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Abstract: The stability and lifetime of electrical contact pose a major challenge to the performance of micro-
electro-mechanical systems (MEMS), such as MEMS switches. The microscopic failure mechanism of electrical
contact still remains largely unclear. Here conductive atomic force microscopy with hot switching mode was
adopted to simulate the asperity-level contact condition in a MEMS switch. Strong variation and fluctuation
of current and adhesion force were observed during 10,000 repetitive cycles, exhibiting an “intermittent
failure” characteristic. This fluctuation of electrical contact properties was attributed to insulative carbonaceous
contaminants repetitively formed and removed at the contact spot, corresponding to degradation and
reestablishment of electrical contact. When contaminant film was formed, the contact interface became
“metal/carbonaceous adsorbates/metal” instead of direct metal/metal contact, leading to degradation of the
electrical contact state. Furthermore, a system of iridium/graphene on ruthenium (Ir/GrRu) was proposed to
avoid direct metal/metal contact, which stabilized the current fluctuation and decreased interfacial adhesion
significantly. The existence of graphene enabled less adsorption of carbonaceous contaminants in ambient air
and enhanced mechanical protection against the repetitive hot switching actions. This work opens an avenue
for design and fabrication of microscale electrical contact system, especially by utilizing two-dimensional
materials.
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1 Introduction

The performance and reliability of micro/nano-scale
electrical contacts are key issues for research in the
field of micro/nano devices, especially in the field of
micro-electro-mechanical system (MEMS) switches [1].

T Tianbao MA and Zhiwei YU contributed equally to this work.

Although traditional noble metal contact materials
show excellent electrical conductivity and high
chemical inertness, they still face the problem of
contact failure caused by unstable contact resistance
and permanent adhesion with increasing demands
for a long lifetime [2-5]. The major causes of the
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contact resistance failure include native metal oxidation
and adsorbate/tribopolymer formation on the contact
surfaces [2—4, 6]. On the other hand, materials transfer,
chemical bonds formation, or adhesive wear may
result in adhesive failure and even permanent closure
of switches [5].

Recently, two-dimensional (2D) materials, such as
graphene and MoS,, have arouse great interests in
the field of electrical contacts due to their low surface
energy, excellent mechanical, electrical, and tribological
properties [7-9]. However, 2D materials face the
challenge of high interfacial contact resistance across
van der Waals gaps [10, 11]. Despite great efforts on
micro/nano-scale electrical contacts in past decades,
how to design suitable contact materials and how to
achieve a stable and long-lasting electrical contact
state with low contact resistance and low adhesion
performance still remain challenges. In this paper, we
have studied the performance and failure mechanisms
of asperity-level electrical contacts in metal/metal,
metal/graphene system by using conductive atomic
force microscope (C-AFM), and proposed a novel
architecture by introducing graphene at the interface
to stabilize electrical contact properties.

C-AFM has been recently adopted as a powerful
tool to measure interfacial contact resistance and to
screen potential electrical contact materials [2, 12-17].
A representative work was performed by Streller et al.
using C-AFM to mimick the contact conditions in
nanoelectromechanical (NEM) contact switches, which
showed 10,000 times increase in contact resistance
and 12% increase in adhesion force after 1.5 billion
tip-tapping cycles [2]. It is generally accepted that
sharp AFM tips can form single-asperity contact
geometry with flat samples. However, in MEMS
switches, the size of the contact is in micrometer scale,
thus the real contact is a collection of single-asperity
contacts. So we firstly tested if the AFM contact
geometry can qualitatively simulate the asperity-level
contact condition in a MEMS switch, i.e., whether the
contact pressure and current density are equivalent
between the two situations.

