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ABSTRACT: Stiction in microelectromechanical systems (MEMS) has been a major failure mode
ever since the advent of surface micromachining in the 80s of the last century due to large surface-
area-to-volume ratio. Even now when solutions to this problem are emerging, such as self-assembled
monolayer (SAM) and other measures, stiction remains one of the most catastrophic failure modes in
MEMS. A review is presented in this paper on stiction and anti-stiction in MEMS and nanoelectrome-
chanical systems (NEMS). First, some new experimental observations of stiction in radio frequency
(RF) MEMS switch and micromachined accelerometers are presented. Second, some criteria for stic-
tion of microstructures in MEMS and NEMS due to surface forces (such as capillary, electrostatic, van
der Waals, Casimir forces, etc.) are reviewed. The influence of surface roughness and environmental
conditions (relative humidity and temperature) on stiction are also discussed. As hydrophobic films,
the self-assembled monolayers (SAMs) turn out able to prevent release-related stiction effectively. The
anti-stiction of SAMs in MEMS is reviewed in the last part.
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1 INTRODUCTION

As a kind of fundamental catastrophic failure
in microelectromechanical systems (MEMS), stiction
deserves a careful study. Stiction is a term for the un-
intentional adhesion of compliant microstructure sur-
faces when restoring forces are unable to overcome
interfacial forces such as capillary, electrostatic, van
der Waals, Casimir forces, and other kinds of “chem-
ical” forces!!~6]. The stiction problem of MEMS can
be divided into two categories!”): release-related stic-
tion and in-use stiction. Release-related stiction oc-
curs during the process of the sacrificial layer removal
in fabrication of microstructures, and such stiction is
caused primarily by capillary forces. In-use stiction
usually occurs when successfully released microstruc-
tures are exposed to a humid environment.

Figure 1 shows the release-related stiction of a
radio frequency (RF) MEMS switch to the substratel®]
due to large surface-area-to-volume ratio. Figure 2
shows the stiction of comb fingers in a micromachined
accelerometer by bulk micromachining. Microstruc-
ture surfaces may come into contact unintentionally
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through acceleration or electrostatic forces, or inten-
tionally in applications where surfaces impact or shear
against each other. When adhesive attractions exceed
restoring forces, surfaces permanently adhere to each
other causing device failure: a phenomenon known as
in-use stiction. Figure 3 shows the stiction of struc-
tural members in an accelerometer after impact load-

ing.
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Fig.1 SEM of adhered RF-MEMS switch to sub-
strate obtained by the author’s group
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Fig.2 Stiction of the comb fingers in micromachined accelerometers
obtained by the author’s group

Fig.3 Stiction of microstructural members in an accelerometer after
impact loading obtained by the author’s group

In the 1990s, considerable effort has been spent
on models describing and predicting the stiction prop-
erties of surfaces in MEMS in contact. Criteria for
stiction of microstructures in MEMS will be briefly
reviewed in the first part of this paper. As hydropho-
bic films, the self-assembled monolayers (SAMs) have
been used to prevent release-related stiction effec-
tively, the anti-stiction of SAMs in MEMS are re-
viewed in the second part of this paper.

2 CRITERIA FOR STICTION OF MICRO-
STRUCTURES IN MEMS AND NEMS

2.1 Mechanical Collapse Induced by Capillary

Force and Elastocapillary Number

Suspended elements in MEMS are typically fab-
ricated by first forming a layer of the plate or beam
material on top of a sacrificial layer of another ma-
terial and then etching away the sacrificial layer. If

the etch is performed in a liquid environment, a liquid
bridge will be formed between the suspended member
and the substrate when the liquid is removed during
a dehydration cycle, yielding an attractive capillary
force which may be sufficiently strong to make it col-
lapse.

