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Capillary condensation between the electrodes of microswitches influences the effective pull-in
voltage in a manner that depends on the contact angle of the capillary meniscus and the presence of
plate surface roughness. Indeed, surface roughening is shown to have a stronger influence on the
pull-in potential for relatively small contact angles with respect to that of a flat surface when
capillary condensation takes place. For long wavelength roughness ratios w /��1 with w the rms
roughness amplitude and � the in-plane correlation length, the pull-in voltage increases with
increasing theoretical contact angle �0 for flat surfaces. With decreasing correlation length �
�increasing roughness�, the pull-in potential decreases faster for smaller contact angles �0 In
addition, with decreasing roughness exponent H �0�H�1�, which characterizes short wavelength
roughness fluctuation at short length scales ����, the pull-in potential shows a steeper decrease with
decreasing correlation length �. Finally, with increasing relative humidity, the sensitivity of the
pull-in voltage at small correlation lengths attenuates significantly with increasing contact angle �0.
© 2007 American Institute of Physics. �DOI: 10.1063/1.2472651�

I. INTRODUCTION

The architecture of a diverse variety of microelectrome-
chanical systems/nanoelectromechanical systems �MEMSs/
NEMSs� requires the use of microswitches as an essential
operation component.1–14 A typical microswitch is con-
structed from two conducting electrodes, where one elec-
trode is usually able to move but still remains suspended by
a mechanical spring. By applying a voltage difference be-
tween the two electrodes, the mobile electrode moves to-
wards the ground electrode due to the electrostatic force.
However, at a certain voltage the mobile electrode becomes
unstable and collapses or pulls in onto the fixed ground
electrode.3,4 Besides, pull-in instabilities problems, residual
plate stress, and fringing fields influence the operation and
failure of microswitches and should be carefully taken into
consideration.5,6

Furthermore, when the proximity between the plates of
switches becomes of the order of nanometers up to a few
microns, a regime is entered where forces that are quantum
mechanical in nature, namely, van der Waals �vdW� and Ca-
simir forces, become operative.15–18 The latter may also be
responsible for stiction by causing mechanical elements in
close proximity to adhere together, and therefore change the
actuation dynamics of switches.9 In fact, the Casimir force
has been considered to be an exotic quantum phenomenon
that results from the perturbation of zero point vacuum fluc-
tuations by the presence of conducting plates.15–18 Because
of its relatively short range �dominant over vdW at separa-
tions �50 nm�, it is now starting to attract technological im-
portance for the design and operation of
MEMSs/NEMSs.9–13 Recent studies for switches with rough
plates have shown that random self-affine roughness, which

often occurs during nonequilibrium film deposition, strongly
influences pull-in parameters and phase maps of mi-
croswitches in the presence of electrostatic, Casimir, and
capillary forces.18,19

Furthermore, MEMSs/NEMSs are fabricated on silicon
substrates by deposition and selective etching of multiple
layers of structural and sacrificial films.14 If the resulting
surface is hydrophilic, a capillary force develops when the
microstructures are pulled out of water or when two surfaces
approach each other in humid environments causing adhe-
sion between components. Drying techniques can eliminate
release-related adhesion, but they cannot prevent the in-use
adhesion where liquids condense from vapor into small
cracks and pores in a phenomenon known as capillary
condensation.14,16 Recently, we studied the influence of cap-
illary forces in combination with electrostatic and quantum
vacuum generated forces on the pull-in voltage of mi-
croswitches having self-affine rough surfaces.19 It was shown
that the attractive capillary force decreases more the effective
electrostatic pull-in voltage when the plate surfaces are
rougher. The latter corresponds to smaller roughness expo-
nents H �0�H�1, which characterize short wavelength
roughness� and/or larger long wavelength roughness ratios
w /� with w the root-mean-square �rms� roughness amplitude
and � the in-plane correlation length.19

