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Adhesion effects on contact opening dynamics in micromachined switches
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We propose a technique to measure the opening time for micromachined switches and present
substantial experimental data for switches with gold—gold contacts. The data demonstrate that
contact opening time increases dramatically as apparent contact area increases or as pull-apart force
or contact resistance decreases. A model of opening time is also presented with model parameters
that fit the experimental data. Moreover, we show that transient mechanical vibrations can play an
important role in reducing switch opening time. 2005 American Institute of Physics
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I. INTRODUCTION that mechanical vibrations of the switch can significantly re-
duce the opening time. The model and experiments provide
Micromechanical switches outperform their solid-statevaluable information for switch design.
counterparts by almost every measure. Their low power con-
sumption, high isolation, low insertion loss, and linearity
. . N Il. EXPERIMENTAL SETUP
make them attractive components in many applications, es-
pecially radio-frequency circuits.However, they switch Figure 1 shows a sample switch used in these tests. The
much more slowly than solid-state devices, and their lifetimeoverlaid schematic shows the probe placement used to mea-
and reliability are not as great. Improvements in these areasure resistance using the four-point probe technique. The
require a more thorough understanding of adhesion at micrsswitches were micromachined from sputtered gold, with the
mechanical contacts, which affects both switching dynamicginderlying actuation and contact electrodes also of sputtered
and reliability (stiction). gold. The contact location and size were controlled using a
Much of the previous work on microdevice adhesion hasdimple on the underside of a beam. The area of the bottom of
focused on the second failure mechanism, stiction. Many rethe dimple is called the apparent contact area since it repre-

searchers have approached adhesion from a fracture mech&§hts the area in apparent contact. This apparent contact area

ics perspective, developing detailed models and makind’aS controlled lithographically by fabricating switches with

measurements based on the adhesion of cantiléve@ther & wide range of dimple sizes. All of the switches consisted of
adhesion models have relied on Hertzian contact mech%nicsﬂxed_ﬂxe{j beams with a width of 100m, thickness of

Moreover, virtually all published measurements of micros—?"l’“m’ and gap under the beam of 1. The dimple

. o . eight was 1.1&m, leaving a distance of 0.36m to travel
cale 4a7dhes.|on have used quasistatic observation of st_u rt<ef0re making contact. The length of the switches tested here
parts””’ While this approach has proven very powerful, it

. _ . was either 300 or 40@m. The switches were created using
does not address the first failure mode noted above—no g, tace micromachining, with photoresist as the sacrificial

formation is gained about the time required for the surfaceg;yer and sputtered gold as the structural layer. Fabrication
to pull apart. In fact, switch opening time is often more criti- getajls are given in Ref. 8.
cal than stiction failure, since a nonsticking switch that re-  The switches were tested in a vacuum chamber kept at
quires excessive time to open is not generally useful. In ads_g mTorr, which is sufficient to reduce the water vapor in
dition, measurements that rely on surface sticking are, inhe chamber but not to create ultraclean surfaces. Hence, it is
most cases, destructive. Nondestructive adhesion measutikely that a thin hydrocarbon film remains on the surface of
ments allow multiple tests per device, yielding much more
data for the detection of trends and for model fitting. Actuation electrodes

This paper reports measurements of adhesion effects in 7 E -
micromachined gold—gold contact switches. Using an oscil- /’ﬁrll“’.
loscope, we record the voltage on the switch contact as it ¥ ;
opens, allowing an accurate measurement of the opening @7
time. We present experimental data showing that opening
time increases with larger apparent contact area, reduced
contact resistance, and smaller pull-apart force. We also

L . . . ) Length = 300-400 um
presgnt a model describing the. switch opening time and de —1100um Thickness = 3.1 friy
termine model parameters to fit the data. Finally, we show Width = 100 um

FIG. 1. Sample switch showing the probe placement in a four-point probe
IFAX: (734) 647-3170; electronic mail: katsuo@umich.edu technique.
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voltage is turned off is arbitrarily labeled as 0 m@/hen the
actuation voltage drops to 0, the force holding the contacts
Rp=3Q together is removed. However, adhesion in the contact pre-