A dimensionless number, called elastocapillary
number Ngg, has been proposed by Mastrangelo
and Hsul to characterize the detachment of the mi-
crostructure with the substrate. The microstructure
is free of stiction when Ngc > 1 and will stick to
the substrate when Ngc < 1. The elastocapillary
number, Ngc, can be physically explained as the ra-
tio of elastic restoring energy to the capillary energy.
The results of elastocapillary number for different mi-
crostructures are summarized in Table 1, with E be-
ing the Young’s modulus, ¢ the member thickness, h
the gap, 6. the contact angle, ¥ the liquid surface
tension, v the Poisson’s ratio, or the residual tensile
stress, and I, w, rg being the length, width and radius.
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Table 1 Approximate elastocapillary numbers for different microstructures

Microstructure

Approximate elastocapillary numbers

cantilever beam

2Eh?t3
9v; cos Ocl* (1 + t/w)

128 Eh2t3 20grl%2  108h2
doubly supported beam
1571 cos Ol (1 + t/w) TEt2  245t2
10 [5)2/3 Eh23 [ 3 (1-v2) opr2 2187 [2)\%/3 2
circular plate — (—) T 1+ (—) —
9 \2 meosbery (1 —v2) 4 Et2? 2560 \5 12
square plate 25ENT 1+ 2 (1 Y ) orw’ + 5 h?
d P m cos few? (1 — v2) 9 Et? 12 2

2.2 Contact Stiction and Peel Number

To study the stiction of movable MEMS mi-
crostructures to the substrate, a dimensionless num-
ber, termed peel number, was proposed by Mas-
trangelo and Hsul®). The peel number, Np, is the
ratio of elastic strain energy stored in the deformed
microstructure to the work of adhesion between the
microstructure and the substrate. If Np > 1, the re-
stored elastic strain energy is greater than the work
of adhesion, and the microstructure will not stick to
the substrate. If, on the other hand, Np < 1, the de-
formed microstructure does not have enough energy
to overcome the adhesion between the beam and the
substrate.

For a long slender cantilever of thickness t,

length | and elastic modulus E suspended at a dis-
tance h from the substrate, illustrated in Fig.4(a),
the peel number is%

3Et*h?
A g

where S is the crack length, and W, = v; +v2 — 12 is
the Dupré adhesion or work of adhesion between the
cantilever and the substrate, with v, and 7» being the
surface energies of the two bodies and 7,2 the inter-
face energy. For a short cantilever beam with just
its tip stuck to the substrate, shown in Fig.4(b), the
corresponding peel number is!910]

3Et3h?
Np = —7—r (2)

A

S —_—
(b)

Fig.4 (a) S-shaped cantilever stuck to the substrate over a distance d; (b) Arc-
shaped cantilever stuck to the substrate only very near its tip
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For a doubly clamped beam, and suspended square
and circular plates, the residual stress, og, must be
considered, and their peel numbers arel®]

N, - 1BECR [ 0wl 256 (D ?
ETATA 21E2 T 2205 \ ¢
(doubly clamped beam) 3)
No — 186Et3h? 27(1 — v?)ogw?
P OS2 wtw, 310E#2
2
g <%> ] (suspended square plate)
(4)
40Et3 h? 51(1 — v?)orrd
Np = .
3(1— 2)ra W, 160EL2
(suspended circular plate) (5)

where v is Poisson’s ratio, [, w and r¢ are the length of
the doubly clamped beam, width of the square plate
and radius of the circular plate, respectively.

2003

The maximum dimensions of the microstruc-
tures (length of cantilever or doubly clamped beam,
width of square plate, and radius of circular plate)
that will not stick to the substrate can be obtained
from Eqgs.(2)~(5) using the threshold condition Np =
1, i.e., the stored elastic strain energy is equal to the
work of adhesion. From Eq.(2), the maximum can-
tilever length that will not stick to the substrate, also
called the detachment length, can be determined as

372\ 1/4
lo = <3Et h > (©)

8Wa

From Egs.(3)~(5), the maximum length, width and
radius of the fixed-fixed beam, square plate and cir-
cular plate are expressed in the same form as follows

1/2
b+ Vb2 +4c /
Imaxs Wmax, (TO)max = f (7)

The corresponding values of b and ¢ in Eq.(7) for dif-
ferent microstructures are presented in Table 2.

