ABSTRACT
YANG, ZHENYIN. Contact Material Optimization and Contact Physics in Metal-contact
Microelectromechanical Systems (MEMS) Switches. (Under the direction of Dr. Angus I.
Kingon).

Metal-contact MEMS switches hold great promise for implementing agile radio
frequency (RF) systems because of their small size, low fabrication cost, low power
consumption, wide operational band, excellent isolation and exceptionally low signal
insertion loss. Gold is often utilized as a contact material for metal-contact MEMS switches
due to its excellent electrical conductivity and corrosion resistance. However contact wear
and stiction are the two major failure modes for these switches due to its material softness
and high surface adhesion energy. To strengthen the contact material, pure gold was alloyed
with other metal elements. We designed and constructed a new micro-contacting test facility
that closely mimic the typical MEMS operation and utilized this facility to efficiently
evaluate optimized contact materials. Au-Ni binary alloy system as the candidate contact
material for MEMS switches was systematically investigated. A correlation between contact
material properties (etc. microstructure, micro-hardness, electrical resistivity, topology,
surface structures and composition) and micro-contacting performance was established. It
was demonstrated nano-scale graded two-phase Au-Ni film could possibly yield an improved
device performance.

Gold micro-contact degradation mechanisms were also systematically investigated by
running the MEMS switching tests under a wide range of test conditions. According to our
quantitative failure analysis, field evaporation could be the dominant failure mode for high-
field (> critical threshold field) hot switching; transient thermal-assisted wear could be the

dominant failure mode for low-field hot switching; on the other hand, pure mechanical wear



and steady current heating ( 1 mA) caused much less contact degradation in cold switching
tests. Results from low-force (50 uN/ micro-contact), low current (0.1 mA) tests on real
MEMS switches indicated that continuous adsorbed films from ambient air could degrade the
switch contact resistance.

Our work also contributes to the field of general nano-science and technology by
resolving the transfer directionality of field evaporation of gold in atomic force microscope

(AFM) /scanning tunneling microscope (STM).
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CHAPTER 1 Introduction



1.1 Applications of Microelectromechanical (MEMS) Switches

Since the first MEMS switch was specially designed for microwave applications in the
early 90s [1], this technology has developed to the point that the devices are currently in
small-scale production. Typical MEMS switches are micron-scale switching devices.
Because of their low fabrication cost, low power consumption, wide operational band and
exceptional switching performance, MEMS switching technology holds great promise for
implementing agile radio frequency (RF) systems [2-10].

RF MEMS switches are currently being shipped or are in development for a very wide
spectrum of applications, from high-value niches such as satellites to mobile phones. Four
major application fields have been identified: test equipment, telecom infrastructures,
aerospace and defense and mobile phones. A projection for the growth of RF MEMS switch
market is shown in Figure 1 [11]. As can be seen in the figure, automated test equipment
(ATE) is the first, also the largest commercial application for RF switches. MEMS switches
can replace conventional relays with changing the system configurations. Major ATE
system suppliers such as Agilent are currently evaluating or have started implementation of
MEMS in their systems.

With respected to the telecom infrastructure application, MEMS switches are projected
to be implemented in wire-line telecom switching matrices early in 2008. The potential
applications for defense have historically driven the development of MEMS switches in US.
The volume application will be phased arrays antennas for communication and radars e.g.
for missiles, helicopters, aircrafts, drones, ships and so forth. Power amplifier (PA) and

antenna module are believed to be the two fields that MEMS switches (particularly



capacitive-type switches) might beat CMOS switches for mobile phone applications in the

future.

RF MEMS switch market forecast
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FIG. 1: RF MEMS switch market forecast [11]

1.2 Issues with Metal Contact MEMS Switches

This thesis focuses on the issues that related to the degradation of metal contacts during
switch cycling operation since switch performance is directly tied to the reliability and
quality of the metal-contacts. Gold is often utilized as a contact material for metal-contact
MEMS switches due to its excellent electrical conductivity and corrosion resistance. Gold-
contact switches have been shown to achieve >10° cycles under appropriate operating
conditions (etc. low current, optimum contact force, dry nitrogen environment and ‘cold
switching’) [7, 12]. ‘Cold switching’ refers to switch operation under conditions in which
there is no field across the contacts as the switch opens or closes). However, there is a strong

desire to significantly broaden the range of conditions under which a given switch would



operate. For example, Manufacturers of RF instrumentation equipment, i.e. network
analyzers, spectrum analyzers and oscilloscopes like Agilent, Rhode & Schwarz and
Tektronix are evaluating MEMS switches and would implement them in their RF
equipments. However, power handling issues must be solved prior to implementation in RF
instruments since hot switching is required, contrary to ATE. Here, ‘hot switching’ is defined
as switch cycling with a signal or potential difference across the electric contacts.

One approach to the problem is to investigate alternative contact materials, and a few
have been investigated [13-14]. However, there are some serious impediments to the broad
investigation of alternative contact materials. In general, convenient contact wear test
facilities do not closely mimic real contact switches. In particular, the tests have difficulty
duplicating the switch geometry, the contact geometry, and the contact force. Contact
geometry has a strong influence on the heat distribution across the contacts, and thus the
switch performance and failure mechanism [15-16].

One clear alternative is to test candidate materials on actual MEMS switches, and such
studies have been reported by researchers from universities and industry [7,17, 18, 19]. But
the approach has a serious difficulty: the switches are fabricated in Si foundries, and only a
limited range of materials may enter the fabrication facility. Secondly, the fabrication process
must be optimized for each material, and it may take many months to fabricate a set of
switches to test a single candidate contact material. Materials compatibility and process
integration issues must be addressed in advance for every material to be tested. These factors
have severely limited the range of contact materials that have been investigated for MEMS

switches. If progress is to occur, the testing and development of alternative contact materials



must be more efficient while remaining representative of the typical device operation. In this
manner the material comparison and failure analysis data can be collected consistently and
efficiently.

Researchers have been investigating the degradation mechanisms of metal micro-
contacts in MEMS switches (reviewed in Chapter 2). However these highly-scattered failure
characterization results are contingent on different devices and test conditions therefore, are
not yet able to provide a systematic and quantitative overview of different degradation modes
in MEMS switches. A comprehensive understanding of the switch failure mechanisms has
not been achieved due to the absence of a systematic study of micro-contact degradation
modes and quantitative failure characterization, For example, failure analysis for hot
switching failure is particularly difficult because the degradation process can be complicated
by several possible modes such as arcing, transient current heating, static current heating and
mechanical wear. Additionally, dramatic failure observed under a non-arc condition has not
been clearly understood [20]. Research on contact degradation for MEMS switches has been

driven by the urge of developing high-reliable MEMS switches.

1.3 Brief Summary of Our Work

In our study, we designed the micro-contacting test facility that closely mimics the
typical MEMS operation and utilize this facility to efficiently evaluate different candidate
contact materials for MEMS switches. Using this facility, a binary gold alloy system- AuNi
was systematically studied (etc. chemical composition, micro-structure, surface conditions)

for the MEMS contact material application. Micro-contact degradation under a set of



different test conditions (etc. high-voltage hot-switching, low voltage hot-switching, DC
switching, AC switching, mediate-force cold switching, low-force cold switching) has been
also systematically studied. Through our work, a better correlation between material
properties and micro-contacting performance is established and an improved understanding
of micro-contact degradation is achieved.
This document is comprised of eight chapters. Chapter one briefly introduces the topic
of RF MEMS metal contact switches and the focus of this thesis. Chapter two is a
comprehensive review of metal contact micro-switches and the related material topics.
Nano- and atomic scale material transfer theories are also reviewed because our work also
directly contributes to this general nano-science field. Chapter three summaries the
approaches we used to fabricate, characterize and test our candidate contact materials. The
design and construction of our unique test facility is described in details. Chapter four, five
present our work on gold and Au-Ni alloy system in format of research papers. Chapter six
addresses micro-contact degradation in MEMS switches under non-arc hot-switching
conditions. Chapter seven focuses on resolving the directionality of field evaporation for
gold. Chapter eight presents our work of cold switching tests. An overview of failure

mechanisms is also given in this chapter.
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CHAPTER 2 LITERATURE REVIEW



2.1 Desires for MEMS Switch Technology

In modern microelectronics, to switch between the electrical ‘on’ and ‘off” states, solid
state devices (etc. transistors and diodes) utilize voltage potential to modulate the carrier
concentration in semiconductors. Conductivity modulation through the same channel
(normally crystalline silicon material) poses some performance limitations on signal insertion
loss, cut-off frequency and isolation for this technology. MEMS switch technology was
developed with the intention to achieve improved device performance beyond these
limitations by adding micro-mechanical movement into microelectronics. In MEMS devices,
electrical ‘on’ and ‘off” states are mechanically switched.

Among all the actuation modes, electrostatic actuation is the most prevalent technique
because of the following reasons: there is no DC current involved in the actuation process,
therefore virtually no DC power is consumed; the actuation electrodes are normally
lithographically defined using standard micro-fabrication procedures, therefore they have
small size and are compatible with IC fabrication; the switching speed ranges from 1 to 200
pus and is much higher than thermal or magneto-static actuation. Table 1.1 shows a
performance comparison of FETs, PIN Diode and RF Electrostatic switches. MEMS
switches outperform semiconductor switches in the areas of power consumption, serial
resistance (on-state resistance), cut-off frequency, isolation and signal insertion loss. For
metal-contact MEMS switches, a high-quality, reliable metal-metal contact is directly tied to

low serial resistance, high cut-off frequency and low signal insertion loss.
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Table 1: Performance comparison of FETs, PIN Diode and RF MEMS Electrostatic
Switches [6]

Parameter RF MEMS PIN FET
Actuation Voltage (V) 20-80 3-5 3-5
Current (mA) 0 3-20 0
Power consumption® (mw) 0.05-0.1 5-100 0.05-0.1
Switching time 1-200 ps 1-100 ns 1-100 ns
Cyp (series) (fF) 1-6 40-80 70-140
R, (Series) () 0.5-2 2-4 4-6
Cutoff frequency (THz) 20-80 14 0.5-2
Isolation (1-10 GHz) Very high High Medium
Isolation (10-40 GHz) Very high Medium Low
Isolation (60-100 GHz) High Medium None
Loss (1-100 GHz) (dB) 0.05-0.2 0.3-1.2 04-2.5
Power handing (W) <1 <10 <10

* Includes voltage up-converter or drive circuitry

Comparing to macro-size electromechanical switches, MEMS switches share the same
advantages of having a low-resistance metal contact and high open-contact isolation. But
they can be more easily implemented with planar RF circuitry because of their planar
fabrication processes. Another drawback of implementing macro-size switches is that they
have relatively slow switching speeds (2- 15 ms), which is a few orders of magnitude higher

than MEMS switches.

2.2 Categorization and fabrication of RF MEMS switches

There are two classes of RF MEMS switches: capacitive switches and metal-contact
switches. Capacitive switches are typically used as shunt switches while metal-contact
switches are used as series switches in RF circuits. Shunt switch refers to the switch placed

between the signal line and the ground. Serial switch refers to the switch placed between two
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transmission lines to switch the signal path. For metal-contact switches, the signal is
conducted through metal contacts and the applicable signal frequency ranges from DC to 60
GHz. For capacitive switches, the contact is made between the metal and dielectric material.
This type of switch utilizes the capacitance modulation to vary signal impedance during
switching operation. In the shunt configuration the switch-open state passes RF signal while
the switch-close state shorts the signal to ground. Therefore, its applicable signal frequency
ranges from 6 GHz to 120 GHz. Our work focuses on metal contact MEMS switches.

RF MEMS switches are typically fabricated using low-temperature processes and are
therefore compatible with post-CMOS, SiGe and GaAs integration. Most of them are surface
micro-machined and can even be integrated on glass, quartz and polished ceramic substrates.
Motorola has demonstrated an integrated RF MEMS switch chip with high voltage charge
pump and control logic CMOS in a single package. Extensive use of the this type of
integration is expected to meet the future demand of high frequency wireless applications
because it can provide the faster switching speed, 3 volt compatibility and reliability [1].
Integration of MEMS switches with GaAs FETs (amplifiers) has also been demonstrated by a
few groups such as NTT DoCoMo Inc. and Rockwell scientific [2, 3]. A dual band amplifier
net-work with such integration is shown in figure 1 [2]. Nowadays, the manufacture of RF
MEMS switches has been mainly carried in highly specialized commercial foundries because
of the high diversified fabrication processes. Figure 2 shows the top ten MEMS foundries

and their revenues.
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FIG. 1: Schematic of the dual-band amplifier [2].
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FIG. 2: MEMS top 10 foundries [92].

Figure 3 shows an example of electrostatic, metal-contact MEMS switch [4]. The switch
is actuated by the electrostatic force between the two metal-pad electrodes. In order to
generate a force for switch actuation, these two metal-pads need to be charged by a DC

voltage, which is termed “actuation voltage”. When actuation voltage exceeds the threshold
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value, the upper micro-contacts are lowered by the electrostatic force to contact with the
bottom contacts, then signals can be transmitted through. When the metal-pad electrodes are
discharged, the switch is opened and the two transmission lines are disconnected. Several

important aspects of metal contact MEMS switches are review as following.

Gap 2 um Actuation
electrodes
O-S.Ijm Au B __r‘v__;ﬁ%L:
thick Contacts -
(each) ¥ 1

Cross Section of MEMS

FIG. 3: A schematic of the wiSpry metal contact MEMS switch [4].

2.3 Actuation Mechanics (Electrostatic Switches)

Contact mechanics describe how switch is actuated. For electrostatic switches, the

actuation process particularly includes the following steps.

Step 1: Charging of the metal electrode pads located on the upper MEMS cantilever and the
bottom substrate

Step 2: Generated electrostatic force brings the upper MEMS cantilever down to a point that
the upper micro-contacts make stable contact with the bottom contacts.

Step 3: The two metal electrode pads are discharged; without the electrostatic force,
restoring force of the upper MEMS cantilever raises the micro-contacts again.

In order to quantitatively analyze this process, beam deflection models, parallel plate
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capacitor models and contact force calculations needs to be carefully reviewed.

2.3.1 Cantilever Beam

Since the actuation is mainly realized by the deflection of the upper MEMS cantilever, we
assume that the cantilever behaves like a beam, as illustrated by Figure 4. The fixed end
is at x =0, a free end at x = I, and an intermediately placed external load (F,) is located at x =
a as point source [5, 6].

According to Shigley et al. [5], the maximum beam tip deflection with the intermediately

placed load is:
F a’
d= 6231 (3l —a) (1)
.
»
|
FQ’
e a4 > ‘.f

_______ ——g ¥ Fy
JAE d
.::.f;}" ¥

x =0 x =1

FIG. 4: Cantilever beam model with a fixed end at (x=0), a free end at (x=/), and an
intermediately placed external load, F,.

where, d is the maximum cantilever beam tip deflection, F, is the externally applied load, a is
the load position, / is the length of the beam, E is the elastic modulus, and /. is the area

moment of inertia about the z-axis, which can be defined as equation 2:
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where, ¢ is the beam’s thickness and w is the beam width.

In equation 1, all the inputs are determined by the beam properties except the external
load (F,) and the maximum cantilever beam tip deflection (d). Actually, if the defection is
relatively small, the relation of the force and the defection obeys Hookes’ law [5, 7].

F=kd 3)
The spring constant k for the beam shown in Figure 5 can be found by solving equation 1
for the applied force and substituting Equation 1 for area moment of inertia. It can be
expressed as:
Et’w
" 24°(3l-a) @

In our work, this beam model is used to estimate the contact force for the MEMS dynamic
switching tests (chapter 4). The calibrated contact force is about 150 uN /micro-contact (300
uN in total). An improved beam model that accounts for anchor can be found in elsewhere
[8]. Parallel plate capacitor models are presented next to quantitatively address the question:
“How much force can be generated by charging up the capacitor?”

2.3.2 Parallel Plate Capacitor Models

For electrostatic MEMS switches, the actuation force is generated by charging up the
metal electrode pads on both the switch’s upper cantilever and bottom part. The cantilever
and the bottom electrode therefore can be modeled as a parallel plate capacitor. The charge

on the parallel plate capacitor can be expressed by equation 5.
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Q=Cr (5)

where, Q is the charge, C is the capacitance, and V is the voltage across the parallel plate

capacitor. The capacitance of a parallel plate capacitor is given by

& A
C=; )

where, &y is the permittivity of free space, 4 is the surface area of the parallel plate, and g is
the distance or gap between the plates. The work required to charge the capacitor from 0 to Q

coulombs is give by:

2
q@_Q

W =

c ' 2C )

S =0

where, W is the work, and ¢ is the integration variable that represents the charge on the
capacitance [9]. Substituting in Equation 5 for charge and Equation 6 for capacitance into
Equation 7 results in:
g, AV?
2g

w (8)

Since this work is used to charge the capacitance, it finally converted to the potential
energy (U) stored in the parallel plate capacitor. This potential energy causes the actuation,
therefore, triggers the change of gap distance. The varying electrostatic force (F,) in the
actuation process can be derived from the potential energy (U) [9, 10].

_—-du
dg

F

e

)
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If we substitute Equation 8 into Equation 9, the electrostatic force can be expressed by the

actuation voltage:

g, AV?

F, = (10)

e

First-order fringing field correction has been used to account for non-parallel electric fields
developed outside of the confines of the parallel plate capacitor. With this correction, the

electrostatic force is expressed by Equation 11.

e AV?
F =520 [1+0425°] "
e 2 ( )
2g w
For an electrostatic MEMS switch, the electrostatic force F. equals the cantilever

restoring force Fy; when the cantilever is in equilibrium. Therefore, Equation 3 can be

substituted into Equation 10 resulting:

2kd
V=(g,—4d) A (12)
0

The pull-in deflection distance (d,,;) can be defined as the deflection when the electrostatic
force overcomes the beam’s mechanical restoring force and the upper micro-contacts are
brought down into contact with the bottom contacts. Taking the derivative of the voltage V'

with respect to the deflection d yields the pull-in defection d,,;.

2kd
gy —d) |—
oV &y A 2kd 2k 1
- S PR Y LY
od od &4 g4 2

1
=0
Jd
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=d == (13)

Substituting Equation 13 back into Equation 12 yields pull-in voltage V).

2%kd,
Vpi:(go_dpi) gOA
_ 8gok
27¢,4 (14

If first-order fringing field correction is taken into consideration, the pull-in voltage can be

expressed by Equation 15.

8gok
27e,A(1+0.42 52)
w

(15)

Implementation of these first-order parallel plate capacitor model and simple beam
deflection models have been justified by the MEMS design community [6, 11].
2.3.3 Contact Force

In order to achieve an acceptable low contact resistance, certain clean metal contact area
is needed. This contact area forms as a result of contact material deformation. Contact force
is used to induce this material deformation. If the actual contact force is un-necessarily large,
it could cause excessive contact wear, thus fail the device in a short term. On the other hand,
if the actual contact force is too small, the resulted contact material deformation may not be

large enough to yield an acceptable electrical resistance. Therefore being able to understand
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and accurately predict contact force in MEMS switch is of great important for the success of
electrostatic MEMS switch design.

For electrostatic MEMS switches, the contact force is relatively low. The values range
from tens of uN’s up to a few mN’s. This contact force is mainly determined by the
mechanical switch design.

As has been mentioned in the section 2.3.2 that, the upper micro-contacts can brought
down into contact with the bottom contacts by applying a pull-in voltage V,;. However, in
this case, the resulted contact material deformation usually is too small to generate a low
contact resistance [6]. The solution is to increase the actuation voltage well above the pull-in
voltage. Thus the upper cantilever begins to bend after pull-in so that additional force is
supplied to the contact area. Friction between the contacts caused by cantilever bending may

also help to mechanically wipe contaminant films from the contact area [11].

