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Abstract This paper expanded a micro-contact resistance
model to investigate the contact performance for a accel-
eration switch fabricated by UV-LIGA (Ultra-violet Lith-
ographie, Galvanoformung and Abformung) technology.
Based on the relationship between the contact radius a and
electron mean free path A, three different contact resistance
models have been analyzed. The material properties (elastic
modulus E, hardness H and Poisson’s ratio v) and surface
topographic parameters (asperity summit radius r, standard
deviation of height distribution o, and surface density of
asperity) have been studied to evaluate the contact resist-
ance-load characteristics. The results show that the theo-
retical prediction of contact resistance-load characteristics
correlates well with the experimental results except there
exists experimental discrepancy. The discrepancy between
theoretical predictions and experimental results mainly is
due to the contaminations, errors from assumptions, sur-
face oxidation and external environmental conditions.

1 Introduction

Micro-electro-mechanical systems (MEMS) technology
is advancing rapidly due to its outstanding performance.
Small-size and low-cost MEMS switches have been
widely applied in commercial and military fields, such as
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telecommunication, radar, RF and defense systems, etc. (Li
et al. 2012; Kim et al. 2012). In particular, MEMS accel-
eration switches can respond rapidly in specific applica-
tions without power consumption. For instance, Wang et al.
(2013) developed a low-G horizontally-sensitive inertial
micro-switch which switches on when an acceleration
threshold is met. Fu et al. (2013) presented a novel MEMS
inertial switch used for power management, which can
be integrated with detection and control systems without
power consumption. Deng et al. (2013) reported an iner-
tial micro-switch based on nonlinear-spring shock stopper
which can reduce contact bouncing. Ma (2013) and Kim
et al. (2013) also designed several inertial switches which
are capable to adjust the acceleration threshold.

Electrical contact performance is one of three key
parameters of the MEMS acceleration switch (The other
two are response time and contact reliability respectively)
(Zhou et al. 2013). Contact resistance plays a key role in
electrical performance and depends on sample material,
contact pressure, temperature, structure design, surface
cleanliness, roughness and flatness (Zhou et al. 2013).
Greenwood, et al. (1966) put forward a classic theory of
elastic contact, which introduced an item named ‘elas-
tic contact hardness’, a composite quantity depending on
the material properties and surface topography. Li et al.
(2012) presented an electrical contact resistance model and
pointed out that the contact resistance is a function of con-
tact load. Jensen et al. (2005) explored contact heating in
the RF MEMS switch and demonstrated that it can reduce
the contact resistance significantly. In addition, mechanical
cycling would increase the contact resistance because of
the insulating film on surface. Broue et al. (2010) proposed
a new method to investigate the micro-scale contact mecha-
nism and indicated that the material is a key issue of con-
tact resistance. Jackson et al. (2012) presented the multiple
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scales of roughness is significant when analyzing the con-
tact resistance. Liu et al. (2011) reported a novel contact
model by introducing a micro-spring structure and shown
that Pt—Au contact is better than Au—Au contact.

Although many researchers have studied -electrical
contact performances (Zhou et al. 2013; Greenwood and
Williamson 1966; Jensen et al. 2005; Broue et al. 2010;
Jackson et al. 2012; Liu et al. 2011; Greenwood and Tripp
1970a; Whitehouse and Archard 1970; Almqvist et al.
2007), MEMS devices fabricated by UV-LIGA technology
receive little attention. In this paper, we expand the contact
resistance model to evaluate the contact model with a focus
on electrical contact performance of a UV-LIGA accelera-
tion switch.

2 Micro-contact theory
2.1 Contact of single asperity

Although contact mechanism has been studied for sev-
eral decades, new challenges exist on the micro-scale. The
micro-scale contact is physically different from macro-scale
contact due to the relative size of asperities in two cases
(Broue et al. 2010). The surface topography is significant in
micro scale, and the real contact area is much smaller than
the nominal surface. Therefore, the single asperity contact
model must be investigated firstly. After this, the total con-
tact resistance can be derived by analyzing the asperity dis-
tribution and applied load on the contact surface. Figure 1
shows a contact between an asperity and a rigid flat.

As shown in Fig. 1, r is the summit radius of asperity, @
is the deformation under the contact pressure load P and a
is the radius of contact area which is supposed in a circular
shape.