2 Results and discussion

The commercial MEMS switch chosen to be analyzed

here was purchased from Analog Devices, Inc. The
upper electrode (cantilever beam) of the switch was
cut by focused ion beam (FIB) and transferred to a
copper foil, where the contact of the upper electrode
showed a spherical shape with a diameter of 2-2.5 um
(indicated by the red arrow in Fig. 1(a)). Cross-
sectional tunneling electron microscopy (TEM) of the
upper contact showed a Ru coating with a thickness
of 100 nm on Au substrate (Fig. 1(b)). The contact of
the lower electrode was also coated with Ru coating.
In order to analyze the contact condition of the switch,
the surface morphologies of the upper and lower
contact were firstly measured respectively by AFM
contact mode as shown in Figs. 1(c) and 1(d). Then
numerical simulations were conducted to calculate
the contact pressure distribution (Fig. 1(e)), where
the Young’s modulus and Possion’s ratio for Ru are
447 GPa and 0.3, respectively. Under a normal load
of 50 pN, only three separate contact regions were
formed between the upper and the lower Ru surfaces
due to surface roughness (Fig. 1(f)). The local contact
pressure was 15.7 GPa and the real contact area was
summed to be 3,173.8 nm?. Since the drain source
current is 50 mA for the switch which is the sum
current passing through 5 switches in parallel
connection. Thus the current density passing through
the calculated real contact region here was estimated
to be 3.2 pA/nm?. This contact situation could be
approximately realized in a single-asperity contact
between AFM Ir tip with a radius of curvature of
10 nm and Ru surface, under a normal load of 100 nN,
and with a circuit current of about 10 pA (Young’s
modulus and Possion’s ratio for Ir are 528 GPa and
0.26, respectively), where the contact pressure and
current density were estimated to be 15.8 GPa and
1.6 pA/nm? respectively. Hence if not mentioned
explicitly here, Ir tip with a radius of curvature of about
10 nm and applied load of 100 nN was adopted in
following tests in order to qualitatively simulate the
asperity-level contact condition in MEMS switch.

The C-AFM experimental setup of asperity-level
electrical contact measurement is shown in Fig. 2(a)
(Cypher AFM, Oxford Instruments). An Ir coated
AFM tip (ASYELEC.01-R2, tip radius R = 12 nm, force
constant k = 3.81 N'm?) was used. The test was
conducted in ambient atmosphere under temperature
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Fig.1 Characterization of commercial MEMS switch and analysis of multi-asperity contact condition. (a) Scanning electron
microscopy (SEM) image of the upper contact of MEMS switch cut and transferred by FIB; (b) cross sectional TEM view of the upper
contact showing the Ru coating with a thickness of about 100 nm; (c) morphology measurement of the upper contact; (d) morphology

measurement of the lower contact; (e) multi-asperity contact mechanics model; and (f) numerical calculation of contact pressure

distribution under 50 uN load.

of 25 °C and relative humidity of 45%. The conductive
tip was driven to repetitively “approach-retract” a
conductive sample (including Au coated Si, Ru coating
on Au coated Si, and graphene on Ru substrate in this
work). Hot switching mode was adopted by applying
a bias voltage (90 mV) between tip and sample during
the “approach-retract” cycles (each cycle with a
duration of 1 s). In each cycle, the normal force curve
(normal force vs. displacement) and current curve
(current vs. displacement) were obtained simultaneously,
as shown in Fig. 2(b). In order to study the time
evolution of electrical contact behavior during a long
duration as shown in Fig. 2(c), we recorded the instant
current when maximum load of 100 nN was achieved
during each approaching process, and the adhesion
force obtained in each “approach-retract” cycle.
Strong fluctuation of current and adhesion force
can be observed during 10,000 cycles, exhibiting an
“intermittent failure” characteristic. It was found that
the current sometimes leveled off at around 8.5 pA
(corresponding to a contact resistance around 0.6 kQ,
calculated considering the 10 k() protection resistance
connected in series with the sample as denoted in
Fig. 2(a)). Interestingly, the current sometimes dropped

significantly, but resumed to the level-off state after
a while. And adhesion force sometimes leveled off at
around 5 nN, but increased after a while to values
in a range of several tens to 100 nN. Most probable
reasons for this “intermittent failure” phenomenon
could be worn-out of the conducting metal coating,
or formation of non-conducting contaminants at the
contact. Here the nominal thickness of Ir coating on
AFM tip was about 20 nm. We compared the tip
morphology by High-resolution tunneling electron
microscopy (HRTEM) before and after the hot switching
electrical contact test (Figs. 2(d) and 2(e)), and found
no visible wear (less than 1 nm). So the “worn-out”
postulation could be generally excluded. Instead, some
additional substances were found on the tip apex
with a thickness of about 2 nm. XPS characterization
of the sample of Au coating (Fig. 2(f)) showed evidence
of carbonaceous adsorbates which may originate from
contaminants in ambient air, which was in consistence
with previous studies [2, 3, 6].