Fsr
- a e h —
[y 3
------ g
i Fe
x =0 x =1

FIG. 5: The additional cantilever deflection after pull-in.
After pull-in, the upper MEMS cantilever can be modeled as a beam with a fixed end at
x =0, a supported end at x =/ (this point is assumed to be the location of upper metal micro-

contacts), an intermediately-placed external load F, (this is the electrostatic driving force) at
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x =a, and a supporting force F,. at x = [ (this is the contact force). Detailed calculation and
derivation can be found in the mechanical text book [5]. Only the final form of contact force

is given here.

e AV?*a?
F,=—2 ~(3l-a) (16)
41" (g, —d)

Obviously, this simple, static model does not account for beam tip deflection (no restoring
force has been deducted in the calculation), nor material deformation in the contact area after
switch closure. Nevertheless, this model has been proven to be valid until the over-driven
cantilever collapses onto the bottom electrodes. It is used to analytically determine switch
contact force. Recently, Coutu et al. have introduced a more detailed contact force model in
which contact material deformation and beam deflection are considered [11, 12].

Beam collapse voltage also needs to be estimated to avoid device failure. This value can
be calculated following the same procedure of calculating the beam’s pull-in voltage
(Equation 12). It should be noticed that the spring constant £ has been changed to &’ after
pull-in. Also the new initial gap under the pulled-in beam is defined as g;. The resulted

collapse voltage is shown in Equation 17.

V,,=(& —-8g.) (17)

When the driving voltage exceeds this value, a physical contact is established between

the cantilever electrode and the bottom driving electrode and the device shorts out.
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2.4 Contact Mechanics

Besides contact force, contact resistance is determined by material properties of the
contact surfaces such as contact geometry, surface topology, electrical resistivity and micro-
hardness. In this section, contact area models, material deformation models, contact
resistance and electron transport models are reviewed so that reasonable estimations of
contact resistance can be made for electrostatic MEMS switches.

It has been well know that surfaces are rough at microscopic scale. It makes calculation of
contact area difficult. Early efforts have involved implementation of Hertzian theory of
contact to simulate the contact deformation. Holm later introduced the idea that although the
overall stresses are in the elastic regime the local stresses at contact spots may be much
higher so that local plastic deformation could occur. This theory has been widely accepted by
the research community of electric contact [13]. In 1966, Greenwood and Williamson
published a new contact theory which is more closely related to real surfaces than the earlier
ones. They showed how contact deformation depends on the topography of the surface, and
established the criterion for distinguishing surfaces that deform elastically from those deform
plastically. They found that contact between surfaces is frequently plastic, as usually
assumed, but surfaces which deforms elastically are by no means uncommon in engineering
practice. [14]. Their work forms the base for multiple asperity model. McCool’s studies of
anisotropic roughness surface with randomly distributed asperities showed good agreement
with Greenwood and Williamson’s model [16]. In practice, Hertz’s model is used for classic
elastic deformation while Abbott and Fireston’s model is used for plastic deformation with

the assumption that no material creep occurs during the deformation process [15]. For the
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case of elastic-plastic deformation, Chang, Etison & Bogy (CEB) model may be considered
[17].

In a simplified single effective asperity model, multiple micro-contact sites are converted
into one single effective contact site. The effective contact area is defined as the sum of all
the individual contact areas [22]. Calculated resistances from this model are slightly higher
than those from the multiple asperity model [23].

In MEMS switch fabrication, planar thin film deposition techniques have been used to
minimize the roughness. However, those surfaces of metal micro-contacts are still quite
rough when examined at the scale of nano-meters. Therefore, these earlier models should still
be applicable. Particularly, much work has been done in the past twenty years with respect to
modeling of micro-contact resistance. Majumder et al. modeled the actual micro-switches
with a comprehensive consideration of ballistic and diffusive electron transport [18] and
various types of contact material deformation [19]. Kogut and Komvopulos developed an
electrical contact resistance (ECR) model for conductive rough surfaces with and without
thin insulating film separation based on the real contact area [20, 21]. Recently, Coutu ef al.
have updated micro-contact resistance model to account for the surface asperity interaction
that occurs in sputtered contact thin films [24]. Although these models, in some cases, has
provided some fairly good prediction of the real contact resistance, exact match between
simulation and experimental results has not been achieved due to several reasons: firstly, it is
difficult to quarantine the pure single-pair contact resistance from resistance measurement of
a MEMS switch chip. For example, resistances of other resistive components such as

transmission line may be included in the measurement; secondly, slight difference in surface
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conditions (etc. adsorbed films) may cause measurement variation for each switch; thirdly,
real surface topology of the devices normally was not input into the resistance simulation
which makes the simulated results less accurate. In this study, our four-point probes in-situ
contact resistance measurement set-up gets direct access to the micro-contact pairs because
of our unique test design (details in chapter 3 and chapter 4). Efficient resistance
measurement and good access to both contact surfaces enable us to get good repeatability on
experimental results.

Next, different regions of contact material deformation are reviewed in detail because
simple calculations based on these fundamental contact physics actually give good prediction

of device contact resistance.

2.4.1 Elastic Deformation
Under elastic deformation, the contact area and contact force in single asperity model can

be expressed by Equation 18 and Equation 19
A=nRa (18)
where A4 is contact area, R is asperity peak radius of curvature, and a is asperity vertical

deformation.
4
Fc :EE CK\/R(Z (19)

Where F. is the normal contact force and £’ is the Hertzian modulus which can be derived

from Equation 20.
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1 1-v] N 1-v;

where, E is the elastic modulus for contact one, v, is Poisson’s ratio for contact one, £, is the
elastic modulus for contact two, and v, is Poisson’s ratio for contact two.

Assume it is a circular area, the effective contact radius can be derived based on Equation

3F.R
r=3 A5 1)

This effective radius is one of the important parameters that determine the switch contact

18 and Equation 19.

resistance in the case of pure elastic deformation.

2.4.2 Plastic Deformation
Under plastic deformation, the contact area and contact force in single asperity model can

be expressed by Equation 22 and Equation 23

A=27nRca (22)

F =HA (23)

C
where, H is the hardness and A is the contact area [25, 70]. Therefore the effective contact

radius can be derived as:

25



F

C

Hr

24)

In MEMS community, this simple expression of effective contact resistance has been
frequently used to calculate the device contact resistance.
2.4.3 Elastic-Plastic Deformation (The CEB Model)

Chang, Etison & Bogy (CEB) model accounts for the transition region between elastic
deformation and plastic deformation. It is a description of a more complicated deformation
when parts of the contact area are plastically deformed but encased by elastically deformed
material [26].

Contact area is calculated based on conservation of volume of the deformed asperity and
the resulted expression is shown by Equation 25, where R denotes the end radius of the
curvature of the asperity, o, is the critical vertical deformation, where plastic yielding is
assumed to occur. This parameter is defined by Equation 26, where Ky is the hardness

coefficient which is assumed to be equal to 0.6 at the onset of plastic deformation [17].

a.
A=rmRa(2——) (25)
a
K, Hr Hr
a = R(—L=")? = R(0.3=5)?
. = R( oF ) ( E') (26)

The contact force on this asperity and the effective contact radius can be calculated

respectively using Equation 27 and Equation 28:

F.=K,HA=0.6HA 27

26



94
rzw/Ra(Z— 0:) a>a, (28)

Majumder et al. applied this model to simulate the multiple-asperity rough surface [43].
Later on, more efforts were made by Kogut et al. on improving the elastic-plastic modeling

[27, 28].

2.5 Contact Resistance Modeling

With no contamination film presented in the contact area, contact resistance is generally
equivalent to the constriction resistance of the connection between two conductors. It is
called “restriction” because electrical current can only flow through metal-metal contact
spots during switch closure. For micro-contacts in MEMS switches, real metal-metal contact
sizes may affect the way electrons are transported through these constricted contact spots.
And different electron transport mechanisms may result in different forms of constriction
resistance.

There are three types of electron transport mechanisms that could occur in MEMS
switches: diffusive transport, ballistic transport and quasi-ballistic transport [29]. The
ballistic transport occurs when the electron mean free path /. is larger than the effective
contact radius 7 (/. > r); the quasi-ballistic transport occurs when the electron mean free path
is comparable to the effective contact radius (/. ~ ); diffusion occurs when the electron mean
free path is much smaller than the effective contact radius (/. << r). The distinctively

different physical transport processes for diffusive and ballistic transport are shown in FIG. 6.
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diffusive ballistic
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FIG. 6: Schematic illustration of (a) diffusive and (b) ballistic electron transport through a
constricted conductor [2].

2.5.1 Diffusive Electron Transport
For diffusive transport, well-established Maxwell spreading resistance equation can be
used to calculate the contact resistance [13].

I,
R, =— 29
c 2 7 ( )
Where, p is electrical resistivity.
For elastic deformation, substitute Equation 21 into Equation 29, contact resistance R.pg

(DE denotes diffusive transport and elastic deformation) can be expressed in terms of

asperity properties and contact force.

p | 4F"
R, =%
" 2\3F.R

(30)

Where, E’ again is the Hertzian Modulus which is dependent on the elastic modulus of the

upper and bottom contacts, and can be derived from Equation 20.
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For plastic deformation, substitute Equation 24 into Equation 29, contact resistance R.pp
(DE denotes diffusive transport and plastic deformation) also can be expressed in terms of

asperity properties and contact force.

Ropp =7 — (31)

For metal contact MEMS switches with a contact force above 100 uN, it is generally
believed that plastic deformation occurs during making contact [6]. Therefore this simple

equation has been widely used to predict switch contact resistance.

2.5.2 Ballistic and Quasi-ballistic Electron Transport
For ballistic transport, Sharvin resistance is the major contributor to the contact resistance

[19, 30]. The form of Sharvin resistance is given in Equation 32.

4 pK
R, =—— (32)
3mr
where, K is the Knudsen number that can be expressed by Equation 33.
[
K=— 33
; (33)

An interpolation between the ballistic and diffusive electron transport regions can be made
using the Gamma function I' (K) [31]. A well behaved form of Gamma function is given in

Equation 34 [32].

I'K) =~ EJ.er sin c(x)dx (34)
4 0
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A plot of “Gamma function vs. Knudsen number” is shown in FIG. 7.
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FIG. 7: Plot of Mikrajuddin ef al.’s plot of ‘Gamma function vs. Knudsen Number [32].
A form complete form of contact resistance is derived by Wexler [31] and is shown in

Equation 35.
R, =R +T'(K)R, (35)

In our work, contact resistance modeling approach is contingent on two assessments. One
is to check whether the effective contact radius is much larger than the electron mean free
path so that electron transport mechanism can be determined. In our test, the estimated
effective contact radius is more than 100 nm and the mean free path of electrons in gold is
only ~ 36 nm. Therefore, diffusive transport model was used for the resistance calculation.
The second is to check whether the plastic yielding point is reached so that deformation
model can be properly assessed. In our case, plastic deformation is assumed based on the
contact force and critical yielding estimation. It turns out that calculation based on these

proper assessments gives a fairly good prediction of our experimental contact resistance.
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2.6 Contact Metal Alloys

2.6.1 Actuation Voltage Issue.

As for electrostatic MEMS switches, the actuation voltage is normally in range of tens of
volts which is an order of magnitude than typical RF circuit voltage. The solution is to
convert low voltage to the required actuation voltage using a voltage charge pump and
integrate it with MEMS switches. For example, Motorola adopted this configuration for its
RF MEMS chips [1]. Discrete voltage charge pump has also been commercialized [33].
Innovative electrostatic mechanical switch designs have also been studied extensively to
lower the actuation voltage [6, 34-41]. A trade-off between beam spring constant and switch
actuation voltage is discovered in the work: the actuation voltage decreases with a decreasing
beam spring constant. The problem is that by lowering the beam spring constant, the switch
restoring force is also lowered assuming the deflection of the beam is the same (which is
normally the case). As a result, it increases the risk of stiction failure. Up to now, only
limited success has been achieved using mechanical design solution with respect to this
problem [42]. This failure mode is also directly related to the high adhesion energy between
two pure gold surfaces and will be discussed later.

2.6.2 Material Approach

Another approach to minimize the stiction and enhance the wear resistance is to use
different metals or alloys as the switch contact materials. Schimkat used rivets made of pure
Au, Au-Ni (5 %) alloy and Rh to test their potentials as the contact materials for micro-
switches. [43] Technically, the samples are still macro-size although the contact force has

been lowered to micro-Newton range. After the “Schaltreinigung” cleaning (Initial run of 40
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hot switching cycles with 50 VDC and 50 mA to clean the contamination layer on the metal
surfaces), contact resistance of ~ 10 mQ was achieved under a force load of ~100 uN.
However, much higher contact resistances have been reported for actual micro-switches [44-
48]. Schimkat also found that much less surface adhesion was generated if harder metals
(Au-Ni (5 %) and Rh) were used although a larger contact force was needed (to achieve a
low, stable resistance).

Coutu have investigated using different gold alloys (Au, AuPt, AuPd, AuAg, AuPtCu
etc.) as the contact materials of the actual MEMS switches [48]. The alloy system selection
was based on the rule of avoiding two-phase micro-structure although the reason of using this
rule has not been well established. Cotu’s work focuses on characterization of the basic
material properties such as hardness, electrical resistivity and element composition. His
predicted contact resistances (based on the material properties and contact force) fall in the
range of between 0.20 ~ 0.6 Ohm. Mostly likely due to the contamination films, his
measured contact resistance was normally much higher than the predicted values with the
only exception of the AuPtCu alloy (simulated value: 0.2 Ohm, measured value: 0.33) [48].
Obviously, in order to understand the material-related micro-contact performance, surface
conditions and material micro-structures needs be carefully addressed.

Majumder et al. and Duffy et al. have utilized “platinum group” and platinum contact
metals respectively to reduce the stiction, thus to extend the switch lifetime [49, 50] In
Duffy’s case, contact resistance below 1 Ohm can be achieved using an actuation voltage 45
V higher than the actuation threshold voltage (~ 35 V). In Majumder’s case, the single

contact resistance is around 3 Ohm. More than four parallel contacts are needed to bring
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contact resistance below 1 Ohm. So generally there is a trade-off between contact resistance
and wear resistance / low adhesion. To minimize the contact resistance while dramatically
increasing the wear resistance is always the goal of the material scientists in this field.

McGruer et al. utilized a MEMS switching test simulator to examine the candidate
contact materials [51]. It was found that Pt, Ru, Rh and Au-Ru alloys not only yield much
higher contact resistance, but also fail earlier due to a quick rise of contact resistance during
the test in ambient air. Material-dependent adsorption of contaminations from air was
considered as an issue for Pt, Ru and Rh.

As a summary of the above work, we can see that hardened gold alloys have been used
alternative contact materials for MEMS switches hoping to reduce contact surface adhesion
and enhance the wear resistance. These materials have demonstrated some different micro-
contacting performance in terms of contact resistance and switch cycling lifetime. For
example, Coutu et al. pointed out that binary / ternary gold alloys may increase the switch
lifetime at some cost of contact resistance. However, in general, material scientists haven’t
been able to address the micro-contacting performance based on the specific material
properties such as surface topology, crystallographic features (micro-structure), micro-
hardness and electrical resistivity. The correction between material properties and contacting
performance has not been established. In addition, no binary or ternary gold-based alloy
system has been systematically investigated regarding its potential use as MEMS contact
materials. It is the author’s opinion that by systematically studying one gold-based alloy
system, one can more easily differentiate the effects from different material properties on

contacting performance because of the limited variables. In order to select a promising
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material system for this purpose, one needs to understand how material selection and
preparation could affect those critical material properties (etc. micro-hardness, surface
topology, electrical resistivity). Material strengthening theory in the following sections serves
as the background knowledge for our purpose.
2.6.3 Solid Solution Hardening

Material can be hardened by the addition of small quantities of an alloying element. For
solid solution hardening, the increase of the hardness is not due to any change in
microstructure of the alloy. The microstructure remains the same. It is the lattice strains that
cause the strengthening and hardening of the alloy. The lattice strains are introduced into the
material by those added solute atoms [52]. The solute may incorporate into the solvent
crystal lattice substitutionally, by replacing a solvent particle in the lattice or, interstitially, by
fitting into the space between solvent particles. Both of these types of solid solution affect the
properties of the material by distorting the crystal lattice and disrupting the physical and
electrical homogeneity of the solvent material.
2.6.4 Second Phase Hardening

Second phase hardening (also called dispersion hardening, precipitation hardening or age
hardening) is achieved by introducing precipitations into the host atom matrix. A heating
treatment technique is normally used induce the precipitations depending on the changes in
solid solubility with temperature of specific material systems. Fine precipitated second-phase
particles impede the movement of dislocations or defects in the crystal’s lattice. Since
dislocations are often the dominant carriers of plasticity, by impeding the dislocations, one

can increase material hardness (which means that it is harder to deform the material) [53].
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During the heating treatment, the micro-structure is changed which may cause changes of
local chemical composition, hardness and electrical properties. Next, Au-Ni material system
is investigated as a possible choice of the metal contact material for MEMS switch
application.
2.6.5 An Example: Au-Ni System

Figure 8 shows the equilibrium binary alloy phase diagram for gold-nickel alloy [54]. Our
interested region is located in low-nickel composition side (< 20 Ni at. %). The intention is to
minimize the electrical resistivity while still achieving some hardening effect. As can be
observed in Figure 5, both metals are FCC structures, and exist as a two phase mixture at
relatively low temperature under equilibrium conditions. However, a metastable single phase
alloy may also be produced under the low processing temperatures utilized for the film
deposition. Thus, a comparison of the metastable solid-solutions and the two-phase mixtures
of the same overall composition can be undertaken, so that both microstructure effects and
composition effects can be examined. Schimkat tested gold-nickel (Au- (5%) Ni) macro-
switch electric contact under low contact force (100 — 600 uN) conditions [43]. He found that
Au-Ni alloy contacts yield much lower adhesion than pure gold contacts. Relatively low
force stable contact and reliable re-opening were also achieved in this report. However, in his
study, only samples with one composition (5 % Ni) were investigated, using bulky samples
(rivets) as test components. Therefore, to systematically explore this interesting material
system, we feel compelled to undertaken a study of a wider range of alloy compositions,

tested under a configuration typical of MEMS switches.
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FIG.8: Au-Ni phase diagram, after Okamoto and Massalski [54].

2.7 Contact Degradation Mechanisms

2.7.1 Contact Wear

A recent industrial survey has shown that stiction and wear are the top two failure
modes for MEMS actuators [55]. Wear is the erosion of material from a solid surface by the
action of another solid. For low-power cold switched micro-switches, mechanical wear such
as pitting and hardening of the metal contact area is considered as the dominant failure
mechanisms [6]. Pitting and hardening occur as a result of the repeat impaction between two
metal contacts. And this may reduce the contact area and therefore increase the contact
resistance of the switch. At a high-power level, the switch lifetime is dramatically reduced.
For example, many metal contact MEMS switches have achieved multi-billion cycles under
low power conditions (0.5-5 mW) but when running at high power conditions (10-100 mW),

the switch lifetime is shortened to millions of cycles. Therefore current-induced wear is
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considered as the major failing factor in this situation. Since electrostatic micro-switches
normally generate small forces ranging from 10s uN to ~1 mN, the resulted effective contact
radius is only on the order of ~ 100 nm. Under such circumstances, even a small current (ex.
~ 100 mA) flowing through this constricted area could yield high current density and rapidly
heat up the micro-contacts causing progressive, non-recoverable material deformation and
even melting.

Stiction failure in metal contact switches is a result of the surface adhesion between two
metal micro-contacts. It occurs when the adhesive bonding force is greater than the
mechanical separation force. High surface adhesion could also induce surface damage and
material transfer which can be defined as adhesive wear [56, 57].

2.7.2 Arcing

Metal phase arc has been considered as a possible failure mechanism for hot-switched
metal contact MEMS switches [6, 58]. However, this statement has not been justified by the
non-arc test conditions [58]. And up to now, no experimental evidence of electric arc (ex. in-
situ record of I-V transients) in MEMS switches has been reported. One purpose of our work
is to investigate the non-arc hot-switching failure mechanisms for metal contact MEMS
switches. A review of related previous work is presented below.

Research of arcing can be traced back to the development of electric relays and switches
in the early 20" century. Most commonly, it relates to an ‘electric arc’ between the electrical
contacts in the devices. In medium- and high- power electrical circuits, contact metal can be
vaporized by an arc at high current (thousands of amperes). In addition to the vaporization,

the violently produced vapor ‘blows’ out drops of liquid metal from the contact. Material
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transfer, in this case, is typically dominated by excessive field- induced current heating, and
thus does not have significant directionality. At lower power level, directional arc transfer
normally can be observed. The arc process can be divided into two phases, termed metal
phase arc and gas phase arc, due to the difference in material transfer mechanism. Contact
material typically transfers from anode to cathode in the early stage of a metal phase arc
while reverses the direction in a gas phase arc [59, 60]. For the case of MEMS switches, only
low-power, metal phase arc is possible due to the small device size and micron-scale metal
contact separation.

