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Abstract RF MEMS (Radio Frequency Micro Electro
Mechanical System) switches are promising devices but
their gold-on-gold contacts, assimilated for this study to a
sphere/plane contact, represent a major reliability issue.
A first step toward understanding failure mechanisms is to
investigate the contact metal microstructure evolution
under static and cyclic loading. After static and cyclic
loading of sputtered gold thin films under spherical
indentation, high-resolution Electron Back Scatter Dif-
fraction (EBSD) is used to investigate the contact area.
Grain rotation against {111} fiber texture of 1-pm-thick
sputtered gold thin film is a signature of plastic deforma-
tion. Grain rotation is observed above 1.6 mN under static
loading using a spherical diamond indenter with 50-pm tip
radius. The heterogeneity in grain rotation observed cor-
responds to a greater plastic deformation in the middle of
the indent than at the edge. A 30° grain rotation due to
cyclic work hardening is observed for a half-million
mechanical cycles under 300 uN load using a spherical
gold tip (20 um radius). The same test in hot switching
mode induces a grain growth in the contact area. Therefore,
thermal effects occurring during hot switching are
underlined.
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Introduction

To keep up with the wide spectrum of telecommunication
standards and demands of communicating objects, trans-
ceiver systems will be dynamically reconfigurable. The
most common possibility by far consists in a switching
matrix to direct the signal through a dedicated block. For
that possibility, the Micro Electro Mechanical Systems
(MEMS) switch is an attractive alternative to traditional
FET (Field Effect Transistor) or p-i-n diode switches in
applications where microsecond-switching speed is suffi-
cient. A MEMS switch is composed of a mobile part (bridge
or beam) and a contact area of a few um? (flat or spherical
bump) separated by an air gap (Fig. 1). The mechanical
movement obtained using electrostatic, magnetostatic, pie-
zoelectric, or thermal actuation is necessary to close the
switch. These components show much lower insertion loss
and higher isolation than their competitors [1].

Recent works on contact switch reliability revealed two
primary failure mechanisms during cycling, which are con-
tact resistance increase and stiction [2, 3]. Those mechanical
degradations of contact are linked to contact material prop-
erties. Practically, gold is selected as the contact material due
to low resistivity and low sensitivity to oxidation. However,
gold’s relative low hardness and low softening temperature
seem to be the origin of contact degradation [2, 3].

To solve this problem, several studies are dedicated to
alternative contact materials [2—4]. Preference is given to
gold alloyed with platinum-group metals. Significant
results are obtained showing sevenfold lifetime increases
[3]. But the same failure mechanisms occur, so the mor-
phology integrity is investigated to understand which
mechanisms are at the origin of contact degradation. Yan
et al. [5] demonstrate that the degradation area increases
along with the increase in current intensity (from 70 to
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Fig. 1 Apparatus dedicated to cyclic loading test

350 mA). Also, the degradation area increases under
mechanical cycling at a force of 200 uN as a function of
the number of cycles, and is linked to an increase in contact
resistance [6]. Gregori [7] investigates the deformation in
the contact area and shows that partial flattening of
asperities and pile-up formation occurs with actuation.
Curvature radius of asperities and mechanical properties
(elasticity and hardness) of material are major parameters
of adhesion force [8], and the evolution of adhesion force
could explain stiction mode of failure.

In this study, after static and cyclic loading of sputtered
gold thin films under spherical indentation, high-resolution
Electron Back Scatter Diffraction (EBSD) is used to
investigate microstructural changes in the contact area.
Complementary Atomic Force Microscopy (AFM) topog-
raphy characterization (pile-up, indent diameter, asperity
curvature radius) of the contact area is performed. Local-
ized nanoindentation measurement of hardness evolution
linked to observed structural changes is also performed.

Sample description

The sample consists of the following sputtered thin film
stack deposited on a silicon substrate: 1 pm of gold/50 nm
tungsten nitride diffusion barrier/20 nm tungsten adhesion
layer. The rms roughness of the investigated gold surface is
5 nm. The average peak-to-valley is 35 nm. The average
curvature radius of asperities on gold thin film is 240 nm.

Recent studies [9] have demonstrated the maturity of
EBSD in field emission scanning electron microscope
(FEGSEM). High spatial resolution as small as 10 nm is
reached. Penetration depth into gold thin films is around
10 nm. Crystallographic texture and grain boundary rota-
tion of surface are determined and quantified. A strong
{111} fiber texture normal to the gold surface is exhibited
with an average 90-nm grain size.

