JOURNAL OF APPLIED PHYSICS 117, 064505 (2015)

@ CrossMark

Contact behavior evolution induced by damage growth in radio-frequency
microelectromechanical system switches

Y. Wu? and D. Peroulis
Birck Nanotechnology Center, School of Electrical and Computer Engineering, Purdue University,
West Lafayette, Indiana 47907-2035, USA

(Received 8 November 2014; accepted 28 January 2015; published online 10 February 2015)

This study provides a two-contact-event model to explain the evolution of the contact behavior of
microelectromechanical system (MEMS) switches through their lifetime. The succession of two
dynamic contact events is carefully considered during actuation inspired by experimental
observations. The contact between the MEMS switch tip and the drain can be treated as an
effective contact between an elastic hemisphere and a rigid plane. If the first contact event results
in elastic deformation, the effective hemisphere will fully recover. Consequently, the subsequent
contact event also produces elastic deformation. If, on the other hand, the first contact event
induces elastoplastic or plastic deformation, a residual depth will be produced between the
hemisphere and the rigid plane. The contact force of the subsequent contact event can be
significantly reduced due to this additional residual depth. With the growth of residual depth during
the switch cycling process, the modeling results show three possible situations of contact radius
evolution: (1) The contact radius increases to a maximum value and then decreases to zero; (2) the
contact radius increases to one local maximum value; then decreases to a local minimum value;
subsequently increases again to another maximum value, and finally decreases to zero; and (3) the
contact radius increases to one maximum value and then decreases to zero; after an intermittent
response, the contact radius increases again to another maximum value and finally decreases to
zero. Furthermore, the Maxwell spreading formula is applied to determine the contact resistance
which is inversely proportional to the contact radius. Three situations of contact resistance
evolution corresponding to the evolution of contact radius are obtained. All three situations are also

observed and validated by the experimental results. © 2015 AIP Publishing LLC.

[http://dx.doi.org/10.1063/1.4907803]

I. INTRODUCTION

Contact damage is a significant factor limiting the life-
time of a radio-frequency microelectromechanical system
(RF MEMS) switch. Majumder et al."* developed a simpli-
fied adhesive contact model for the elastoplastic and fully
plastic contact between the contact tip and the drain of a
MEMS switch to investigate the contact resistance versus the
contact force in a single contact event. McGruer et al.® used
a scanning-probe-microscope-(SPM)-based contact test sta-
tion to emulate the contact of a MEMS switch. They pre-
sented variations of contact resistance between different
alloys versus switching cycles and scanning electron micro-
scope (SEM) images of a damaged contact bump at different
switching cycles. Hennessy e al.* investigated the damage
of ruthenium-on-ruthenium contacts by using an SPM-based
contact test system. They compared the lifetime of contacts
for three cases: (1) no voltage applied at the contact interface
during contact, (2) voltage applied at the contact interface
only during contact (cold switching), and (3) voltage always
applied between the contact tip and the drain during contact
and separation (hot switching). They showed that hot switch-
ing causes the worst contact damage under the same switch-
ing cycles. It has also been demonstrated that the current
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which flows through the contact region causes the local tem-
perature then to rise and then soften the contact materials.”’
The softening effect can induce worse damage under the
same contact force.

Contact damage between two non-conformal bodies has
been investigated by both analytical and finite element meth-
ods. Chang er al® (CEB model) developed an analytical
model of the elastic and fully plastic deformation for an as-
perity on a rough surface. However, the transition between
these two states, called “elastoplastic deformation,” is
excluded in their model. Zhao e al.” (ZMC model) used a
mathematical method to obtain a smooth transition of the
contact radius, mean contact pressure, and contact force
between the elastic and fully plastic deformation of a single
asperity. It is noted that adhesion is neglected at the contact
interface in both the CEB and ZMC models. Kogut and
Etsion'® compared the finite element simulations to the CEB
and ZMC models. The results show that the ZMC model is
closer to the finite element simulation than the CEB model.
It is noted that the unknown analytical shape and size of the
elastic-plastic boundary significantly complicate the inclu-
sion of adhesion into any analytical contact model. Hence,
the finite element method is often used to investigate contact
phenomena including the adhesion from elastic to fully plas-
tic deformation."'™"* The finite element simulations also
reveal that the deformation in a large loading process is
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almost independent of the material properties even with
adhesion.'"'?