Table 2 Coefficients in Eq.(7) for different microstructures

Microstructure b

[

512 ogh’t
doubly clamped beam 2R
105 W,
5022 orh’t
square plate —_—
301 W,
. 17 ogh?t
circular plate —
4 W,y

128 - 256 (h)2 Et3h?
5 2205 \ 't Wa
12 (h)2 186 Et3h?
1+ — (- _
31\t (1—-v2)W,

40Et3h?
3(1— 12) Wa

Measurements by Mastrangelo and Hsul®! were
made on an array of beams with different lengths, to
find out the longest beam that was not stuck to the
substrate (see Fig.5). These cantilevers, close to the
transition from sticking to not sticking and vice versa,
are arc-shaped. The measurement depends largely on
the local properties of the surface near the tip.

Consider the elastic contact of the cantilever
and substrate with interface roughness. The surface
roughness is represented by asperities, which are mod-
eled as spherical caps with the same radius of curva-
ture R, and the heights of these asperities obey the
Gaussian distribution

o) = e (- ;) ®)

where o is the standard deviation of the distribution

of asperity heights. The corresponding peel number
for cantilever beam adhesion to a rough surface is/!!]

(9)

stuck ——
not stuck —

Fig.5 Cantilever beam array (CBA) technique to
determine the detachment length
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where Np is the peel number for smooth contact
(Eq.(1) or Eq.(2)), Np is the peel number considering
the rough contact, and

c/ [3\/% (z — s)*?exp <—”’”2—2> da—

Vor / h exp <—§> dm] ds (10)

is a dimensionless roughness function reflecting the
influence of surface roughness on stiction (Fig.6), and

Y L (11)

9=
WaV R

is the adhesion parameter!*2! and E* is the equivalent
Young’s modulus given by 1/E* = (1-v})/E; +
(]. — I/%) /E2

1.0

0.8 +:
0.6 +
0.4 1

0.2 4
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0

Fig.6 Influence of adhesion parameter on the
dimensionless roughness function f(6),
which decreases monotonically with the
adhesion parameter

Equation (9) indicates™!] that the stiction of a
cantilever beam with a rough substrate is reduced
with increasing adhesion parameter §. The peel num-
ber for doubly clamped beam, and suspended square
and circular plates with surface roughness can be ob-
tained in the same manner. The design parameters
in Egs.(6) and (7) should be modified accordingly, for
example, the maximum cantilever beam length that
will not stick to the substrate, or detachment length
considering surface roughness, can be modified to

312 \ 1/4
s = (g (12)
8Waf (6)
The difference between 1, and lmax in Eq.(6) is
1 (8). Noticing the fact that the dimensionless rough-
ness function is less than 1 by referring to Fig.6, then

I/ o is always larger than lpax. Thus, surface rough-
ness indeed increases the detachment length.
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2.3 Stiction by van der Waals and Casimir
Forces

Buks and Roukes('?] measured the adhesion be-
tween gold surfaces using a micromachined cantilever
beam. The adhesion is caused by the Casimir force
with a gap of a few micrometers between the can-
tilever and the substrate. The Casimir force for a
small separation is reduced to the nonretarded van
der Waals forces!'¥] with interaction energy per unit
area as

A
=—— 1
v 127a? (13)
where A is the Hamaker constant. For the case of Au,
it was found*® that Eq.(13) was a good approxima-
tion for a gap a < 2nm and the Hamaker constant
was measured to be A =4.4 x 10719 J.

Casimir force has been associated with van der
Waals forces. The following comparisons between
Casimir and van der Waals forces have been made
by Lifshitz:

(1) van der Waals force: Approximation of per-
turbation theory applied to electrostatic interaction
of two dipoles. Valid only when the separation a < A,
with A being the retardation length, and correspond-
ing to the transition between the ground and the ex-
cited states of the atom. The attraction is propor-
tional to 1/a® and is affected by material properties.

