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Abstract—Precise prediction of electrical contact resistare is
important for microswitches. The contact spot used d be
considered as a circle in earlier literature, wherehere was only
one geometrical parameter: the radius of the-spots. However, a
real contact asperity has a height and an angle witthe interface.
In this paper, a 3-dimensional cone-truncated geony is used to
model an asperity, and three parameters are definedradius,
height and the angle of the side with respect to éhsurface plane.
The ranges of their values are extracted from AFM masurement
of samples in Au and Ru, and the values match wellith the
previous mechanical simulation results.

Compared to the theoretical results, the finite elment (FE)
model showed a good capability to predict contactesistance in
the diffusive regime, but underestimated it in theballistic regime.
The effects of angle and height of the asperity weravestigated
for Au-Ru contact in terms of contact resistance, @ximum
temperature and its location. Regarding multiple spts in contact,
this work investigated the influence of the numberof spots and
their distributions for contact resistance and locaJoule heating.

Keywords— microswitch, asperity-based, finite elememdel,
electrical contact resistance

. INTRODUCTION AND MOTIVATION

As is well known, contact resistance is of sigmifit
importance for the performance of ohmic microswéshand
should be predicted accurately. For microswitclassthey are
usually activated under very weak force, of abaaristor
hundreds of micro-Newtons [1-3], contact is madly @ the
highest asperities. Typical dimensions of aspsatitieften

calleda-spots, range from tens to hundreds of nanomefers [
6]. Contact resistance, in the case of one spnotbeacalculated

analytically according to the ratio between thetaohradius
and the mean free path of electrons. Three eledteorsport
regimes can be defined [7]: diffusive, ballisticdanguasi-
ballistic, and the formulae were provided corresogly
[8-11].

However, all of the formulae supposed that contacurs
between two infinite surfaces, and only the contadius was

taken into account as the geometrical parametecoafact.
Regarding the form of a contact asperity, Holm ri@&dified

the expression for an elliptical spot, and Nakanfli?d applied
a boundary element method to calculate the comésistance
of a spot in the form of a square and a ring. Ttwetact spot
was discussed in 2-dimension here.

Furthermore, Sano [13, 14] investigated the efficthe
space angle on the constriction resistance. Theespagle was
defined as the angle made by the asymptote suvfdbethe
extension of the contact surface (see Fig. 1). ddwestriction
resistance depending on the space anghas then evaluated
with:

i = tann+ a (1)

R 4
where Ry, is the constriction resistance calculated with rilol
formula Ry=p/2a).

His results showed that the space angle had a igputertant
effect on the constriction resistance. However,gb&ce angle
was neglected by most of the researchers, excedpvanian
et al. [15], who built an asperity model in conigabmetry and
showed that the space angle played an importaatawnlthe
creep mechanism.
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Fig. 1. Asperity model suggested by Sano [13]

Considering rough surfaces of the contact bump taed
drain electrode in microswitches, an asperity intaot should
have a height, and the side of asperity then hasngte with



respect to the surface plane. Motivated by th&dimensional
(3D) model is proposed in this paper.

The current is constricted when passing throughllsma

asperities, heating in contact is extremely loedizn the
asperity proximity [16]. Another concern in the Wois to
investigate the thermoelectrical behavior of eleatrcontacts.
An analytical expression for voltage-temperatureT(j\Melation
was given by Holm [8], in which the maximum tempera
depended only on the total voltage of a long cari&in; while
for the small spots, size on the order of mean frath, the
expression of Holm was invalid [4]. Jensen et &ent
considered the ballistic effect, and introduced iaproved
model for small spots [16].

Also the numerical coupled-simulations have beavext
to be an efficient method to study the thermoeieaitbehavior

of contact, and have been adopted by many research

[17-22]. Among them, the research of Leidner et[21,22]
seems more pertinent, in which the current demgribution
for contact with layered structure and ‘real worlbntact
topographies were discussed, and the simulatiauitsewere
confrmed with the thermal images by
thermography [22]. However, the study was for tbanector
system, in which the contacting spots were mudfelathan in
the case of microswitches, and the ballistic efieas ignored.

Broué et al. [23] showed that the bimetallic cohtaad the
advantage of reliability, seeing that the maxim@mperature
was not localized on the interface of contact, dwtthe side
with higher resistivity [8]. This will be also digssed in this
paper.

The paper is organized as follows. Analytical cktians
for the contact resistance, maximum temperature @sd
position are outlined in section Il. The descriptiof the
proposed 3-D asperity model is presented in sedtiomhe
influences of the geometrical parameters, the nurabd the
distribution of spots on the thermoelectrical bebiawf contact
are discussed in section 1V, followed by the summand
conclusions in section V.