(Power

Supply) vents immediate switch opening. Instead, the contact voltage

v, - shows a gradual increase from about 0.02 V to the open-
(Multimeter) _ circuit voltage of 0.2 V. The contact opening tigis mea-

Oscilloscope sured from the time the actuation voltage is turned off to the

time when the contact voltage reaches 0.195 V, or 97.5% of

the open-circuit voltage. Note that the voltage measured by

L

the oscilloscope includes the voltage on one of the probe
FIG. 2. Measurement circuit schematk, is the contact resistance of the COI‘\t?.C'[S because our oscilloscope can only measure voltage
switch, V, is the voltage on the contact resistance, ddis the probe  relative to a common ground. However, since the resistance
contact resistance. R, is constant, it has no effect on the measurement of contact
opening time. We also estimate the resistance-capacitance
the gold electrode$Testing revealed that while the switches time constant of the switch to be less than 1 ns, even for very
stuck down easily in air, they were unlikely to remain stuckhigh contact resistancea few thousand OhmsThis time
while in the vacuum chamber. Hence, the chamber was sugonstant is more than 1 000 times smaller than the fastest
cessful in reducing adhesion, most likely due to the minimi-opening times we measured, indicating that electrical tran-
zation of humidity effects. The switches were actuated usingients do not affect the measurements.
a function generator attached to a voltage amplifier. Using a
square pulse as input, the actuation voltage switched betweqelrl‘u_ RESULTS
0 and 55-128 \Mthe actuation voltage range used in these
experiments in about 1.5us, which is much less than the Using the technique described above, switches were
times required for contact opening. tested to determine their opening times for a wide variety of
Using the circuit illustrated in Fig. 2, the contact resis- conditions. The switches varied in their apparent contact area
tance was measured using digital multimeters with the fourA, and pull-apart forcé-, As previously stated, the switch
point probe technique, with a DC power supply providing contacts had different apparent contact areas because the
the measurement current at a constant voltage of 0.2 V. Wdimples were designed in different sizes. The apparent con-
found that experiments performed at significantly highertact area for each dimple size was measured by examining
open-circuit voltage tended to show considerable variabilitythe underlying sacrificial layer of photoresist under a micro-
and instability in the contact resistance. A voltage of 0.2 V isscope before sputtering gold. The pull-apart fofg was
high enough to measure easily using the multimeters andaried by changing the length of the switch beam. The
oscilloscope, but low enough to avoid these problems. Aswitches tested here had a beam length of either 300 or
50 resistor was placed in series with the switch to create 400 um. The pull-apart force was extracted from a beam
voltage divider circuit, thus enhancing the difference be-deflection modet® In addition, the switches were tested at
tween the on-state and off-state contact voltages. There igrying contact forcegthe force acting on the contact while
also a probe contact resistariRgof about 3() at the contact the switch is held downby changing the actuation voltage.
between the probes and the gold pads. In the schenktic, When two rough surfaces are brought together, they
represents the contact resistance ¥p@ the voltage drop at achieve actual contact at a finite number of asperities. Con-
the contact. striction of current flowing through the real contact spots
The contact voltage was simultaneously measured usingreates an effective resistance known as the contact
an oscilloscope. Figure 3 shows a sample oscilloscope tragesistance® In cases where an insulating film covers a metal
during the opening of a switch with dimple ared,  surface, current flows only through spots where the film has
=27.3 um?. The plot shows a reduction in the actuation volt- been deformed to allow metal-to-metal contact. Since micro-
age from about 118 to 0 \{the time when the actuation machined gold surfaces seem to normally have a thin insu-
lating layer, this effect becomes very importﬁrﬁor a cir-

0.25 to = 2.67 ms cular metal-to-metal contact spot, the contact resistartée is
100
— 4pc\ 1+0.83\/a
S 02 80 = pe2+ o) Pe 1)
g .y 3ma 1+1.33\/a) |2a
0.15 £ . . . . .
% 4039 whereR. is the contact resistancg, is the electrical resis-
> > A N
B 0.1 20§ tivity in the metal (assumed to be the same for both sur-
2 A 0 & faces, \ is the mean free path of an electron, amds the
S 0.05 \J 2 .
o 208 radius of the contact spot.
0 -40 This equation gives the resistance for a single spot; how-
25 0 25 5 75 10 ever, a given contact is expected to have multiple contact

Time (ms) spots. Nevertheless, because the largest contact spot contrib-

FIG. 3. (Color onling Oscilloscope traces of actuation and contact voltage Ut€S Most to the contact CoanCtancei the contributions of the
for a switch withA,=27.3 um? The contact opening time is marked. smaller spots may often be ignored. This may be shown us-



103535-3 Jensen et al.