When the actuation voltage is applied between the
switch beam and the gate, the electrostatic force bends the
beam toward the gate and makes the beam tip contact
the drain surface. The steeply rising actuation voltage indu-
ces a high kinetic energy on the switch beam. Hence, the
beam tip cannot be captured by the drain surface at the first
time of the tip-drain contact during actuation. Consequently,
the beam tip may leave and then contact the drain again for
several times until the kinetic energy is almost eliminated.
These contact events produce several dynamic bounces dur-
ing actuation.'*'° It should be noted that the maximum con-
tact force at the first contact event is larger than the
maximum contact forces at subsequent contact events due to
the highest kinetic energy at the first contact event.

This study presents the analytical study to illustrate the
evolution of contact behavior. During each contact event,
only the final maximum deformation needs to be considered.
It is noted that this maximum deformation is produced dur-
ing the loading process of each contact event. In addition,
the loading of contact is independent of adhesion. Thus, the
ZMC model can be used to predict the contact between the
switch beam tip and the drain from the elastic deformation to
the plastic deformation. When the first contact event is elas-
tic, the subsequent contact events will produce elastic defor-
mation. When the first contact event causes the elastoplastic
or fully plastic deformation, the contact damage can reduce
the contact forces in the subsequent contact events. With the
growth of contact damage, the evolution of contact behavior
can be obtained. In addition, non-dimensionalized parame-
ters are used into the analysis. Hence, no necessary informa-
tion is needed on the dimensions and material properties of a
MEMS switch. Such non-dimensionalized analysis can be
applied for various contact materials with substituting the
material properties into the dimensionless results.

Il. CONTACT DAMAGE MODELING

The switches tested in this study are packaged, and there
is not sufficient information on the exact geometry of the
contact tip. However, Rezvanian et al."” discovered that very
few asperities of the gold bump of a MEMS switch make
contact and conduct the electrical current. Hence, in this
study, the contact tip and drain of the switch are assumed to
be sufficiently smooth to neglect multi-scale contact effects.
The contact between the contact tip and the drain can be sim-
ply considered as the equivalent contact between an elastic
hemisphere with an effective radius of curvature R and a
rigid flat plane as shown in Fig. 1. The effective elastic mod-
ulus E* of the elastic hemisphere is defined as

1 1—1/,2 l—ud2
— + 1
E* E; E; )

where E, and v, are the Young’s modulus and Poisson’s ratio
of the switch tip, and E, and v, are the Young’s modulus and
Poisson’s ratio of the drain. In each contact event, the con-
tact force F produces a pair of the maximum radius of the
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FIG. 1. The equivalent contact model of an elastic hemisphere with radius
of curvature R and a rigid flat plane: the broken hemisphere for the unde-
formed shape, and the solid hemisphere for the fully loaded shape.

contact area a and the interference J. The interference o is
defined as the distance between the summit of the undeformed
hemisphere and the summit of the fully loaded hemisphere. It
must be noted that a positive contact force F' leads to a posi-
tive interference d when the sphere is in compression.

A. Elastic contact (Hertz model)

During loading, the maximum radius of contact area a;,
the maximum mean contact pressure p,,;, and the maximum
contact force F; dependent on the maximum interference J;
are given by

a; = \/Ré,' (2)

4E*d,‘
Pui =5 3)
4 *pl/253/2
Fi=3E'RV5)7, (4)

where the subscript i presents the maximum value of the pa-
rameter during the ith contact event per switching cycle.