Low-power, directional material transfer has been investigated at low DC electric power
level with seperation length (gap between two electrode planes) down to 0.1 um [61]; current
down to mA range [62] and voltage down to the ionization energies [63-65]. Much of these
macro-contact work shows that there is no detectable directional material transfer when the
open circuit voltage is lowered below the ionization voltage (non-inductive circuit) or the
current is lowered below certain threshold value. Metal phase arc theory has been developed
based on these experiments. According to this theory, the material transfer process in the
early stage of contact separation is as following: the contact area is decreased as the contacts
separates. Consequently, the constriction resistance, contact voltage and temperature in the
constriction area increase rapidly up to boiling point (the contact voltage and boiling
temperature of gold are 0.97 V and 3080.15K). Part of the molten bridge material gets
evaporated. Across the hot and dense metal vapor, there is a strong electrical field within the
small separation gap. It causes field emission of electrons from the cathode. These electrons

excite and stepwise ionize the metal atoms (evidences of high excited metal ions have been

38



reported [66-69]). Thereafter these metals are transferred following the field toward the
cathode. This arc process is sustained by cathodic electron emission. It is commonly believed
that below the ionization voltage, electrons can not have enough energy to ionize the metal
ions and below certain threshold current, this process can not be sustained. Up to now, the
reported minimum arc voltage and minimum arc current for gold are 12.42 volt and 0.35 A
respectively.

Material transfer below the threshold voltage and threshold current first was named “fine
transfer” (bridge transfer) by Holm in 1950s. This kind of material transfer was claimed to be
caused by asymmetric rupture of the bridge of molten contact material appearing between
opening contacts. And the asymmetric rupture was ascribed to the shift of the hottest point
from the middle due to DC current heating. However, this theory seems to be contradictory
with the experimental facts [70-71] and received rare acceptance.

2.7.3 Field Induced Material Transfer

In this dissertation, field evaporation, for the first time, is explored as a contact
degradation mechanism for metal contact MEMS switches. Our work suggests that high-
temperature field evaporation could be responsible the dramatic micro-contact degradation
process under the non-arc test conditions (which is the normal case for hot-switched MEMS
switches).

The research of field evaporation is originally tied to the invention of Field Ion
Microscopy (FIM) which gives atomic resolution image of surfaces [72, 73]. In these
instruments, extremely high field (multi-mega volts per centimeter) is used to force surface

atoms off the tip sample and project them onto a flat screen. With the great advances in
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Scanning Probe Microscope (SPM) techniques, low-voltage (normally below the material
ionization voltage) field induced material transfer phenomenon has been studied at atomic
scale using scanning tunneling microscope (STM) since the late 80s. Becker et al. was the
first to show that an atom might be purposefully transferred between the tip and surface of
the STM due to the atomic-scale field perturbation [74]. Thereafter, claims of reliable metal
nano-dot deposition followed [75-77]. Atomic scale manipulation of silicon atoms was also
reported by Lyo and Avouris [78].

Up to now, most of the nano-dot transfer research work only focuses on the nano- and
atomic scale. However, we should notice that these experiments only involve one-time
transfer (applies one voltage pulse per location). If the transfer is directional, accumulation of
the volume during thousands of cycles (like the operation of MEMS switches) could yield
considerable, micrometer-scale material transfer. Actually the test conditions in these STM/
AFM experiments are quite similar to those in the MEMS switching tests. The similar
aspects can be summarized as following:

1. The AFM/ STM tips can be similar to the metal upper micro-contacts of MEMS switches.
Normally, the radius of the AFM / STM tips ranges from tens of nanometers to
micrometers. For the micro-contacts in electrostatic MEMS switches, real contact radius
are on the order of ~ 100 nm (it is only a small fraction of the micro-contact top surface
area) [6].

2. The test conditions are similar: for AFM/ STM nano-transfer experiments, the magnitude
of the voltage pulse during the transfer ranges from 2 volts to 9 volts (typically below the

material ionization voltage). And there is a strong electrical field across the tip-sample

40



gap during the transfer. Hot-switched MEMS switches are operated under very similar

conditions. Solid evidence has been provided by Pascual er al. [79] showing that

mechanical contact is highly possible during these AFM/ STM nano-transfer experiments

although many researchers tend to neglect this fact.

Therefore, previous research work of nano-transfer could be potentially beneficial to our

current research of non-arc failure of MEMS switches. A brief review of the related theories

and important results are given in the following sections.

The field evaporation nano-transfer theory (between tip-sample) was first proposed by

Tsong [80]. He found that the critical transfer field can be lowered by adding the tip-sample

interaction term to the classic field evaporation models [81, 82]. Figure 9 shows the

potential-energy diagram for

J4

field evaporation of metals in anisolated tip geometry of FIM.
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FIG.9: A potential-energy diagram for field evaporation of metals in an isolated tip geometry
of the FIM [80]. U, is the potential curve for the metal atom; U; (0) is the potential curve for
the metal ion in absence of applied electrical field; U; (F) is the potential curve for the metal

ion with an applied field.
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According to this diagram, the ionization energy barrier is lowered to QOn(F) in the
presence of a strong electrical field. And field evaporation rate can be defined by Equation

36.

K=V- eXP(—% (36)

where, k is the transfer rate, v is the atom vibration frequency (~10" s™), Qy is the ionization
energy barrier. The Critical evaporation field can be defined as the field required for one
ionization event per second at room temperature. The critical evaporation field for gold (Au")
is ~ 35 V/ nm in a FIM configuration [83]. This critical field can be further lowered using a
STM (tip-sample) configuration. Figure 10 shows the potential-energy diagram for field

evaporation of metals in a STM configuration when a positive field is applied to the tip.

U

Z]-ng

L Al

TIP

FIG.10: A potential-energy diagram for field evaporation of metals in a STM configuration
when a positive field is applied to the tip [80].
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Tsong calculated the critical evaporation field of a variety of metals with a tip-sample
distance of 6 A. Critical field evaporation of gold (Au") under this circumstance is only
slightly reduced to 32.3 V/ nm. His calculation also indicates that negative gold ions (Au’)
have the lowest critical field (17.1 V/ nm), thus would be more likely created and transferred.
However, this negative gold ion has never been observed (etc. by FIM).

On the other hand, inconsistency in a number of experimental results has caused
confusion about nano-scale field induced material transfer. In 1990, Mamin et al.
demonstrated gold nano-dot can be reliably deposited on flat gold samples by applying
negative voltage pulses to the gold STM tip [75]. The experimental critical field was only 4
V/nm, which is much lower than Tsong’s predicted values even if negative gold ions did
exist in the process. His multiple-negative-pulse experiment over the same location showed
a stepwise removal of material from the bottom sample (shown in Figure 11) while single-
negative-pulse creates mounds on the bottom sample (shown in Figure 12) [77].

The transfer directionality was further complicated by Chang ef al.’s gold nano-dot
transfer experiment. Their set-up is quite similar to that of Mamin et al’s but the results are
quite different. In these experiments, mounds of gold atoms and pits can be produced on a
gold surface with nearly equal probabilities when voltage pulses are applied to the gold tip
Figure 10 shows the STM images of the generation of mounds and pits in the experiments. It
can seen that, in many cases, atoms are transferred both from the tip to the sample and from
the sample to the tip, thus creating both a mound and a pit at nearly the same location. A
mound can be either on the right- or the left-hand side of a pit and sometimes they are at the

same spot (looks just like a material build-up). It was in inferred by Chang based on these
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facts that the critical fields for evaporating in negative and positive fields are nearly identical
[84]. With a dissimilar Ptlr tip/Au substrate system, Bessho et al. found a polarity-
dependence for mound fabrication: the material transfer seems to follow the electrical field
[85].

Even with nearly two decades of research efforts on nano- to atomic-scale field
evaporation of gold, the basic mechanism hasn’t been unraveled. As a major issue, the pulse
polarity dependence of the transfer hasn’t been clearly resolved. And we believe that
achieving a good understanding of nano-scale field-induced gold nano-dot transfer should be
beneficial to the design and processing of future MEMS devices as well as the research of

basic nano-science.
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FIG. 11: Effect of multiple pulses over a single spot. All pulses were -4.0 V, 300 ns. (a) Flat
spot on surface. (b) Bump created with single pulse. (c) Pit left after subsequent pulse. (d) Pit
partly filled by another pulse. (¢) and (f) Pulse applied with tip centered over deepest part of
pit. (g) and (h) pulse applied with tip centered over highest surface feature [77].
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FIG. 12: Array of mounds created on Au (1 1 1) single crystal with -4.7 V, 20 ns pulses
applied to the tip. Scanned area is 3000 x 3000 A [77].

FIG. 13: Generation of mounds and pits by applying the same pulse at 48 pre-selected
positions in a frame for two different pulse voltages at a constant tip-sample distance. (a)-3.9
V and (b) -3.5 V [84].
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2.7.4 Contaminant Film Issue in MEMS Switches

In MEMS switches, contaminant film issue needs be more carefully addressed because
the small contact force may not be able to penetrate these films. The composition and
thickness of these contaminant films vary depending on the specific type of contact metal.
Common contact metals for macro-switches (etc. iron, copper and silver) are not used as
contact materials in MEMS switches because they are prone to oxidation and corrosion [86].
Instead, gold is chosen for its high resistance to corrosion. Nevertheless, gold still absorbs
mono-layers of hydrocarbons and water film when exposed to ambient air. These adsorbed
films, typically 20- 40 A thick, can be mechanically removed / penetrated with a contact
force of hundreds of uNs [43, 13, 87]. Temperature-dependent behavior of contaminant films
on gold contact surface was also investigated by [88, 89]. Figure 14 shows the comparison of
contact resistance for contacts operated at two different temperatures. This result suggests
that elevated temperature resulting from contact heating is responsible for removing the
insulating films from the contact area. It also should be noted that the contact force in this
particular experiment is only 48 uN.
Micro-contacts can also be “cleaned” by hot-switching operation which can be thought as an
internal electrical heating method [90, 91]. Unfortunately, most hot-switching cleaning

experiments have resulted in contact degradation due to material transfer.
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FIG. 14: Comparison of contact resistance for contacts operated at room-temperature and
heated to 80 ° C [88].

2.8 The Focus of Our Work
In the above review, a few specific subjects are clearly in need of more investigation and

have become the focus of our work. These subjects are briefly presented in the following

sections.

1. From the above review of previously reported work on material selection for metal contact
MEMS switches, we can see a correlation between material properties, microstructures
and micro-contacting performance has not been well established. No alloy material system
has ever been systematically studied. On the aspect of experiments, it is quite difficult to

achieve efficient micro-contact degradation tests that mimic the MEMS switch operation.
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2. From the above review of previously reported work on failure analysis of metal contact
MEMS switches, we can see that the failure analysis is relatively limited and, up to now,
only some qualitative characterization is available. It could be due to the following
reasons: firstly it is quite difficult to characterize failed MEMS switches because of their
tiny, fragile device structure; secondly, the design of MEMS switches is highly
diversified and no comprehensive failure investigation has been reported on a single type
of switches.

3. From the review of previously proposed failure mechanisms for hot switching MEMS
switches, we can see that the claim of metal phase arc as the major contact degradation
mode for switches under non-arc conditions is not solid. And no supportive evidence has
been reported. And more investigation is needed to achieve a clear understanding of this

subject.

In the following chapters, our work is presented in details in order to address the above

research topics of our interest.
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3.1 Thin Film Deposition

Techniques of sputtering or evaporation have been widely used to deposit metal and
alloy thin films. However, controlling the alloy composition using evaporation deposition is
difficult because the vapor pressure for different metals is fixed (so is the evaporation rate)
when a single alloyed material container is used. Even if a separate co-evaporation system is
used, it would be hard to control the composition uniformity across the substrate because of
the straight line atom transport patterns during evaporation process [1]. In this study, precise
composition control and high composition uniformity are both required. Therefore, instead of
evaporation, co-sputtering technique is chosen to achieve these goals.

Pure Au and Au-Ni alloy (with up to 20 at. % Ni) bottom contacts samples were
prepared using ion-beam sputter-deposition. Xenon gas was used in the ion source due to its
relatively large mass, reducing energetic bombardment of the growing film. The base
pressure was < 3 x 107 torr and the deposition pressure was 2 x 10™ torr. The accelerating
voltage for the beam is 600 V and beam current is 20 mA. The substrate is a silicon wafer
coated with a 1000 A thick thermal oxide. A 5 nm Chromium (Cr) layer and a 10 nm
molybdenum (Mo) layer were deposited as an adhesion layer and a diffusion barrier layer,
respectively. A 250 nm film of pure Au or Au-Ni (with various nickel composition) was then
deposited.

The Au-Ni alloy was prepared by co-sputtering from a rotating gold target partially
covered with a piece of the alloying metal (Ni). The atomic percentage then was determined

by the fractional target area the nickel occupies (in percent area, or equivalently, the angle 0
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in comparison to 360°) and its sputtering yield (Y) compared to that of gold. The required

angle 0 was calculated as follows:

A% A= Y1 Y
Y,-0,+Y, -6,
~ 360°
L 1-at%A4 Y, (0
at%A Y,

where A and B are the different materials. The sputtering yields of Au and Ni under Xe ion
bombardment were taken from Ohring [2]. The in-sifu rotation of the target ensures the

uniformity of the film composition.

3.2 Contact Pattern Design and Processing

The deposited candidate alloy films are to be used as bottom contacts in our MEMS
switching tests. In order to facilitate the in-situ contact resistance measurement, these alloy
films need to be patterned on an insulating substrate. Figure 1 shows the four point probe
measurement set-up. The basic test pattern includes two electrically-isolated symmetric
metal-film pieces. Each metal film piece has two contact pads: one for a current-supply probe
and the other for a voltage-sensing probe. Current is supplied from one probe to one metal-
film piece, then flow up through one of gold micro-contacts to the upper MEMS cantilever
(across the insulating gap by conducting through the cantilever), then, go down through the
other gold micro-contact, back to the other metal-film piece. Finally, the current is collected

by the other current-supply probe. As can be illustrated in figure 1, the two voltage-sensing
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probes sense the voltage drop between the two micro-contact sites. Thus, the resistance it
measures includes the two contact resistances for the two pairs of micro-contacts and the

bridge resistance of the MEMS cantilever.

Gold microcontacts

4 Voltage

_ Sensing
Insulator substrate with

isolated gold pattern

FIG. 1: Four-point probe set-up for in-situ contact resistance measurement

Only one mask is needed for this single metal layer patterning. Mask pattern is designed
using AutoCAD software package. The films were patterned using standard photolithography
tools. The operation procedures include spin-coating of photo-resistance (PR) film (spin
speed at 4,000 rounds per minute; duration of 40 seconds), soft-baking of PR film

(temperature of 115 °C, duration of 60 seconds), UV exposure (duration of 10 seconds),
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Dissolution of exposed PR film using FM 319 (duration of 45 seconds), water rinsing and
final hard-baking of PR film (temperature of 115 °C, duration of 5 minutes).

Ion beam etching thereafter was used to remove metal films off the uncovered area. The
etching species is Argon and background pressure was around ~ 5.5 x 10 torr. The beam
voltage and current are kept around 800 volts and 10 mA respectively. It typically takes 20-
25 minutes to etch through all the metal layers. Before starting an etching process, Argon gas
flow was run through the vacuum system for at least 30 minutes to minimize the oxygen
concentration in the chamber. Without this procedure, the Cr layer and Mo layer may be
oxidized during the etching process and thus dramatically reduce the etch rate. The
completion of etching is signaled by color change of the surface (shining yellow to shining
silver to dark blue). And the electrical isolation between the two metal film pieces needs to
be verified thereafter. Finally, N-methyl pyrrolidinone (NMP) solution and de-ionized water
was used in sequence to dissolve the photo-resist layer and clean the sample, respectively.

The final patterns are checked by optical micro-scope to make sure that the contact areas

are free of pin-holes and other deficiencies.

3.3 Characterization of Candidate Alloy Films
3.3.1 X-Ray Diffraction (XRD)

X-ray diffraction technique was extensively used to study the lattice parameters and
microstructures of candidate alloy films. Based on the well-established data source, a detailed
crystallography and compositional verification was also performed. A brief discussion of

these measurements is presented below.
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Crystals are regular arrays of atoms and the lattice parameters are usually a good identity
of the material types. XRD technique allows the mean spacing distance between two atomic
planes to be determined within a few thousandths of an Angstrom by Bragg’s law:

2dsind =nA ()
where d is the spacing distance between two parallel planes of atoms, 6 is the X-ray incident
angle with respected to the atomic planes and A is wavelength of the X-ray. Knowing the unit
cell structures, lattice parameters can then be derived from the distance between atomic
planes d. For example, gold has a FCC structure. Then the lattice parameter a can be defined
by Equation 3 in terms of the distance between atomic plans d and the related miller index (4,

k).

a=+vh>+k>+1%-d=+/3d 3)

Therefore, presence of individual peaks of reflected x-ray intensity reveals information
about element species and micro-structures of the examined samples. For example, only one
set of peaks related to the single-phase solid solution structure should be observed in the
XRD spectrum of an Au-Ni solid solution sample while two sets of peaks respectively related
to gold-rich phase and nickel-rich phase should be identified in the spectrum of a two-phase
Au-Ni sample. It should be noticed that the measured lattice parameters in an alloy material
deviates from the single-element crystal due the lattice distortion caused by incorporation of
foreign atoms. Fortunately, this type of data (composition vs. lattice parameters) has been
widely studied and recorded for most binary or ternary alloy systems [3, 4]. By comparing
our measured data with these well-calibrated data, chemical composition of the candidate

alloy films can be verified.
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3.3.2 Atomic Force Microscopy (AFM)

Previous studies have indicated that surface roughness should have an impact on the
contact resistance of metal contact MEMS switches [5, 6, 7]. Additionally, Majumder et al.
predicted a low contact resistance bound when using the multi-asperity model and an upper
contact resistance bound when using the single effective a-spot model [8]. It indicates that
rough surface may increase the contact resistance. Therefore, assessment of the contact
surface roughness is necessary. In our study, surface roughness was characterized by an
AFM (Thermo-microscope, Autoprobe VP2).

In our test, the size of the micro-contact is around 5 pm and the effective contact radius is
estimated to be on the order of 100 nm. A scan size of 1 um is chosen so that roughness can
be accurately determined at the proper size scale. After a scan, RMS roughness data is
directly determined using IP 2.0 data analysis software.

After each switching test, the contact area is also characterized by an AFM (Park
Scientific Instruments, M5). AFM has the advantage of high z-axis resolution (a few
angstroms) which helps to detect the smallest traces of surface modifications in the contact
area. Combined with the use of scanning electron microscope (SEM), contact degradation
features can be truly recorded. Additionally, by using advanced data-processing software

package (etc. Gwyddion), material transfer /wear can be analyzed quantitatively.

3.3.3 Nano-indentation (Miro-hardness Measurement)
As has been discussed in section 2.4, micro-hardness of the contact surface is one of the

important material properties that determine the contact resistance. In this study, micro-
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hardness data was obtained using a Hysitron Triboscope nano-indentor (Berkovich indenter
tip-142.5° included angle). One hardness measurement is shown in Figure 2. Five indents
were measured on each of the test specimens and the averaged value was then used in the

contact resistance calculation.
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FIG. 2: An example of one micro-hardness measurement

3.4 Cantilever Transfer from wiSpry’s MEMS Chips

Some convenient contact wear test facilities have been used to research the
characteristics of microswitches. Notably, Hyman used a modified X-Y-Z micrometer station
to investigate the contact physics and test current carrying capability of MEMS switches [9].
Schimkat used an accurate loading system to survey materials for micro-relay actuators [10].

A modified nano-indentor was also used to study hot-switching degradation of MEMS
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contacts [11]. One concern about these tests is that they do not closely mimic real
microswitches. In particular, the tests have difficulty duplicating the switch geometry
(mechanical moving parts are typically micro-scale cantilever structures with metal films
being patterned on the surfaces) and the contact geometry (micro-contacts); these are
important issues because the contact geometry has a strong influence on the stress and heat
distribution across the contacts, and thus on the switch performance and failure mechanism
[12, 13].