(2) Casimir force: When the separation a ~ A
or a > A, retardation effects enter. The attraction is
proportional to 1/a* and is not affected by material
properties.

Thus the Casimir forces take effect at longer dis-
tances than the van der Waals forces. Figure 7 shows
the calculated results of Casimir and van der Waals
energies for two thick films'?

102

10° +
1072
1074
107¢
1078
10—10 L
10—12 L

10—14 L L L L
107 107° 107% 1077 10=°% 107°

gap height/m

energy/J-m ™2

Casimir

Fig.7 Comparison of van der Waals and Casimir
forces for thick gold films('®]
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hw

E, =028——2
aw(a) 167mv/2a2
(14)
m2he
ECasimir(a) = W

where A is the Planck’s constant divided by 27, and is
equal to 1.055 x 10734 Js, w,, is the plasma frequency,
a is the gap height, and c is the speed of light and is
equal to 2.988 x 108 m-s~!. The crossing point in Fig.7
is at about 100nm gap height for w, = 10'Hz. As
the surfaces get closer together, van der Waals forces
and electron exchange interactions dominate.

The Casimir force acting on two parallel un-

charged plates with a separation a, in vacuum is given
byl6:16]

7% hc
Flo) =5 ar

where S >> a? is the area of plates. Thus movable
components in NEMS devices fabricated at distances
less than 100nm between each other often stick to-
gether due to strong Casimir force. Serry et al.l'”]
studied the criterion for adhesion of a 2pum thick
highly doped single crystal Si microfabricated rectan-
gular membrane strip with a parallel fixed surface in
terms of Casimir force as shown in Fig.8. Due to prox-
imity to the rigid flat surface S of the bottom plate,
the strip is subject to the attractive Casimir force,
and deflects into a curved shape. Numerical simula-
tion showed that for those systems which exhibited
adhesion-free stable equilibrium state, the deflection
at middle of the strip was always less than 0.48wy,
with wg being the initial gap between the rectangular

(15)

rectangular membrane strip
(thickness h)

surface S
x q(x)
AN
o] \
I B T

edge support rigid, flat plate

Fig.8 Illustration of the Casimir effect between a
rectangular membrane strip and the sub-
strate. w(z) is the deflection of the strip,
q(zx) is the load, and wyo is the initial sepa-
ration between the strip and the substrate

strip and the parallel surface. However, Serry et al.
do not discuss the building of the structure studied or
how the deflection of the strip was measured*7.

A theoretical analysis'® has been presented re-
cently of three forces on cantilevers in MEMS, namely
acceleration, Casimir and Coulomb forces. This anal-
ysis provided theoretical limits to cantilever lengths
free from adhesion with substrate. The influence of
environmental conditions (relative humidity and tem-
perature) and surface roughness on stiction has been
studied theoretically in Ref.[19], which shows that
temperature may have a profound effect on stiction
at low relative humidity levels, but are less important
at high humidity levels.

3 ANTI-STICTION IN MEMS AND NEMS

In order to reduce the release-related stiction,
a few engineering methods have been suggested and
have proven to be successful. These methods(?! in-
clude texturing the surfaces to reduce the contact
area (an examplel?® is shown in Fig.9, where a peri-
odic array of small supporting post, commonly known
as “dimples” has been introduced. This method was
first used by Fan[?!] for the construction of a micro-
motor.) and changing surface hydrophobicity, and
the avoidance of liquid-vapor interfaces altogether
through supercritical fluid, freezing sublimation dry-
ing or dry-release methods. Effective measures to pre-
vent in-use sticiton include surface roughening and
surface coating with low surface-energy materials,
or chemical passivation (e.g., self-assembly monolay-
ers (SAMs) coatings!™-?? | diamond-like carbon (DLC)
coatings???3).  The hydrophobic surface of SAM-
coatings prevents the water layer and thereby the cap-
illary forces from forming between two surfaces4.

