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Stiction, adhesion energy, and the Casimir effect in micromechanical systems
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We measure the adhesion energy of gold using a micromachined cantilever beam. Stress and stiffness of the
beam are characterized by measuring the spectrum of mechanical vibrations and the deflection due to external
force. We induce stiction between the beam and a nearby surface, employing capillary forces to determine the
adhesion energy. The obtained value=0.06 J/nf is a factor of 6 smaller than that predicted by idealized
theory. This discrepancy may arise from surface roughness or an adsorbed layer intervening between the
contacting surfaces in these mesoscopic structures.
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The Casimir effectis one of the most striking conse-  The structures we use are designed to allow straightfor-
guences of quantum electrodynamidsr a recent review, ward and unambiguous interpretation of our results. We use
see Ref. 2 The dependence of the ground state energy of théulk micromachining(rather than surface micromachining
electromagnetic field upon boundary conditions gives rise tan which the substrate is completely removed beneath the
an observable force between macroscopic bodies. A signifisample. This greatly simplifies the boundary conditions of
cant enhancement in the accuracy of measuring the Casintiie electromagnetic field in the vicinity of the sample. More-
force has been achieved recently with experiments employover, we avoid using multilayered structures, since their in-
ing the torsion pendu|u?nand atomic force microscope ternal stresses generally play an important role and theoreti-
(AFM).* Casimir effect investigations may open the way for cal mode_ling is thus more difficult. _V\_/e use metallic_ r_a_ther
experimental observation of new fundamental forces arising@n seémiconductor structures to minimize the possibility of
from the hypothetical extra dimensions predicted by moder@@rasitic bound surface charge attraction. ,
theories(see, for example, Ref)5However, to enabie such _After characterizing the mechanical properties of the

studies it is crucial to improve experimental techniques. Th%ii?:(’)(ﬁe ‘Il'rr:guscheaSSC(E:‘OtTwebt?ggrenegfttreagﬁzgoﬁn;n; tk?eeaerlgi
Casimir force, in addition to its fundamental interest, also, ) P

plays an important role in the fabrication and operation 0ft|c energy associated with this configuration allow us to de-

) . i termine the attractive surface energy. Similar methods were
mlcroelectrgchhanlcal sy§ten(MEMS). _Th|s teqhnology employed to measure the adhesion energy of stress-ffee Si.
allows fabrication of a variety of on-chip fully integrated

: i , Note, however, that generally mechanical properties such as
sensors and actuators with a rapidly growing number of 8pgtress have to be characterized in order to accurately deter-

plications. One of the principal causes of malfunctioning inyine the elastic energy. We conclude by comparing our re-
MEMS is stiction namely, the collapse of movable elementsgyts with previous measurements and with theory.
into nearby surfaces, resulting in their permanent adhesion The bulk micromachining process employed for sample
(for a review, see Refs. 6 and).7This can occur during fabrication is described in Fig. 1. In the first step chemical
fabrication, especially due to capillary forces present duringsapor deposition is employed to deposit a 70 nm thick layer
drying of a liquid from the surface of the sample, or during of Si;N, on the front and back sides of a Si wafer. A square
operatiorf, It was argued recently that the Casimir effect iswindow is opened in the i, on the back using photoli-
often an important underlying mechanism causing thighography and wet etchind=ig. 1(@]. The high selectivity
phenomenon. and anisotropic etching properties of KOH are employed to
Here we report our experimental study of surface-surfacéorm the structure shown in Fig(ld), with a 300um square
interactions using micromachined Au cantilevers. In particu-of Si;N, suspended membrane on the front side of the wafer.
lar, we focus upon the extreme manifestation of the Casimiifhe gold beam and nearby electrodes are fabricated on top of
interaction, namely, adhesion between surfaces and the asgbe membrane using-beam lithography and thermal evapo-
ciated energy of this process. Traditionally, adhesion energyation [Fig. 1(c)]. The beam has length=200 pm, width
was studied experimentally by applying external forces toa=0.24 um, and thicknesg=0.25um (measured using
bulk materials and measuring the resultant contraction and/akFM). In the last step the membrane is removed using elec-
cleavage?® For these experiments the adhesion is associatetion cyclotron resonance plasma etching with an Ag/lg&s
with the perfectly smooth and clean internal surfaces of thenixture bombarding the back side of the sample. This leaves
bulk material. On the other hand, in many practical applicathe gold beam suspend§ig. 1(d)]. Figure Xe) is a micro-
tions and in particular for MEMS devices surfaces are nograph showing a side view of the device.
ideal. In the present experiment we study this case by mea- To characterize the mechanical properties of the beam we
suring adhesion between surfaces that may have some rougbmploy two methods, namely, measurement of the resonance
ness and/or adsorbed contamination. These imperfectiorieequencies of the beam and measurement of the deflection
may alter the surfaces’ properties, thus leading to a modifiedue to an external force. Both methods lead to similar con-
adhesion energy. clusions.
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FIG. 1. The device is fabricated using bulk micromachining Frequency [Hz]

techniques. In step&®) and (b) a suspended membrane of silicon
nitride is formed. A gold beam is fabricated on top of the membrane £\, 2. (a) The setup employed to detect the resonance frequen-
(c) and the membrane is etched, leaving the beam suspédiled cjes of the beam(b) Peak in the displacement noise associated with