Therefore, since capillary forces can strongly influence
the operation of microswitches, the influence of the capillary
meniscus contact angle on the pull-in potential will be fur-
ther investigated. Indeed, up to now we have not presented
any detailed investigation of the influence of the contact
angle on pull-in characteristics for rough plate surfaces. This
will be the focus in the present work where the elastic restor-
ing force of the moving switch plate will be counterbalanced
by capillary, Casimir, and electrostatic forces.a�Electronic mail: g.palasantzas@rug.nl
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II. PULL-IN VOLTAGE OF MICROSWITCHES WITH
PARALLEL ROUGH PLATES

We consider a parallel plate configuration where the
electrostatic, Casimir, and capillary forces �denoted, respec-
tively, as Fe, FCas, and Fcap� are pulling the plates together
and opposing the elastic restoring force Fk �Fig. 1�. The ini-
tial plate average distance is d, the average flat surface plate
area is Af, the plate spring constant is k and its mass m, the
applied voltage in between the plates is V, and the electrical
permittivity of the condensed liquid is �. We also assume the
same roughness for both plates, which is characterized by
single valued random roughness fluctuations h�R� of the in-
plane position R= �x ,y�.

If we consider the second law of Newton to describe the
plate motion, m�d2r /dt2�= �Fk�− �Fe�− �FCas�− �Fcap�, and as-
sume the conditions �Fk�− �Fe�− �FCas�− �Fcap�=0 and d��Fk�
− �Fel�− �FCas�− �Fcap�� /du=0 �and setting u=r /d and 0�u
�1�, we obtain the pull-in potential VPI,

19,20
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and for the contact angle � on a rough surface we have19,25
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In Eqs. �2�–�4�, ��h�q��2� is the roughness spectrum, and
Qc=
 /a0 with a0 a lower roughness cutoff of atomic dimen-
sions. In Eq. �4��0 is the theoretical contact angle on a flat
surface which is given by Young’s law.26 The factor Cr in Eq.
�2� arises from the roughness correction to the Casimir force
taking into account finite conductivity corrections, which are
based on power law approximations for wave vectors q
�10−3.22 For shorter wave vectors, where the scattering is
weak, the roughness spectrum approaches the asymptotic
limit ��h�q��2� ��2
�w2�2 for q��1 contributing less than
the power law approximations as we approach the limit q
→0. FT is the temperature correction to the Casimir force as
a multiplying factor.23 Indeed, finite conductivity and tem-
perature corrections may be treated independently and mul-
tiplied for theory estimations above the 1% accuracy level.23

c̃=c /	� is the velocity of light in the liquid between the
plates, where we consider for simplicity constant the liquid
dielectric function �. Q�P

=2
 /�P, Qr=2
 /r, ��3��1.202 is
the Riemman zeta function, and �P is the finite plasmon
wavelength �e.g., �100 nm for Al�. RKel= �	Um /RT�
���log�P / Psat���−1 is the Kelvin condensation length, P / Psat

is the relative vapor pressure with Psat the saturation pres-
sure, 	 is the surface tension, and Um is the molar volume of
the liquid. Indeed, capillary condensation is initiated for sur-
face separation r�d0��2RKel cos��.24

III. RESULTS AND DISCUSSION

The calculation of the pull-in voltage from Eq. �1� re-
quires knowledge of the roughness spectrum ��h�q��2. In-
deed, a wide variety of thin film surfaces during nonequilib-
rium growth develops the so-called self-affine roughness for
which ��h�q��2 scales as27 ��h�q��2�q−2-2H if q��1 and
��h�q��2�const if q��1. This scaling behavior is satisfied
by the analytic model28

��h�q��2 = 2

w2�2

�1 + aq2�2�1+H , �5�

with a=1/2H�1− �1+aQc
2�2�−H� if 0�H�1 and a

=1/2 ln�1+aQc
2�2� if H=0. Small values of the roughness

exponent H��0� characterize jagged or irregular surfaces,
while large values H��1� surfaces with smooth hills and

FIG. 1. �Color online� Schematic of parallel plate switch with meniscus
formation that exerts the additional capillary force.
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valleys. 27 For other correlation models see also Refs. 27 and
29.