In our work, these issues were addressed by utilizing a newly developed switching
degradation test facility closely mimicking actual MEMS switch operation. This new test
facility is described in chapter IV. In the test, cantilevers with gold micro-contacts from
commercial MEMS chips (from wiSpry Inc.) are used as the upper contacts; the patterned
alloy thin films are used as the bottom contact. Both are incorporated into an AFM where
dynamic MEMS switching tests are conducted. One of the difficult tasks is to make a usable
upper contact. The procedures of cantilever transferring and gluing techniques are described
in details in the following paragraphs. The whole process was first developed by Christian
Nauenheim [14], and then modified by Zhenyin Yang (this author) to improve the transfer
accuracy and the success rate.

Figure 3 shows a microscopic picture of the MEMS switch chip which has an array of
ten switches mounted on the surface. The switches are made of a cantilever beam mounted
on the chip which carries the bottom electrodes. The width of each cantilever is 75 um and
the length varies from 75 um to 300 um. The cantilever consists of three layers made of a 0.5

pum thick gold layer on a 2 pm thick SiO; layer which carries another 0.5 um thick gold layer
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on its underside. This structure gives the cantilever a temperature stable feature (prevents

curvature). The dimension of the chip is about 1.2 mm - 1.2 mm - 0.5 mm.

FIG. 3: A microscopic picture of the MEMS switch chip

To do the transfer, it is necessary to disassemble the top and the bottom electrode of the
switch. This provides free access to the part of the device under investigation of failure. It
also allows us to perform tests and detailed analyses of the contact area by advanced
characterizations such as SEM and AFM. It also enables the test of our candidate alloys as
contact materials.

Since the switching tests are designed to be conducted within an AFM, an AFM-tip is an
ideal, rigid carrier for the MEMS cantilever. The dimension of an AFM-tip is about 1.2

mm - 1.2 mm - 0.5 mm. And the bottom surface of AFM-tips is perfectly flat. Therefore,
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MEMS cantilevers can be mounted without any vertical titling. In our experiments, used
AFM-tips were cleaned and checked under microscope to make sure that all the cantilever
probes have been broken off before they can be used as the carrier for MEMS cantilevers.

The transfer of the cantilever from the MEMS chip to the AFM carrier was performed at
a Rucker & Kolls 260 probe station. This facility provides two movable XYZ 500 TRS
micromanipulators from Quarter R&D on a magnetic stage and an optical microscope Leica
StereoZoom 6 with a magnification of 30 x with zoom adjustment range of 0.67 % to 4.0 X.

A two-component epoxy (with the set-time of 60 minutes) was used as the adhesive
during the transfer. A form of stamp technology was adapted and used to apply and to
structure the micro-meter scale adhesive layer [15]. Following procedures are used in order
to achieve a micro-meter scale drop of epoxy: firstly, a regular sharp iron probe is handled
using the micromanipulator to deposit a few dots of glue that should range from a large size
to a small size. Then a tungsten probe with a tip radius of 25 um was used to pick up a
micro-drop on the tip through touching with the smallest glue drop. Because of the cohesion
and adhesion, most epoxy micro-drops are not formed at the probe tip. Thus, it is difficult to
transfer the drop to the cantilever with the probe tip. It has been experimentally determined
that bending the probe could ease the drop-transfer.

In preparation of the transfer, the chip is fixed on a glass slide with double sided tape
(shown in figure 4). A second chip of the same size is aligned behind the MEMS chip. It
serves as a supporter for the far end of the AFM and holds it in a horizontal position because

the carrier is much longer than the chip.
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FIG. 4: Arrangement for lifting the AFM tip using a regular iron probe; the target switch chip
on the left side of the picture.

The first step is the alignment of the AFM carrier. It is laid flat down using a pair of
tweezers (shown in figure 4, the longer side is at the bottom). The regular probe, controlled
by the micromanipulator now can help bring the carrier into the exact position by pushing the
latter at the sides. This can be controlled visually through the microscope. Cares need to be
taken to avoid laying the AFM tip directly on the MEMS cantilevers.

After that, a drop of glue is mixed on the glass slide. By dipping the regular probe into
the adhesive, a small drop is formed at the tip which is then carefully brought on the carrier.
The probe must be lowered carefully without tilting the aligned AFM tip carrier left or right.
The position of the gluing area is also shown in figure 4.

After waiting for 30 minutes, the adhesive is strong enough to move the probe with the
carrier which is now in the right position for the transfer. If the glue is not fully set, there is a

risk of tilting the AFM tip during lift-up. Then, the carrier is lifted with the probe carefully
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and the micromanipulator then is shifted away from the operation area. Now, we can get free
access to the cantilever surface to apply the glue.

Thereafter, another drop of epoxy is deposited on the glass slide by hand and a blunt
probe probe. The diameter of it usually is on the order of millimeters. Then, a second
micromanipulator is controlled to dip a second regular probe into the epoxy drop, so that
much smaller drops can be produced on the glass slide. After that, this regular probe needs to
be replaced by the special curved 25 um tungsten probe. The tungsten probe then is dipped
into the smallest epoxy drop. With slight disturbance, it should be able to easily pick up a
micro-drop. After that, this tungsten probe is carefully placed on the surface of one MEMS
cantilever and with a gentle touch of the surface an oval area of glue is applied with a
dimension of about tens of um in length (adjustable) and 40-60 pm in width. To cover the
intended area, a couple of prints may be produced next to each other. If necessary, it is also
possible to use the probe to spread the epoxy a little. This process is illustrated in figure 5. By
adjusting the position of epoxy area, the free length of the MEMS cantilever is determined.
In all our tests, the free length is fixed to be 150 um to supply a contact force of ~ 150 uN/
contact (described in chapter IV). Now the tungsten probe has to be cleaned by acetone to
avoid growth of tip radius. A small piece of tissue is soaked in acetone. Then the soft

tungsten probe is rubbed against the soaked tissue all around the tip.
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25 um Tungsten Probe
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FIG. 5: Applying micro-drop of epoxy to the surface of MEMS cantilever.

Afterward, the 25 pm tungsten probe is replaced a regular probe again. This time, the
sharp end of the probe is pointing down. It is lowered and positioned near the anchor of the
MEMS switch. Make sure that further slight lowering of the probe forces the probe tip move
from right side toward the anchor of the switch. It has been experimentally proved that
poking in this way can reliably destroy the anchor without damaging the MEMS cantilever
(shown in figure 6). As a result, the cantilever now is freely sitting on the substrate. But, this
may cause some misalignment of the cantilever, which can be possibly adjusted by the push
from the probe.

Next, the previously suspended AFM tip is positioned over the target cantilever. The
front edge of the AFM tip should be aligned perpendicular to the MEMS cantilever and it
also should just cover the epoxy area. Then carefully lower the AFM tip and keep adjusting
its position so that the relative positions of these components still remain unchanged. The

best focus and a slight spread of epoxy area could be observed when the bottom surface of
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the AFM tip gets in contact with the surface of the MEMS switches. After that, the AFM tip

Regular Probe
Sharp End  —,

y

v

FIG. 6: Destroy the anchor of the MEMS switch using the sharp end of a regular probe.

can be slowly lifted up and the MEMS cantilever should already be attached with it. A pair of
tweezers is used to release the AFM tip from the regular probe. After that, secure the AFM
tip on a double-side tap and let the cantilever-side hanging over the edge. Then, a razor is
used to clean the residual epoxy off the AFM tip.

Finally after turning it over, the cantilever should be in the same plane with the bottom
surface of the AFM tip. This can be checked by reflection of light on both surfaces. The
micro-size epoxy should be fully set after 24 hours. The whole transfer process is developed
in our lab and still not a standard, highly reliable process. But according to the author’s
experience, the successful rate could be around 50 % with a good practice of several months.
A transferred MEMS cantilever on an AFM tip is shown in figure 7. This AFM tip with the
MEM cantilever can be easily incorporated into an AFM and serves as the upper micro-

contacts in our switching tests.
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FIG. 7: A transferred MEMS cantilever on an AFM tip.

3.5 MEMS Switching Test Set-up

Since the switching set-up has been covered in chapter IV in details, only instructions
on equipments and experimental procedures are presented in this section. The whole test
system is composed of several functional sub-systems which include: the AFM and related
control modules (Park Scientific Instruments, M5), In-situ micro-scale visual monitoring
system, MEMS switching stage, piezo-actuator (PI, P-802.00) and its driving signal (Agilent
function generator 33120A) & amplifier system (High voltage amplifier, MATSUADA,
Precision, Inc), PC controlled in-situ four-point probe resistance-measurement system
(Agilent 34401A Multi-meter and software pakages) and Oscilloscope for transient
measurement. To assembly and operate the system correctly, a set of procedures needs to be

followed in sequences.
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Firstly, the patterned alloy sample needs to be installed onto the MEMS switching
stage and secured by the four metal probes. Each probe should be pressed on specific contact
pad on the sample to facilitate the four-point probe measurement (shown in figure 1). Then
this stage needs to be tested by the multi-meter to make sure the two pieces of ally patterns
are electrically isolated (resistance needs to be at least larger than a few hundred KQ).

Secondly, this switching stage needs to be screwed into the XY-movable sample stage
of the AFM. The switching stage is well aligned with the AFM head when screwed tight.
Then according to specific experimental circuit configuration, a serial resistance (for
transient current measurement) or a parallel resistance (to limit the open circuit voltage)
could be connected. At the same time, electrical connections for the four-point probe needs to
made. Oscilloscope should be connected if necessary. Basically, the whole test circuit should
be completed at this point. Also, two wires of the piezo-actuator need to be secured on the
AFM stage.

Thirdly, a new MEMS cantilever (on an AFM tip) is inserted into the AFM head, which
then is installed onto the AFM. Then, the AFM sample stage is moved under the head. Now,
the driving signal & amplifier system for the piezo-actuator need to be tested and connected
but the amplifier still needs to be power-off. After that, in-sifu contact resistance monitoring
software (Excel Intuilink for Multimeters) needs to be started with a sampling interval of 2
seconds.

Fourthly, the MEMS cantilever is lowered by bringing down the AFM head. Cares
needs to taken to avoid crashing the cantilever (close visual monitor of the focus change of

the bottom pattern should be helpful). Fine adjustment of the AFM sample stage is usually
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necessary in order to accurately position the two micro-contacts onto the intended contact
areas. Preferred contact areas are located on the two corners of each individual metal pattern.
Edge touch point can be identified when slight deflection of the MEMS -cantilever is
observed. The corresponded z-axis value needs to be recorded. Further lowering the
cantilever could bring the two upper gold micro-contacts into contact with the two bottom
pads. And this is signaled by the sudden drop of the contact resistance shown in Excel
Intuilink software.

Finally, switch the cantilever up and down a few times and make sure the switching
position does not deviate with cycles. Then choose the middle position point as the dynamic
switching point. Then, switch on the amplifier and ramp up the actuation voltage to 30 volts.
The sampling frequency needs to be changed to 0.4 second if the switching frequency is 1 Hz.
Now the contact resistance evolution should be observed. The number cycles before failure
for each test is normally taken out from the first a few good runs in the whole evolution
spectrum.

These procedures also apply to our field evaporation experiments and cold switching

tests although small modification may be necessary in those cases.
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CHAPTER 4
A New Test Facility for Efficient Evaluation of MEMS Contact

Materials

(This chapter has been published on Journal of Micromechanics and Microengineering)
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4.1 Abstract

A novel test facility for the efficient evaluation of microelectromechanical system
(MEMS) switches and the development of alternative contact materials is described. The
facility utilizes the upper cantilever from commercial MEMS contact switches, and tests
these against alternative bottom contact materials within a modified AFM. The test closely
approximates the real switch, but can accommodate a wider range of test conditions and
contact materials. The facility allows alternative contact materials to be easily and quickly
incorporated, and therefore evaluated by measuring the number of cycles to failure. The
evolution of the wear surfaces of the switch contact materials under test can also be easily
examined. In order to demonstrate the facility, the evolution of the contact resistance and
wear of a commercial RF MEMS cantilever with Au contacts was monitored under
accelerated test conditions, comparing the behavior of Au bottom contacts to an alternative
Au-Ni alloy contact material. The Au-Ni (20 at. %) alloy displayed reduced wear rates and
improved switch cycle lifetimes compared to pure Au, while retaining acceptable values of

contact resistance.

4.2 Introduction

Since the first MEMS switch, which was specially designed for microwave applications in
the early 1990°s [1], this technology has developed to the point that the devices are currently
in small-scale production. Typical MEMS switches are micron-scale switching devices.
Because of their low fabrication cost, low power consumption, wide operational band and

exceptional switching performance, MEMS switching technology holds great promise for
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implementing agile radio frequency (RF) systems. Generally, MEMS switches can be
categorized into non-contact type (capacitive) and contact type (metal contacts). Figure 1
shows the cross-section of a metal contact-type MEMS switch [2]. The switch is driven to
closure with an electrostatic force by applying a voltage across parallel electrodes located on

the cantilever and bottom electrode. This study utilizes this type of MEMS cantilever.

Gap 2 ym

Cross Section of MEMS

FIG. 1: Schematic of the cross-section of a contact-type MEMS switch [2].

Gold is often utilized as a contact material for metal-contact MEMS switches due to its
excellent electrical conductivity and corrosion resistance. Gold-contact switches have been
shown to achieve >10° switching cycles under favorable operating conditions (e.g. low
current, optimum contact force, dry nitrogen environment, and ‘cold switching’) [2, 3]. ‘Cold
switching’ refers to switch operation under conditions in which there is no field across the
contacts as the switch opens or closes. However, there is a strong desire to significantly
broaden the range of conditions under which a given switch would operate, including the

range of currents (i.e. power handling). However, as operational conditions become more
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severe in mechanical force or electrical power handling, Au contact degradation increases,
drastically shortening the MEMS switch lifetime. One approach towards increasing MEMS
switch robustness is to investigate alternative contact materials, and a few have been
investigated [4-7]. However, there are some serious impediments to the broad investigation
of alternative contact materials. In general, convenient contact wear test facilities do not
closely mimic real contact switches. In particular, the tests have difficulty duplicating the
switch geometry, the contact geometry, and the contact force. Contact geometry has a strong
influence on the heat distribution across the contacts, and thus the switch performance and
failure mechanism [8, 9]. One clear alternative is to test candidate materials on actual
MEMS switches, and such studies have been reported by researchers from universities and
industry [3, 5, 6, 10]. However, the approach has a serious difficulty: the switches are
fabricated in Si foundries, and only a limited range of materials may enter the fabrication
facility. Secondly, the fabrication process must be optimized for each material, and it may
take many months to fabricate a set of switches to test a single candidate contact material.
Materials compatibility and process integration issues must be addressed in advance for
every material to be tested. These factors have severely limited the range of contact materials
that have been investigated for MEMS switches.

If progress is to occur, the testing and development of alternative contact materials must
be more efficient while remaining representative of the typical device operation. In this
manner the material comparison and failure analysis data can be collected consistently and
efficiently. In our experimental set-up, to address these two issues, the switching lifetime test

is performed with an actual cantilever (including upper contacts) extracted from a
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commercial RF MEMS switch (as shown in figure 1) that is contacted against a vibrating thin
film bottom electrode containing the bottom contacts. This design enables the dynamic
switching test to be performed under realistic conditions (e.g. contact force, contact geometry
and switch geometry) comparable to those in actual devices. The bottom electrodes are
separately fabricated from candidate contact materials and can be easily loaded into, and un-
loaded from, the test system. In this way, the test and development efficiency is dramatically
improved.

In this initial paper we have selected one material for comparison with gold in order to
demonstrate the new facility. Given that the ‘softness’ of gold under both normal and
aggressive operating conditions is considered to be a limitation to the contact lifetime, we
have selected a set of Au-Ni alloys for study. The results for the Au-Ni (20 at. % Ni) alloy

will be reported here. The full results for the alloy system are reported elsewhere [17].

4.3 Experiments

We have designed a unique setup for monitoring MEMS switching behavior by
integrating a MEMS cantilever with separate thin film bottom contact materials into an
atomic force microscope (AFM). The test configuration is shown in figure 2. The cantilever
is first dismounted from an array of the RF MEMS switches chip, then transferred to a clean
AFM tip carrier.

The transfer of the cantilever from the MEMS chip to the AFM carrier is performed at a
Rucker & Rolls 260 probe station. In preparation for the transfer, two identical MEMS chips

are fixed on a glass slide next to each other. A clean AFM tip carrier is then mounted and
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evenly supported by the two MEMS chips. An xyz-axis movable XYZ 500 TRS
micromanipulator with a probe is first used to apply glue to the surface of the AFM tip
carrier, with the probe temporarily attached to the AFM tip carrier to facilitate its positioning.
Thereafter, another micromanipulator with a micro-probe (tip diameter = 25 pum) is used to
apply an extremely small portion of glue to the MEMS cantilever’s surface. The AFM tip
carrier is then aligned and lowered to make contact with the MEMS cantilever on the glue
area. The transfer is achieved when the AFM tip carrier is lifted again after a 24 hour cure. A
typical AFM carrier with a MEMS cantilever attached is shown in figure 3.

The tip carrier is next inserted into the carrier-hold of the AFM and lowered by means of
the z-direction positioning motor. The initial contact occurs between a slight insulating lip at
the edge of the cantilever, and the bottom sample (the lower electrode structure). The initial
contact is monitored with an optical microscope, and the position of the carrier then is
recorded. The carrier is further lowered until the two gold upper micro-contacts make
electrical contact with the patterned bottom contacts, as monitored through the electrical
circuit across the bottom contacts. When the upper and lower electrodes are properly in
contact, the deflection of the cantilever ensures that these are the only contact points (the lift
of the insulating lip can be observed through the in-situ optical microscope). The position of
the cantilever is again recorded. From the two positions of the carrier, the total deflection of
the cantilever is known (~ 20 um), and the contact force can be approximated using the

known geometry and the material properties.
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FIG. 2: Configuration for the switching tests.

FIG. 3: Optical microscope image showing the MEMS cantilever attached to an AFM tip
carrier. The normal AFM tip has been removed. The two micro-contacts are at the end of the
cantilever.
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A detailed view of the contact configuration is shown in figure 4. As is shown in figure
4(a), the cantilever is composed of 3 layers: a 2 um SiO, layer with 0.5 um gold layers on
both sides. The width of the cantilever is 75 um. The effective length of the cantilever can be
adjusted while attaching it to the cantilever carrier. For the tests reported here, the effective
length was fixed at 150 um. There are two electrically connected micro-contact bumps on
each cantilever (top contacts). The diameter of each contact is 5 um. The bottom contact is
patterned with the thin films of candidate materials deposited on oxidized Si (001), with the
pattern shown schematically in figure 4(b). Details of the fabrication of the bottom electrode

structure are discussed later in this experimental section.