J. Appl. Phys. 97, 103535 (2005)

TABLE I. Characteristics of the seven switches tested here, showing appayesults for switches 3 and 4 are reported together since their

ent contact ared,, pull-apart forcef,, and beam length

A, Fpa |
Switch No. (um?) (uN) (um)
1 26.7 76.6 300
2 27.3 76.6 300
3 29.6 76.6 300
4 29.6 76.6 300
5 29.6 54.4 400
6 169 76.6 300
7 314 76.6 300

characteristics were the sani@, of 29.6 um? and F, of

76.6 uN). Moreover, no difference could be discerned be-
tween the data taken from these two switches. The data is
summarized in Fig. 4, showing the dependence of opening
time on apparent contact area, real contact radius, and pull-
apart force. The measured contact resistance corresponding
to the real contact radius is also shown, as calculated using
Eq. (1). For this calculation, we used a mean free path of
38 nm (from Ref. 14 and a gold resistivity of 3.8 10°®
Q-m. We measured the resistivity using on-chip van der
Pauw structures. Note that throughout this paper, the real
contact radius is defined as the effective contact radius, as

ing fractal modeling of the contact surface. For a given fraccalculated using Eq(l), at the beginning of the opening
tal surface, the total real contact area is related to the area pfocess. In other words, it is the contact radius corresponding

the largest contact spot through the relatfon
(2

whereAy is the total contact ared) is the fractal dimension

to the contact resistance in the switch before it opens.

The figure indicates that contact opening time increases
dramatically with increasing apparent contact area and real
contact radius, and decreases with increasing pull-apart
force. This implies that contacts with larger apparent contact

(a parameter between 2 ang, &nd A_ is the area of the area have more adhesion, regardless of the real contact size.
largest contact spot. Hence, [if is close to 2, A;=A,. By  This could be due to enhanced van der Waals interactions
comparing fractal surfaces to an atomic force microscop®etween the surfaces, or to hydrogen bonds or even molecu-
scan of the sputtered gold used in our experiments, we ddar bonds which form between the surface films on the sur-
termined thaD for our surface is approximately 2.01, so that faces when they are pressed together. Moreover, contacts
Ar=1.02, . Therefore, in this work, we ignore the effects of with smaller contact resistance have a larger real contact
smaller contact spots by assuming a single-asperity contacarea, which also leads to more adhesion. Since smaller con-
Previous work has demonstrated that mechanical cyclingact resistance implies that more gold bonds are created at the
causes an increase in contact resistance, while raising th@ntact spot, we expect that breaking these bonds would re-
contact voltage causes a decrease in contact resistalee. quire more energy and time as compared to a smaller contact
used this behavior to make measurements over a wide ranggot (with larger contact resistance~inally, contacts pulled
of measured contact resistances. A total of 984 measuremerapart with larger force tend to open more quickly, as
were made on seven switches. The characteristics of eaaxpected.
switch are given in Table I. The apparent contact area varied Figure 4 shows considerably more variability for the two
from 26.7 to 314um?, and pull-apart force was either 54.4 switches with the largest apparent contact area. Much of this
or 76.6 uN, depending on the length of the switch beam. Thevariability can be accounted for by considering the contact

Contact Resistance (Q)
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Contact Resistance ()
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,E’ 500 ?3 ® o Fe=14 pN | FIG. 6. lllustration of contact between two metal surfaces coated with a thin
g:_ R | insulating layer. A model to describe the opening of the contact is also
8 400 o . Foc9uN shown.
B 300 T T T
g 200 o 1 TR
3 100 “ Ay = 314 um2 ] film is not punctured as well as metal-to-metal contact at an
? asperity where the insulating film has broken. When the sur-
09 5 10 15 20 25 30 35 faces are pulled apart with a forég,, the lower illustration
Real Contact Radius (nm} shows how the contact opening may be modeled. This model