In order to unravel the intermittent failure
mechanism, we focused on the evolution of electrical
contact properties during a period of time with
intermittent failure (450-650 cycles shown in Fig. 3(a)).
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Fig.2 Schematic of hot switching test, results, and characterization. (a) C-AFM experiment setup. Three samples were used in this
work: Si substrate with 100 nm-thick Au coating, 100 nm-thick Ru coating on Au coated Si, and monolayer graphene on Ru substrate;
(b) normal force curve and current curve obtained simultaneously during a typical “approach—retract” process; (c) variation of current
and adhesion force during 10,000 repetitive cycles; (d, ¢) HRTEM images of AFM tip apex before and after hot switching test; and
(f) X-ray photoelectron spectroscopy (XPS) characterizations of Au coating showing existence of carbonaceous adsorbates.
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Fig. 3 Detailed analysis of intermittent failure. (a) Enlargement of Fig. 2(c) during 450—650 cycles; (b) current curves during the entire
approach—retract processes of 560, 566, 574, and 580 cycles, solid lines represented approach process and dashed lines represented
retract process; (c) force curves during the entire approach—retract processes of 560, 566, 574, and 580 cycles; (d) enlargement of
rectangle in Fig. 3(c) emphasizing the pull-out stages; (e) definition of time of mechanical contact (#(Force)), and time of electrical
contact (#(Current)) from the force and current curve during 574th cycle; and (f) evolution of retardation time (A¢ = #(Current) — #(Force))

during 450-650 cycles.
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From 450 to 537 cycles, it remained stable at “high
current” stage. At 538th cycle, the current dropped
from the high value abruptly to as low as 1 pA
(corresponding to contact resistance of about 80 kQ),
suggesting degradation of electrical contact, meanwhile,
the adhesion force decreased to a level-off value of
about 5 nN. Then the current fluctuated and gradually
increased, suggesting reestablishment of electrical
contact. After about 580th cycle, the current resumed
to the high value, and the adhesion force significantly
increased from the level-off state. This variation and
fluctuation in current curve suggested complex
degradation and reestablishment processes of the
electrical contact state between tip and sample. Together
with the above characterizations, we speculated that
this is due to the insulative contaminants repetitively
formed and removed at the contact spot. That is to
say, when contaminant film was formed, the contact
interface actually becomes “metal/carbonaceous
adsorbate/metal” instead of direct metal/metal contact,
leading to degradation of the electrical contact state.
When contaminant film was removed or penetrated
by the repetitive tip contact action, effective electrical
contact between the tip and sample will be reestablished.
Furthermore, the dynamic process in a single
“approach-retract” cycle was carefully analyzed as
shown in Figs. 3(b) and 3(c). It is observed clearly that
the electrical contact behavior changed much from
560 to 580 cycles. During the approach process of
560th cycle, the current increased slowly to a relatively
low value, indicating a “metal/insulative adsorbate/
metal” contact. With increasing cycles, the slope of
current-time curves increased obviously, the current
increased very fast to the high value during the
approach process of the 580th cycle, indicating
reestablishment of “metal/metal” electrical contact. By
comparison of the force curves at the pull-off stage
(Fig. 3(d), an enlargement of the rectangle in Fig. 3(c)),
it was observed that the adhesion force for “metal/
metal” contact was considerably larger than that for
“metal/insulative adsorbate/metal” contact. It should
also be mentioned that high current was always
accompanied by large adhesion force and low adhesion
force generally existed during the intermittent electrical
contact failure. This again demonstrates the dilemma
faced in this research area that high electrical contact
conductance and low friction/wear/adhesion cannot

Tsinghua University Pre:

be perfectly satisfied simultaneously.

Another evidence for the existence of insulative
contaminant film was the retardation of electrical
contact with regard to mechanical contact as shown
in Figs. 3(e) and 3(f). The retardation time was defined
as the time corresponding to the lowest point (pull-in
to contact) of force curve (t(Force)), subtracted by
the time when current started increasing from zero
(#(Current)) as shown in Fig. 3(e). Obvious retardation
of electrical contact can be observed during the
intermittent failure process, i.e., electrical contact was
established later after mechanical contact (Fig. 3(f)).
This suggested that although the tip and sample
(actually, thin adsorbate layer on sample) was already
“physically” in contact, electrical contact was not
established until the tip further indented the adsorbate
layer. It is known that electron tunneling plays a major
role in transmitting current when very thin insulating
film exists at the electrical contact interface [18, 19].
So the existence of the adsorbate contaminant film
resulted in degradation of the electrical contact
performance.