Il.  ANALYTICAL MODEL: ELECTRICAL CONDUCTION IN A-
SPOTS

A. Contact Resistance

For bimetallic contact, e.g. Au-Ru contact in tistsidy,
their mean free paths vary very significantly, 38 for Au [4],
10 nm for Ru [24], the contact resistance is thelnwated for
each contact part. Equations (2-5) are the formolathree
transport regimes for one contact part.

Ry =p, /4a (2)
Ry =2pl, /38* 3)
Ry = F(KN)Ry, + Ry (4)

Wherei = 1, 2, and subscridd, B and int indicate the
diffusive (mean free path<< contact radiug), ballistic ( > a)

infrared

and intermediary I[(~ a) transport regimes of constriction
resistance.

The interpolation function is:

_ 1+ 083Kn

- 2T Yo (5)
1+1.33Kn

I(Kn)

whereKn is the Knudsen number, defined Kg=I/a.

The contact resistance is then the sum of the énost R,

=Ra+ Re.

In the case of multiple asperities in contact, teieal
interactions lead to an additional mutual resigtarnkhe size
and distribution ofa-spots will both have influence on this
interacting resistance, often cited discussion learfound in
8], [25, 26], more recently by [27, 28], and [230]. The
ormula of Holm was given as:

R=p@#/2na+12r) (6)

wheren is the number of spots amdis the radius of the
cluster [8].

B. Joule Heating through Contacting Spots
For the maximum temperature, Holm [8] suggested the

formula as:
2
Tc = Vfc +T02
V4L

where T, is the contact temperature (also the maximum
temperature of contact, is the contact voltagé=2.45x10-8
(WxQ/K?), is the Lorentz constant, arifh is the ambient
temperature.

(7)

The maximum temperature is found at the interfata o
monometallic contact, while for a bimetallic cortathis
location is no longer the interface, but within niers with
greater resistivity. Assuming a contact spot wittdius a,
contacting members with,, p,, wherep, > p;, the distance
between the top of the warmest isothermal surfawk the
center of the contact, denoted & can be calculated as [8]:

Az =ax tar{”[l—plj}
4 P>

Az is referred to as the position of the maximum
temperature hereinafter.

(8)

In the study, except for specifications, the theoaé
evaluation is performed as follows:

- constriction resistance is calculated with the yicl
expressions (2-5);

- contact voltage is calculated with = R.xI, in whichl
is the electrical current andR. is the theoretical
resistance; then the maximum temperature is caézlla
by (7);

- position of the maximum temperature is performed
with (8);



. FINITE ELEMENT MODEL

A. Geometry Investigation for an Asperity

1) Description of the AFM scanning data

The resolution of microscopy to properly extrace th
roughness parameters should be high enough, lasslthnm
as Pennec et al. [31] investigated. In the studg, gamples in
gold and ruthenium have been scanned by atomice forc
microscopy (AFM).

For ruthenium, the scanning is carried out at tpedf an
underling electrode bump of a microswitch, whichfasmed
with ruthenium film (physical vapor deposition (PYD
thickness of 100 nm) on gold PVD film of 1um.

For gold, the scanning is carried out with a gold
electrodeposited film of a thickness of 5.6 pm itinon wafer.

TABLE | lists the details of sample dimensions, tiuenber
of scanned points and the horizontal resolution.e Th
topography profiles are plotted in Fig. 2.

TABLE |. AFM SCAN INFORMATION FOR SAMPLE INAU AND RU
Scan Scan information

sample Scan sizegm?) Scan lines Resolution (nm)
Au 2%2 256%215 7-9
Au 1.11x1.11 512x512 2.17

2) Methodology to extract the parameters
Fig. 3 shows an asperity in perspective view amdcibne-
truncated geometry of the asperity model used im gtudy.

2800

1200

(b)

This geometric model is the same as illustratdd ), and the Fig. 2. Topography of rough surfaces for samples in: (49,do) ruthenium

geometrical parameters are defined as follows:

Then, for each asperity, extract or calculate:

- a, tip radius of asperity;
- h, asperity height;

- a, angle of the side of asperity with respect to the
surface plane, called space angle in the paper.

The protocol to extract these parameters is ibiwstt in
Fig. 4, as follows:

Determination of global altitudes:
- altitudeZ, at the top of the highest asperity;

- Truncated altitudeZ.,, calculated with the given
interferenceDis for each sample& = Zigp - Dis.

