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Low-force contact heating and softening using micromechanical switches
in diffusive-ballistic electron-transport transition
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We demonstrate softening of the gold-to-gold contact in surface micromachined
microelectromechanical switches under electrostatic force nearN30which results from the
heating of contact asperities sustaining electron transport. A bias potential that causes the switch
contacts to soften is measured for initial contact resistance varying between 0.5 afid BA@

asperity sizes in this range are comparable to the electron mean-free path at room temperature. We
show that contact spots smaller than the mean-free path require larger bias for softening. Our results
can be explained using a model accounting for ballistic electron transport in the conta6050
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Microelectromechanical systeni®IEMS) devices often  simple model explaining the phenomenon agrees well with
allow the investigation of nanometer-scale phenomena thahe experimental data.
are difficult to study using macroscopic instruments. This  All experiments were performed using micromachined
paper describes experiments performed using MEMSjold switches, such as the one shown in Fig. 1. The switch
switches to study the heating of metal contacts with size irconsists of a gold beam 34m thick, suspended 1.54m
the transition region between ballistic and diffusive electronabove a gold contact electrode. Voltage applied to the actua-
transport. The contact radius of these contacts is nearly thgon electrodes produces electrostatic force, which pulls the
same as the mean-free path for electron-phonon scatteringeam down until a dimple protruding from the bottom of the
Such small contacts have previously been created using plaseam contacts the lower electrode. The contact resistance is
tic deformation of the aluminum oxide layer in aluminum then measured using the four-point-probe technique, as
contact$ or by manipulating thin wires using piezoelectric shown in the figure. The MEMS chip is mounted on a ther-
actuators. Small-area contacts have also been generated Ugnal stage in an environmental chamber, allowing control of
ing an atomic force microscopes well as an interfacial  ambient temperature and pressure. All experiments were per-
force microscopé.However, none of these references hastormed in vacuum of 4—5 mTorr and with sufficient actua-
studied the heating of small contact spots due to the passaggp, voltage for a contact force of30 uN. This force was
of current. estimated by comparing our electrostatic/mechanical model

Several authorésuch as Ref. phave developed models \yith the measured actuation voltage. The vacuum level is
of contact heating for diffusive contacts, deriving the well- g ficient to reduce the effects of moisture, which tends to
known voltage-temperature relation cause adhesion.

Testing of the switch demonstrates that the contact resis-
tance typically rises slowly as the switch is cycled on and
off. This phenomenon has been observed in silver confacts,
but it has never been adequately explained. It may be related
in which V is the voltage drop in the contact spdt, is the  to hardening of the contact due to contact necking during
temperature of the contact bodi€, is the temperature of opening of the switci? Yield stress of gold has also been
the contact spofp is the electrical resistivity of the material, found to increase significantly as contact size decredses,
andk is its thermal conductivity. However, for contact spots which could contribute further to the contact resistance in-
whose size is on the order of the electron mean-free path, thisease. The observed resistance increase could also be due to
relation no longer hold However, no clear presentation of the growth of insulating hydrocarbon films on the gold
a revised model for small contact spots has been suggesteslrface'? However, the large currents used in these experi-
though contact heating of ballistic-scale contacts has been
experimentally demonstratéd.