(a)
f Silicon dioxide

Bottom electrode with candidate contact material thin film

<4— Pure gold micro-contacts

( b) 4+ Cantilever

-

Patterned contact » O O
material thin film \ f

Micro-contacts
FIG. 4: Schematic view of the contact configuration. (a) Cross sectional view of the upper

cantilever and bottom electrode. (b) Top view of the top and bottom contact configuration
and the four point probe set up.
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While the upper micro-contacts make electric contact with the bottom sample contact pad
area, the contact resistance is measured by a four point probe set-up (figure 4(b)). From the
figure, the top two probes supply 1 mA current, while the bottom two probes sense the
voltage. The resistance from the four point probe measurement consists of the contact
resistance of the two pairs of micro-contacts and the resistance of the metal connection on the
cantilever. To obtain contact resistance for a single pair of micro-contacts, we deduct the
metal connection resistance (~0.2 Q) and divide the remaining resistance by 2. A
piezoelectric actuator (Physik Instrumente, P-802.00) is used to vibrate the patterned bottom
contacts vertically an amplitude of 1.8 um, which is sufficient to bring the upper micro-
contacts and bottom contact pads into and out of contact. This vertical vibration does not
change the cantilever’s deflection status (~ 20 um deflection) significantly. It only switches
the contacting points of the top cantilever between the insulating SiO, tip and the two upper
micro-contacts. It also results in the upper micro-contacts being slightly tilted with respect to
the plane of the bottom electrodes when contact is first initiated (in the test device, this angle
is about ~ 2.5° and it is constant for every test). When contact is made between the upper
micro-contacts and the bottom sample, 1 mA current flows through the two contacts, and the
contact resistance is measured by the four point probe set-up. When contact is made between
the insulating tip and the bottom sample, no current flows through the upper micro-contacts.
The insulating tip assures a clear “off” state where the electrical contact is broken between

the micro-contacts and the bottom electrode.
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The drive signal for the actuator and the voltage drop across the micro-contacts are both
input into an oscilloscope so that the dynamic contact process is monitored in-situ. The
sample is cycled until a contact resistance failure occurs. The failure criterion that is utilized
is a factor 2 increase in the measured contact resistance, although a rapid increase to a much
higher resistance is normally observed. Thereafter, the worn contacts are examined by AFM
and SEM. Typical resistance switching data is shown in figure 5 for low frequency switching
(0.5 Hz) with the open state resistance (~1150 Ohms) set by a test system parallel resistor.
This resistor also determines the open circuit voltage. With sufficiently high open circuit
voltage, additional material damage may be induced by possible arc energy dissipation or
transient current heating other than mechanical wear. In order to address this acceleration
factor, both hot switching and cold switching test conditions were investigated in the
switching test for pure gold. Quantitative volume change analysis (using Gwyddion software)

was conducted to evaluate this effect.
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FIG. 5: An example of low frequency dynamic switching resistance response.
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Pure Au and Au-Ni (20 at.% Ni) bottom contact samples were prepared using ion-beam
sputter-deposition. The substrate utilized was typically a Si(001) wafer coated with 1000 A
silicon dioxide (thermal oxide). Xenon was used as the working gas due to its relatively
large mass number, thus lower reflective ion energy bombarding the film during growth. The
base pressure was 3 x 107 torr, and the deposition pressure was 4 x 10 torr. A 5 nm Cr
layer and 10 nm Mo layer were deposited as adhesion and diffusion barrier layers,
respectively. 250 nm Au or Au-20% Ni thin films then were deposited. The acceleration
voltage for the ion beam was 600 V. The chamber was designed to allow the three metal
layers to be deposited in-situ. Rotation of the target throughout the deposition ensured
uniformity of the composition for gold alloy depositions. The as-deposited thin film samples
were patterned using photolithography and ion etching, to facilitate in-sifu four point probe
measurement of the contact resistance in the lifetime tests.

Electrical resistivity data were obtained on as-deposited thin films (before patterning)
using a four point probe technique (MAGNE-TRON Model-700). A four-point sheet
resistance correction [16] was applied. Micro-hardness data was obtained using a Hysitron

Triboscope nano-indentor (Berkovich indenter tip with 142.5° included angle).

4.4 Effect of material properties on contact resistance

Pure Au as a contact material has the advantage of achieving very low resistance in the
closed state, due to its low resistivity and softness. With the use of alternate contact

materials, closed-state resistance is expected to increase, depending on the material’s
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resistivity and hardness. This section compares the measured material-dependent closed-state
resistance to that expected from a simple theoretical model.

Knowing the dimensions of the MEMS cantilever, its Young’s modulus (93.3 GPa) [11],
and the deflection distance, the total contact force can be approximated using a cantilever

beam model [12]. The model is described by:

——1d (1)

where E is the cantilever’s Young’s modulus, w is the width, t is the thickness, 1 is the length
and d is the deflection distance of the cantilever beam. For a 150 um long cantilever, the
deflection distance is close to 20 um in our case. The total contact force then is calculated to
be ~ 300 uN, which is 2-3 times higher than the contact force of typical MEMS switches.

A simple model has been tested to predict the contact resistance for the two contact
materials. The relationship correlating contact resistance to the contact force has been
developed by previous researchers for gold-contact MEMS switches [9, 13, 14]. For a contact
radius greater than the electron mean free path, the Maxwell spreading resistance model can
be used to calculate the contact resistance. In our test, the nominal contact radius is much
larger than the mean free path in gold (~ 36 nm). The contact resistance R, is described by:

R = @
2r, >
where p is the resistivity, r. is the contact radius [15]. While two different materials are in
contact, the resistivity is estimated as the average of the two. The contact radius can be

obtained using an asperity deformation model [14]:
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where F is the applied force, H is the hardness of the material, and & is the coefficient of the
material deformation mode. Different modes are given as: § < 0.3, elastic deformation; 0.3< &
<0.75, elastoplastic deformation; and 0.75<§ <1, plastic deformation.

For the contact between different materials, which is the case in our experiments, the
averaged electrical resistivity and hardness value are used for the calculation. Plastic
deformation is also assumed (§ =1) based on the relatively large contact force.

The measured electrical resistivity, micro-hardness, and contact resistance, along with the
calculated contact resistance between upper pure gold micro-contacts and either the pure gold
or gold nickel bottom contacts are shown in table 1. For the pure gold, the experimental data
fits the calculated contact resistance data well. However, for the gold nickel case, the
measured contact resistance is higher than the calculated value. It should be noted that the
roughness of the Au-Ni alloy as measured by AFM is greater than that of the Au. Roughness
is not taken into account in the above simple model, but should increase the contact
resistance by decreasing the contact area. These results point to the need for a more
sophisticated model for the relationship between contact material properties and the contact
resistance. The effect of topography on contact resistance will be discussed in a separate

paper [17], and a more complete multiscale model has been developed [18].
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Table 1: Properties of Au and Au-Ni samples

Nickel Electrical Micro- Calculated Measured
Composition Resistivity Hardness Resistance Resistance
(at. %) (n€2.cm) (GPa) (L) (L2)

0 38 2.7 0.14 0.16~0.2
20.0 20.5 6.1 0.6 0.9~1

4.5 A unique electrical failure (contact degradation) detection mechanism

In order to evaluate contact performance of candidate materials in our test system, we
chose the “cycle number to electrical failure” as the indicator of the degree of micro-contact
damage. Since the damage is accelerated by a relatively large contact force under hot
switching conditions, and the wear to failure is very small (determined by the wear required
to produce contact only between the bottom electrode and the cantilever tip), such tests can
be termed an “accelerated lifetime test”. During the test, the open circuit voltage is fixed at ~
1 V, measurement current is 1 mA, and total contact force is ~ 300 uN. Figure 6 shows
switching tests for sputtered pure gold bottom electrodes against the upper gold micro-
contacts. Figure 6(a) shows accelerated test data for the switch in this test facility under hot
switching, in comparison with resistance data for a similar switch in the actual MEMS switch
product configuration (figure 6(b)) subjected to purely cold switching [11]. In both cases the
usual three resistance regimes can be observed. The initial contact resistance falls during the

‘burn-in’ period, which may be as short as a few cycles. The switch then appears to operate
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in steady state, prior to onset of instability and resistance increase that corresponds to contact

degradation.
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FIG. 6: (a) Contact resistance evolution for sputtered gold against gold micro-contacts in the
present test facility under accelerated conditions. (b) Lifetime test of a similar switch under
(moderate) normal service conditions (number of switch cycles plotted on a log scale) [11].

The marked reduction in the number of cycles to failure can be observed in the

accelerated test in the new test facility. After only ~ 100 cycles, the closed contact resistance
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started to rise and reached an open-circuit condition. The same test was repeated using
different pure gold samples with new MEMS cantilevers. The results are reproducible, with
the variation of the number of cycles to failure being less than ~ 50 %.

The AFM analysis of the corresponding failed upper micro-contact is shown in figure 7.
The sliding tracks visible in the images existed prior to testing. The switching wear damage
is visible at the front edge of the micro-contact (near the top of images (a) and (b)), which
corresponds to the region of contact or impact between the micro-contact on the cantilever
and the lower electrode. Particularly revealing are the two line profiles taken across the
micro-contact. Figure 7(c) shows the height profile of the ‘X’ scan taken across the contact
along the cantilever width, showing no wear. In comparison, the ‘Y’ line scan of figure 7(d)
runs parallel to the cantilever direction and includes the impact area. It can clearly be seen
that the contact is eroded in the impact region nearest the cantilever tip, with material having
been transported away from the impact region.

The corresponding AFM images of the pure gold bottom contact area after the failure test
are shown in figure 8. A small crater or depression approximately 30 nm in depth and ~2 pm
in diameter was formed during the switch cycling. Furthermore, there is a buildup of material
around this crater.

As is mentioned in the experimental section, the upper cantilever remains bent with
almost unchanged curvature during switching to exert constant contact force. The vibration
of the bottom electrode by the piezoelectric actuator alternates the cantilever contact spots
between the insulating lip and bottom electrode (open), and the micro-contacts and bottom

electrode (closed).

95



04
{c] X1-X3
0.2
B ] : H
Distance (pm)
pm
04
(d) Y4-Ys
0.2 /
= ] . :
Distance ()

FIG. 7: AFM analysis of upper gold micro-contacts after switching failure (the bottom
electrode was pure gold). (@) The damaged area of a micro-contact. () The whole micro-
contact. (c), (d) Height profiles corresponding to X;-X; and Y;-Y5.
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FIG. 8: Atomic Force Microscope images of the pure Au bottom electrode after failure
(1mA). (a), (b) The damaged bottom contact area. (c¢) The height profile corresponding to
X1-Xs.

As a result of the slightly tilted micro-contacts (~2.5°), the contact area (or damaged
area) is always located at the front edge of the micro-contacts. Upon closure, all the contact
force is exerted on that small area. Possible transient current heating or arc energy
dissipation may also occur at the same area under certain hot switching conditions. Thus
during cycling, this part of the micro-contact is more susceptible to potential damage (as is

shown in figure 7). After an amount of material volume change occurs on the front edge of

the micro-contacts, the small vertical lift of the bottom electrode during switching (~ 1.8 um)
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will not be sufficient to allow touching between the worn bottom electrode and worn micro-
contacts. Consequently, no electrical contact is made between the upper micro-contacts and
the bottom sample, leading to an open circuit situation.

It must be emphasized that this electrical failure is not an absolute indicator of the
lifetime of the MEMS switches. Instead, it serves as an indicator that a certain amount of
surface modification occurred on the micro-contacts and the bottom contacts during a
switching test (enough that the preset piezoelectric actuator displacement distance is no
longer sufficient to produce physical contact of the micro-contacts and bottom electrode;
only the insulating tip touches the bottom contact area). Thus it allows a direct comparison of
material wear rates of different contact materials. These same lifetime limiting factors such
as mechanical wear, transient current heating and arc energy dissipation are expected in the
operation process of real MEMS switches. The difference for real MEMS switches is that
the tilt angle is normally less than 1°, the cantilever is not pre-bent, and the insulating tip
does not touch the bottom electrode. Thus in actual MEMS devices it takes a substantially
larger number of cycles to accumulate damage over the whole micro-contact to reach an
electrical failure. We are not presently able to absolutely correlate this accelerated lifetime to
an actual device lifetime; however, the relative difference between measured lifetimes in this
test facility should be proportional to differences in actual device lifetime under similar
operation conditions. Thus, our unique electrical failure mechanism may be used as an
efficient tool to more quickly evaluate switching performance of different materials under a

variety of different test conditions.
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4.6 Effect of open circuit voltage (hot switching) on material transfer

The (accelerated) switching lifetime tests reported here are typically undertaken under
aggressive test conditions, including hot switching, ambient air and greater contact force (up
to 2-3 times the contact force of the commercial device). Under such hot switching
conditions, the open-circuit voltage (Vo) may produce arc discharges and substantially high
transient currents (decays to ImA within a few ps) during closing, and these are expected to
accelerate the failure process. In order to assess the effect of V., both hot switching and cold
switching test conditions were investigated in the switching test for pure gold. In the test,
each MEMS cantilever was cycled upon a pure gold bottom electrode for a certain number of
cycles. A stable contact resistance of 0.6 — 0.7 Ohms was achieved during all the tests. After
characterization, the AFM data of each micro-contact and bottom electrode were analyzed
using Gwyddion software. The sum of the material volume change of the two micro-contacts
for each sample is listed in table 2. The material transfer is observed to increase with cycle
number under both hot switching and cold switching conditions, although the measured
material transfer is much less in the case of cold switching. These results reveal the capability
of this test facility to effectively evaluate material wear under various test conditions.

Differentiating electrically-induced wear effects (such as the open circuit voltage effect)
from the purely mechanical wear effects in this new test system is an important step toward
our research into novel alternative contact materials. Since arc energy dissipation, transient
current heating and mechanical wear are typical lifetime limiting factors for hot switching
MEMS switches, it is valuable to test different contact materials under various conditions to

distinguish the effects of these factors.

99



Table 2: Effect of V. on Material Transfer (Pure Gold)

Sample Voo (DC) Cycle Number Transferred Material Volume
(Volt) (pms)
1 6 1000 0.046
2 6 2000 0.116
3 6 3600 0.430
4 0 3600 0.007
5 0 40,000 0.090

4.7 Effect of contact material on MEMS switch lifetime

Au-Ni alloys were investigated as an alternative contact material for MEMS switches.
The enhanced hardness is expected to improve the lifetime by reducing material wear during
the switching operation. The closed contact resistance evolution for gold micro-contacts
against either Au or Au-Ni (20 at. % Ni) bottom electrodes is shown in figure 9. The number
of cycles to electrical failure is about 1200 for the Au-Ni bottom electrode. Compared to the
pure gold electrode, the “life time” is dramatically improved. Figure 10 shows the SEM and
AFM analysis of upper gold contacts after failure. The damaged area is again located on the
front edge of the micro-contact, where impact occurs. Also similar to the previous case,
material loss in the contact area is confirmed by the height profile image comparison.
Material built-up surrounding the impact area on the micro-contact occurs in drop-like shapes
that are reminiscent of local melting. The melt-like gold droplets are also observed at the foot

of the micro-contact on the upper electrode of the cantilever.
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FIG. 9: Contact resistance evolution for Au contacts against Au-Ni (20%) alloy contacts. The
gold against gold test result is also shown as a comparison.

AFM and SEM analysis of Au-Ni (20%) bottom electrodes after failure are shown in figure 11.
Material built-up on the bottom electrode is apparent. A few small indented holes can also be identified.
The diameter of the holes is typically less than 0.5 pm and the depth is less than ~20 nm. Thus the
damage volume is greatly reduced in comparison with that of the pure gold bottom electrode, even
though the number of cycles before failure is more than 10 times higher. Compared to the pure gold
against pure gold test, the gold against gold-nickel test shows a much longer “life time” under the same
test conditions (1mA, V,. = ~ 1V, a total of 300 pN on two contacts). Also, the SEM and AFM failure
analysis show that the damage is less severe, even though the total number of cycles is much larger for
Au-Ni contacts. It is shown that material transfer on the upper micro-contacts changes the topography

and the shape of the micro-contacts. The damage accumulates until the contact geometry is changed.
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FIG. 10: Analysis of failed upper gold contacts (against Au-Ni 20 at. %) after the failure. (a),
(b) SEM image and AFM image of the micro-contact; (c), (d) Height profiles corresponding
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FIG. 11: Gold nickel bottom electrode after failure (ImA). (a) The SEM image and () the
AFM image of the micro-contact. (c¢) The height profile along X;-X,.

In this way, an open-circuit situation is then formed because the insulating lip of the
cantilever touches the bottom electrode instead of the micro-contacts. The pure gold against
pure gold contact seems more susceptible to hot switching degradation and mechanical wear,
leading to much more rapid failure while achieving lower contact resistance (~0.2 Q
/contact). Detailed discussion of material properties effect on hot switching energy

dissipation is beyond the scope of this facility paper and will be presented elsewhere.

The micro-hardness of the gold-nickel bottom electrode is much greater (~6.1 GPa)
compared to that of pure gold bottom electrode (~2.7 GPa). The adhesion between gold and

gold nickel surfaces is also expected to be lower. All of these will make the contacts more
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resistant to force-induced damage. Pure gold deformation upon gold nickel bottom contacts
allows stable electrical contact with low contact force (~150 uN/ contact). It is shown that
both the upper and lower electrodes are less damaged despite a much larger total cycled
number. Failure appears to arise from material transfer from the contact area of the upper
contacts to the surrounding area and the bottom electrode. The harder Au-Ni shows more
resistance to deformation, but also leads to a slightly higher contact resistance (~1 €/
contact). The AFM and SEM observations suggest that local melting may occur during the

cycling test.

4.8 Conclusions

In this paper, a new test facility for MEMS contacts is described. The test utilizes
cantilevers from commercial switches, and mimics the operation of real RF MEMS contact
switches. It allows efficient tests of different candidate contact materials as bottom contacts
against upper pure gold micro-contacts. Using this facility, candidate materials for MEMS
contacts can be efficiently examined and characterized in an accelerated manner. To
demonstrate the facility, we have run standard Au-Au tests under different conditions (hot
switching vs. cold switching) followed by a volume analysis of material transfer. It has been
verified that hot switching conditions accelerate the material transfer process. Standard Au-
to-Au contacts were compared with Au-to-Au-Ni (20 at. % Ni) contacts under accelerated
test conditions. We have observed that the harder gold nickel alloy displays almost one order
of magnitude improved “lifetime” or wear resistance compared to a pure gold bottom

contact.
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CHAPTER S
Comparison of Au and Au-Ni Alloys as Contact Materials for

MEMS Switches
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5.1 Abstract

This paper reports on a comparison of gold and gold-nickel alloys as contact materials for
microelectromechanical system (MEMS) switches. Pure gold is commonly used as the
contact material in low-force metal contact MEMS switches. The top two failure mechanisms
of these switches are wear and stiction, which may be related to the material softness and the
relatively high surface adhesion respectively. Alloying gold with another metal introduces
new processing options to strengthen the material against wear and reduce surface adhesion.
In this paper the properties of Au-Ni alloys investigated as the lower contact electrode were
controlled by adjusting the nickel content and thermal processing coditions. A unique,
efficient switching degradation test was conducted on the alloy samples, using pure gold
upper micro-contacts. Solid-solution Au-Ni samples showed reduced wear rate but increased
contact resistance, while two-phase Au-Ni (20 at. % Ni) showed a substantial improvement
of switching reliability with only a small increase of contact resistance. Discussion of the
effects of phase separation, surface topography, hardness, and electrical resistivity on contact

resistance and switch degradation is also included.

5.2 Introduction

Radio Frequency (RF) MicroElectroMechanical System (MEMS) switches demonstrate
great potential for a spectrum of microwave applications. Compared to conventional field
effect transistors (FET) and PIN diodes, RF MEMS switches offer much lower power
consumption, much better isolation and lower insertion loss. One major obstacle for large-

volume commercial application of RF MEMS switches is reliability. A recent industrial
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survey has shown that stiction and wear are the top two failure modes for MEMS actuators
[1]. For metal contact-type MEMS switches, pure gold is widely used as a contact material to
achieve low contact resistance. Stiction and wear are prone to occur between two soft,
adhesive contact surfaces while switching. Wear may be described as contact deformation
and/or material re-distribution, ultimately causing contact surface roughening and affecting
local contact force and contact resistance. Contact contamination has also been discussed as a
degradation and failure mechanism. [2, 3].

There have been some efforts in the device design field to address this problem of Au to
Au contact reliability [4-5]. Notably, Oberhammer introduced a mechanically bi-stable
electro-static switching mechanism to achieve a small passive closing force and a large active
opening force for soft metal contacts [6]. On the materials side, a few alternative metals and
alloys have also been investigated as contact materials for metal contact MEMS switches.
McGruer showed that ruthenium (Ru), platinum (Pt), and rhodium (Rh) were susceptible to
contamination and the contact resistance increased after a characteristic number of cycles,
while gold alloys with high gold percentage showed no contact resistance degradation under
the same test conditions [7]. Coutu showed that alloying gold with a small amount of
palladium (Pd) or Pt extended the microswitch lifetimes, with a small increase in contact
resistance [8-9]. However, up to now, comprehensive investigations of the effects of surface
topography, alloy composition and material microstructure on contact resistance and lifetime
performance are lacking. In order to build a solid material knowledge base for microswitch

designers, correlations among material properties, contacting performance (such as contact
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resistance, lifetime) and failure modes (such as stiction, wear/material transfer) need to be
built based on systematic experimental data for different materials.