The parameter Dis, which represents the contact
deformation under the maximum experimental contaote
(145 pN for Au-Au contact, 200 uN for Ru-Ru con}d88], is
determined on the basis of mechanical contact sitionlis,

-For Au-Au contact, gdbis= 12 nm

-For Ru-Ru contact, g&is= 8 nm.

altitude at the bottom of asperifyy;
asperity heighth=Z; - Zy;

tip radius of asperity, defined by the average
measurement in cross sectid@andY: a= (ay + ay)/2;

bottom radius of asperitiy, = (bx + by)/2;
angle a=arctan [/(b-a)).

of
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Fig. 3. Asperity profile, (a) view in perspective, (b) cetnencated model
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Fig. 4. Surface profile and the protocol to extract theapasters in X
direction: (a) overview,(b) close view of an asperi
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Fig. 5. Simulation results for Au-Au contact: spots radinscontact as a

function of load steps (a loading-unloading cyck applied with the

maximum contact force of 145 uN at the"lidad step, i.e. 10 steps for
loading and 10 steps for unloading, for more detséle [32]).

TABLE II. GEOMETRICAL PARAMETERS OF ASPERITIES EXTRACTED
FROM THEAFM SCANNING DATA OF SAMPLE IN GOLD

) Geometrical parameters
Asperity
a (nm) h (nm) a(°) b (nm)
1 56.4 10 19.5 84.6
2 17 10 18.8 46.4
3 30.8 10 18.9 60.1
4 12.5 10 15.3 49
5 34 10 16 68.8
TABLE III. GEOMETRICAL PARAMETERS OF ASPERITIES EXTRACTED
FROM THEAFM SCANNING DATA OF SAMPLE IN RUTHENIUM
) Geometrical parameters
Asperity
a (nm) h (nm) a () b (nm)
1 36.1 12 275 59
2 325 7 12 65
3 65.2 6 10.5 97.8
4 53 3 6 815

3) Extracted geometrical parameters
The geometrical parameters extracted are listeABLE
Il 'and lll, for the sample in gold and in rutheniuespectively.

The mechanical simulation results of the spotsusador
the sample in Au are given in Fig. 5. Comparing $ipets
radius obtained by the two methods confirms thgeaof the
radius: from tens to hundred or so of nanometers.

Extending the values in TABLE Il and lll, the rasgef the
geometrical parameters in the following finite et (FE)
model are given as:

- Radiusa=[13 nm - 130 nm];
- Height:h =[3 nm — 30 nm];
- Angle:a =[3°-60°].

B. Finite Element Model of One Asperity

The FE model is built with commercial software pag
ANSYS™ of version 11.0. The bump of microswitches is
simplified by a rectangular block with length (efjt@ width)
of 3.5 um and height of 1 um (Fig. 6), the modehsiders
only one asperity in contact firstly. The meshyisimetrical to
the plane (O, X, Y).

The 3-D 10 node coupled-field element SOLID227sedu
in the simulations, with the degrees of freedom HPO
temperature and voltage activated. The asperityomeds
meshed much finer while the volume of block is neekh
gradually coarse.

Boundary conditions are set as follows (see Fig. 6)

- Temperature at the bottom and top surfaces ofrtbéel
is constrained to ambient temperattlige 293 K;

- Electrical current 10 mA is applied in the veatic
direction at the top surface of upper volume;



- Free but uniform voltage is applied at the tofaze of
upper volume (with coupled degree of freedom Volt);

- Zero voltage is applied to the bottom surfacedovfer
volume.

Thermoelectrical material properties are given ABLE
V.

C. Regarding Multiple Asperitiesin Contact

Our previous mechanical simulations showed thatethe

were about four to seven asperities which madeaconinder
maximum contact force 145uN [32]. Also, a SEM mgaph
showed that at most tens of asperities could makéact [34].
The number of asperities in our study then vanes b1, 2, 4,
9 and 16.

Furthermore, all of the spots are assumed to Havedme
tip radii. Forn asperities, the average tip radajds calculated

TABLE IV. THERMOELECTRICAL PROPERTIES FOR MATERIAAU AND RU
) Material
Properties
Au Ru
Electrical resistivity 9
(Qxm) 22.14x1¢F 76x10

Thermal conductivity

(WI(mxK)) 318 117
Mean free path (nm) 38 10

The distance between spots for two asperities|fsofidghe
width of the rectangle, i.ar= 1732 nm. For more than four
asperities, the asperities are distributed evenlg square grid,
so as to define the same diametef contacting apparent area.
Fig. 7 shows a schema for nine asperities.