Side view micrograph of the device is seen(@. thermal excitation of the fundamental mode.
The equation of motion of the beam is given by 2(a)]. Note that this detection scheme is sensitive almost ex-
) 4 5 clusively to motion in the plane of the sample.
ﬁ_y_§2|2(9_y:(pA/T)(9_y_f/T 1) Without applying any external excitation we find a pro-
G ax? at? ’ nounced peak near;=176.5 kHz associated with thermal

- ) 5 . , excitation of the fundamental mode of the befsee Fig.
where*=EAa"/12TI%, with E being Young’s modulush 511 The thermal peaks of higher modes are too small to be
=at the area of the beam’s cross sectidrthe tensionp the  getected: therefore we induce external excitation by applying
mass _densny, and the density qf ex_ternal fOf_CJé- The  an ac voltage to a nearby parallel electrode, separated from
clamping of the beam on both sides is taken into accounfhe peam by a gap of width="5 wm. We find three higher
using the boundary conditiong(+1/2)=(dy/x)(=1/2)  modes with frequencies,= 354.4 kHz,v;=529.8 kHz, and
=0. ) ) o . v,=709.7 kHz. The fact that the spectrum obtained is al-

The dimensionless parametgrindicates the relative ef- 4t equally spaced indicates tiat 1. Note, however, that
fect of stiffness compared with tension on the dynamics Ofyitt in the position of the peaks occurring over time prevents
the beam. As we shall see beloz_;?vgl.ln our case; therefore us from making a precise estimation &fBased on the un-
we expand the resonance frequencies of the system in poWertainty originated by this drift we place an upper bound of
ers of { using perturbation theory. To second order we find £<0.015.

Theoretically, the power of displacement noise near the
center of the beamx&1/2) around the fundamental fre-
wherevy= \T/pA/2l. The equally spaced spectrum obtainedquency for the casé=0 is given by
for the casel=0 is the same as for a stiffness-free beam
with boundary conditiong/(=1/2)=0. Note that the terms wokg®
that make the spectrum unequally spaced are of dpéf). Sdw)= TQMuil (02— 02)2+ (wow! Q)?] '

The resonance frequencies are measumesitu using a Ao 0
commercial scanning electron microscd®EM). The elec- whereQ is the quality factormes=pAl/2 is the effective
tron beam is focused on a point near the edge of the golthass,w=27v is the angular frequency, arfd is the tem-
beam and the output signal from a photomultipliserving  perature. Fitting the data in Fig(l® with Eq. (3) yields Q
as a secondary electron detegtisrmonitored using a spec- =1800. The known parameters of the beam allow determi-
trum analyzer to detect mechanical displacenieee Fig. nation of the scaling factor translating the signal of the spec-

va=Nvo[1+ 27+ (4+n?m212) 2], 2

()
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rd FIG. 4. Adhesion between the beam and a nearby electrode.

the beam in each picture, namely, the experimental value of
y(x) [see Flg. 8)]. Comparing the calculategl(x) with
experimental data using a least squares fit, we determine the
parameter{=0.014+0.007, in agreement with the above
Ve ] Y mentioned estimate af.
0.0+— : SE ‘ = The value/=0.01 and the other known parameters allow
’ ) estimating Young’s modulu§=8x 10'° N/m?. This value
shows reasonable agreement with previous measurements of
. i P i E in thin films of evaporated gold using different
201 = T methods-3-1°
(b) Figure 3b) shows the maximum displacement of the
154 - beam, namelyy(0), as afunction of the voltageV. As ex-
pected, we find that this maximum displacement is propor-
1.0 / L tional to V2. Using the value of =5.8x 10 ° N found from
the spectrum measurements we find thétvV?=4.6
054 a I X107 N/mV?Z,
' To study adhesion in our system we bring the beam and
00— - . : the nearby electrode into contact by introducing a pure liquid
0 10 20 30 40 50 60 70 80 to the surface of the sample and employing the resultant
Voltage, V[V] capillary forces. During drying a thin layer of liquid is
_ o formed between the gold surfaces. The pressure inside the
FIG. 3. (a) Deflection of the beam due to application of electro- 4o js Jower than the pressure outside if the wetting angle is
s_tatlc force..(b) Displacement of the center of the beam as a func'smaller thanw/2, resulting in a net attractive force between
tion of applied voltage. the surfaces. We employ deionizél) water as an adhesive
) ) ) ) liquid due to its relatively high surface tension
trum analyzer to actual displacement noise. Using this factO(EO_m N/m at room temperature
and the signal to noise ratio of the data in Fig)2we find Figure 4 is a micrograph of the gold beam after drying the
the sengmvny (/’; our displacement detection scheme 10 bg)| water from the surface of the sample. The length of the
4%10 1 m/Hz'. This value can be further enhanced by segment that adheréwhere the gap is not observable in the
increasing the current of the electron beam. However, t(SEM) is s=67.8 um. The fact that adhesion between the
minimize heating of the device due to electron bombardmengeam and the nearby electrode persists after drying indicates

we operate at a relatively low current of 100 pA. The energyat the total energy of the adhering system is lower than that
absorbed by the sample depends on the penetration depth gf 5 straight free beam, which is merely metastable.