The research in this area has been slowed by the long time requirement for fabricating a
microswitch with a particular new contact material. Typically, these microswitches are
fabricated in Si foundries, and only a limited range of materials may enter the fabrication
facility. Secondly, the fabrication process must be optimized for each material, and it may
take many months to fabricate a set of switches to test a candidate contact material. Materials
compatibility and process integration issues must be addressed in advance for every material
to be tested.

Some convenient contact wear test facilities have been used to research the characteristics
of microswitches. Notably, Hyman used a modified X-Y-Z micrometer station to investigate
the contact physics and test current carrying capability of MEMS switches [10]. Schimkat
used an accurate loading system to survey materials for micro-relay actuators [11]. A
modified nano-indentor was also used to study hot-switching degradation of MEMS contacts
[12]. One concern about these tests is that they do not closely mimic real microswitches. In
particular, the tests have difficulty duplicating the switch geometry (mechanical moving parts
are typically micro-scale cantilever structures with metal films being patterned on the
surfaces) and the contact geometry (micro-contacts); these are important issues because the
contact geometry has a strong influence on the stress and heat distribution across the contacts,

and thus on the switch performance and failure mechanism [13, 14].
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In our work, these issues were addressed by: comprehensively testing an alloy series of Au-
Ni (with varied nickel composition); and utilizing a newly developed switching degradation
test facility closely mimicking actual MEMS switch operation [15].

Besides the alloys mentioned in the above paragraphs, Au-Ni has materials characteristics
showing it to be a potentially promising alternative to gold. It has been reported that Au-Ni
alloy contacts yield much lower adhesion than pure gold contacts [9]. Low force (as low as
0.6 mN) stable contact and reliable re-opening were also achieved in the previous research
report. However, in the previous study, only samples with one composition (5 % Ni) were
investigated, using bulky samples (rivets) as test components instead of a MEMS test
structure. Therefore we have undertaken a study of a wider range of alloy compositions,
tested under a configuration typical of MEMS switches. The Au-Ni phase diagram is shown
in Fig. 1 [16]. Note that both metals are FCC structures, and exist as a two phase mixture at
relatively low temperature under equilibrium conditions. However, a metastable single phase
alloy may also be produced under the low processing temperatures utilized for the film
deposition. Thus, a comparison of the metastable solid-solutions and the two-phase mixtures
of the same overall composition can be undertaken, so that both microstructure effects and
composition effects can be examined.

The switching degradation test facility used for this study utilizes the upper cantilevers
from commercial RF MEMS switches and tests these against alternative bottom contact
materials, using a modified atomic force microscope (AFM) as described below. The
emphasis is placed on a comparison of the alloys and correlations between material

properties, contact resistance and contact degradation.
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FIG. 1: Au-Ni phase diagram, after Okamoto and Massalski [16].

5.3 Experiment

We have designed a unique setup for monitoring MEMS switching behavior by integrating
a real MEMS cantilever (from commercial wiSpry switches [17]) and separate thin film
bottom contact materials under test into an atomic force microscope (AFM) [15]. The test
configuration is shown schematically in Fig. 2. The contact is made between upper pure gold
micro-contacts and bottom candidate contact materials. The contact resistance evolution and
the switching motion are both monitored in-situ. The test switch is cycled on/off using a
piezoelectric actuator. The switching mechanics is designed in such a way that contact
resistance failure is highly sensitive to the contact surface degradation. During test, the
MEMS cantilever is intentionally flexed in both “on” and “off” states to ensure a calibrated
contact force. This pre-bent geometry also ensures a nearly vertical contact motion (less than

2.5° tilting) for the upper micro-contacts with respect to bottom contact pads. Contact area
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then is always located near the front edge of the micro-contacts due to this slight tilting.

Vertical oscillation of the bottom contact pads alternates the contact points between the

cantilever edge (insulating) and the micro-contacts, with these two states corresponding to

the electrical “open” and “closed” states. We are aware that in the commercial wiSpry
switches with which we are making comparison, the ultimate rise in resistance appears to
correlate with substantial deformation of the switch contacts, consistent also with other
reports [7, 13]. We have therefore made this test more sensitive to contact deformation by
limiting the vertical travel of the piezoelectric actuator. As deformation occurs, the on-state
contact is affected, and resistance rises markedly. As shown later in the Results section, this
will occur after dramatically fewer cycles than in service, primarily because the limited travel
will result in an “out-of-contact” condition after substantially less contact deformation than in
the case of the commercial switch. Thus we can accelerate our investigation of contact
degradation as a function of contact material, while using the commercial cantilever in a test
that is strongly representative of the actual operation.

Further conditions are briefly summarized below.

a. The test is typically undertaken under ‘hot-switching’ conditions. This term is used by
the electrical switch community for the condition where a field is present when switch
opening and closing takes place. The open circuit voltage (Vo) is set at 1 volt. The
measurement current is 1 mA, a value reached after a higher current transient. Our
results suggest that the transient does accelerate switch degradation, and the transient
was therefore kept constant for all the comparative tests.

b. The contact force is calibrated as ~150 uN / contact, which is up to twice the contact
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force of the wiSpy’s micro-switches under service conditions. This increased contact

force was adopted to the increase deformation and wear rate, but was also carefully

controlled for the comparative evaluations of the contact materials. Since the tests were
conducted in ambient air, a relatively large contact force also helps to penetrate any
surface contamination film that may be present and ensure a metal-metal contact.

Therefore, under the test conditions utilized in this investigation, the effective lifetimes
are substantially shortened [15], which enables differences between contact materials to be
more readily distinguished.

Pure Au and Au-Ni alloy (with up to 20 at. % Ni) bottom contacts samples were
prepared using ion-beam sputter-deposition. Xenon gas was used in the ion source due to its
relatively large mass, reducing energetic bombardment of the growing film. The base
pressure was < 3 x 107 torr and the deposition pressure was 2 x 10 torr. The accelerating
voltage for the beam is 600 V and beam current is 20 mA. The substrate is a silicon wafer
coated with a 1000 A thick thermal oxide. A 5 nm Chromium (Cr) layer and a 10 nm
molybdenum (Mo) layer were deposited as an adhesion layer and a diffusion barrier layer,
respectively. A 250 nm film of pure Au or Au-Ni (with various nickel composition) was then
deposited.

The Au-Ni alloy was prepared by co-sputtering from a rotating gold target partially
covered with a piece of the alloying metal (Ni). The atomic percentage then was determined
by the fractional target area the nickel occupies (in percent area, or equivalently, the angle 0
in comparison to 360°) and its sputtering yield (Y) compared to that of gold. The required

angle 0 was calculated as follows:
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FIG. 2: Configuration for the switching tests.

where A and B are the different materials. The sputtering yields of Au and Ni under Xe ion
bombardment were taken from Ohring [18]. The in-situ rotation of the target ensures the
uniformity of the film composition. The films were patterned using standard
photolithography, to facilitate the four point probe measurement of the contact resistance

during the switching lifetime tests. Ion beam etching thereafter was used to remove metal
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films off the uncovered area. N-methyl pyrrolidinone (NMP) solution and de-ionized water
was used in sequence to dissolve the photo-resist layer and clean the sample, respectively.
Electrical resistivity data was obtained on as-deposited thin films (before patterning) using
the four point probe technique (MAGNE-TRON Model-700). A four-point sheet resistance
correction [19] was applied. Micro-hardness data was obtained using a Hysitron Triboscope
nano-indentor (Berkovich indenter tip-142.5° included angle). Surface topographic images
were taken on the as-deposited thin films using a CPR Atomic Force Microscope. Related
software was used to obtain roughness statistics and height-profile analysis. A BRUKER
AXS X-ray diffractometer was used to identify the sample structure. RIBER LAS-3000 X-
ray Photoelectron Spectroscopy (XPS) was used to detect the surface chemical composition
(< 10 nm). The take off angle was ~ 75° from the sample surface. A MAC-2 analyzer and Mg

Ka (1253.6 €V) source were used in the experiment.

5.4 Results and Discussion

Gold alloy lattice parameters obtained by X-ray diffraction (XRD) are shown in Fig. 3,
for films of various Ni content. In the figure, the lattice parameter (measured in the direction
normal to the wafer surface) is plotted versus the expected Ni at. %, compared to values for
bulk solid-solution alloys (represented by diamonds, along the trend line)[20]. The room
temperature deposited thin films (Fig. 3, triangles) show a larger than expected lattice
parameter, consistent with the effects of compressive stress. A series of Au-Ni samples were
deposited with 200 °C in-situ heating. For these heated samples (Fig. 3, squares), the lattice

parameter fits the bulk literature data quite well, indicating the compressive stress can be
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minimized by moderate in-situ heating. More importantly, we can conclude from the XRD
data that all as-deposited samples yield the metastable solid solution phase (no nickel peaks
are observed), and our Ni content calculation is correct as well.

In order to obtain the stable two-phase mixture, rapid thermal annealing (RTA) was
conducted on some samples. Samples were heated at 600 °C for 30 seconds in flowing N,
gas. An X-ray diffraction spectrum after RTA is shown in Fig. 4. In the spectrum, Au (111),
Au (200), Ni (111) and Ni (200) peaks can be clearly identified. The precipitation of a
nickel-rich phase is confirmed (not present before the RTA). Therefore, the effects of solid-
solution hardening versus precipitation hardening can be compared. Note that, however, if
nickel precipitates are present at the surface, they are susceptible to oxidization in air.

The properties of the Au and Au-Ni alloys are summarized in Table 1. It can be seen that
the measured electrical resistivity and micro-hardness increase with increasing Ni-content in
the single phase metastable alloys. Annealing the Au-Ni alloy (20 at.% Ni) to form the two-
phase mixture significantly lowers the resistivity and hardness compared to the pre-annealed
values.

The bulk resistivity is not the key parameter for the MEMS switches — rather it is the
contact resistance. We would like to gain some insight into the factors controlling this
contact resistance. The relationship between force and contact resistance for gold-contact
MEMS switches has been investigated by previous researchers [10, 21, 22]. For a contact
radius greater than the electron mean free path, the Maxwell spreading resistance model can

be used to calculate the contact resistance. In our test, the nominal contact radius is much
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larger than the mean free path in gold (~ 36nm), so the model should be valid. The contact

resistance R, is described by:
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FIG. 3: Lattice parameter vs. nickel composition for films deposited at room temperature,
and 200 °C, compared to bulk solid solution alloys [from ref 20].
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where p is the resistivity, r. is the contact radius [23]. While two different materials are in
contact, the resistivity is estimated as the average of the two. The contact radius can be

obtained using an asperity deformation model [22]:

F
c EnH “
where F is the applied force, H is the hardness of the material and & is the coefficient of the
material deformation mode. Different modes are given as: < 0.3, elastic deformation; 0.3 <
£ <0.75, elastoplastic deformation; and 0.75< & <1, plastic deformation.

As described elsewhere, the contact force in our test is about 150 puN/microcontact [15].
Plastic deformation is assumed based on this force over the hundred-nanometer-scale contact
area. For the contact between different materials, which is the case in our experiments, the
averaged hardness is used for the calculation. The electrical resistivity, micro-hardness,
measured and calculated contact resistance data (against upper pure Au micro-contacts) for
the pure Au and Au-Ni samples are shown in Table I. The calculated and measured contact
resistances are also plotted in Fig. 5. As the electrical resistivity and micro-hardness increase
with Ni percentage, the model (calculated values) shows an increase of contact resistance.
The experimental contact resistance data roughly follow this trend. For pure Au samples, the
experimental data fits the calculated contact resistance data quite well. However, for the Au-
Ni metastable solid solution series, the measured contact resistance is much higher than the
calculated value. Two-phase Au-Ni samples (20 at.% Ni) showed a much lower contact

resistance compared to the solid solution alloy at the same composition. Furthermore, the
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model in this case again correctly predicted the measured contact resistance based on the
physical properties of the films and the contact force.

Based on the above analysis, it might be reasonable to suggest that, for the Au-Ni solid
solution series, the mismatch between the calculated and measured contact resistance is due
to the fact that the roughness effect is not included in the model. To gain insight into this

issue, a detailed topographic analysis was performed using AFM.

TABLE I. MATERIAL PROPERTIES OF Au-Ni FILMS

Nickel Electrical Micro-hardness quculntccl M.c-asurcd
Composition Resastivity Confact Contact

(at. %) (iC2-cm) (GPa) Resstance Resistance

(Q)(Eq.3,4) (Q) (+5%)
0 38 2.7 0.14 0.16
39 6.9 3.0 0.25 0.35
7.8 10.5 43 0.30 0.62
129 132 1.8 0.41 0.75
16.7 19.2 5.7 0.51 0.88
20 205 6.1 063 095
20 15.5 4.1 0.37 04

(two phage)

A series of AFM Au-Ni topographic images with grain height analysis and RMS surface
roughness data are provided in Fig. 6 — Fig. 10. Topographic and error images of a pure gold
sample, a solid solution Au-Ni (20 at.% Ni) sample and a two-phase Au-Ni (20 at.% Ni)

sample are shown respectively in Fig. 6, Fig. 7 and Fig 8.
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FIG. 5: Calculated and measured contact resistance vs. nickel composition.

Height profile line-scans across the sample surfaces are also included in each figure (note
that the height scale bar in Fig. 6 is different from those in Fig. 7 and Fig. 8.) Maximum
height difference in the line-scans, and RMS surface roughness data are charted in Fig. 9 and
Fig. 10. The topographic analysis can be summarized as:

a. The metastable single phase Au-Ni alloys show a marked trend of increasing roughness
with increasing Ni content.

b. The rapid thermally annealed, two-phase Au-Ni alloy (20 at.% Ni) shows an entirely
different microstructure with a surprisingly reduced roughness compared to the pre-
annealed state. The mechanism for the surface smoothing is not yet determined.

c. The Au and the two-phase Au-Ni alloy (20 at.% Ni) samples show comparable values of
roughness despite very different microstructures and grain size. The similar values of

contact resistance should also be noted
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Generally, it is assumed that rough surfaces yield lower contact areas than smooth surfaces.
As a result, measured contact resistances for Au and two-phase Au-Ni samples fit quite well
with calculated values while solid solution Au-Ni samples show higher contact resistance
than expected. This study calls for more advanced contact resistance modeling, in which the
topology effect of the contact surfaces needs to be addressed. Recently, some progress has

been made in this area [24].

an
o L

02 D4 06 0.8 pm
FIG. 6: AFM images of pure Au sample (a) topographic (b) error (c) random line height
profile

It is an initially surprising result that rapid annealing of a metastable solid solution Au-Ni
(20 at.%) sample resulted in a much smoother surface for the two phase structure.
Nevertheless, in the application of metal contacts for MEMS switches, this material

processing method enables us to achieve a good combination of low surface roughness, low

contact resistance, and increased material hardness.
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FIG. 7: AFM images of Au-Ni (20 at. % Ni, solid solution, as-deposited) sample (a)
topographic (b) error (c) random line height profile.
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FIG. 8: AFM images of Au-Ni (20 at.% Ni, two phase, after RTA) sample (a) topographic
(b) error (¢) random line height profile.
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Pure Au and Au-Ni thin film test structures were subjected to the switching degradation

tests. Hot switching conditions were selected for the comparisons. The test conditions and
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unique electrical failure detection mechanism are as described in the experimental section.
The test results are shown in Fig. 11, showing the closed state resistance as a function of
switching cycle (note that a test cantilever has two micro-contacts; thus the resistance in Fig.
11 is roughly twice the contact resistance values in Fig. 5). Failure is indicated by the contact
resistance increasing towards the open circuit value. It is clear that the number of cycles

before failure increases as %Ni in the alloy increases.
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FIG. 11: Micro-contacting tests on pure gold and Au-Ni alloys.

Typical worn microcontacts on the Au cantilever, and corresponding bottom electrodes in
the degradation tests of Au against Au, and Au against solid solution Au-Ni (20 at.% Ni), are
shown in Fig. 12. As indicated by the AFM pictures, the top electrode wear occurs
predominantly on one edge, due to a small angle between top and bottom contacts. Although

the accumulated number of cycles of the Au against Au-Ni (20 at.% Ni) test is ~ 3000, more
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than twice that of the Au against Au test (~ 1300 cycles), Au-Ni (20 at.% Ni) shows less

indentation on the bottom electrode. Information revealed by the test can be summarized as:

a.

Low initial contact resistance was achieved for all the tests. A slight decrease of the
initial contact resistance can be observed after a number of cycles. Notably, the contact
resistance of solid solution Au-Ni (20 at.% Ni) drops from the initial value of ~3.5 Q to
the stable value of ~1.8 Q after a couple hundred switching cycles. This “burn-in” period
is less obvious for all the other samples. The low initial contact resistance suggests that
any surface contamination film is insignificant. The relatively large contact force (150 uN
/microcontact) utilized in the tests, and possible arc energy dissipation and transient
current heating may remove surface contamination. In the case of low-force cold
switching of RF MEMS switches in ambient air, typically a higher initial contact
resistance is observed [2, 25]. Contamination accumulated on the contact surface during
cold switching might easily degrade the contact resistance by orders of magnitude.

Pure gold yields the lowest cycle number before electrical failure. Solid solution Au-Ni
alloys showed increased cycle number with increased nickel composition. Adding nickel
to gold increases hardness, electric resistivity and roughness. As a result, there is reduced
effective contact area and less surface adhesion in the on-state. The tradeoff for the
extended lifetimes is a relatively higher contact resistance (~ 1.8 ). In the MEMS
community, hot switching failure is thought to be primarily caused by arc-induced
material transfer or transient current heating. Mechanical wear is therefore thought to be
a minor factor in the hot switching failure process. However, our data indicates that

strengthening the gold alloy substantially retards the contact failure process under hot
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switch conditions. This might be an indicator that arc/ current-heating induced material
transfer could be affected by the mechanical properties of the contact materials. A more
detailed investigation of the field induced material transfer mechanisms are being

reported elsewhere.

Two-phase Au-Ni yields the largest cycle number while providing a stable, acceptable
contact resistance (~ 1 Q). Compared to the solid-solution Au-Ni alloys, two-phase Au-
Ni (20 at.% Ni) films have an intermediate hardness (4.1 GPa) while yielding a much
larger contact area due to the film smoothness. However, the intermediate hardness of
this material does not fit our original expectation that the switching reliability should
increase with hardness. Furthermore, the large contact area is expected to enhance the
material adhesion on the contact surfaces, thus, impacting the reliablity. The excellent
performance of the two-phase alloy, and the contrast to the trends displayed by the single
phase alloys, caused us to suspect surface-related effects. In order to investigate the
chemical differences between solid-solution and two-phase sample surfaces, the chemical
composition of the sample surfaces was examined using XPS, comparing Au-Ni (20 at.%

Ni) solid-solution and Au-Ni (20 at.% Ni) second phase precipitation samples.

Fig. 13(a) shows the XPS spectrum of the solid solution Au-Ni (20 at. %) alloy. The nickel

composition is calibrated according to the Ni 2p peak. The nickel atomic percentage is ~ 11.7

% (this value is only representative of the surface composition). Fig. 13(b) is the XPS

spectrum for two-phase Au-Ni (20 at. %). The calibrated nickel composition on the surface is

~ 30.8 at. % in this case. The high resolution XPS spectra on two-phase Au-Ni (20 at. %) is

shown in Fig. 13(c).
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FIG. 12: AFM images of the worn microcontacts on the Au cantilever, and the corresponding
bottom electrodes in the lifetime tests of Au against Au and Au against solid solution Au-Ni
(20 at.% Ni). (a) A worn pure Au microcontact on the MEMS cantilever in Au against Au
test (b) The worn area on the pure Au bottom electrode corresponding to the microcontact
shown in (a). (c) A worn Au microcontact in Au against Au-Ni (20 at.% Ni) test. (d) The
worn area on the Au-Ni (20 at.% Ni) bottom electrode corresponding to the microcontact
shown in (c).