Regarding the distribution of asperities, four aigs in
contact are discussed as an example, the distastveedn

by a,=a,/n, wherea, is set as 130.4 nm, is the tip radius for ong?Speritiesnvaries in the range of 150 nm — 1732 nm.

asperity.

BOmAl || ||| ] ]| R

T T:;% K,\fko VJ
|

@

(b)

Fig. 6. Finite element modeling of an asperity: front viga) whole model,
(b) zoom in the asperity

Fig. 7. Schema of nine asperities in contact: top view {oa square of
3.5%3.5 um)

IV. RESULTS ANDDISCUSSIONS

A. One Asperity in Contact

1) Asperity tip radius

The reference model is built with the geometricaigmeter
of asperity 3 in TABLE lll, i.,e.a = 65.2 nm,a =10.5°
andh =6 nm.

The first parameter discussed is the asperity dighus,
which is varied in the range of 13 nm — 130 nm,huitt
changing the space angle and asperity height aunsthe
simulations and theoretical results are shown gn &i

It is shown that, about constriction resistanceneuical
results match very well with theoretical results &m asperity
larger than 26 nm. However, there is a large disarey with a
small asperitya = 13 nm. This suggests that the FE model can
predict the constriction resistance precisely oa dhiffusive
transport regime, but cannot model the ballistifeatf The
same trend is also found for the maximum tempegatur
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Fig. 8. Influence of asperity radius on (a) constrictiorsis&ance, (b)
maximum temperature, (c) position of maximum terapee
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Fig. 9. Simulation results for asperity radias 78 nm, close view of the
asperity: (a) isothermal surfaces, (b) elementshingsand the position of the
maximum temperautre

Fig. 9 (a) shows that the isothermal surfaces tawehape
of quasi-hemisphere, antiz should be found on the-axis
according to the definition (8). Since the elemeintsthe
numerical model are discretdz is taken as the distance
between the z-coordinate of the node nearest to the
z-axis and the physical interface of the contaat, the
symmetrical surface of the FE contact model.

It is shown in Fig. 8 (c) that for the position tiie
maximum temperature, the numerical results matdte quell
with the analytical results. This is reasonables@ering that
Holm formula (8) did consider only the diffusiveatisport
mode, which is also the only mode can predict thearical
model. However, the discrepancy between the thiealeind
numerical results increases with larger asperities; this may
come from the coarse meshing in the volume (cf. %idp)).

2) Asperity angle

The simulations in this part are carried out with tontact
radius and the asperity height remain constard=6&.2 nm,
h=6 nm, and the angle of asperity varies in the eamig3° to
60°.

The results of Sano (Fig. 10 (a)) indicate an irtguar
effect of space angle on the constriction resigtaRcincreases
43% with the angle of 20° compared to 0°. As isvaho
schematically in Fig. 1, Sano considered that eslebtrode
was infinite with the inclined line as the asymptotrve of the
electrode surface. Instead, our model assumeshinabne has
a defined height. It is then reasonable that the calculated
resistance by Sano is greater than that of estihiateour FE
models.

Compared to the values calculated by Holm formthe,
simulations results show a slight increase on tleetrécal
resistance with the space angle, and the relaifferehce is
only 9.4% for the space angle changing from 3°t &or the
most real contact surfaces, the average space aingbperities
are generally less than 20° [13], this will redualtan increase
on the electrical resistance at most 4.6% only.

As for the increase of temperature, which is thaulteof
Joule heating by the contact resistance, rise9dWiien angle
rises from 3° to 60°.

Even the meshing is not fine enough, the position o
maximum temperature as a function of angle showsgalar
and interesting trend: it increases from 3° to 10ahd then
decreases. The explication traces can be foundginlE. The
isothermal surfaces are within the asperity withalbrangle,
and the warmest isothermal surface locates fanttem the
space angle becomes larger. However, when the spape is
large enough, the isothermal surfaces are exparndingthe
volume, and the warmest isothermal surface thelodated
closer to the physical interface with greater angle
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3) Asperity height

The asperity height varies in the range of 3 nn0D-ngn
with the tip radius and the space angle of aspedistant asa
=65 nm and = 10.5 °.

It is shown in Fig. 12 that the contact resistaimoeeases
only 4.4% for asperity height varies from 3 nm @r8n, and
also the increase of temperature increases slightly

The position of maximum temperature varies in thege
of 35 nm — 41.6 nm, and the discrepancy is acckptab
compared to the theoretical value of 40.56 nm. Heneagain
due to the coarse meshing in the block volume, oodg
conclusion can be made, and finer meshing maydpereal for
further study.