The Fourier transform of ��h�0��2 yields the correlation
function g�r�= ��h�r�−h�0��2. The latter scales as g�r��r2H

for r�� and yields �g�r� /r2�r→+�→0, if and only if H�1,
ensuring bounded roughness fluctuations �besides the restric-
tion of a finite correlation length ��. Equation �5� yields for
the average local surface slope � the analytic form21

� =	�
0

Qc

q2��h�q��2d2q/�2
�2,

=�w/	2�a���1 − H�−1��1 + aQc
2�2�1−H − 1� − 2a�1/2. �6�

The latter shows that the average local slope is proportional
to the rms amplitude ���w�. The assumption of a Gaussian
height distribution which yields the closed form
�e−x	1+�2xdx for the area integral is not restrictive within
the weak roughness approximation ���1�. This is because
the dominant term up to second order in � yields �1
+ ��2 /2� which can be obtained without any assumption
about the height distribution.

In our calculations we have used RKel=1.6 nm, which is
the value for water at T=293 K with 	Um /RT�0.54 nm,
	=73 mJ/m2, and relative humidity P / Psat=0.5.16 Note that
in order to have RKel��p ��100 nm�, the required relative
humidity is P / Psat�0.99, which is close to extreme humid-
ity conditions for a microswitch to operate. Moreover, we
used for the plasma wavelength the value �p=100 nm and
for simplicity �=1

In former studies we investigated the variation of the
contact angle � on a rough surface as a function of the long
wavelength ratio w /� and various roughness exponents H.25

It was shown that for theoretical contact angles �0 lower than
90°, a weak maximum was observed for rather small rough-
ness ratios w /� ��1�, while for larger ratios w /� the contact
angle � on a rough surface was a decreasing function of this
ratio. The influence of the ratio w /� was more pronounced in
the regime of theoretical contact angles �0�90° and with
increasing roughness exponent H the position of the maxi-
mum was moved at larger values of the ratio w /�.25 Briefly,
the contact angle on a rough surface appeared to have a
relatively complex dependence on the roughness exponent H
and the long wavelength ratio w /�.25 The latter clearly ne-
cessitates a careful examination of the contact angle influ-
ence on pull-in characteristics of microswitches.

Figure 2 shows the direct dependence of the pull-in po-
tential versus the roughness correlation length � for various
roughness amplitudes w and theoretical contact angles �0.
With decreasing long wavelength roughness ratio w /��1
�corresponding to negligible roughness influence as it is rep-
resented by the saturation region in Fig. 2�, the pull-in volt-
age increases with increasing contact angle �0 or equiva-
lently decreasing capillary contribution. However, with
increasing ratio w /� the pull-in voltage shows a sensitive
decrement with decreasing correlation length � �for typical
values ��2�p�, which becomes more steep and pronounced
with decreasing contact angle �0.

Similarly to Fig. 2, we plot in Fig. 3 the pull-in poten-
tials for two different roughness exponents H and different
contact angles �0. With decreasing exponent H the pull-in
potential shows a significant steep increase with increasing
correlation length when the latter remains significantly small
��2�p�. This behavior persists even with relatively large
contact angles �0. This is because, with increasing surface
roughness it also increases the local surface slope �, and thus
it decreases the actual contact angle �, leading to larger cap-
illary forces, and as a result to a lower pull-in potential due
to the presence of the �cos2��� term in Eq. �1�.