The critical interference o.. for the onset of yield is given
by®

2
nKH
&—(MJR, )

where H is the hardness of the elastic hemisphere which is
related to the yield strength Y, i.e., H ~ 2.8Y, and K is the
hardness coefficient

K = 0.454 + 0.41v, 6)

where v is the effective Poisson’s ratio. By substituting Egs.
(2) and (5) into Eq. (3), the critical mean contact pressure for
the onset of yield is obtained as

2

Therefore, the deformation of the hemisphere is elastic when
the mean contact pressure p,, is lower than p,,..

B. Elastoplastic contact

When the mean contact pressure p,, exceeds p,,., the
elastoplastic deformation occurs. The relationship among a;,
Pmi» and F; are given by’
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where 9, is the critical interference of the onset of fully plas-
tic deformation which is discussed in Sec. II C.

C. Fully plastic contact

When the mean contact pressure p,, reaches the value of
the hardness H (H ~ 2.8Y), the contact region of the hemi-
sphere becomes fully plastic. The relationship among a;, p,,.;,
and F; are given by'®

a; =/ 2R5,', (11)
pmi = H, 12)
F; = 2nHRS;. (13)

A ratio of the critical contact area of the onset of fully
plastic deformation A, to the critical contact area of the onset
of yield A, has to be introduced as'®

ca=-L. (14)

The value of c, is estimated by experimental results. It is
noted that A, = na,,2:2nR(3p from Eq. (11) and A, = na’
= nRo. from Eq. (2). Thus, the relationship between ¢, and
0. can be found as

8y =2+d.. (15)

D. Unloading process

If the loading results in elastic deformation, i.e.,
DPmi < Pme»> the hemisphere can fully recover to the original
undeformed shape. If the loading leads to elastoplastic or
plastic deformation, i.e., p,,; > P, @ permanent deformation
will occur. Contact damage can be obtained after unloading.
Johnson'® assumed that the unloading process is elastic. The
comparison results show that the modeled elastic recovery
matches the experimental data very well. According to
Johnson’s assumption, the effective radius of curvature R4
after unloading is given by

461,‘E*
37Tpmi ’

Ry = (16)

where a; and p,,; are the maximum radius of the contact area
and the maximum mean contact pressure caused by the max-
imum contact force F'; during the prior loading, respectively.
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After unloading, the permanent deformation results in a
residual depth §,.; between the summits of the undamaged
hemisphere and the damaged hemisphere

2
a;

Ores = i — a7)

Rey’

where ¢, is the maximum interference caused by the maxi-
mum contact force F; during the prior loading.

E. Subsequent loadings

If the prior loading causes elastic contact, no contact
damage will be produced after unloading. The radius of cur-
vature of the hemisphere does not change. Hence, the equa-
tions from Secs. IIA to IIC are still valid for the next
loading. If the elastoplastic or plastic deformation is pro-
duced during the prior loading, the permanent deformation
will change the radius of curvature R4 of the hemisphere as
in Eq. (16) and leave a residual depth 9,., as in Eq. (17) after
unloading. Due to the change of the radius of curvature, all R
values in Egs. (2)—(13) need to be replaced with R to deter-
mine the maximum contact radius «;, the maximum mean
contact pressure p,,;, and the maximum contact force F;. It
should also be noted that the hemisphere deforms from the
elastic state in each subsequent loading since the unloading
process is elastic. Furthermore, the critical values of the
mean contact pressure at the onset of yield, p,,. (Eq. (7)),
and fully plastic deformation, p,, = H, are independent of the
radius of curvature of the hemisphere. Thus, the change of
the radius of curvature does not affect p,,. and H.

F. Non-dimensionalization

For non-dimensionalization, the dimensionless parame-
ters below should be introduced

4FE*a

Dimensionless contact radius : a" = IARY (18a)
v
2
4E*\" 0
Dimensionless interference : 6° = -, (18b)
3nY) R
Dimensionless mean contact pressure : p;, = p_;,,, (18¢)
L . 16EF
Dimensionless contact force : F* = PR (18d)

In the following analysis, because the critical values of the
mean contact pressure of the onset of yield and fully plastic
deformation are independent of the radius of curvature of the
hemisphere, the dimensionless critical interference J.* for the
onset of yield is replaced by the dimensionless critical mean
contact pressure p,,.* through using the relationship between
Egs. (18b) and (18¢), i.e., 0.* = p,m*z. Then the dimensionless
critical interference &,* of the onset of fully plastic deforma-
tion can be written as: 9,* = c46,.%/2 = CaPme /2. Tt should be
noted that p,,.* = 1.87 K.