A Nanoindenter XP from MTS instruments was used to
determine mechanical properties of the gold thin film using
the dynamic contact module (DCM) option and a Berkovich
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indenter tip. The continuous stiffness measurement (CSM)
technique allows the measurement of dynamic stiffness
continuously throughout the loading segment by superim-
posing a small dynamic oscillating displacement to the
quasi-static force by means of a frequency-specific amplifier.
The oscillation displacement was 1 nm, the frequency was
50 Hz and the strain rate was constant (0.05 s~ ). The area
function of the Berkovich tip was obtained by the indenta-
tions on fused silica in the range of 10-300 nm indentation
depth, i.e., displacement as suggested by [10].

Mechanical solicitations

In this study, ten static loads ranging from 50 uN up to
130 mN are applied on the gold thin film at different loca-
tions, using the nanoindenter with a spherical diamond tip of
50 pm radius in order to be representative of micro-switch
contact pressure (Table 3). These experiments proceed as
follow: after surface contact, the load increases with a con-
stant strain rate (0.05 s'). The targeted load is applied
during 1 s, then unload occurs at the same strain rate.

To perform mechanical cycling in the same pressure
range, an apparatus developed by Vincent [11] is used for
endurance testing in both hot and cold switching mode
under constant voltage. In cold switching mode, the voltage
between the probe and the gold film is only applied when
the switch is closed, while the voltage is always applied in
hot switching mode, leading to closure, and opening elec-
trical effects. This apparatus is constituted by a commercial
ferromagnetic reed blade (flexible beam) where the sample
is glued and put into contact with a 20-pum curvature radius
gold probe using a piezoelectric actuator that has a dis-
placement resolution of 10 nm, as shown in Fig. 1. The
applied load is measured using a strain gage force sensor
with 20 pN resolution. After first contact and load adjust-
ment, an electromagnet located above the ferromagnetic
beam is used for cyclic contact opening/closing actuation
under sinusoidal excitation. Load, switching frequency,
voltage, and current compliance are, respectively, fixed to
300 pN, 10 Hz, 5 V, and 1 mA (Table 2).

In order to have a comparison criterion between the
mechanical solicitations under static loading, cyclic load-
ing and a real micro-switch, the equivalent average contact
pressure (P.q) corresponding to the applied load F is
introduced and calculated from Hertz equation for a sphere/
plane elastic contact (Eq. 1).

1 (4E\ >
Pa—(f) P 1)

T

E.q and R are, respectively, the effective elastic modulus
and curvature radius of the indenter tip. The former is
related to material properties by the following relationship:
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E and v are Young’s modulus and Poisson’s ratio,
subscripts f and i corresponding, respectively, to the film
and to the indenter tip. Young’s modulus and Poisson’s ratio
value for the gold thin film are E; = 80 GPa (experimental)
and v, = 0.44. Table 1 shows the calculated effective elastic
modulus for the different spherical indenter types.

In the following part of the article, the hertzian equiv-
alent average contact pressure is always used. Load applied
in a micro switch is about 10 pN. Therefore, for a contact
bump curvature radius of 10 pm, the MEMS switch pres-
sure is around 240 MPa. Endurance cycling experiments
are carried out at 470 MPa (Table 2). On different test
areas, 26 thousand cycles are performed in hot switching
mode and a half-million cycles are performed in cold
switching mode (Table 2).

Static loads applied by spherical indentation are sum-
marized in Table 3. The range of MEMS switch pressure is
investigated at low loads. At high loads, pressures above
1 GPa allow a high degradation analysis, but obviously do
not correspond to the real applied pressure because of
contact plastic deformation and substrate effect.

Static loading analysis

The geometry of the residual indent mark that is created
under static loading by the spherical indenter tip (Table 3)
at the contact location is determined by AFM

Table 1 Young’s modulus, Poisson’s ratio, and radii of different
indenter types and their effective elastic modulus

E; (GPa) v R (um) E.q (GPa)
Gold-on-gold micro-switch 80 044 ~10 49.6
Spherical indenter (static) 1140 0.07 50 91.3
Spherical gold probe (cyclic) 80 0.44 20 49.6

Table 2 Cyclic loading, calculated pressure, and number of cycles of
tests performed

Cycling Hot switching Cold switching
conditions (5V,1mA, 10 Hz) (5V,1mA, 10 Hz)
Cyclic loading (mN) 0.3 0.3

Pressure (MPa) 470 470

Number of cycles 26,000 500,000

measurement. The diameter and depth of spherical indent
and pile-up height are defined in Fig. 2. The indent depth
(h) is defined as the difference between reference plane and
bottom of indent. The pile-up height (s) is defined as the
difference between top of pile-up and reference plane.
A gaussian filter is used to remove the short wavelength
components as shown in Fig. 2. The diameter of the
residual imprint obtained during indentation increases with
applied pressure (Fig. 3). It is observed that this increase in
diameter follows the classic plastic model [12], where the
hardness equals the ratio between the load and the pro-
jected contact area, such that the hardness equals 0.92 GPa
to be compared with hardness measured by standard nan-
oindentation using a berkovitch tip (cf §2). In Fig. 3, the
experimental data are represented by points and the plastic
model, by a red line.