b ; . .
® is based on a model proposed to describe adhesion between

FIG. 5. Switch opening time fdi@) A,=169 um? and(b) A,=314 um? with biological cells®® Since the model represents all bonds ge-
the contact force indicated by varying symbols. nerically as springs, it is easily generalized to our case. The
model recognizes two types of bonds in the contact area.
force. The contact force is the force acting to push the conType 1 bonds represent van der Waals bonds, hydrogen
tact together before contact opening begins; that is, it is th&onds, or any other types of bonds found within the apparent
force which creates the contact. Contact force can be variegontact area but not at the real contact spot. These bonds
for the switches used here by changing the actuation voltagaccount for the increased adhesion observed when the appar-
acting to close the switch. As already mentioned, the data ient contact area increases. Type 2 bonds represent metal-to-
Fig. 4 were taken for contacts formed using a variety ofmetal bonds formed at the real contact. If the bonds are
contact forces. Figure 5 shows the data for the two switchetfeated as linear springs, then we may write
with the largest apparent contact area, with the contact force
represented by varying symbols. For this data, the contact
force was extracted from measurements of actuation volta
using a mechanical model of the switthrhe resulting con-
resistance because adhesive forces maintain contact. For bo}/ﬁe of bond. The force acting on a single bond of types 1
d 2 is then
switches, the smallest contact forces give the lowest contac
opening times, with increasing time as force rises until the K. E

Fpa= KXt = (N1Ky + NoKo)xr, 3)

Where Ky is the total spring constank; is the spring dis-
Iacement,Nl and N, are the total numbers of type 1 and

1

effect disappears above about @Bl. As the modeling will F1=Kgxp= ——Pa— (4)

: . / N;K; + NoKy
suggest, we believe this effect is due to the reduced pressure
pushing the surfaces together, resulting in fewer interactions
between the surfaces. _ _ KoFpa

N:K1 + N2K;

IV. THEORY AND MODEL Opening of the contact requires bond dissociation.

) ) Chemical kinetics, using Boltzmann statistics, suggests the
Figure 6 illustrates the contact of two metal surfacespond dissociation raté:*’

covered with a thin insulating layer, as appears to be the case
for our switches. It shows contact at asperities where the thin  ky(t) = kg; exg F1(t)X1/kgT], (6)
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Number of Bonds
Contact Voltage (V)
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(@ ()

FIG. 7. (a) Sample solution curves to E(LO) with A,=27.3 um? and(b) corresponding contact voltage plotted with the measured data of Fig. 3. Solutions
are shown for various values of the real contact radiasd the corresponding initial contact resistafgdor resistance before opening begins

Ko(t) = Kop €XH Fo(t)Xo/ K T]. (7)  bonds(using the bond density given abgvé&herefore, the
opening timet, was defined as the time required for the
Here, ko1 and ko, are the bond dissociation rates when thenymber of gold—gold bonds to be reduced to ten bonds.
force is zero,kg is the Boltzmann constant, anf is the
temperaturex, and Xo are Iengths; the quantitierlxl and V. MODEL PARAMETER EXTRACTION AND
F,x, are activation energies, approximately equal to the enp|SCUSSIONS
ergy required for bond dissociation. Combining E@5.and

(5) with Egs. (6) and (7) and considering thaaN/at=-Nk We used optimization to find the unknown model param-
yields, for both bond types, eters that fit the data. After optimizing model error from

many different starting points, we determined that good fits

IN; _ N KiFpaX1 could only be obtained wheky; and x; were set to values

at ko1 €X ks T(K;N; + KoN,) | @ Wwhich kept the number of type 1 bondi nearly constant
throughout the time the type 2 bonds dissociated. This im-
plies that the metal bonds dissociate before the contact has

a—'\lz——Nkoexp{ RaFpo ] (9) hanicall ted. Mechanical i

gt 2oz KeT(K N, + KNy | mechanically separated. Mechanical measurements using a

vibrometer as well as high-frequency electrical measure-

Hence, the result is a pair of coupled differential equations[“ents are planned to test this hypothesis. However, this find-
which may be solved numerically given the initial conditions Ing substantially simplifies the model by eliminating the de-
Nyo=piA, and N,g=p,ma2. Here, p, and p, are the bond rivati\{e equation for type 1 bonds. Takimg =p,A,, we are
densities for type 1 and type 2 bonds ahgis the apparent left with

contact aredthe dimple arep N, p{ KoF paXo

i initi iti i —= = = NyKy, ex .
Equations(8) and(9), and the initial conditions contain Jt 2Ko2 kaT(K1piA, + KoNy)