A more effective chemical modification for anti-
stiction treatments involves the application of a
molecular film to the micromachine surface. The
term, self-assembled monolayer (SAM), denotes the
single layer of ordered molecules adsorbed on a sub-
strate due to bonding between the surface and molec-
ular head group!®”l. The SAM consists of a head
group and alkyl chain. The head group of the SAM
chemisorbs on the special substrate. Thiol chemisorbs
on a metal surface such as gold, and silane chemisorbs
with the hydroxyl group on silicon or silicon nitride.
Indeed, it has been demonstrated that self-assembled
monolayer (SAM) coatings deposited from solution
may have the following characteristics when properly
integrated into the microstructure release process!!):
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Fig.9 Prevention of stiction by reducing contact area in

microaccelerometer

(1) Eliminate release stiction by effectively re-
versing the shape of the water meniscus which forms
underneath microstructures during the drying pro-
cess. This effect can be quantified by measuring the
water contact angle on these surfaces. The water con-
tact angle increases from < 30° on SiO, surfaces to
> 110° on SAM-coated surfaces.

(2) Reduce in-use stiction, quantified by appar-
ent work of adhesion, by four orders of magnitude
with respect to the conventional oxidized release pro-
cess.

(3) Eliminate the need for large input signals (or
mechanical probing) in the start-up phase in micro-
engines.

(4) Reduce friction in microengines (static fric-
tion value of 0.08 vs. 2.3 for oxide-coated surfaces).

(5) Reduce wear significantly (over 40 million
operation cycles have been achieved in touch-mode
electrostatic actuators).

(6) Survive some packaging environments (ther-
mally stable to 400°C in various, including oxygen
containing, environments).

Several classes of organic films have been ex-
plored.  These include alkyi- and perfluoroalky-
trichlorosilane SAMSs, dichlorosilane- and alkene-
based molecular films. Among these classes of films,

[20]

the most widely used is the octadecyltrichlorosilane-
based SAM (OTS SAM). OTS SAM has been proved
to be effective in alleviating release-related stiction
and to be a potential post-release anti-stiction lubri-
cant. Friction and wear studies of OTS SAM have also
been carried out!?®!. Though low friction coefficients
of OTS SAM are recorded, poor load-carrying capac-
ity and anti-wear ability are also shown. Lower values
for the apparent work of adhesion were reported for
1H, 1H, 2H, 2H-perfluorodecyltrichlorosilane (FDTS)
in comparison to OTS27). The dimethyldichlorosi-
lane (DDMS) monolayer has also been proposed as a
promising surface coating for MEMS. Table 3 gives a
variety of properties for some anti-stiction coatings.
The contact angle, being a thermodynamic quantity,
reflects the surface and interfacial energies. Thus the
contact angle of the surface plays an important role
in stiction during evaporation after the final rinsing.
The hydrophobic surfaces modified by the SAM coat-
ings reduce the surface energy, and this increases the
detachment length. Similar to Eq.(6), the critical de-
tachment length of cantilever to be adhered to the
substrate is

Et3h2 1/4
lcrit = § (16)
8 Va (cos 1 + cos b2)

Table 3 Comparison of physical properties among various surface treatments

Surface Contact angle Work of adhesion Coeff. of Thermal Particulate Selective
treatment water hexadecane /(mJ-m~2) static friction stability in air formation  to Si
OTS 110° 38° 0.012 0.07 225°C high no
FDTS 115° 68° 0.005 0.10 400°C very high no
DDMS 103° 38° 0.045 0.28 400°C low no
octadecene 104° 35° 0.009 0.05 200°C negligible yes
oxide 0~30° 0~20° 20 1.1 - -
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where 7y, is the surface tension of the liquid, 6, is
the contact angle between the beam and the liquid,
and 6, is the contact angle between the liquid and
the substrate. Reducing 71, and increasing #; and 6-
enhance the detachment length of the cantilever.
Preliminary experimental results in Ref.[28]
indicate a significant reduction in the coefficient
of static friction upon coating Cgo-SAMs on 3-
Aminopropyltrethoxysilane (APS) modified silicon