The dominant nickel species on the surface is identified as Ni,Oz from the Ni 2p 3/2
position [28, 29]. Therefore, precipitation of nickel from solid solution Au-Ni (20 at.%)
alloys might be described as below: upon RTA, nickel starts to precipitate from the gold-rich

matrix. Also, nickel near the surface precipitates preferentially at the surface (as well as at

grain boundaries), and is oxidized upon air exposure.
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FIG. 13: (a) XPS spectrum on Au-Ni (20 at.% Ni) solid solution sample. (b) XPS spectrum
on two-phase Au-Ni alloy sample (20 at.% Ni, after RTA). (c) High resolution XPS spectrum
on Au-Ni (20 at.% Ni, after RTA) two-phase sample. The listed binding energy is taken from
references [26-29].
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The results of the XRD and XPS analyses, taken together with the Au-Ni phase diagram,
indicate that after the RTA processing: some nickel atoms should remain as solid-solution
hardening additions to the Au; some Ni exists as Ni-rich precipitates at the nano-scale; and
some Ni migrates and forms nano-scale oxidized NiyOs islands on the surface. This
engineered microstructure, having unique surface and volume compositions and properties,
showed the best contacting performance among all the Au-Ni samples. These results point
towards the need to understand and control both a) material composition and microstructure,
and b) surface structure and properties, when selecting materials for MEMS contact switch

applications.

5.5 Conclusion:

In this paper, a newly-developed switching degradation test facility is used to evaluate
Au-Ni alloys as contact materials for MEMS switches under hot switching conditions. The
experimental data shown in this paper provide a correlation between material properties
(such as micro-hardness, electrical resistivity, surface topology, surface microstructure) and
micro-contacting performance. In general, increasing material hardness increases the
switching reliability, compared to pure Au. However, surface roughness needs to be
maintained below a certain level in order to avoid detrimental effects on contact resistance. It
also has been shown that post-deposition RTA treatment results in a two-phase Au-Ni alloy,
which significantly improves micro-contact performance based on its unique material
properties. The presence of some Ni,O; oxide at the surface appears to correlate with a

longer switching lifetime. These results suggest that both material volume and material
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surface properties must be considered for optimizing the properties of alloy thin films for

MEMS switching applications.
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CHAPTER 6
Field-Induced, Directional, Nano-scale Material Transfer in

MEMS Switching Tests

(This chapter is to be submitted to Journal of Micromechanics and Microengineering)
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6.1 Abstract:

Research of metal-contact microelectromechanical MEMS switch failure under hot
switching conditions is of great importance to its commercial applications in RF instruments.
In this paper, we investigated the gold micro-contact degradation under such switching test
conditions, and for the first time, we observed a nano-scale, directional material transfer
phenomenon during the tests.With the open circuit voltage and current load both being well
below the minimum arc voltage and minimum arc current (non-arc condition), gold contact
material was found to transfer in the direction of the electrical field. And during our tests, no
arc is detected by our in-situ high-resolution time traces. Reversing the field direction
reverses the material transfer directionality. And this directionality can be eliminated using
AC field. In-situ monitored contact resistance indicates that the contact surfaces are meta-
stable during the switching operation. Our results suggest that, instead of metal phase arc, a
new field-induced material transfer is responsible for the micro-contact degradation and

cautions need to be taken to avoid thus degradation in MEMS switch design.

6.2 Introduction

Metal contact MEMS switches have a number of advantages over traditional relays and
switches. Smaller sizes, low power consumption (electrostactic switches), lower cost and
good compatibility with integrate circuit (IC) are some of the unique attractive features of
this technology. Another major driving force for this technology is from the high frequency
applications. The cut-off frequency of metal contact MEMS switches is much higher than

semiconductor switching devices (etc. PINs and MOSFETs). MEMS switches can be
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operated under either cold switching conditions or hot switching conditions. ‘Cold switching’
refers to the operation condition under which no voltage is present across the two metal
contacts during switch open and closure. ‘Hot switching’ refers to the operation condition
that there is a voltage difference between the two metal contacts during switch open and
closure. Metal contact MEMS switches has been demonstrated with high reliability under
low-power cold switching conditions. [1, 2, 3] Starting from the year of 2006, cold switched
MEMS switches have begun to replace traditional relays and switches in some automatic test
equipment systems (ATEs). However, in order to expand to the area of RF instrumentation
applications (etc. spectrum analyzers, oscilloscopes), hot-switching with high reliability and
higher power handling ability needs to be realized [4]. As the first step toward this goal,
understanding hot-switching failures in MEMS switches have become an important subject,
but right now, still far from being accomplished. Up to now, as far as we know, no
comprehensive investigation of hot switching MEMS contact failure can be found in
literature. It is probably due to the fact that, the contact degradation under hot-switching is a
result complicated by multiple contributing factors such as high electrical field, transient
current, static current and mechanical wear. Our work focuses on investigation of contact
degradation under hot switching conditions in metal contact MEMS switches.

Except stiction failure, contact degradation is always a result of material transfer (wear is
also a type of material transfer). Material transfer on metal micro-contacts can be defined as a
material re-distribution which occurs either between the contact area and its surroundings or
between the two contact surfaces during switch operation. The resulted contact surface

damage or material loss from the contact area eventually leads to an un-qualified contact
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resistance, causing a device failure. One of the major failure mechanisms that have been
investigated is arcing in hot switching MEMS switches. Field induced metal phase arc has
been proposed based on the dramatic failure features observed in MEMS switches [5, 6].
However, the non-arc test conditions contradict with this material transfer mechanism. And
additionally, no arc characteristics were observed by high resolution time traces. Therefore
more work needs to be done to understand the micro-/ nano-scale material transfer under the
non-arc, but high electrical field MEMS switch operation conditions.

Research of field induced material transfer can be traced back to the development of
electric relays and switches in the early 20" century. Most commonly, it relates to an ‘electric
arc’ between the electrical contacts in the devices. In medium- and high- power electrical
circuits, contact metal can be vaporized by an arc at high current (thousands of amperes). In
addition to the vaporization, the violently produced vapor ‘blows’ out drops of liquid metal
from the contact. Material transfer, in this case, is typically dominated by excessive field-
induced current heating, and thus does not have significant directionality. At lower power
level, directional arc transfer normally can be observed. The arc process can be divided into
two phases, termed metal phase arc and gas phase arc, due to the difference in material
transfer mechanism. Contact material typically transfers from anode to cathode in the early
stage of a metal phase arc while reverses the direction in a gas phase arc [7,8]. For the case of
MEMS switches, only low-power, metal phase arc is possible due to the small device size
and micron-scale metal contact separation.

Low-power, directional material transfer has been investigated at low DC electric power

level with seperation length (gap between two electrode planes) down to 0.1 um [9]; current
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down to mA range [10] and voltage down to the ionization energies [11-13]. Much of these
macro-contact work shows that there is no detectable directional material transfer when the
open circuit voltage is lowered below the ionization voltage (non-inductive circuit) or the
current is lowered below certain threshold value. Metal phase arc theory has been developed
based on these experiments. According to this theory, the material transfer process in the
early stage of contact separation is as following: the contact area is decreased as the contacts
separates. Consequently, the constriction resistance, contact voltage and temperature in the
constriction area increase rapidly up to boiling point (the contact voltage and boiling
temperature of gold are 0.97 V and 3080.15K [29]). Part of the molten bridge material gets
evaporated. Across the hot and dense metal vapor, there is a strong electrical field within the
small separation gap. It causes field emission of electrons from the cathode. These electrons
excite and stepwise ionize the metal atoms (evidences of high excited metal ions have been
reported [14-17]). Thereafter these metals are transferred following the field toward the
cathode. This arc process is sustained by cathodic electron emission. It is commonly believed
that below the ionization voltage, electrons can not have enough energy to ionize the metal
ions and below certain threshold current, this process can not be sustained. Up to now, the
reported minimum arc voltage and minimum arc current for gold are 12.42 volt and 0.35 A
respectively.

Material transfer below the threshold voltage and threshold current first was named “fine
transfer” (bridge transfer) by Holm in 1950s. This kind of material transfer was claimed to be
caused by asymmetric rupture of the bridge of molten contact material appearing between

opening contacts. And the asymmetric rupture was ascribed to the shift of the hottest point
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from the middle due to DC current heating. However, this theory seems to be contradictory
with the experimental facts [14-17, 18, 19] and received rare acceptance.

As discussed above, current knowledge of contact physics barely extends to the MEMS/
NEMS regime because material transfer occurred below ionization voltage or certain critical
current hasn’t been well addressed and micro-contact hot switching failure has rarely been
studied. In order to benefit the arising MEMS industry and the research community, field
induced material transfer ought to be investigated in micro-/ nanometer scale at a much lower
power level. In our study, field induced material transfer in a MEMS switching-simulator
facility was investigated. The growth of transferred material with cycles was characterized by
AFM. Electrical contact resistance was in situ monitored during switching thus the effect
from material transfer on MEMS device performance can be evaluated. Combined effects
from current induced melting, mechanical wear in the micro-contacting process were clearly
identified using varied test conditions. The authors believe that the outcome of this series of
experiments should be beneficial to the design and processing of future MEMS/ NEMS

devices as well as the research of basic nano-science.

6.3 Experiment

We have designed a unique setup for monitoring MEMS switching behavior by integrating
a MEMS cantilever and separate thin film bottom contact materials into an atomic force
microscope (AFM) [20]. The test configuration is shown in Fig. 1. The contact is made
between upper pure gold micro-contacts and bottom pure gold contact material. A

piezoelectric actuator (Physik Instrumente, P-802.00) is used to vibrate the patterned bottom
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contacts vertically by an amplitude of 1.8 um, which is sufficient to bring the upper micro-
contacts and bottom contact pads into and out of contact. The contact resistance evolution

and the switching motion are both in-situ monitored.

Gold microcontacts

—

Insulator substrate with
isolated gold pattern

FIG. 1: Configuration for the switching tests.

As is shown in figure 1, the cantilever is composed of three layers: a 2 pm SiO; layer with
0.5 pum gold layers on both sides. The width of the cantilever is 75 um. The effective length
of the cantilever can be adjusted while attaching it to the cantilever carrier. For the tests
reported here, the effective length was fixed at 150 um. There are two electrically connected
micro-contact bumps on each cantilever (top contacts). The diameter of each contact is Sum.
The bottom contact is patterned gold film (~ 250 nm thick) sputter-deposited on oxidized Si

(0 0 1). While the upper micro-contacts make electric contact with the bottom sample contact
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pad area, the contact resistance is measured by a four-point probe setup. From the figure, the
two probes on the right side supply current and the two on the left side sense voltage. The
open circuit voltage (Vo) across of the two pairs of micro-contacts can be adjusted from 0 —
6 V using different test system parallel resistors.

In our study, both ‘hot switching’ and ‘cold switching’ tests were conducted. Typical test
current is limited to ~1 mA. Pure mechanical wear test was also carried without current. The
contact force is exerted by the deflected MEMS cantilever, and is calibrated to be ~ 150 uN
/micro-contact. After cycling test, both the top micro-contacts and the bottom contact pads
were characterized by AFM (Park Scientific, M5). Quantitative volume analysis (using

Gwyddion software) was conducted to evaluate the transferred material volume.

6.4 Results and Discussion

Three switching experiments were conducted with Voo = DC 6 V, I = ImA on three
individual sample sets (a sample set is composed of one MEMS cantilever and one bottom
contact electrode). During the test, 1 mA current flows through right bottom contact pad,
right micro-contact, left micro-contact and right bottom contact pad in sequence while the
switch is closed. An electrical field is built in the gap between the upper microcontacts and
the bottom contact pads due to the 6 V open circuit voltage while the contacts are broken.
The total traveling distance of the micro-contacts with respected to the bottom contact pads is
estimated to be less than 100 nm. The switching time is ~1 ms. Transient current was
completely suppressed using a 5 KQ serial resistance. The current spectrum at the moment of

contact closure is shown in figure 2. AFM images of the upper micro-contacts and bottom
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contact pads after 1000 cycles, 2000 cycles and 3600 cycles are shown in Figure 3, figure 4

and figure 5.
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FIG. 2: The current spectrum at the moment of contact closure shows a complete transient
suppression

For the contact on the right, the net material transfer is from the bottom contact pad to the
upper micro-contacts. And for the contact on the left, the net material transfer is from the
upper micro-contact to the bottom contact pad. Thus, a directional transfer of gold following
the electrical field/ current can be clearly identified based on this observation. The growth of
transferred gold on the right micro-contact also showed different micro-structure evolution.
For the 1000 cycles sample set, the built-up is a gathering of many small grains. For the 2000
cycles sample set, transferred gold coalesced to only a couple of large grains. For the 3600

cycles sample set, a cone was formed on the contact surface in the coalescence process.

144



Left Micro-contact

[ 0.39ym
0.44 ym

0.00 pm

y: 7.0 pm ~— ’ ¥ 7.0 pm

Left Bottom Contact

Right Bottom Contact

043 pm

0,00 an

FIG. 3: AFM images of the upper micro-contacts and bottom contact pads after 1000 cycles
with DC 6V and 1mA.
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FIG. 4: AFM images of the upper micro-contacts and bottom contact pads after 2000 cycles
with DC 6V and 1mA.
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FIG. 5: AFM images of the upper micro-contacts and bottom contact pads after 3600 cycles
with DC 6V and 1mA.

The volume gain on the right micro-contacts and on the left bottom contact pad is analyzed
using Gwyddion software. The results are shown in figure 6. As we can see in the figure, the
material transfer is accelerated with the increase of cycle number (also the increase of
involved surface area). The material gain on bottom left pad is always larger than that on the
upper right micro-contact (notice that there is material build-up surrounding the hole on the
bottom right pad). This phenomenon suggests a superposition of top-down transfer
directionality on the field-oriented transfer directionality (more discussion is presented in
chapter 7).

The in-situ monitored contact resistance evolution for the case of DC 6V, 1mA and 3600

cycles is shown in figure 7. The close-state contact resistance (~0.65 Q) remains stable
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despite of a noise associated un-stable contact surface or possible trace amount of
contamination. Assuming a constant material transfer rate before 1000 cycles, the average

transfer volume/ cycle on the right micro-contact is on the order of 1E-5 pm’.

0.35
0.3 . .
—#— voluine-gain on right ]
),
microcontact 4
/
0.25 4

—- volume-gain on left /
bottomn centact pad

&
o

=
-
W

volume (um*3,
™
.
N

0 500 1000 1500 2000 2500 3000 3500 4000
cycle number

FIG. 6: Volume gain evolution with cycle number

Contact Resistance (Ohm)

0 T T T T T
0 500 1000 1500 2000 2500 3000 3500 4000

Cycle Number

FIG. 7: Contact resistance evolution for the test with open circuit voltage of DC 6V and
current limit of 1 mA.
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FIG. 8: AFM images of the upper micro-contacts and bottom contact pads after 3600 cycles
with AC 6V and 1mA

To confirm the directionality, experiments with reversed DC 6 V were conducted. The
results agreed with the previous ones. Furthermore, the experiment with V,. = AC 6V, | =
ImA was conducted. During all the above tests, no arc characteristics (etc. voltage & current
overshooting) have ever been detected by the high-resolution transient triggers. The AFM
images of the upper micro-contacts and bottom contact pads after 3600 cycles are shown in
figure 8. It is clear that the material transfer in this case does not follow the electrical field/
current but from the upper micro-contacts to the bottom electrode pads for both pairs of

contacts; the transferred volume is also substantially reduced.
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A comparison of the total transferred volume occurred after 3600 cycles under different test
conditions is shown in table I. For all the tests, ImA steady current is supplied except the test
for sample set 4, where no current is supplied so that the effect from pure mechanical wear
can be evaluated. In the test of sample 2, directional material transfer was canceled in an AC
mode and resulted in a much smaller transferred volume. Sample set 3 and 4 yielded similar
transferred volume regardless the 1 mA steady current applied in test 3. The transfer

directionality in these two cases again is from the upper contacts to the bottom pads.

Table 1: Comparison of Transferred Material with Different V.

Sample Ve Cycle number Total Transferred Material (umij
1 DC,6V ~ 3600 0.430
2 AC.6V ~ 3600 0.042
3 DC, 0.02V  ~ 3600 0.007
4 DC.0V ~ 3600 0.007

Based on the above characterization of the sample sets tested under different test
conditions, some characteristics about the material transfer phenomenon could be
summarized as following:

1.  Volume analysis for the two pairs of contacts suggests a superposition of  top-down
transfer directionality on the field-oriented transfer directionality, indicating a
combinational effect in the process.

2. Field-oriented transfer occurs below the gold ionization voltage (9.42 V) and the

minimum arc current (~ 0.35 A)
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3. The directional transfer rate increases with number of cycles, indicating that as more

surface area involved in the contact, more material can be transferred.

4. Pure mechanical wear, steady current heating is insignificant compared to the  field

induced material transfer and transient current heating.

As has been discussed in the introduction part, directional material transfer can be induced
by arc discharge. Material transfer in metal phase arc does follow the direction of electrical
field/ current (from anode to cathode). However, for an arc (even an un-stable, short arc) to
able to exist, the voltage across the gap needs to be above the metal ionization energy (for
gold, it is 9.42 V) and the minimum arc current should be above 0.35 A. Under our low
current (1 mA) and voltage (6 V, DC) condition, not a single un-stable short arc was
detected. Therefore, traditional arc theory is not applicable for our case.

Fine transfer theory proposed and developed by Holm ef al. is intended to explain material
transfer occurred below minimum arc voltage [18, 19]. However, this ‘current-induced
based” model contradicts with previous experimental facts: it predicts a wrong transfer
direction for a number of metals such as platinum. In our particular case, this model fails to
explain the transfer rate increase as more contact surface is involved. And obviously, electro-
migration can’t be the mechanism behind the phenomenon due to the opposite material
transfer directionality (for electro-migration, material transfer follows the flow of electrons).

Nanometer scale tip-atom-sample interaction (field evaporation) has been investigated for
the application of nano-dots patterning. Tsong claimed that when the tip to sample distance is
small, the atom-tip and atom sample interactions start to overlap. The sum exhibits a double-

well structure having a small activation barrier. The atom can either be transferred from the
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tip to the sample or from the sample to the tip depending on the electrical field polarity [21].
I.-W. Lyo and P. Avouris experimentally showed that as the tip-sample distance decreases,
the effective tunneling barrier is substantially reduced [22].

Referring back to our experiment facts, conditions do favor the field evaporation: the edge
of the slightly tilted micro-contacts (slight tilting is common in MEMS actuators while
making contact) acts like the tip; the bottom contact pads act like the bottom flat sample; It
has been reported that field evaporation of gold could occur within 10 ns with little change in
transfer volume (reported by Mamin et al. [23], 5 volts DC pulse is used in his experiment).
In our case, the switching time is on the order of milli-second and the maximum switching
gap is on the order of ~ 100 nm. It seems that these test conditions do satisfy the requirement
for field evaporation. We also have found that the material transfer volume per cycle in our
experiment is comparable to those reported for STM /AFM gold nano-dot deposition
experiments (diameters of transferred gold nano-dots ranges from 5 nm-100 nm and the
height ranges from sub-nanometer to above 10 nm [23-27] in their cases). From the above
analysis, we conclude that field evaporation, instead of metallic-arcing should be responsible
for the nano-scale, field-oriented material transfer observed in our MEMS switching
simulator tests.

Identification of this field-induced contact material transfer phenomenon in a MEMS
testing facility renders a clear insight into the failure mechanism of hot-switched MEMS
switches. And this could help to improve the MEMS switch hot-switching reliability from the
design and device operation perspective. Below are a few suggestions the authors believe to

help eliminating field induced contact degradation.
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To avoid this type of contact degradation, it might be necessary to lower the open circuit
voltage to below 3 volts (a widely reported threshold voltage value for field evaporation
of gold) so that the field strength during switching may not exceed the critical field for
field evaporation.

Since field evaporation is a thermally-activated transfer process (transfer rate is
exponentially dependent on temperature), it is beneficial to keep device operation at a
relatively low temperature. So on-chip heat-sink or cooling method should be able to
improve the hot-switching reliability

As indicated by our experiments, more involved surface area (in our experiment, the
involved surface area grows as the surface area of the cone increases) increases the
transfer rate. It is probably due to the increased number of field evaporation sites. Thus,
minimizing the involved surface area should also minimize the transfer rate.

Materials with higher critical field evaporation field could be the good alternatives to be
used as contact materials for hot-switch MEMS devices. The theoretical room-

temperature critical field for different materials can be found in Tsong’s paper [21].