(10
eight material parameterkg;, Koo, K1, Ko, X1, X5, p1, andp..
Since the physical makeup of type 1 bonds is not well unHence, only three unknown parameters affect the
derstood, the four type 1 parameters represent unknownsgiodeling—Ky,, x,, andK,p;. Two of the original unknowns
However, for gold—gold bonds, the bond density can be esare combined because they are only found together in Eq.
timated as the atomic density for a gold surface, which ig10).
12X 10° bondsjum?. The bond stiffness has recently been Sample solutions to Eq10) showing gold—gold bonds
measured as approximately 12 NffHence, there are still as a function of time are plotted in Fig(aJ. Several solu-
six unknown parameters in the model. These may be fountlons are shown over a range of real contact radius values,
by fitting the model to the measured data. with corresponding contact resistances also indicated. Recall
Given coupled differential equatiori8) and(9), the con-  that these real contact radii and contact resistances are de-
tact opening time, is the time required for type 2 bonds to fined as the values when the switch is closed, before opening
reduce to a reasonably small number of bonds. Based on tHeegins. The model solutions can also be converted to predic-
experimental setup described previously, we definas the tions of contact voltage as a function of time, allowing a
time required for the contact voltage to reach 97.5% of thegualitative comparison with the measured contact voltage
open-circuit voltage. Using the circuit shown in Fig. 2, this data shown in Fig. 3. The real contact radius is found as
corresponds to a contact resistance of about 2.064Using  a(t)=/N,(t)/ mp,. Equation(1) then allows calculation of the
Eq. (1) to calculate the corresponding real contact spot sizeontact resistanc®;. Lastly, circuit analysis for the testing
gives a spot with a radius of about 0.5 nm, or about tercircuit of Fig. 2 gives the contact voltage,
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Vr TABLE Il. Model parameters to fit all data sets.

Ve=—7—(R.+Ry), (11
© 50+R.+2R, P A, Foa F. Koo %o Kyps
Switch  (um?  (uN)  (uN) (/9  (pm)  (uN/umd)

where V; is the total voltage applied by the power supply

(0.2 V) andR; is in Ohms. The probe contact resistarfitg 26.7 6.6 /5.6 380 12.8 16154
. : . P 27.3 76.6 142 379 125 16 462
in series withR;, was taken as 8. Note that the total circuit 420 379 125 15981
resnstance,_ in the de_nomlnator, includes two probe resis- 756 379 125 16 225
tances, while the oscilloscope measures the voltage on just 116 379 125 16 341
one probe resistance plus the contact resistance. The resultang a4 20.6 76.6 142 378 11.0 16 143
ing voltage curves are shown in Fig(bJ, showing that the 420 378 110 16 625
model qualitatively matches the data for a contact resistance 756  3.78 11.0 16 002
of 3.9, corresponding to a real contact radius of 14 nm. 116 3.78 11.0 16 537
This value of contact resistance is within the experimental 5 29.6 54.4 3.0 380 103 16 465
error for the actual contact resistance for the data shown in 672 380 103 16 306
the figure. Hence, the modeling approach is shown to predict _ 160 Tes 10174 , 35836 12530 15;;;37
measured trends well. ' ' : :
L 274 376 150 8036
The three unknown parameters were found by minimiz- 120 376 150 2499
ing the prediction error for each of the six main data sets 6 376 150 9517
shown in Fig. 4. Since surface chemistry effects are expected 116 376 15.0 9772
to cause some variation for different surfaces, the parameters 168 376 15.0 12 281
were found separately for each set. The three parameters 236 376  15.0 11 250
were initially found to best fit the data having a contact force 7 314 766 —90 376 150 5243
F. between 66 and 7@N. Then, the value oK;p; was 142 376 150 7055
found to best fit the data for other force levels, keepipg 756 376 150 12057
and x, equal to their values for the corresponding data at 116 3.76 150 13167
236 376  15.0 11210