By substituting these dimensionless parameters above,
Egs. (2)—(13) for a contact event without damage prior to the
loading process can be written as
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(a) Elastic contact (p),; < 1.87K):

a;i = /o7, (19)
P = /0. (20)
Fi=57" 1)

(b)  Elastoplastic contact (1.87TK < py . < 2.8):

3 . o 72
+3 5i ~ Pmec

($-1)p2

S, = Pye
(- 1)m2

(22)
2 \ | m($p2) -5
Pri=28-28 (1 - —K) » (23)
37 n(Sp2) —21np;,
) In (%pfnzc) —InJ;
F;=285¢ 1~ (1 —§K> °
In (é‘pﬁi) —2Inp;,
3 2
oF — *2. oF — *2.
X 1 2 l pm(, + 3 l pWI(,
] [5)e
2 nmc 2 nmc
24)

(c) Fully plastic contact (p,,;* =2.8)

ar = /26", 25)
pL =28, 26)
F! =560 Q7

If the loading leads to elastoplastic or fully plastic defor-
mation, the radius of curvature of the hemisphere will
change to R,y after unloading. Hence, the dimensionless
effective radius of curvature of the hemisphere is defined as

s _Ryr
The dimensionless residual depth can be written as
5:()5 = 51* - p;iaj' (29)

If the radius of curvature does not change after unload-
ing, Egs. (19)—(27) will still be valid for the next contact
event. If the radius of curvature changes after unloading, the
contact parameters in the next contact event will be deter-
mined by

(d) Elastic contact (p;. < 1.87K):

mi

al =[R20, (30)
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oF
P =\ (31
eff

N (32)
(e) Elastoplastic contact (1.87K < p;. < 2.8):

* * * 2
0; /Reff ~ P

3

8 /R —pi
a>=R",5:01-2 /Ry P %
<7A—1>Pi‘fc

- +3
effvi I «
(TA_ 1)19"3(-

(33)

)

CA %2 * sk
2 In (TPmL> —In (51 /RFff)
plo=28-28(1-2kK
3 CA *2
In 7pmc — le‘lp;*m

(34)
Ca .
) ) ) In <2pm20) —Ing;
F; =280;< 1 1—=K
3 Ca
In{ —p,.. | —2Inp;,.
2
X 1 2 eff + 3 eff
CA CA
1 %2 2 _1 p*2
2 mc 2 mc
(35)

(f) Fully plastic contact (p,,;* = 2.8)

aj = \/2R%;57, (36)

Pl =128, (37)
Fi = 5.6R;0;. (38)

G. Relationship of contact forces among contact
events

A typical electrostatic MEMS switch comprised of a
cantilever or a doubly clamped beam can be effectively mod-
eled by an elastic hemispherical tip connecting a spring with
spring constant &, and a rigid drain plane as shown in Fig.
2(a). In each contact event, an effective force Fr makes the
beam tip contact the drain as shown in Fig. 2(b). It is noted
that the kinetic energy is produced in the initial stage when
an actuation voltage V is just applied. The largest kinetic
energy accompanies the applied electrostatic force and
results in the largest effective force Fp in the first contact
event. After each contact event, some of the kinetic energy is
dissipated resulting in lower contact force for the subsequent
contact events. A switch is settled when the kinetic energy is
practically eliminated. When the switch is settled, the effec-
tive contact force Frg depends on the applied voltage only
and not on time.
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FIG. 2. Effective switch model: (a) the pre-actuated state, (b) the actuated
state, (c) the actuated state without contact, and (d) the contact-free tip dis-
placement vs. time.