Experimentally, indent marks created under pressures
lower than 400 MPa (or 335 uN) are difficult to quantify
by AFM measurement. Only some asperities are partially
hammered. The limit of detection corresponds to Tabor
condition, where plastic deformation starts over the third
part of hardness. Around 500 MPa (or 650 uN), the
roughness in the center of indent is around 4 nm and close
to the gold thin film value of 5 nm (Fig. 4). When the
pressure increases above 500 MPa (or 650 uN), the
roughness decreases drastically to less than 2 nm due to
plastic deformation. Before solicitation, the average cur-
vature radius of asperities on gold thin film is around
240 nm. Above 500 MPa (or 650 pN) of applied pressure,
the average curvature radius of the asperities in the middle
of the indent is 850 nm, showing huge plastic deformation
of asperity summits added to global plastic deformation.
The same evolution of the roughness and of the curvature
radius of asperity after twelve million cycles under 180 uN
in [7] is found, corresponding to an increasing propensity
for permanent adhesion.

The pile-up formation is observed above 650 puN, cor-
responding to 500 MPa (Fig. 5). The ratio (s/h) of pile-up
height on indent depth increases from 0 to 0.5 with pressure
applied. This is due to the transition from purely elastic
deformation at low pressure to plastically dominated
behavior at high pressure [13]. The pile-up is a signature of
thin-film global plastic deformation.

The previous indents, already analyzed by AFM, are
investigated by EBSD characterization as shown Fig. 6.
Comparison of both images demonstrates the one-to-one
equivalency between topographic asperities with the grain
shapes observed by EBSD. As previously shown, gold thin

Table 3 Static loads and calculated pressures applied by spherical diamond indentation (radius 50 pm)

Static loading (mN) 0.05 0.22 0.55 1
Pressure (MPa) 210 350 470 580

1.6 7 18 37 73 130
670 1100 1500 1920 2410 2920
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Fig. 2 Typical AFM profile of one of the indent imprint created
during indentation
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Fig. 3 Diameter (m) versus equivalent pressure (Pa) and applied load
(N) of spherical indentation (50 pm tip radius) in gold thin film

film has a strong {111} fiber texture. The grain circled in
Fig. 6 at the middle of the indent mark obtained under a
1.6 mN static load suffers 10° of rotation in comparison to
the {111} initial fiber texture. Only grains in the middle of
indent present a rotation. Observed deformation is there-
fore heterogeneous. To determine average grain rotation as
a function of average pressure, a 1 x 1 pm? area is ana-
lyzed for each indent. No grain size modification is
observed on any indent. Rotation angle of grains increases
with pressure above 500 MPa (Fig. 5). This rotation
reaches 21° under an equivalent pressure of 3 GPa (or
130 mN). Both the ratio (s/h) between pile-up height and
indent depth and the grain rotation follow the same evo-
lution with applied pressure, and are representative of the
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Fig. 4 Root mean square roughness (nm) in the middle of the indent
mark versus applied pressure (Pa) and load (N) after static loading
spherical indentation
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Fig. 5 Ratio s/h between height of pile-up and indent depth, and
grain rotation relative to {111} fiber texture as a function of
equivalent average contact pressure (Pa) and applied load (N) of
spherical indentation (50 pum radius) in the gold thin film

level of plastic deformation (Fig.5). These rotations
induce the {111} fiber texture degradation. The central spot
and external fringe on the {111} pole figure are larger. In
extreme cases, the central spot transforms into a circle.
This type of crystallographic texture deformation is also
observed on polycrystals under uniaxial compression [14].
This grain reorientation can be predicted by a Taylor-type
model of crystalline plasticity [14].

This demonstrates that EBSD analysis provides precious
information on plastic deformation level. Therefore, this
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31.5nm

0.0 nm

Fig. 6 2 x 2 um® AFM flattened top view (a), EBSD band contrast
map (b), and crystallographic orientations (¢) of indent mark at
1.6 mN static load. EBSD maps have a size of 2 x 2 pm?® with a step

characterization technique will be applied on cyclic loading
contact areas with interest.

