which qualitatively indicate a decrease in 
interfacial adhesion for an increase in surface roughness. 
 
 The adhesion energy can be extracted from beams under 
electrostatic loading by comparing experimental deflections to 
finite element method (FEM) simulations [30,31].  The FEM 
simulations include the electrostatic loading (with fringing field 

correction), the beam mechanical properties and the support 
post compliance.  With these parameters known, adhesion is the 
only free parameter and is determined by a best fit to the 
measured deflection data.  Typical best fit rms errors were 5 
nm/pixel.  Adhesion results for the different surface roughnesses 
are shown in Fig. 4.  The adhesion data is plotted versus Dave, 
the average surface separation.  For each value of Dave, Γ values 
were determined from two different cantilevers at applied 
voltages of Vpad=0 to 60 V. 
 Experimentally, the adhesion decreases from 8.0 to 2.1 
µJ/m2 as the roughness increases from 2.6 to 10.3 nm rms, as 
seen in Fig. 4.  This decrease is not as large as predicted by [32] 

Γ=A/12πDrms
2 (i.e., only a factor of 4 instead of 16).  Testing 

was conducted in air at a relative humidity of ~30%.  We have 
observed no effect of RH on testing results up to 80% RH for 
these coatings [30].  Scanning probe studies between a 
hydrophilic and hydrophobic surface have also shown no 
dependence of adhesion pull-off force on RH [33,34].  
Therefore, capillary condensation, which dominates adhesion of 
hydrophilic surfaces [35], does not play a role in these 
experiments.  The top and bottom surfaces are electrically 
grounded and consist of degenerately-doped polysilicon with a 
negligible contact potential difference.  Consequently, 
electrostatic forces in the contact zone d are insignificant.  
Thus, the adhesion is primarily due to van der Waals dispersion 
forces.  Complete details regarding these measurements and 
results are given elsewhere [36]. 
 

 
Figure 4: Adhesion results for the different surface 
roughnesses.  Experimentally, the adhesion decreases from 8.0 
to 2.1 µJ/m2 as the roughness increases from 2.6 to 10.3 nm 
rms. 

CAPILLARY ADHESION 
 To measure capillary adhesion, we brought the cantilevers 
into contact with the substrate at 0% RH with an actuation 
voltage of Vpad=100 V.  The applied load was subsequently 
removed, which resulted in beams adhered to the substrate in 
the s-shaped position.  The RH within the chamber was then 
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increased from 0% to 95% RH in 5% RH increments. The 
resulting interferograms of cantilever beams with a landing pad 
roughness of 2.6 nm rms are shown in Fig. 5.  The crack length 
was approximately s=950 µm at low RH, which can be 
attributed to van der Waals dispersion forces acting across 
extensive non-contacting areas of the interface [36].  The crack 
length subsequently decreased to s=350 µm at 70% RH, s=200 
µm at 85% RH, s=140 µm at 90% RH, and s=110 µm at 95% 
RH due to capillary condensation. 

 

 
Figure 5: Interferograms of cantilever beams with a landing 
pad roughness of 2.6 nm rms as a function of RH.  The crack 
length was approximately s=950 µm at low RH, which can be 
attributed to van der Waals dispersion forces acting across 
extensive non-contacting areas of the interface  The crack 
length decreased to s=350 µm at 70% RH, s=200 µm at 85% 
RH, s=140 µm at 90% RH, and s=110 µm at 95% RH due to 
capillary condensation. 
 
 The adhesion energy was extracted by comparing the 
experimental deflections to finite element method simulations 
[30,31].  Adhesion results for cantilevers with landing pad 
roughnesses ranging from 2.6 to 10.3 nm rms are shown in Fig. 
6.  As the landing pad roughness increases, the RH at which the 
adhesion initially jumps due to capillary condensation also 
increases.  Once the initial jump occurs, the adhesion increases 
towards the upper limit of Γ=2γcosθ=144 mJ/m2.  Future work 
includes analyzing the experimental data via a simple model 
based on the measured surface topography and the constitutive 
laws presented in the earlier section. 
 

 
Figure 6: Adhesion energy as a function of RH for landing pad 
roughnesses ranging from 2.6 to 10.3 nm rms.  The maximum 
adhesion energy due to capillary condensation Γ=2γcosθ=144 
mJ/m2 is shown for reference. 

CONCLUSIONS 
 Interfacial adhesion is an important factor in the 
performance and reliability of contacting MEMS.  To explore 
this phenomenon between micromachined surfaces, we 
performed microcantilever experiments as a function of surface 
roughness and RH.  At small roughness values, adhesion is 
mainly due to van der Waals dispersion forces acting across 
extensive non-contacting areas and is related to 1/Dave

2.  At 
large roughness values, van der Waals forces at contacting 
asperities become the dominating contributor to the adhesion.  
In addition, topographic correlations between upper and lower 
surfaces, which are the result of the conformal nature of the 
sacrificial layer, must be considered to understand adhesion 
completely.  In addition, the experimental data indicates a 
strong correlation between surface roughness and capillary 
condensation.  As the landing pad roughness increases, the RH 
at which the adhesion initially jumps due to capillary 
condensation also increases.  Once the initial jump occurs, the 
adhesion increases towards the upper limit of Γ=2γcosθ.  In 
addition to the aforementioned interfacial forces, it is also 
important to note that particulates can strongly influence 
interfacial adhesion between micromachined surfaces by 
changing their average separation [37]. 
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