electrons and on the thickness of the Au layer. For an accel- 14 astimate the total energy of the system we make two

eration voltage2 of 40 kV we estimatg 'Fhe heating power is Ogimplifying assumptionsta) no stiffness, namely;=0 (the
order 100 nW*2 For thermal_ conductivity of 300 W_/mK and ‘measured valug=0.01 justifies this approximation(b) no
the geometry of our device the temperature increase ifinite range interaction between the surfatée error due to
~1K. ) o . this approximation is small due to the rapid decay of the
To further establish our findings we study the deflection;iaraction as a function of distanc&Jsing the first assump-

of the beam due to application of a uniform force. For thisiion we find an expression for the elastic energy of the sys-
we apply a dc voltag®/ between the beam and the nearby

electrode. When the deflection is small compared to the dis-
tance between the beam and the electrode the force acting on
the beam is approximately uniform. The expected deflection
is found from the steady state solution of HG) with T The second assumption implies that the energy due to the
=const. surface-surface interaction is given by

~ fI2[1=(2x/1)? ~ {[coshx/{l)—cosh(1/2)] U,=—sty, 6)
YO=o7|— 2t Sinh(1/27)

Y [um]
\‘\ ;
\
\
\
B
bods 4
il
el

Max. Displacement, d [um]

U=20°T/(1—s). (5

(4) wherey is the energy of adhesion per unit area. The condi-
tion that the total energy of the system has a minimum im-
The deflection is observed experimentally by applyingplies
voltageV=0, 10, ..., 70 V andmaging the bent beam
using SEM. Using image processing we extract the shape of y=29°T/t(1—s)2. (7)
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Using the parameters of our sample we fing Apart from determining the adhesion energy, a central
=0.066 J/M. A similar value of 0.062 J/fis obtained question is whether we can study the Casimir interaction at
from another beam with a gap=3 um. finite separation with such stiction experiments. In the imme-

What is expected theoretically? The Casimir force fordiate vicinity of the region of the beam that is in contact with
small separation is reduced to the so-called nonretarded vane electrode, the separation between the beam and electrode
der Waals forcé? In this regime the separation between thejs small. This gives rise to a strong Casimir interaction in this
metallic surfaces is small compared to the characteristigocation. In principle such attraction can cause additional
wavelength of their absorption spectra, and effects due Bending of the beam, allowing thus determination of the
finite ponductivity are strong. The interaction energy per U”itmagnitude of the attractive force using E@). To examine
area is given by this possibility we estimate this additional bending assuming

U=—A/127d?. (8)  that the attractive interaction is given by E@) with A

For the case of Au it was found that E@) is a good ap- = 4-4X107*°J. We assumé=0 and solve Eq(1) using the
proximation ford<2 nm and the Hamaker constaAtis other known parameters of the beam. We find that the
given by A=4.4x10"°31% This allows estimation of the change in the separation between the beam and the electrode
adhesion energy by=A/127d2, whered, is the effective becomes comparable to the unperturbed value only when the
separation at contact. The nearest neighbor approximatiofeParation is less than 1 nm. Resolving such a small effect is
for the case of atomically flat surfaces leads d very difficult with a SEM but might be possible with trans-
~0.16 nm'° and theerforey~0.4 J/nt. For the case of met- Mission electron microscope imaging if charging does not
als it was shown that electron exchange interactgiing  become an issue. However, we find that the effect of stiffness
rise to the so-called metallic bopds expected to further on the shape of the beam is much stronger than that due to
enhancey.!” The enhancement factor, however, strongly de-Casimir attraction. Note, however, that observation of such
pends on the twist angle between the contacting lattices. Pr&asimir induced bending may be easier using a stress-free
vious measurements of of metals found values in the range material with a low Young’s modulus and employing a
of 0.4—4 J/m.1° modified geometry.

There are two possible explanations for the factor of 6 As demonstrated by the present work, MEMS can provide
discrepancy between our results and theory dealing withdeal tools for characterizing stress in thin films as well as for
ideal surfaces. The first is roughness existing on the surfacegudying adhesion forces. Future experiments with enhanced

in contact. From the measured value pf the calculated  sensitivity should enable studies of the Casimir force at finite
value of A, and the relationy= A/127d2, we find an effec- separations.

tive value for the separation between the surfaces within our ) )
sample ofd,~0.4nm. Note that this distance scale &y is The authors are grateful to K. Schwab for his assistance

far smaller than can be resolved using SEM or AFM. An-in sample fabrication and Y. Buks for image processing of
other possible cause for the discrepancy might be surfacéle SEM micrographs. This research was supported by the
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