This paper shows evidence of heating in small contacts
by using the contact softening phenomeﬁaﬁrs the contact
temperature rises, a threshold temperature is reached which
allows diffusion of dislocations away from the contact spot,
decreasing surface hardness. The result is a sudden increase
in the contact size and a decrease in contact resistance. Con-
tact softening in MEMS switches has already been
demonstrated This paper shows that the voltage required to
soften ballistic contacts rises as the contact size decreases. A
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FIG. 1. Scanning electron microscop$EM) of a micromachined switch
¥Electronic mail: katsuo@umich.edu and the circuit used for resistance measurement.
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FIG. 4. Measured values of softening voltage required for contacts in
ments(as high as.200 mAand the Iin_earity of the_ vo_Itage- &%E;?Sg%uﬁ:; ;rnad"fﬁf'eogiashﬂs?cﬁurﬁinﬁzﬁfshﬁnf\;mpamd to e cunent
current relationship up to the softening voltage indicate the
occurrence of metal-to-metal ohmic contact, though the size ) ) o
of the contact could be limited by the growth of a hydrocar-SO that they are unlikely to be scattered by lattice vibration
bon film. Under this hypothesis, contact cycling would causeduanta, phonongfor an illustration, see the inset to Fig).4
a hole in the hydrocarbon film to shrink, reducing the size ofAS @ result, the contact is not heated by the passage of cur-
the metal-to-metal contact and increasing the contact resient. The contact resistances shown in Fig. 3 are caused by
tance. However, regardless of the source of the observegPntact spots in the transition bgtween diffusive and ballistic
resistance increase, it allows experiments to be performetiansport; as a result, increasingly larger voltages are re-
over a wide range of contact sizes by cycling the contacfluired for heating. N _
until the desired contact resistance is reached. Contact resistance in the transition regime between bal-

Figure 2 shows that resistance decrease is related to thtic and diffusive transport is given by
heating of the contact. Here, two contacts were measured,
one heated and the other at room temperature. For the heated R=Rs+ ¥(Ma)Ry, 2

contact, the thermal stage was used to increase the tempe(grarar is the total contact resistand@ys=4p\ /3ma? is the

ture from 22 to 90 °C while measuring contact resistancegpapyin resistance, or resistance due to ballistic transport,
The room-temperature contact shows a small decrease |5M:p/2a is the Maxwell resistance, or resistance due to

contact resistance with time due to_creep, which has beegi,sive transport, ang(\/a) is an interpolation functiof*
previously observed for gold contadtsThe heated contact is the electron mean-free path, aads the radius of the

shows enhanced contact creep almost as soon as heating Rgr o spot
gins (~28 °C), with the maximum resistance decrease oc- Using Eq. (2) an approximate model for heating of

curring at 68 °C. _ transition-region contact spots can be derived. Assuming that
Sample voltage-current curves for three contacts withy,, voltage dropV in the contact can also be broken into

different contact resistance values measured in a roomMgharvin and Maxwell components a8=Ve+Vy=I(Rg
temperature ambien(22 °C) are shown in Fig. 3. Each +vyRy), the contact heat generation can be expressed as

curve begins I|_nearly, followed _by a rapid decrease in contac _éVIZIZ'yRM- Following the derivation of Holm then results
resistance. This contact softening takes place at a higher vol

age as the resistance increases. Therefore, the voltage re-

quired to heat the smaller contacts to the softening tempera- T
. . . '}/RM a

ture increases with smaller contact size, contrary to(EQ. L Y\2=8 pekedT, (3)

This is because in contact spots much smaller than the mean- T

0
free path electrons move ballistically across the contact sp

o\tlilhere pe and k. represent the effective electrical resistivity

and thermal conductivity for transition-region electron trans-
0.07

. port. Comparison with Eq1) shows that the only changes
0.06 ; are the introduction of the ratio on the left-hand side and the
00 use of effective properties on the right-hand side. Further,
<% 20 fi since the Wiedemann-Franz law has been shown to apply
'§T°°4- \\ even at atomistic length scal&sEq. (3) can be further sim-
3 o003 Yo e plified for metal contacts to
7’ 3\
0.02} - 50Q YR Ta
ootk j} ?Mvzzs f LTdT=4L(T2-T3). (4)
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Vottage (V) Equation (4) describes the heating in a single contact

spot; however, different spots within a given area are ex-
FIG. 3. \oltage-current curves showing softening. The resistance correP€cted to have d_lffere_nt Slzes. 'I_'herefore, further prediction
sponding to the linear part of each curve is marked. of contact spot size distribution is necessary to fully model
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contact heating. However, it is simpler to consider the temwith contact voltage was shown as a clear indication of con-
perature of the largest contact spot, or the maximum contadhct softening. This contact softening process may provide a

temperature. Fractal modeling gives means forin situ repair of metal-metal contact MEMS
switches.
D-1
Ar=—"=A,, (5) . . . .
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