For the purpose of simplification, the rough contact
between two electrodes of the MEMS acceleration switch
can be replaced by a smooth rigid flat in contact with
equivalent rough surface. In addition, the multiple asperi-
ties can be replaced with simple geometrical shapes (Kogut
and Etsion 2002, 2003).

rigid flat

asperity
/

Fig. 1 Contact between an asperity and a rigid flat
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The contact resistance is mainly related to the parame-
ters of conductivity K, the total real contact area A, the load
P and electron mean free path A which is used to classify
the contact resistance model by analyzing the relationship
between it and the radius of real contact area.

The electron mean free path X is the average distance
traveled by an electron between successive impacts which
determine its direction, energy and other particle move-
ment. It is a significant parameter of contact resistance. In
1901, Thomson proposed A by using an assumption that the
probability of an electron scatted into any solid angle dw is
dw/2m when it collides with the surface of the film (Fuchs
1938). Figure 2 shows the electron mean free path A in a
thin film.

As shown in Fig. 2, the electron free path A changes
with the angle 6 between the direction of motion and z-axis
and is given by (Fuchs 1938).

(t —z0)/cost (0 <6 =06

A= 1q Ao (0 <0 < 6p) (1)
—z0/ cos @ (6o <6 <m)
where cos 0 = (t — zp)/A(, cos 0y = — zo/A, t is the thick-

ness of the film, and A is the free path of an electron in the
bulk metal. The electron mean free path 7 is

|
A= —

! T t Ao 3
d Asin® db = — |log — + =
2 Jo Z/o sin 2[og p + } 2)

2

When ¢ — 00, 4 is the mean free path of the bulk metal.

In 1891, Maxwell (1891) proposed a classic theory on
contact resistance. He assumed the contact area was circu-
lar with radius a,, and proposed the contact could be taken
as an ohmic contact when A < a. The complex scattering
mechanism plays a leading role in this case and the contact
resistance is

1
T 2an, K

In 1934, Knudsen (1934) reanalyzed Maxwell’s theory
and proposed the Maxwell voltage which can be consid-
ered as a discontinuous function for the minimum resolu-
tion of A, but could be replaced by a statistical distribution
function when A > a. Ohm’s Law is not applicable in this
case and the contact resistance model is

Ry

3

SR
=8 o7
Zof — — — = B \

Fig. 2 Electron mean free path \ in a thin film
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k= 3n K a,% )
where a, is the circular radius of contact area. Little (1959)
and Sharvin (1965) also contributed to the contact resist-
ance theory.

In 1966, Wexler (1966) put forward a correction fac-
tor which should be introduced to Ohm’s Law prediction
when the mean free path A and the contact radius a are
in the same order. Electricity and heat are transported by
electron to phonons which are dominated by elastic scatter-
ing in this case. The contact resistance can be derived by a
more precise interpolation function and its model is (Shar-

vin 1965)
. 1 4 (e g
w=Y 2a,, K 37_[ Ka,% =Y a m k (5)

where y (A/a) is the interpolation function which deter-
mines the ratio between the two resistance regimes
(Rw(2 - 0)=R, and R, (! > 00) =Ry (Wexler
1966). To simplify the interpolation function, Nikoli¢ and
Allen (1999) numerically calculated it with an accuracy of
1 % based on Wexler’s study. The corresponding first-order
Pade’ fit is

(2)-

2.2 Contact of nominally flat surfaces

1+0.83 (2/a)
14133 (2/a) ©)

For nominally flat rough surfaces, it is difficult to use Hert-
zian theory to calculate the real contact area (Greenwood
and Williamson 1966). As mentioned before, the contact
between two electrodes of the MEMS acceleration switch
can be regarded as a nominally flat surface contact with a
rigid flat. The contact mechanism must be analyzed to cal-
culate the contact resistance which is related to the contact
area. Some assumptions included in our model to simplify
analysis, are: heights of asperities will vary randomly, all
the summit radiuses are same, these asperities are in indi-
vidually distribution so that they never interfere with each
other, asperity summits are spherical, and these asperities
deform without the bulk deformation (Li et al. 2012). Fig-
ure 3 shows the schematic of the contact model.