66—76 uN. This procedure was used because the nature of
the bonds is not expected to change significantly at different
contact forces, while the number of bonds may change. Thenore variability, suggesting that low-pressure contacts form
data at 66—76N was chosen as the baseline data because fewer type 1 bonds with more variability in the bonds. The
represented nearly half of all the data—463 out of 984modeling performed here cannot separate the effects of
points. changing bond density and bond stiffness. However, it is
The parameters that fit the data are presented in Table lkleasonable to assume that larger apparent pressures cause the
and the curves fitting the 66—7@N data are shown in Fig. 8 surfaces to come into closer proximity. This could allow
for comparison with the data. The fit quality is very good, more type 1 bonds to form; alternatively, if type 1 bonds
particularly considering the large variation in the data withrepresent predominately van der Waals interactions, we
high A,. Moreover, despite having been optimized sepawould expect to see increased bond stiffness, since van der
rately, the fitted parameters show reasonably small variabilwaals forces vary with a high power of surface separation.
ity. For all six data sets, the value ki, is 3.76+0.02 s'—a  This variation inK;p; also explains why the contacts with
0.5% spread. The fitted values fgy vary slightly more at large apparent contact area show more variability in the
12.65+2.35 pm, a 19% spread. Using E5). and the values opening time. These large-dimple contacts had small appar-
in Table I, we can calculate the approximate valug=gX,  ent contact pressure, resulting in considerable variation in the
for each switch for the case wheid, is ten bonds. The formation of type 1 bonds.
results vary between 3:310%! and 2.7 1072° J. For com-

Contact Resistance (Q)

parison, the surface energy of gold in a vacuum is about s 100 10 1
1 J/n?, or about 8.3 1072° J/bond. Hence, the predicted 0% O -y Switch 7
activation energies are about 3-25 times smaller than the ° . .
energy per bond in a vacuum. Since these switches are not g MB
operating in a perfect vacuum, and impurities are believed to T.Ejmz i e Switch 5
be in the contact area, it is reasonable to expect that the bond = : il
energies are smaller than the calculated value. Therefore, the g
fitted values ofx, result in reasonable estimates for the gold § . . Switches384
bond activation energy. 510 gl Switch 2

On the other hand,p, depends on the apparent contact *g - Switch 1
pressure(F./A,), as shown in Fig. 9. This figure plots the o
fitted values forK,p; versus the apparent contact pressure, 0 . ‘ .
showing dependence on both the contact force and the ap- 10 & 10 15 20 25 30 35

parent area of contact. For apparent contact pressures above Real Contact Radius (nm)

about 1 MPaKp, is fairly constant at about 16 000. HOW- £ g comparison of the model to the data at a contact force of
ever, below 1 MPaK;p; drops sharply and shows much 66-76uN.
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FIG. 9. K1p, as a function of the apparent contact pressure for all data. ) ) .
FIG. 11. (Color onling Oscilloscope trace of a contact voltage showing

dynamic effects.
VI. HIGH CONTACT FORCE OPERATION FOR FAST

SWITCHING opening time is not seen unfl; is 336 uN-a higher force

One other issue remains to be highlighted: the contac&han was required by the switch with the smaller apparent

T D tact area.
opening times shown in Fig. 4 are too long. Even the fastest"" . .
pening wn in Fig g. BV The fact that the very fast contact opening times are

measurements are still above 1 ms, while 10480is . L : o .
desiredt However we have found that the contact Openingquan'uzed indicates that a different mechanism is controlling
’ ' he contact opening—switch vibrations. The model data of

time is drastically reduced for contacts with small apparent_.