As discussed above, it is challenging to achieve
high electrical contact conductance and low adhesion
simultaneously. In some high-precision signal
transmission situation where the stability and lifetime
of electrical contact is the major concern, it will
require less fluctuation of the electrical signal, while
the absolute magnitude of current is not the main
focus. Here we show that a novel architecture of
iridium/graphene on ruthenium (Ir/GrRu) could
achieve low adhesion and stable electrical contact.
The experimental setup and procedure were quite
similar to that shown in Fig. 2(a), the Ir coated
conductive tip was used, and a normal load of 400 nN
was applied. The relative humidity was 12%. Graphene
grown on Ru substrate was used as the sample. The
sample was prepared by chemical vapor deposition
(CVD) method. The Ru (0001) substrate was exposed
to ethylene with partial pressure 1.4x10* Pa at 850 °C
for 100 s and graphene was formed by the thermal
decomposition of ethylene. More details could be
found in previous work [20]. In order to illustrate the
advantages of the Ir/GrRu system, electrical contact
between Ir and 100 nm-thick Ru coating on Au coated
Si (Ir/Ru) was also tested as a reference system.

As shown in Figs. 4(a) and 4(b), Ir/GrRu system
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Fig. 4 Comparison of Ir/Ru and Ir/GrRu electrical contact system. The Ir-coated tip was used with a normal load of 400 nN. (a, b) Variation
of current and adhesion force during 10,000 repetitive cycles for Ir/Ru system and Ir/GrRu system; and (c) comparison of the contact

resistance between two systems.

exhibited much lower and stable adhesion force than
Ir/Ru system during 10,000 repetitive hot switching
cycles. The current curve of Ir/Ru system showed high
current level-off stages, which has been proved to be
a result of direct metal/metal contact in the above
section. However, intermittent failure was observed.
In contrast, Ir/GrRu system showed generally lower
current with time evolution, however, it remained
relatively stable without vanishing current. As shown
in Fig. 4(c), although the absolute value of contact
resistance of Ir/GrRu was about one order of magnitude
higher than the high current stage of Ir/Ru, the
contact resistance remained quite stable during the
10,000 repetitive hot switching cycles, and showed
no intermittent failure. In Ir/Ru system, however, the
contact resistance can increase to even 5-6 orders
of magnitude higher due to the degradation of the
electrical contact. The results showed both the advantages
and disadvantages of graphene as electrical contact
material. The introduction of graphene at the interface
could avoid direct metal/metal contact and hence
decreased interfacial adhesion significantly. Also
graphene is chemically less active than metal and has
much lower surface energy, resulting in less adsorption
of carbonaceous contaminants in ambient air. So it is
relatively “clean” and mechanically protective during
the repetitive hot switching cycles. Unfortunately,
graphene will introduce van der Waals gap and
additional tunneling barrier between metal electrodes,
leading to increase of the interfacial contact resistance
[12]. However, this shortage can be solved to a certain

extent by using Ru as the supporting substrate, since
the interaction between C and Ru atoms at graphene/
Ru (0001) interface is of covalent nature, resulting in
a large amount of tunneling pathways [12]. Also the
strong adhesion between graphene and Ru substrate
can largely avoid delamination upon external
mechanical forces and will be helpful for potential
applications like MEMS switches [21].

3 Conclusions

In this paper, the performance and failure mechanisms
of microscale electrical contacts of metal/metal, metal/
graphene systems were investigated by using con-
ductive atomic force microscope (C-AFM). Based on
contact mechanics calculation, a single-asperity contact
experimental setup and conditions had been designed,
which could well simulate the asperity-level contact
condition in a MEMS switch (with similar contact
pressure and current density).

The phenomenon of “intermittent failure” in single-
asperity electrical contacts at metal/metal interfaces
was observed. In the atmospheric environment, the
current between the Ir-coated conductive tip and the
Au-coated or Ru-coated substrate fluctuated sharply
with the increase of contact cycles. X-ray photoelectron
spectroscopy (XPS) and High-resolution tunneling
electron microscopy (HRTEM) results demonstrated
that carbonaceous contaminants adsorbed on the
metal surface are the main cause of “intermittent
failure”.
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Electrical contact between Ir-coated tip and single-
layer graphene grown on Ru (0001) substrate showed
much lower adhesion and stable contact resistance
as compared to direct metal/metal contact. The
adsorption of carbonaceous contaminants was reduced
on graphene due to less chemical reactivity and lower
surface energy of graphene than that of metal.

This work presents an experimental platform to
simulate asperity-level contact condition in micro-
electro-mechanical systems (MEMS) switch, and opens
an avenue for design and fabrication of microscale
electrical contact system.
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