6.5 Conclusion

In this study, nano-scale, directional gold contact material transfer was observed in a

MEMS switch test simulator. Characteristics revealed from the AFM characterization

provide clear evidence to identify the field-oriented material transfer as field evaporation.

This mechanism identification is essential for avoiding thus material transfer in hot-switched

MEMS actuators.
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CHAPTER 7 Resolving Transfer Directionality for Field

Evaporation of Gold

(This chapter is to be submitted to Applied Physics Letters)
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7.1 Abstract

Identification of transfer direction for field evaporation of gold is important to the
development of high-reliable nano-scale surface modification techniques. Previous gold
nano-dots transfer works using scanning tunneling microscope (STM) or atomic force
microscope (AFM) raised a large controversial debate on this subject. This work resolves the
transfer directionality for gold field evaporation by successfully excluding the effects from
topographic and geometric differences between the ‘tip” and ‘sample’. It was found that gold
nano-dots transferred in the direction of electrical field indicating only positive ions are
created in the transfer process. Contact-transfer was also characterized. Possibility of metal

phase arc is excluded after a careful examination.

7.2 Text Body

Since early 90s, nano-scale field-induced material transfer has become an active research
field due to its potential applications in high-density memories and quantum devices [1-4].
High-reliable gold nano-dot deposition using STM /AFM has been demonstrated by different
research groups [3-8]. However, it is surprised that the transfer direction varies in these
reports. Mamin reported reliable mound-formation on gold substrate when single negative
voltage pulses were applied to the gold STM tip [5]. In contrast, he also pointed out that gold
atoms were removed from the substrate step-wisely when multiple negative pulses were
applied to the gold tip over one location [6]. And the direction of gold field evaporation was
thought to be opposite to the electric filed based on his single-pulse results. Topographic

effect was suspected to be responsible for the directionality mismatach in his multiple-pulse
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experiments. Later, more conflicts rose from Chang’s observation that gold nano-dots
transferred either following the electric field or in the opposite direction when single negative
pulses were applied to the gold tip. The probability of these two types of transfer is nearly
equal. It seemed that, in thise case, both positive and negative ions were created [9]. In a
dissimilar Pt-Ir tip/Au substrate system, Bessho ef al. found that gold atoms be removed from
the substrate by applying single positive pulses to the gold substrate. [3]. This observation
supports the suggestion that only positive ions were created during the field-induced transfer
process.

It has been showed that physical contact between the ‘tip’ and ‘sample’ would occur
during the nano-dot transfer process in a STM [10, 11]. Therefore, the transfer process could
be a combined effect of field induced transfer, thermal-migration and contact-transfer. In
normal STM /AFM experiments, it is difficult to individually evaluate these effects due to
the topographic and geometric differences between the tip and sample [6, 12]. As a result,
nano-scale field-induced material transfer has not been well understood even with more than
two decades of research.

In our tests, double pairs of identical micro-contacts were used in our study to investigate
field-induced material transfer. A conductive micro-cantilever with two identical gold micro-
contacts served as the ‘tip’. Each micro-contact has a radius of ~ 2.5 um and height of ~
350nm. Two electrically-isolated identical gold thin film contact pads (thickness of 250 nm)
served as the ‘sample’. Both the ‘tip’ and ‘sample’ were incorporated into an AFM (Park
Scientific, M5). To assess the effect of physical contact, upper cantilever is cycled upon the

bottom contacts with a relative z-direction magnitude of ~ 100 nm by a pize-actuator (PI-
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802.00). The switching time is ~1 ms. A large number of cycles allow accumulated transfer
volume to be quantitatively measured by AFM and its data processing software (Gwyddion).
The contact force is calibrated to be ~ 150 uN/ contact. A maximum total open circuit
voltage of 6 V (well below the minimum arc voltage of gold at 12.42 V [13]) is applied
across the two contact pairs through a non-inductive circuit. A steady current of 1 mA (well
below the minimum arc current of gold at 350 mA [13]) is feed through them in sequence.
Therefore, two identical pairs of micro-contacts should undergo exactly the same test
conditions except the opposite electrical field direction. Differences between the material
transfer features for the two contact pair then should be due to the field directionality.
Electric arc is intentionally avoided by the test condition-setting. Voltage across the two
contact pairs and circuit current were in-situ monitored during the test.

Figure 1 shows the AFM images of the upper gold micro-contacts and bottom gold
contact pads after 2000 cycles with DC 6V and 1 mA. During the test, I mA current flows
through right bottom contact pad, right micro-contact, left micro-contact and right bottom
contact pad in sequence when the switch is closed. Electrical field is developed between the
upper micro-contacts and the bottom contact pads when the contacts break.

For the contact on the right, gold atoms transfer from the bottom contact pad to the upper
micro-contacts. And for the contact on the left, gold atoms transfer from the upper micro-
contact to the bottom contact pad. Thus, a transfer directionality following the electrical
field/ current can be clearly identified. This test was repeated on new sample-sets using a
negative DC voltage source (maximum open circuit voltage = - 6 V). The transfer direction

still follows the electric field. Therefore, negative gold ions created should not have been
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created during the transfer process. During all the above tests, no arc characteristics (etc.
voltage & current overshooting) have ever been detected by the high-resolution transient

triggers.
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FIG. 1: AFM images of the upper micro-contacts and bottom contact pads after 2000 cycles
with DC 6V and 1mA
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FIG. 2: Volume gain evolution with cycle number
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The chart of transfer volume vs. number of cycles is shown in figure 2. The volume-gain
on the up-right micro-contact is larger than the volume-gain on the left bottom contact pad.
There is always some material build-up around the hole on right bottom contact pads. These
results suggest a super-position of a top-to-bottom transfer on the electric-field-oriented
transfer. Assuming a linear transfer rate before 1,000 cycles, the average transferred volume/
cycle is similar to those from the previous gold field evaporation experiments using AFM [4,
8].

Results of using an AC voltage source is shown in figure 3. The material transfer in this
case did not follow the electrical field/ current. Only the top-to-bottom transfer was observed
for both contact pairs. The total transferred volume was also greatly reduced because the
transient energy of the strong electric field was used to transfer gold atoms back and forth
without causing much net-transfer volume. With a cold cycling test (open circuit voltage
equals zero; steady current equals zero), still only the top-to-bottom transfer was observed for
both contact pair. But the total transfer volume was further significantly reduced without
transient heating. These results suggest that the top-to-bottom transfer is due to contact-
transfer during cycling with its direction determined by the topographic and geometric
differences or material differences between the two contact surfaces

Traditional single tip-sample configuration tests were also performed in an AFM (CPR) to
assist our material transfer evaluation. A silicon substrate with 20 nm of gold deposited on
the top was used as substrate. Pt-Ti coated and Au coated AFM tips (k = 0.15 N/m) were lift

up from the contact point under a bias of +/- 6V.

162



Right Micro-contact,
J‘

) 0.39 pm
0,36 pm

Left Bottom Contact

55 nm

e onm

. B.O pm _'.z"' W B0 pm

FIG. 3: AFM images of the upper micro-contacts and bottom contact pads after 3600 cycles
with AC 6V and 1mA

The force was set to the order of a few nano-Newton to avoid mechanical wear and the
current was set to nearly tunneling current range (~ 100 nA) by a serial resistance of 50 MQ.
Thus both the contact force and current were lowered 10,000 times compared to our double-
contact cantilever test. Material transfer on the substrate was imaged by the AFM
immediately after each lift-up.

In the case of Pt-Ti tip/ Au substrate, the electric-field-oriented transfer was observed. The
AFM characterization is shown in figure 4. The transferred volume is close to that of the
double-micro-contact DC tests (per cycle) although both the current limit and contact force is
lowered by 10,000 times. Therefore, neither the current nor the force should cause this

transfer. In the case of gold tip/ Au substrate, most initial lift-ups (with 6V bias) generated
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mound-like features on the substrates. Hole-mound combined structures were also
occasionally observed. Similar previous observations were reported [5, 9]. However,
according to our confirmed directionality of gold field evaporation, we believe the mound-
like features should be formed by pulling material from the substrate instead of transferring
material from the tip. The pulled material was not successfully transferred to the tip because
of a simultaneous contact transfer process which prefers the bottom substrate in this
particular Au tip/ Au substrate system. This agrees with Mamin’s data of multiple pulses [6].

And similar step-wise field induced nano-transfer was also reported for silicon [14].

(b)

FIG. 4: Pt-Ti tip /Au substrate system: (a) AFM image of the contact area after the tip
retracted with bias of -6 V; (b) a height profile along the line in (a); (c) AFM image of the
contact area after the tip retracted with bias of +6 V retracted; (d) a height profile along the
line in (c).
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Modeling of field evaporation for nano- and atomic scale surface modification is based on
the classic field evaporation theory [15, 16]. The atom transfer rate can be expressed by the

following equation:

k= v-exp(—%) 1)

where, k is the transfer rate, v is the atom vibration frequency (~10" s™), Qy is the ionization
energy barrier. Tsong calculated a threshold field of 3.23 V/A for Au" at room temperature
[17], which does not agree with the experimental values of 0.4-0.6 V/A [5, 9].

However, it is important to notice that high-temperature has to be involved in the contact
transfer process. A contact voltage of 0.43 V can be obtained before contact-break in
Pascual’s nano-transfer experiments [11]. This corresponds to the melting-temperature of
gold. Therefore transfer threshold field is expected to be greatly reduced at the elevated
temperature. Advanced high-temperature field evaporation simulation is in needed for
improved modeling of gold field evaporation in STM /AFM configurations.

In summary, we have resolved the transfer directionality for field evaporation of gold in
STM/ AFM configurations. Only positive gold ions are created in the transfer process. The
characteristics of the simultaneous contact transfer are determined by the differences between
the ‘tip” and ‘sample’. Further research on material-dependent contact transfer and transient-

temperature distribution may help to develop reversible transfer process with high reliability.
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CHAPTER 8
Brief Summary of Failure Modes for Gold-contact MEMS

Switching Tests
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In this chapter, failure modes of our gold-contact MEMS switching tests are briefly
summarized based on varied operational conditions. These test conditions include high-field
hot switching (with an open-circuit voltage of AC or DC 6 volts), low-field hot switching
(with an open-circuit voltage of DC 1 volt and DC 0.02 volt), cold switching with a steady
test current of 1 mA, cold switching without current. In these tests, the steady current were
all kept at 1 mA expect the one test condition of cold switching without current. The contact
force was calibrated to be ~ 150 puN /micro-contacts (300 uN in total). Additionally,
switching test and characterization data from a cold-switched MEMS switch is included so
that the case of low contact force (~ 50 uN /micro-contact, 100 uN in total), low test current
(100 pA) can be reviewed.

Finally, contribution of this work is summarized and opportunities of future research are

discussed.

8.1 High-field hot switching tests (DC and AC)

The failure characterization and analysis of high-field hot-switching are presented in
detailed in Chapter 6. Field-induced material transfer seems to be the dominant in
determining the degradation rate (material transfer rate). The material transfer is clearly not
an electric arc process. Instead, our experimental results provide evidence that the material
transfer in this case could be induced by field evaporation at elevated temperature. It has
shown that negative gold ions should not be presented in the transfer process. Therefore, the
transfer directionality for gold field evaporation is also confirmed. When applying to real

MEMS switch design, it should be noted that, effect of field induced material transfer could
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be magnified in our particular test configuration due to the small relative actuation range ( ~
100 nm) and relatively large switching time (~ ms). Also, our single field evaporation
experiments on Au tip/ Au substrate and Pt-Ti tip/ Au substrate systems verified that voltage

is the determinant factor instead of current and force in this type of contact degradation.

8.2 Low-field hot-switching tests

Figure 1 shows the contact degradations after 3,600 low-field hot-switching cycles with
a total open circuit voltage of 1 V and a steady current of 1 mA. A big un-balanced material
transfer between the two pairs of micro-contacts was observed. Repeated tests resulted in the
same results. It could be due to the slightly un-balanced alignment. However, the same test
facility still worked fine for high-field switching tests and cold switching tests. It might be
explained in this way: in the switching test, one pair of micro-contacts is always opened
slight ahead of the other because of the non-perfect cantilever alignment. For high-field hot-
switching, the two electrical fields between the two slightly-different contact gaps are always
nearly equal according to the basic capacitance theory. And these two electrical fields are
both strong enough to induce field evaporation of gold atoms. For cold switching, only the
mechanical wear and steady-current heating are responsible for the contact-degradation, thus
the scenario that one contact opens slightly earlier would not make a difference on the
degradation features. The case of low-field hot switching tests is different in the sense that
the electric field is not strong enough to induce field evaporation. And energy has to be
dissipated by transient heating. Transient current only occurs for the first-open contact

because there is no significant potential difference between the two separating parts when the
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second contact pair opens. As a result, for low-field switching, no electric-field-oriented
material transfer can be observed and the energy dissipation occurs only on one contact pair.
The energy is dissipated in the form of thermal wear which may involve material softening,

melting, even boiling.

0,41 pm 0.37 pm

0L.00 pm

FIG. 1: AFM images of the upper micro-contacts and bottom contact pads after 3600 cycles
with DC 1 V and 1mA

8.3 Cold Switching Tests

Figure 2 shows the contact degradations after ~ 50,000 cold-switching cycles with a
total open a steady current of 1 mA. Mechanical wear can be identified on both micro-

contacts. Gold contact material was worn off from the upper contacts to the bottom pads. The
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total-transferred-volume is only ~ 0.066 um®. The transfer rate is estimated to be nearly two
orders of magnitude less than that of high-field DC-6 volt hot switching (~ 0.43 pm’ after

3,600 cycles).

0.43 ym 040 pm

" 0,00 pm

yBOEM e x 8.0 pm

10

i

758 e, LB s B SR

FIG. 2: AFM images of the upper micro-contacts and bottom contact pads after 3600 cold
switching cycles with 1mA. The material build-up on the bottom contact is labeled red for
quantitative transfer-volume measurement using Gwyddion software.

The whole spectrum of contact resistance evolution is shown in figure 3. Contact
resistance became un-stable due to roughened surface after only ~ 7,000 cycles. When
contact wear was accumulated to a certain point, the electrical detection mechanism

(discussed in chapter 6) was triggered and contact resistance shot up to the open-circuit value.

The zoomed-in spectrum of first 8,000 cycles is shown in figure 4. It took ~ 500 initial cycles
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to achieve a low, stable contact resistance. Similar phenomenon was observed in the tests of
wiSpry’s switches [1]. For these low-force MEMS switches (~ 50 uN/ micro-contact), more

than 1,000 cycles is required to achieve the stable contact resistance.
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FIG. 3: Contact resistance revolution of cold switching with steady current of 1 mA.
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FIG. 4: Zoomed-in spectrum of contact resistance revolution of cold switching with steady
current of 1 mA (first 8,000 cycles).

173



The initial ‘burn-in’ period could be related to penetration of adsorbed film and asperity
deformation. Tests were also run with no steady current. In these tests, very similar wear
features and transfer volumes were obtained. Some of the quantitative analysis of transfer

volumes is shown in Table I.

Table 1: Total transfer volume under different test conditions

Sample Ve Cycle number Total Transferred Material (um’)
1 DC,6V ~ 3600 0.430
2 AC,6V ~ 3600 0.042
3 DC, 0.02V -~ 3600 0.007
4 DC,0V ~ 3600 0.007

From this table, we can see field induced material transfer yields the largest transfer
volume. By running the test in AC mode, this directional material transfer is canceled and the
resulted total transfer volume is substantially reduced. Thermal wear of a steady current of 1

mA and mechanical wear are insignificant in the cold switching tests.

8.4 Operation of Low Contact Force MEMS Switches in Air

Low contact force MEMS switches from wiSpry Inc. have been tested in air to
investigate its performance degradation mechanisms. These switches are actuated using an
electro-static force. The actual contact force is calibrated to be ~ 50 uN/ micro-contact. Cold

switching tests were run with the steady current being set at 0.1 mA [2]. After the tests, no
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physical micro-contact damages were detected by AFM for both micro-contacts. Figure 5
shows a switch’s contact resistance evolution of 1,700,000 cycles. The contact resistance
increase could be due to the increase of absorbed films from ambient air. Accumulation of
these films slowly reduced the real metal-metal contact area [3]. And mechanical impact of
the micro-contacts occasionally breaks the films causing a sudden, small drop of resistance.
When adsorbed films eventually covered the whole contact area, contact resistance shot up
rapidly to the Kilo-Ohm range. Therefore, surface contamination issue should be taken into
consideration when low-force, low-current cold switching operation is conducted in ambient

air.

Resistance (Ohm)

0 T T T T
0.00E+00 4 00E+05 8.00E+05 1.20E+06 1.60E+06 2.00E+086

Cycles

FIG. 5: Contact resistance evolution of a cold switching wiSpry MEMS switch.
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8.5 Contributions of This Work

The contributions of this work can be summarized as following:

1.

Designed and constructed the micro-contacting test facility that closely mimic the typical
MEMS operation and utilized this facility to efficiently evaluate different candidate
contact materials for MEMS switches.

Systematically studied the Au-Ni material system as contact materials for MEMS
switches

Evaluated the effects from different film micro-structures (solid solution structure vs.
second-phase precipitation structure) on contact degradation performance.

Investigated surface topology effect of the films on device contact resistance

Utilized rapid thermal annealing (RTA) to fabricate nano-scale graded Au-Ni films and
demonstrated its potential use as the contact material in MEMS switches
Comprehensively investigated the failure mechanisms for different MEMS operation
conditions. Quantitatively analyzed each failure modes.

Proposed a new failure mechanism for hot-switched MEMS switches

Firstly resolved the directionality of gold field evaporation and suggested the transfer

mechanisms.

8.6 Publications from This Work

1.

Z Yang, D Lichtenwalner, A Morris, S Menzel, C Nauenheim, A Gruverman, J Krim
and A I Kingon, “A new test facility for efficient evaluation of MEMS contact materials,”

J. Micro. Mech. Eng. 17 No 9 (September 2007) 1788-1795
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2. Z Yang, D Lichtenwalner, A Morris, J Krim and A I Kingon, “Optimization of Au-Ni
alloys as contact materials for MEMS switches.” Under review at /[EEE Journal of
Microelectromechanical Systems, 2007

3. Z Yang, D Lichtenwalner and A I Kingon, “Field-Induced Nano-scale Material Transfer
between Microcontacts in MEMS Devices,” to be submitted to J. Micro. Mech. Eng.

4. Z Yang, D Lichtenwalner and A I Kingon, “Resolving transfer directionality for field

evaporation of gold,” to be submitted to APL.

8.7 Future Work

Based on our current results on contact material optimization of Au-Ni binary alloy
system and contact physics investigation for metal-contact MEMS switches, more practical
work can be done from the material side to achieve better-performed devices. The following
ideas for future research are provided.

1. Other binary systems, or even ternary alloy systems can be explored in similar way as
Au-Ni alloy system. For example, the phase-diagram of gold-platinum has a similar
structure as Au-Ni [4]. Adding platinum could enhance the material toughness
without sacrificing the corrosion-resistance. Coutu et. al demonstrated that Au-Pt-Cu
alloy demonstrated the exceptionally-low contact resistance with a extended switch
lifetime showing ternary system might be a interesting research field as well [5]. Au-
Ir system might also be interesting because IrO, [6] is a conductive metal oxide.

2. Currently we have demonstrated DC-6V open-circuit voltage combined with our

particular switching conditions is enough to generate field evaporation of gold atoms
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while applying DC-1V only yields thermal wear. However, no detailed threshold field
has been obtained. Current theory of gold field evaporation in STM is deficient
because only room temperature condition is considered [7]. In order to achieve a
proper simulation, transient temperature evolution and distribution during contact-
open and close needs to be obtained. It would be reasonable to state that the threshold
field should be material-dependent. Therefore, contact materials with high threshold
voltage need to be implemented for the high-field hot-switching applications.

There is still a range of test conditions hasn’t been applied in our previous tests. For
example, cold-switching has not been applied to alloy systems. Force-dependent
investigation has not bee carried. With small modifications of the test facility or
material processing procedures, these tests could be realized in a short time frame.
Widening the spectrum of test conditions should enable us to better understand the

failure mechanisms of the devices.
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