As shown in Fig. 3, r is the summit radius, / is the mean
of asperity height, / is the distance between the rigid flat
and reference plane, and z is the individual height of an
asperity. The asperity will contact with the rigid flat when
the height z > [. The existing contact theory of distribution
of asperity height mainly includes two distributions: expo-
nential distribution and Gaussian distribution. Because of

r1g1d flat ’”

/o

mean asperity heights

reference plane

Fig. 3 Contact of a rough surface

the lower accuracy of exponential distribution, Gaussian
distribution is often chosen for calculation

1 z2
Voo P (‘202) @

where o is the standard deviation of asperity summit height.
Thus, the probability of the contact between asperities and
the rigid flat is (Greenwood and Williamson 1966)

¢(2) =

p(z>l)=/l ¢ (z) dz (8)

The expected number of contact asperities n is

n:Np:N/l ¢ (2) dz 9)

where N is the total number of asperities. Hertzian equa-
tions describe the contact behavior of an individual asper-
ity, where w = z — [ is the distance between the top of each
individual asperity and the rigid flat. Thus, the expected
total contact area (Greenwood and Tripp 1970a) is

A=71Nr/ z—=D o) dz (10
I

The expected total load P also can be obtained from
Hertzian equations (Greenwood and Tripp 1970) as

p:gsz/r%/ @—D2¢@) dz (n
I

E| Ey

’
where EFE=—>-1=2
E1(1-v3) + Ex(1-v3)

is the called ‘plane-stress

modulus’ of the contact material, E; and E, are elastic mod-
ulus of two contact surfaces, v, and v, are their Poisson’s
ratio respectively. From Egs. (10) and (11), the area of con-
tact can be predicted from the load according to the con-
ventional hardness for plastic contact. As mentioned previ-
ously, the asperities are distributed and all resistances are in
parallel (see Fig. 4).

As shown in Fig. 4, each asperity can be seen as a resist-
ance and the current flow through the parallel asperities.
Thus, the total resistance is
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Fig. 4 Parallel resistance model

1
> Gi
where G; (i = 1, 2, 3..., n) is the conductance of each pair
of two asperities. Assuming the asperity heights fit the
Gaussian distribution, the total contact resistance is

1
N [ G () dz

For Maxwell’s contact model, the expected total contact
resistance R, can be expressed as following according to

a=.Jrwandw=2z—1

Rioral = (12a)

Riotal = (12b)

1 1

R t = —— =
"G aNKr? [P D)2 () de (132)

For Knudsen’s contact model, the expected total contact
resistance Ry, is
4 _ 4
3nNKr [ (z—1) ¢(2) dz "~ 3KA

Ru = (13b)

For Wexler G’s contact model, the expected total contact
resistance R, is

[z - 1)? ¢(z) +0.831] dz
[z - D? () + 1.334] dz

Ry = Rt + Ry (13c)

From Egs. (13a, 13b, 13c), it is known that the contact resist-
ance is related to the expected total contact area A, expected
total load P, the electron mean free path A, the conductivity
K, the number of asperity N and the asperity summit radius r.

3 Experiments

3.1 Fabrication

Nickel has been chosen to build the dual-threshold, multi-
layer acceleration switch by by UV-LIGA technology due

@ Springer

to its advantages such as superior toughness. Figure 5 sum-
marized the process, which starts with cleaning and pre-
processing a steel substrate (Fig. 51). Spin coater (KW-4A)
is used to spin coat SU-8 2075 for a thickness of 20pmon
the substrate (Fig. 52). Then, the steel substrate with SU-8
layer is put into an electric blast drying oven (WG-20) for
prebaking. The prebaking temperature increases gradu-
ally to improve the adhesion (65 °C for 30 min, 75 °C for
30 min, and 85 °C for 30 min). Patterning (UV lithography
at 500 mJ/cm? for 2 min and SU-8 developer for 3—4 min)
and electroforming (as listed in Table 1) follows to achieve
the first metal layer (20 pm) (Fig. 53). Similar to the first
layer with the exception of the photoresist (SU-8 2015), the
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Fig. 5 Fabrication steps for the MEMS switch
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Table 1 Electroforming solution and process conditions

Electroforming solution Nickel sulfamate (550 g/l)

Nickel chloride (10 g/1)

Boric acid (35 g/)

Sodium dodecyl sulfate (0.1-0.15 g/1)
Current density (10-20 mA cm™?)
Temperature (50 °C)

Duty cycle (2:10)

Process conditions

Electrify m

!