If no drain surface was to be contacted by the tip as
shown in Fig. 2(c), the effective force F would be able to
cause a tip displacement equal to the summation of the tip-
drain gap go and the contact-free displacement J;, i.e.,
Fr=k,(go+ 7). It must be noted that the contact-free dis-
placement J only depends on the magnitude and the rising
rate of the given actuation voltage V. Figure 2(d) illustrates a
typical contact-free displacement evolution during one
switching cycle when a step-function-like actuation voltage
is applied. The first maximum contact-free displacement o7,
is always the greatest one due to the largest kinetic energy in
the first contact event. Furthermore, the maximum contact
force F; in the i contact event is equal to k,d7; if no damage
exists prior to loading. If the loading prior to the i”* contact
event results in a residual depth 0, on the summit of tip, the

maximum contact force in the i contact event needs to be
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modified as: F;=k,(07; — 0,.5). With applying the dimen-
sionless parameters in Eq. (18), the maximum dimensionless
contact force F* in the i contact event can be written as

F =k (07; = 0rg), (39)
where k,* is the dimensionless spring constant and defined
as: k,* = k,/mRY. Thus, the contact force becomes zero when
the dimensionless residual depth §,.,* is not smaller than the
dimensionless contact-free displacement d7*.

It is noted that the dimensionless spring constant k¥,
the dimensionless interference 6%, and dimensionless contact
force F* are inversely proportional to the yield strength Y,
the square of the yield strength Y2, and the cube of the yield
strength ¥°, respectively. Hence, for the convenience of cal-
culation, the value of the dimensionless spring constant is
estimated by

ky = By\/ 07, (40)

where B is an experimentally determined proportionality
constant.

As shown in Fig. 2(d), the kinetic energy of the switch
beam leads to several contact-free tip displacements o7;*
greater than the settled contact-free tip displacement d7¢* in
every switching cycle. Hence, the contact-free tip amplitudes
877 in the i contact event can be represented proportionally
to the settled contact-free tip displacement d75* as

O = niopg (i > 1), 41)
where n; is a proportionality constant of the i/ contact-free
tip displacement.

Summarizing, with a determined d7,* by Eq. (41) with a
given Jrg*, the maximum dimensionless contact force F*
can be determined by Eq. (39) in the first contact event per
switching cycle. It must also be noted that the contact-free
displacement d7* in the first contact event depends on the
rising rate of the actuation voltage, and so does F';*. In this
study, a steeply rising actuation voltage is given to operate
the switch. Hence, the maximum contact force in the first
contact event is always the greatest compared to all the max-
imum contact forces in the subsequent contact events. With
a determined F*, the maximum contact radius a;*, the max-
imum interference ,*, and the maximum mean contact pres-
sure p,,;* can be obtained by Egs. (19)—(21) for the elastic
contact, Egs. (22)—(24) for the elastoplastic contact, and Eqgs.
(25)—(27) for the plastic contact.

The subsequent maximum contact force F;* can be
determined by Eq. (39) with a given o7;* and 0,.,*. If F*
causes an elastic deformation in the first contact event, Eqs.
(19)—(27) will be still valid for the subsequent contact event
with a determined F;*. If an elastoplastic or plastic deforma-
tion is produced by F*, the effective radius of curvature of
the hemisphere after unloading has to be determined by Eq.
(28), and the residual depth 9J,,.,* at the summit of the hemi-
sphere can be obtained by Eq. (29). Consequently, with a
determined F;* and given R*, the maximum contact radius
a;*, the maximum interference 9%, and the maximum mean
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contact pressure p,,;/* can be obtained by Egs. (30)—(32) for
the elastic contact, Egs. (33)—(35) for the elastoplastic con-
tact, and Egs. (36)—(38) for the plastic contact.

lll. EXPERIMENTAL METHOD

The Omron 2SMES-01 switch was chosen as a device
under test in this study due to its single-crystal-silicon struc-
ture, and hermetic packaging. The switch was tested beyond
its manufacturer’s specifications under hot switching condi-
tion. Specifically, the switching voltage was maintained
between 8 and 10 V which is 20 times higher than the manu-
facturer’s specified switching voltage (0.5 V). The switches
were tested at multiplied applied voltages of 29, 34, and
39V throughout their lifetimes. The operation and test condi-
tions for these switches are summarized in Table 1.