. . ig. 8 were made without considering dynamic loads due to
contact area and large contact force. The switches with an.?" . . . ;
P . ... vibrations. Essentially, the contacts required enough time to
apparent contact area of 29.6n- or smaller showed signifi-

. . open that the mechanical vibrations had damped consider-
cantly smaller contact opening times when the contact force

was high. This is illustrated in Fig. 10. This figure shows thegzz kljg ct)r;((a:_”tggotr;e tf;cnéagrs ab?ggtn ctc())ntoae:?nc.: ';::Yr\]’evﬁ:r’]ea
contact opening time for switches 2 and 3, wih of 27.3 P : P pening tme,

and 29.6um? as a function of actuation force. The symbols shown in Fig. 11, illustrates behavior very different than the

on the left of the plot, representing contact force less thaﬁIOWer opening shown in Fig. 3. The traces in Fig. 11 were

158 uN, show the data already presented in Fig. 4. As thetaken on switch 2 at an actuation voltage of 128.1 V, corre-

contact force increases beyond this point, the contact opeﬁ—pondlng to a_contact force_of 236N. Rather than the rela-_
ing time decreases. In fact, at sufficient contact force, th {ively smooth increase of Fig. 3, the contact voltage of Fig.
g ’ ' ' 91 has peaks at 13.9, 11.5, and g4, with a smaller peak at

opening times are approximately 1.00_1.000 t_|mes smallegls us. These peaks correspond exactly with the contact
than at low force, and all of the opening times line up at one

of four levels—5.3, 8.1, 11.5, or 13 8s (suggesting that the ronpee;sln?e;n;ﬁtlse\r/‘r?:dgefsc;”gaillln dF|1r? Igoé.Mlee;tvir’ r?”fct)r;(?e
very fast opening times are quantized u Imp 1 '9

Moreover, the figure shows that for switch 2 wigk showed the same behavior, with peaks occurring at the same

—27.3 um?, contact opening time begins to decrease Wher?mes to within about 0.5us. We believe this effect is related

. : 0 mechanical vibrations of the switch.

Lhaes c;g;gahc;dfozrggl\rllsg]seaoboevr:einab:i)rL:]teJéﬁl‘iG:;eBg ﬂ;? :)I:;ecl;fthe To further explore the dynamic properties of the switch,
four levels noted ’abovep Thegdata for SWFi)tCh 3 with we calculated the resonant period for one-half of the switch,
—29.6 um? show the samé behavior. thouah the large drop i assuming that the dimple at the center of the switch is ad-

K ' g g P r\1ered to the substrate. This is done by solving the fourth-
order beam deflection equation,

E|ﬁv_|: ﬂv—_ A&V (12)

A, (um) ot A T P e

_
(=
N
J

-

_
(=]

]

E L Here, El is the beam’s flexural rigidityw is the transverse

g E - deflection of the beanx is the coordinate along the beam’s

° length, F, is the axial force(assumed tensileacting on the
beam due to residual stregs,is the density of the beam, and
A'is the cross-sectional area of the beam. The solution to this

o equation using the method of separation of variables leads to

ps\_© an expression describing mode shapes and fundamental fre-

ﬁg/_,& guencies of the beam. The solution technique is described in

Hs °° many texts; see Ref. 19 for an example. By comparing beam

3 ) . ) . ) deflections to a mechanical model, Young’s modufuand

0 100 200 300 400 500 axial forceF, were measured as 43.5 GPa and 8.6 mN, re-

Cantect Fores (IN) spectively. The density of the sputtered gold is approximated

3 ) >
FIG. 10. High-force data foA, of 27.3 and 29.6um? showing contact @S 18 pgkm?®, as r?ported in Ref. 20. Using these values, we
opening time vs contact force. calculate the period of fundamental resonance as about

-
-}

Contact Opening Time (ms)
3 3,
ampan
o

-
S
N
T

13.9
11.5
8.1
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Small Elastic Energy Storage technique demonstrated here directly measures the effect ad-
= hesion has on switching speed, providing information di-
rectly applicable to switch operation. Moreover, the measure-
v, ment is nondestructive, allowing multiple measurements to
3 be made on a single switch.

(@)
_;Narge Elastic Energy Storage/é Using this technique, we performed 1 088 tests of switch
) T opening time. The results show that switch opening time
| increases when the apparent contact area is larger, or if the
‘(’é) contact resistance or pull-apart force is smaller. We have
linked the first trend with adhesive forces acting on the ap-
FIG. 12. An illustration of the beam deflecti¢a) at low contact force and ~ parent contact area, regardless of the size of the real contact
(b) at high contact force. Significantly more elastic energy is stored in thespot. We believe that the second is caused by increased ad-
beam for caséb). . . .
hesion in contacts with a larger real metal-to-metal contact
area. The third trendfaster opening when contact opening

3.6 us, with a second-mode resonant period of Ast For  ¢5c6 is |arger is certainly not surprising, but the data given
comparison, the period between the peaks in Fig. 11 is aere allows its effect to be modeled.

proximately 3us. The reasonable agreement between the ex-

; . Accordingly, we have also developed a model to explain
periments and the calculated value suggests that mechanical : .
S X . e experimental observations. We used the data to extract
vibrations are responsible for the observed behavior.