NH2> NH2 NH2 NH2 NH2 NH-

VOVWNY

.}SI\;SI\ .vSI SI\dSIHSI\_

1
D D (O O I &
| | | ] | |

I Si |

(as shown in Fig.10). Lower surface energy is one of
the reasons for the reduction of the coefficient of the
friction and wear. Monolayer films of heptafluorobu-
tyric anhydride (HFBA)!*?! and n-Alkanoic acid[3°]
were prepared on polyethyleneimine (PEI) coated sin-
gle crystal silicon (SCS) and glass substrates, respec-
tively. The surface energies were lowered, therefore,
these monolayers are useful for anti-stiction and lu-
brication in MEMS.

Fig.10 Formation of Cgo-SAMs on APS modified Si substrate

A novel superhydrophobic ultra-thin film
with contact angle of 166° was prepared®] by
stearic acid (STA) chemically adsorbed onto the
polyethyleneimine (PEI) coated aluminum wafer.
Composite interface between the water droplet and
the rough needle-like surface was responsible for the
super water-repellent property. It was found that a
close relationship existed between the surface mor-
phology and the contact angle. The ultra-thin film
has a weak contact angle hysteresis with the advanc-
ing and receding contact angle about 168° and 156°,
respectively. However, if the water droplet was placed
onto the surface keeping static for a long times, the
contact mode might be changed from composite inter-
face into noncomposite interface, and then generate a
large angle hysteresis. Figure 11 shows the superhy-
drophobic STA monolayer surface with contact angle
of 166° (shown in Fig.12).

Fig.11 AFM 3D images of STA monolayers on
PEI-coated polished aluminum surface
with rough needle-like structure

Fig.12 Shape of water droplet on the rough
STA monolayer surface (volume of
the droplet is 3 uL)

4 DISCUSSION AND CONCLUDING
REMARKS

The extremely high surface-to-volume ratio of
MEMS makes interfacial stiction, friction and wear
significant factors in determining device reliability[32.
These important problems must be solved in a near
future for production of reliable and long lasting
MEMSI33]. Some criteria for sticiton of microstruc-
tures with substrate have been reviewed in this pa-
per. Though some physical models have been estab-
lished, great efforts including experiments, molecular
dynamics (MD) simulation and theoretical analysis
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are still needed to better understand the mechanisms
of sticiton®*~37] jump-in-contact (JC) and jump-out-
of-contact, and adhesion hysteresis.

From the various expressions of elasocapillary
and peel numbers, we know that there are generally
three ways for anti-stiction: (1) minimizing the work
of adhesion by using SAMs and other low-surface-
energy coatings; (2) making the surface hydrophobic
or increasing the contact angle; and (3) roughening
the surface and reducing the contact area (e.g., by
making some dimples). Of all the above anti-stiction
methods, the low-surface-energy coatings are the most
effective and reliablel®®!. The monolayer technique is
especially attractive in the sense that it solves both
capillary pull and stiction problems with only one ap-
plication.

SAM is an effective measure to reduce the sur-
face energy and prevent stiction in MEMS and NEMS.
Various SAMs potentially used in MEMS have been
reviewed and compared in the second part of this pa-
per. Despite the large number of anti-stiction coat-
ings now available®8], it is difficult to single out one
treatment as the best surface coating.

The demand for reliable anti-stiction methods
of MEMS and NEMS structures is essentially unlim-
ited. A wear-resistant conformal anti-stiction coating
remains highly desirable, and the ability to tailor the
electrical properties of SAM for electrostatic actua-
tors appears to be very important(39].
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