0.374

0.372

o
w
J

o o
w w
13 o3}
> ©

0.362

0.36

Contact resistance Q)
o
w
R

0.358

| N
S[ | | i | |
O et e ol i Mty Bt
| | | | |
0.354 1 1 1 1 1
0 5 10 15 20 25 30

@)

293.225

293.22

293.215

293.21

Maximum temprature (K)

293.205

height and the space angle of asperity are setarghsas:h =
6 nm andx = 10.5°.

For the analytical calculation, as has been disclifs one
asperity, the numerical simulations cannot model lhllistic
effect, so the contact resistance is calculatech vidblm
formula (2), and furthermore, electrical interantibetween
asperities is neglected. So with the asperity ragia;/n, the
analytical constriction resistance keeps almossizon Ry, in
TABLE V).

While numerical modelsRge in TABLE V) predict that the
resistance increases with more asperities in contadeed,
with shorter distance between asperities, eletthitaraction
should be more significant. Yet the increase ofcteisal
resistance remains small, rising 13% with 16 asperi
compared to one asperity.

The total contact area, however, varies widely, iandn be
seen that their values are almost inversely prapat to the
number of asperities. Therefore, it can be dedubed the
contact area cannot be calculated only from thesmreanent
of the electrical resistance if the distributiondamumber of
asperities are not known, as has been discuss§bjnand
[29].

293.2
0

(b)

TABLE V. MULTI-ASPERITIES: COMPARISON BETWEEN NUMERICAL AND
ANALYTICAL RESULTS

Number - Parameters and results

of ota Distance Az
e a (nm) contact Rin (Q) | Ree (Q)

asperities area(nnf) | ™ (nm) (nm)
1 130.4 17004 0.1882 0.182 70.5
2 65.2 8502 1732 0.1882  0.190 394
4 32.6 4251 1271 0.1882  0.197 18/8
9 145 1892 648.3 0.1880  0.205 8.5
16 8.15 1063 435 0.1882  0.205 4.2

Position of TempMaxi (nm)

30

Asperity height (nm)

©

Fig. 12.Influence of asperity height on (a) constrictionsiseance, (b)
maximum temperature, (c) position of maximum terapee

B. Multiple Asperitiesin Contact

1) Number of asperities
Regarding multiple spots in contact, TABLE V lidtse
asperities radii and the distances between thera. aBperity

As for the location of maximum temperature, evethwi
inaccuracy due to the coarse meshing in the volumeecan
also conclude that with more asperities in contazthecomes
smaller with smaller asperity. This implies thatk thoule
heating concentrates closer to the proximity okasps, and it
will be easier for contact be fused at high current

2) Distance between asperites

Fig. 13 shows the influence of distance betweerrisgs
on the constriction resistance and on the posgfomaximum
temperature. The effect of distance on the coristnic
resistance becomes more important from the vald®@® nm.

The maximum temperature
physical interface when the asperities are claseyach other.
As can be seen in Fig. 14, the current interadicomes more
significant when asperities are closer to eachrpthed the
isothermal surfaces are merged, and they are nilkereohe
large asperity, so the position of the maximum terapre
becomes higher.

locates farther from the



C. Comparison againt the experimental results

The experimental measurement in [23] showed that th
Au/Ru bimetallic contact had the contact resistasfc®.9Q at
the contact force of 145 uN and the current of 1. rlAis
value leads to the contact radius of 13 nm with dtusive
transport mode. However, according to the mechhnica
simulations, the contact radius is about 100 nd¥atuN [32].
Since the mechanical simulations have been vatidaiebe
capable of predicting the contact mechanical bend8b], it is
likely that the discord on the contact radius, gkted by the
mechanical simulations and the experimental resiss
comes from the insulating film on the contact stefathe
modeling work on this concept will be presented tire
following paper.
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0.23 Fig. 14.Distribution of temperature on the asperities pragy for 4 asperities
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V. CONCLUSIONS

This paper proposed a 3-D geometrical model for the
asperity of electrical contact of microswitches. saries of
simulations were conducted to examine the impatthree
parameters in the 3-D model, namely, radius, atyparigle
and height. As agreed to the conventional asperigel, the
numerical model showed that the asperity tip ratiad much
more significant impact on the electrical resistarand the
thermoelectrical phenomena, and the two other patermonly
had significant influence when the asperity sizedoee larger.
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Concerning multiple asperities in contact, with tuatact
resistance almost constant, more asperities teiding down
the position of maximum temperature. Also, with theme
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maximum temperature.
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the resistance was underestimated compared tdé¢oeetical
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