For sufficiently small correlation lengths, as it is shown

FIG. 2. �Color online� Pull-in voltage ratio vs lateral roughness correlation
length � for plates with dimensions �=5d �with Af =�2�, d=80 nm, H
=0.9, u=0.5, �=1, RKel=1.6 nm, �p=100 nm, �0 as indicated in each graph,
and various roughness amplitudes w as indicated.
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by the arrows in Figs. 2 and 3, the roughness contribution
was significant enough to give a negative difference in the
square root of Eq. �1�. The latter represents alternatively an
instantaneous collapse of the switch beyond which any me-
chanical movement is fully disrupted by the capillary contri-
bution. Moreover, as Fig. 4 shows with decreasing correla-
tion length � �or equivalently increasing surface roughness

for fixed roughness amplitude w�, the capillary term in Eq.
�1�, �8	RKel /�V0

2�cos2���, shows a weak minimum and a
steep increase with decreasing correlation length � and
roughness exponent H. This behavior of the capillary term
explains the corresponding decrement of the pull-in voltage
with decreasing correlation length � and decreasing rough-
ness exponent H in Figs. 2 and 3.

Finally, as Fig. 5 indicates with increasing relative hu-
midity P / Psat, the sensitivity of the pull-in voltage at small
correlation lengths ���2�p� attenuates significantly with in-
creasing contact angle �0. This is shown by the dashed line in
the schematics of Fig. 4 for two different values of the rela-
tive humidity. This is because the capillary contribution in
Eq. �1� is proportional to an increasing Kelvin condensation
length RKel with increasing relative humidity. As a result it
leads to a larger capillary term and a lower influence of the
terms that originate only from the contributions of electro-
static and Casimir forces.

IV. CONCLUSIONS

The presence of capillary condensation between mi-
croswitch plates lowers the effective pull-in voltage derived
by the application of an electric potential in a manner that
depends significantly on the contact angle of the capillary

FIG. 3. �Color online� Pull-in voltage ratio vs lateral roughness correlation
length � for plates with dimensions �=5d �with Af =�2�, d=80 nm, w
=5 nm, H as indicated, u=0.5, �=1, RKel=1.6 nm, �p=100 nm, and �0 as
indicated in each graph.

FIG. 4. �Color online� Plot of the capillary contribution Ccap cos2����Ccap

= �8	RKel /�V0
2�� on the pull-in voltage in Eq. �1� vs lateral roughness cor-

relation length � for plates with dimensions �=5d �with Af =�2�, d
=80 nm, w=5 nm, �0=40°, H as indicated, u=0.5, �=1, RKel=1.6 nm, �p

=100 nm, and �0 as indicated in each graph.

FIG. 5. �Color online� Pull-in voltage ratio vs lateral roughness correlation
length � for plates with dimensions �=5d �with Af =�2�, d=80 nm, w
=5 nm, H=0.8, u=0.5, �=1, RKel=1.6 nm, �p=100 nm, two different val-
ues of the relative humidity P / Psat, and �0 as indicated in each graph.
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meniscus. It was shown that surface roughening has stronger
influence on the pull-in potential for relatively small contact
angles, with respect to that of a flat surface, when capillary
condensation takes place. Indeed, with decreasing long
wavelength roughness ratio so that w /��1 �corresponding
to weak surface roughness�, the pull-in voltage increases
with increasing contact angle �0. However, with increasing
ratio w /�, the pull-in voltage shows a sensitive increment
with increasing correlation length �, which becomes steeper
with decreasing contact angle �0 Similarly with decreasing
roughness exponent H, which corresponds to rougher sur-
faces at short length scales ����, the pull-in potential shows
a significant steep increase with increasing correlation length
as long as it remains sufficiently small. In addition, with
increasing relative humidity, which leads to larger Kelvin
condensation lengths, the sensitivity of the pull-in voltage at
small correlation lengths attenuates also significantly with
increasing contact angle �0. Future studies will address in
more accurate manner the influence of the liquid dielectric
properties through the Casimir force. In addition, dynamic
considerations will be implemented in calculating the influ-
ence of Casimir and capillary force effects to the pull-in
velocity in order to shed light on their relative contribution in
plate motion, since the inclusion of both forces has to be
taken into account if the device operates in a wet environ-
ment.
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