odule

Lromn

Fig. 6 SEM picture of the MEMS acceleration switch

second metal layer about 20pmis electroformed on the first
layer (Fig. 54). A 200 nm Cu seed layer is sputtered by a
sputtering system (JS3X-808) for the suspended structures
in the following layer. Then the structures in the third layer
(80 pm) are fabricated by using the similar process as the
first layer (Fig. 55). By repeating several same steps, the
next several layers can be built orderly [Fig. 5(6-8)]. To
reduce the internal stress, the device has been put into a
vacuum coating equipment (ZZS400, 380 °C for 2 h) for
annealing. Finally, the device is treated with boiled inor-
ganic acid to dissolve SU-8. The dual-threshold accel-
eration switch can be obtained eventually (Fig. 59) at the
end of the process. The fabricating processes have been
successfully done in the Micro-system Lab at Dalian Uni-
versity of Technology. The SEM picture of the multilayer
nickel acceleration switch is shown in Fig. 6.

The electroforming solution for preparing samples and
process conditions are shown in Table 1.

As shown in Fig. 6, the MEMS acceleration switch con-
sists of two parts: dynamic module and electrify module.
When a suitable acceleration is applied on this switch, the
dynamic module will move towards in the sensitive direc-
tion to trigger the electrify module for energizing the cir-
cuit. The electrify module consists of two arc-shaped elec-
trodes to increase contact area, but they could be viewed as
two flats due to their curvatures are much larger than the
summit radiuses of the asperities.

3.2 Experimental set-up
3.2.1 Main parameters measurements

As indicated previously, the contact resistance is deter-
mined by the expected total contact area A, expected total
load P, the electron mean free path A, the conductivity K,
and the asperity summit radius r. On the other hand, the
corresponding topographic parameters are obtained via true
color confocal microscope (Carl Zeiss: Axio CSM 700).

3.2.2 Contact resistance measurements

Three requirements should be fulfilled before the measure-
ments start (Nikoli¢ and Allen 1999; Yunus et al. 2009) as
follows:

1. The bulk resistance of the sample should be measured
precisely.

2. The contact surface should be cleaned to evaluate the
contact resistance accurately.

3. The experimental apparatus should be maintained at
room temperature of ~25°C to prevent the thermal drift
from affecting the results.

To determine the relationship between the contact resist-
ance and load, an experimental set-up includes a micro-
scope, a micro-control servo system, a computer and a volt-
meter has been set up. The schematic layout and test set-up
are shown in Fig. 7.

As shown in Fig. 7, the contact resistance R, was meas-
ured by external circuit and the movement of the electrode
can be controlled by the micro-control servo system. An
insulating layer was set between two electrodes to reduce
the interference from the tip. A high precision voltmeter
was used to measure the voltage across the sample. The Tip
2 is fixed and Tip 1 moves uniformly to control the defor-
mation between two electrodes.

The contact between two rough surfaces could be
elastic, elastic—plastic, and full plastic. The relationship

Fig. 7 Schematic diagram and test set-up of R, measurement
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between the load and deformation varies in different
regimes (Geisse 2009). For the elastic regime, the contact
load, P,;, for w < w,, is given by (Geisse 2009; Jackson and

Green 2005)

4 ’ 1 3 w %
Py=|=)E@?2w2 =P —
3 We

where w, and P, are critical deformation and critical load
separately. For the elastic—plastic regime 1 < % < 6 and
6 < W% < 110, the empirical expressions are (Greenwood
and Tripp 1970)

(14

w 1.425 w
Pel—pl =P, 103 — 1<—<6 (15a)
We We
w 1.263 w
Pelfpl =P.140( — 6<— <110
we we (15b)

For the fully plastic regime, the plastic contact load, P,
is given by (Greenwood and Tripp 1970)

w w
Py =P, 4.6<> ( > 110>
We We

By submitting Egs. (14), (15a, 15b) and (16) into
Egs. (11) and (13a), three groups of different resistance
values can be derived in three regimes. The relationships
between load and resistance are shown in Fig. 10. Simulta-
neously, the load was held for 20 s to determine the average
peak resistance. The test should be repeated for several times
to understand the cyclic changes of the contact resistance.