Therefore, we conclude that the fast-opening contacténOdEI parameters. In this way, we showed that the extracted

are governed by switch vibrations. As actuation voltage rise values of bond activation energy compare well with pub-

more elastic energy is stored in the switch in the down stat !shed data on gold bond energy. We also found that the bond

as suggested in Fig. 12. This figure illustrates the beam délensity or bond stiffness for type 1 bon(taose not at the
flection for low contact force in parta) and high contact '@l contact spotincreases with apparent contact pressure
force in part(b). The larger deflections throughout the beamuntil @ maximum is reached at approximately 1 MPa. This
for the high-force case mean that significantly more elasti®uggests that these bonds depend on the proximity of the
energy is stored in the beam. When this energy is released pntacting surfaces, with greater proximity resulting in either
turning off the actuation voltage, it causes mechanical vibramore bonds or stiffer bonds.

tions in the switch beam, introducing transient pull-apart ~ Finally, we showed that contacts created with small ap-
forces higher than the equilibrium pull-apart forces shown inparent contact area and large contact force demonstrated sig-
Table II. For large dimples and low actuation voltages, thenificantly reduced contact opening time. We suggested that
transient pull-apart forces are not high enough to cause rehis is due to mechanical vibrations which lead to large tran-
lease of the contact, and they may be ignored. However, Figient pull-apart forces. Analysis of the extremely fast-
10 suggests that the smaller dimples tested here can exhikipening switches showed that opening times were quantized
dynamic effects at sufficient contact force. We believe thatyith a period nearly the same as the calculated resonant pe-
the quantized levels for contact opening time represenfiod for beam vibrations. Moreover, we found that switches
maxima in the transient pull-apart force. As the switch vi-with smaller apparent contact area made the transition to
brates when the actuation .voltag.e- is .turned off, .the contaghster opening times at lower contact force.

releases at one of these high points in the transient pull-off  1he model and data suggest recommendations for switch
force. Note also that recent results by Kogut and Komvopougesign. n order to increase switching speed, the restoring
los haye also demonst.rated reduged adhesion under Iargf?)rrce should be as large as possible while the dimple size
actuation voltage for micromechanical componéﬁts. must be as small as possible. Increasing contact resistance

Returning to_the c_;lata in Fig. 10, recall that the transmonalso improves switching speed, though at the expense of
to the fast opening times occurred at a lower contact forceswitCh erformance. Hence. the dimole size and pull-apart
for switch 2 than it did for switch 3. Apparently, since the P ’ ’ P P P

larger apparent contact area in switch 3 causes more adh]:?—rCe must be designed to allow fast pull off even when the

sion, the transition to vibrational behavior occurs at a higheFontaCt reS|stanc_e is low. S_lnce a large switch stlffn_ess nor-
force. Therefore, reduction in the dimple area reduces th8'ally makes a high actuation voltage necessary, this repre-
force required for the transition to dynamic effects, furtherS€Nts & design trade-off, with the stiffness of the switch cho-

encouraging the design of small apparent contacts. Mor&®n to give a reasonably small actuation voltage while still
work is being done to model this behavior. maintaining a sufficient pull-apart force for contact opening.
However, no such trade-off exists for dimple size. Since con-

tact resistance shows no dependence on apparent contact
area’” fabrication limitations should be the only factors re-

This work has demonstrated measurements which chastricting the size of the apparent contact. Therefore, a strong
acterize adhesion effects in micromachined switches. Thegecommendation of this work is that contact dimples be
method measures the time required for the switch contact toyade as small as possible to reduce switching time. More-
open. Micromechanism adhesion has traditionally been chaever, small contact dimples also enable the transition to vi-
acterized by observing quasistatic sticking of surfaces. Thérational effects, significantly reducing opening time.

VII. CONCLUSIONS
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