The experimental setup employs Fruehling’s er al.?° test
procedure. The applied voltage supplied by an Agilent
H5741A power supply was designed to produce a steep rise
time. The switching voltage was provided by an Agilent
N6705B power analyzer. Every 1 x 10° switching cycles
operated at the same applied voltage of 29, 34, or 39V, a
sweep of applied voltages from 29V to 39 V was conducted
with 1V increments to record the electrical features, i.e.,
switching voltage and contact resistance, at each recorded
applied voltage.

IV. DISCUSSION
A. Modeling results

Hot switching has been demonstrated to induce the tem-
perature around the contact region to rise due to Joule heat-
ing*” and cold field electron emission”' to soften contact
materials. According to the modeling results of Ref. 21, such
a high switching voltage (5 V) can increase the temperature
on the surface of the contact materials, i.e., Au, Ru, and Pt,
up to their melting points due to the cold field electron emis-
sion. This is consistent with our assumption that the contact
tip is progressively getting softer versus switching cycles.
Therefore, in the following analysis, this softening effect is
reasonably assumed to cause J,* to increase as the switch is
being cycled. This assumption indicates that the effective
elastic modulus E*, yield strength Y, and interference o,
depend on the number of switching cycles. An increase in
01* also increases the corresponding dimensionless maxi-
mum contact radius @;*, dimensionless maximum mean con-
tact pressure p,,;*, and dimensionless maximum contact
force F'|*.

TABLE I. Summary of testing conditions.

Parameter Switch specifications Test conditions
Applied voltage (V) 34+5% 29, 34,39
Maximum applied voltage (V) 40 39
Minimum applied voltage (V) N/A 24
Switching time (us) 100 111
Switching voltage (V) 0.5 8-10
Switching current (mA) 0.5 1.8,0.8
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According to the experimental results, two cases were
obtained: one with two observed contact events, and another
with one observed contact event within one switching cycle.
However, for the case of one observed contact event, the ki-
netic energy of the switch beam still causes a larger contact-
free tip displacement in the initial stage than d7g of switching
cycle as the purple line shown in Fig. 3. Hence, the case with
one observed contact event can be considered as with two
contact events because the initial larger contact-free tip dis-
placement can result in worse damage than the settled
contact-free tip displacement.

In the following calculation, the Poisson’s ratio v is
taken to be 0.42 as the value of gold. This value results in
the dimensionless critical mean contact pressure for the onset
of yield p,,.* = 1.17. As the work of Johnson'® that the con-
tact force to cause the fully plastic deformation is at least
400 times that of the onset of yield, Zhao et al.® calculated
that ¢, is at least 54 times ¢, i.e., 6, > 540.. This value pro-
duces a fair value of ¢4, = 108 compared to several materials,
e.g., ¢4 ~ 60 for phosphor-bronze, ¢4 ~ 100 for brass, and
ca ~ 150 for steel.'” Therefore in this study, the proportion-
ality constant ¢, is taken to be 108, i.e., J, =540,. In addi-
tion, the proportionality constant B in Eq. (40) is assumed to
be unity.