Cyclic loading mode analysis

A half-million cold switching cycles are performed as
detailed in Table 2. The setup of this experiment needs a
first contact approach with the piezoelectric actuator. This
first contact force is around 1 mN and induces a grain
rotation of 10° (Fig. 7c). After the approach, mechanical
cycling under a 300 uN (or 470 MPa) load is performed by
the sinusoidal signal sent to the electromagnet. A grain
rotation of 30° is observed after a half million cycles. This
is due to cumulative plastic deformation. The grain rotation
obtained is higher than under 3 GPa (or 130 mN) static
loading equivalent contact pressure. The {111} pole figure
obtained has a strong crystallographic texture and is

Fig. 7 {111} pole figure of (a)
initial gold thin film (a), after a oy
73 mN static loading (b), after
half-million cold switching
cycles under 300 puN (c), and
after 26 thousand hot switching
cycles under 300 uN (d)

Half width: 3"
Cluster size:3°
Exp. densities [mud):
Min= 0,00, Max=52,85

Half wadth:3*
Cluster size:3"
Exp. densities (rud]:
Min= 0.00, Max= 356

om m

of 10 nm (around 75% of points are indexed). Circled grain shows a
10° rotation due to contact

slightly different from static loads. First, contact approach
induces a shift of the {111} texture fiber. Then, mechanical
cycling induces a larger central spot and external fringe on
the {111} pole figure.

The same test is performed in hot switching mode. Grain
boundary rotation obtained for 26,000 hot switching cycles
is around 25°, i.e., of the same order as after a half-million-
cycle cold switching experiment. Moreover, the resulting
crystallographic texture of the contact area is extremely
different from previous tests. A strong degradation of the
{111} fiber texture is observed but no particular orientation
is predominant (Fig. 7d). The grain size has increased in
contact area, as shown in Fig. 8. The average grain size is
around 250 nm, whereas initial average grain size of gold
thin film is around 90 nm. Thermal energy produced during
by hot switching (arcing or melting) induces an abnormal
recrystallization. The grain size increase and the resulting
crystallographic texture differ from previous solicitations

(b)

Half width: 3"
Cluster size:3"
Exp. densities [rud)
Min= 0.00, Max=53.83
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Fig. 8 Scanning electron
microscopy image (a) and
EBSD map (b) of 26 thousand
hot switching cycles contact
area under 300 puN load. EBSD
map have a size of

20 x 20 um? with a step of
100 nm (52% of points are
indexed)

and is the expression of a different mechanism of
degradation.

A single nano-indentation in the cold and hot switching
degradation area is performed to investigate the hardness
(Fig. 9). These measurements are compared to the average
of 64 indentations conducted on gold thin film and pre-
sented in Fig. 9. At a depth of 150 nm, the hardness of the
gold thin film is 1.6 GPa. On an area subjected to a half-
million quasi cold switching cycles at 150 nm of depth, the
measured hardness increases by 12% compared to the
initial gold thin film. No grain size modification was
observed on an area subjected to a half-million quasi cold
switching cycles. This increased hardness could be due to
surface strain hardening. On an area subjected to 26,000
hot switching cycle at a depth of 150 nm, the measured
hardness decreases by 22% compared to the initial gold
thin film. This decrease in hardness could correspond to the
Hall-Petch effect described by the following relation:

H=H, +Kuyd " (3)

where H, and Ky are experimental constants and d is the
average grain size (Eq. 3). More experiments in hot
switching mode should be addressed to use this relation. A

3,0 L ' - r 1 T T
JI m Average of 64 indents in gold thin film

1 * Single indentation in cold switching area

A Single indentation in hot switching area

2,5

HARDNESS (GPa)

1o+— 7T T T T
0 50 100 150 200 250 300 350 400 450

Indent depth (nm)

Fig. 9 Gold thin film hardness measurement as a function of depth
before and after contact loading
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Fig. 10 Measured hardness versus grain size

comparison with the results obtained in Cao study [15]
concerning the decrease of gold hardness with grain size is
presented in Fig. 10.

Conclusions

This study demonstrates the interest of EBSD analysis for
micro-switch reliability study. The authors have high-
lighted the following points:

e The {111} pole figure evolution shows grain rotation
due to plastic deformation, with good correlation with
pile-up intensity.

e The {111} pole figure gives information about the type
of solicitation: compression.

e The grain size determined by EBSD leads to the
confirmation that thermal events occurring during hot
switching are strong enough to concern the grain
volume and to induce grain growth.

e The hardness measurements are coherent with the
microstructural evolution observed by EBSD.

Other points should be addressed to improve EBSD
analysis and will be implemented in further studies. A
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crystallographic plastic model can be used to predict
microstructural evolution. The same type of analysis will
be performed on the contact area of a real micro switch,
and then EBSD analysis should be performed on the con-
tact area cross-section.
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