(16)

4 Results
4.1 Topographic and material properties

The contact performance between two solids is mainly related
to three material properties (elastic modulus, Poisson’s ratio
and hardness) and three topographic properties (number of
asperity, asperity summit radius and standard deviation of
their height distribution). Figure 8 shows the confocal micro-
scope image of the electroforming nickel surface.

From Fig. 8, the asperity density, asperity summit radius
and standard deviation of asperity height can be calculated.
The asperities in a certain area (1452.793 umz) have been
counted and analyzed. Figure 9 shows the distribution of
asperity height.

As shown in Fig. 9, the asperity height can be fitted
by the Gaussian distribution, with the standard deviation
of 0 = 0.00604 pwm. The total number of asperity within
this area is N; ~ 910. Therefore within the contact area
between two arc-shaped electrodes, the total number of
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Fig. 8 Confocal microscope image of electroforming nickel surface
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Fig. 9 Distribution of asperity height

asperity is N & 26,703. In addition, the asperity summit
radius is found to be r = 0.2 wm. The distance between
two reference planes is approximately [ = 0.01-0.021 pm
(Greenwood and Tripp 1970). The mechanical properties
are taken to be elastic modulus £ = 181.5 GPa (Li et al.
2010) and Poisson’s ratio v = 0.312 (Son et al. 2005).
The electron mean free path is A = 0.455 nm (Maj-
jad et al. 1999) and conductivity is K = 1.43 x 10’ S/m
(Tanuma et al. 2011). Due to A is much smaller than a in
our device, so its contact resistance can be evaluated by
Eq. (13a). Thus, the theoretical relationship between con-
tact resistance and load can be derived from Egs. (11) and
(13a). There is no explicit relationship between the two
equations, and the resistance-load characteristics will be
derived in Fig. 10 in next section.

4.2 Contact resistance-load characteristics

The bulk resistance is about 1.1 §2 before measuring the
contact resistance. Thus, the contact resistance is the dif-
ference between the total resistance and bulk resistance.
Figure 10 shows a comparison between the theoretical
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Fig. 10 Comparison between theoretical value (three different
regimes) and experimental results

predictions and the experimental results of contact resist-
ance-load characteristics.

Figure 10 presents the relationships between contact
resistance R and load P which come from the theoretical
predictions (in three regimes: elastic, elastic—plastic and
plastic) and experimental results. The contact resistance
decrease as load increases in four cases due to the corre-
sponding increase of the real contact area and the improve-
ment of transfer of electrons. For elastic regime, the con-
tact resistance value is the largest when applying a small
load, but it decreases rapidly as increasing the load and it
would be the smallest in three regimes. Therefore, a small-
est contact resistance would be obtained using a purely
elastic contact model. For elastic—plastic regime, the cor-
responding contact resistance is a little larger than that in
the elastic regime and the discrepancy between them is not
significant. For plastic regime, the contact resistance value
is the largest among three regimes except when the load is
small. In addition, the decreasing rate is smaller than that
in other two regimes. As shown in Fig. 10, when applying
a small load, the corresponding deformation of the asperity
is relatively smaller, thus, the elastic contact model should
be introduced to improve the accuracy. Similarly, the plas-
tic contact model should be used with increasing load. As
we shown, the theoretical prediction of contact resistance-
load characteristics correlates well with the experimental
results. The possible reasons for this discrepancy between
them could be as follows:

1. Contamination such as an insulating film (Macklen
1986) on the surface increases the contact resistance;

2. The radiuses of all asperity summits are not ideally
identical as assumed in the theoretical model;

3. The reference plane is not ideally flat as assumed in the
theoretical model,

4. The errors may come from test systems, external envi-
ronmental conditions and other material parameters, etc.

5 Conclusion

The contact performance of the rough MEMS accelera-
tion switch fabricated by UV-LIGA technology has been
analyzed by using an expanded micro-contact resistance
model. Three different contact resistance models depend-
ing on the relationship of contact radius and electron mean
free path have been analyzed. The material properties (elas-
tic modulus E, hardness H and Poisson’s ratio v) as well
as surface topographic parameters (asperity summit radius
r, standard deviation of height distribution o and the sur-
face density of asperity) have been studied to evaluate the
contact resistance-load characteristics. The theoretical pre-
diction of contact resistance-load characteristics correlates
well with the experimental results, although there exists
experimental discrepancy due to the contaminations, errors
from assumptions, surface oxidation and external environ-
mental conditions.
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