Figure 4 shows the evolution of dimensionless contact
radii versus the increase in the dimensionless interference ra-
tio 0,*%/0.* for different combinations of dimensionless
contact-free displacements d7* and d7¢*. With d7;* increas-
ing, three situations of contact radius evolution at the switch
settled state can be obtained:

(a) Situation 1 (d71* < 1.3807¢* or o71* > 1.48575*%): The
contact radius at the switch settled state increases up to
a local maximum value and then decreases to zero (the
green line and the purple line);

(b) Situation 2 (1.3807¢ < 07, < 1.4507,): The contact ra-
dius at the switch settled state increases to a local max-
imum, decreases to a local minimum, then increases to
another local maximum, and finally decreases to zero
(the light blue line);

(c) Situation 3 (1.4507¢ < 07, < 1.4807): The contact ra-
dius at the switch settled state increases to a local

Contact-free Tip
Displacement o+

. 2
Time t

FIG. 3. Contact-free tip displacements vs. time for the cases with two
observed contact events (blue line) and with one observed contact event
(purple line) during one switching cycle.
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FIG. 4. Dimensionless contact radius a* vs. d;%/9.*: the blue line is for the
first contact event; the green line is for the settled contact with d7* = 2d75%;
the red line is for the settled contact with o7* = 1.47J5*; the light blue line
is for the settled contact with d7;* = 1.45075*, and the purple line is for the
settled contact with d7* = 1.1d7¢*.

maximum and then decreases to zero; after an intermit-
tent period, the contact radius increases again to
another local maximum and finally decreases to zero
(the red line).

Figure 5 presents the dimensionless mean contact pres-
sure p,,* versus 0,%/0.* for the cases in Fig. 4. It is noted
that the brown dotted line represents the dimensionless mean
contact pressure p,,.* for the onset of yield. Hence, the plas-
tic deformation occurs when p,,* is in the area above the
brown dotted line. The tip remains elastic when p,,* is in the
area below the brown dotted line. In Fig. 5, p,.* at the
switch settled state of the case with d7,* =207¢* (green line)
is always lower than the value of p,,.*. For the cases with
o™ =1.4567¢* (light blue line) and o07* = 1.47d7¢* (red
line), p,,,* increases to the value p,.* and then remains
lower than p,,.*. For the case with d7;* = 1.1d75* (purple
line), p,,s* can be higher than p,,.* even until d,* is around
60 times o.*. It indicates that contact damage is also caused
in the settled contact event.

Figure 6 illustrates the dimensionless contact force F*
versus d,%/0.* for the cases in Fig. 4. It is obvious that F* is
much greater than the values of Fg*. It is noted that a

£3.0
2.5
2.0
1.5
1.0
0.5
. AR
0 10 20 30 go* 50 60 70 80
61/60

*

Dimensionless
Mean Contact Pressure p

FIG. 5. Dimensionless mean contact pressure p,,* vs. 0,%/0.*: the blue line
is for the first contact event; the green line is for the settled contact with
Or1* =2075™; the red line is for the settled contact with 0% = 1.477¢*; the
light blue line is for the settled contact with d7* = 1.45d75*, and the purple
line is for the settled contact with d71* = 1.1d75*, and the brown dotted line
represents the mean contact pressure for the onset of yield, i.e., p,,.* =1.17
when the Poisson’s ratio v =0.42.
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FIG. 6. (a) Dimensionless contact force F* vs. 0,%/6.*, (b) zoomed figure of
(a): the blue line is for the first contact event; the green line is for the settled
contact with 07* =2d7¢*; the red line is for the settled contact with
Or* = 1.4707¢*; the light blue line is for the settled contact with 7 *
= 1.4507¢*, and the purple line is for the settled contact with d7* = 1.1d75*.

residual depth is produced prior to the subsequent contact
event if the elastoplastic or plastic deformation occurs in the
first contact event. This residual depth can lead to a large dif-
ference in contact forces between the first and subsequent
contact events in one switching cycle.

B. Comparison of modeling results and experimental
data

Generally, the contact radius at the switch settled state is
greater than the man-free-path length of electron in metals,
ie., a>A. It results in the Sharvin resistance to be
neglected, i.e., Qgy=4p.A/3na*>~0,>*** where p, is the
electrical resistivity of the contact material. In addition,
Berman er al.** demonstrated that absorbed organic contami-
nation which forms adjacent to the direct contact region can
suppress tunneling contributions, consequently increasing
the contact resistance of a MEMS switch. Such contamina-
tion increases with switching cycles to cause the
contamination-induced resistance to monotonically increase.
However, this contamination-induced resistance is also
neglected in the following analysis because the contact re-
sistance evolution is dominated by the variation of contact
radius according to our experimental observation. Thus in
this study, only the Maxwell spreading resistance® is consid-
ered: Q= p./2ag, where ag is the contact radius at the switch
settled state. Then the dimensionless contact resistance is
defined as
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Figure 7 illustrates the dimensionless contact resistance
Q* versus 0,%/9.* for the cases in Fig. 4. It is noted that the
beginning value of dimensionless contact resistance shall be
calculated according to such measured parameters although
the initial values shown in Fig. 7 start at 0.6. It is also noted
that the increase in J,* is related to the increase in switching
cycles. The modeling results show that the lifetime of a
switch will be longer if d7;* is designed to be close to d7g*
as the purple line.

Figure 8 shows the experimental results with different
operating applied voltages. It is noted again that the number
of switching cycles is related to 6,*. In Fig. 8(a), only
Situation 1 is observed at three different recorded applied
voltages. In Fig. 8(b), only Situation 2 occurs at three
recorded applied voltages. In Fig. 8(c), two different situa-
tions were recorded: Situation 1 is observed for the recorded
applied voltage of 29V, and Situation 3 occurs for the
recorded applied voltages of 34 and 39 V. By qualitatively
comparing the experimental data to the modeling results, the
experimental result (green line) of the recorded applied volt-
age of 29V in Fig. 8(c) can be analogous to the green line
(071 =2075*) in Fig. 7. The experimental results (blue and
red lines) of the recorded applied voltages of 34 and 39V in
Fig. 8(c) have the similar behavior as the red line
(5T1* = 1475TS*) in Flg 7.

The qualitative comparison of the modeling results in
Fig. 7 and the experimental data in Fig. 8 indicates that the
plastic deformation occurs around the contact region of a
MEMS switch under hot switching in its lifetime. The con-
tact damage becomes worse with switching cycles increas-
ing. This phenomenon implies that the hot switching
condition results in the local temperature around the contact
region to rise and change the material properties, such as the
elastic modulus and the yield strength. It is noted that the ex-
perimental results shown in Fig. 8 are measured from
switches with permanent-open failure. For switches with
permanent-closed failure as shown in Fig. 9, the contact re-
sistance evolution was also observed with the same behavior
including these three situations.
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(a) Device 1 with operating applied voltage of 29 V
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FIG. 8. Measured contact resistance vs. switching cycles for the switches
with permanent-open failure: the green line is for the recorded applied volt-
age of 29 V; the blue line is for the recorded applied voltage of 34 V, and the
red line is for the recorded applied voltage of 39 V.

V. CONCLUSION

A non-adhesive contact model has been developed to
describe the contact behavior evolution in MEMS switches.
During a single switching cycle, the switch tip can com-
pletely recover after unloading of the first contact event if
the first contact event is elastic. Subsequent contact events
are also elastic. If the elastoplastic or plastic deformation
occurs in the first contact event, a residual depth will be pro-
duced between the switch tip and the drain prior to the subse-
quent contact event. This model shows that the contact
behavior depends on the difference in the contact-free dis-
placements between the first contact event and the settled
contact events. The modeling results qualitatively agree with
the experimental observations. Comparing the modeling
results to the experimental data indicates that the hot switch-
ing condition causes the local temperature to rise and change
the material properties around the contact region of a MEMS
switch. This change results in contact damage to become
worse with switching cycles increasing.
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(a) Device 4 with operating applied voltage of 29 V
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(c) Device 6 with operating applied voltage of 39 V
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FIG. 9. Measured contact resistance vs. switching cycles for the switches
with permanent-closed failure: the green line is for the recorded applied
voltage of 29 V; the blue line is for the recorded applied voltage of 34 V, and
the red line is for the recorded applied voltage of 39 V.
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