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Abstract—Nanoelectromechanical (NEM) switches are a can-
didate to replace solid-state transistors due to their low power 
consumption. However, the reliability of the contact interface 
limits the commercialization of NEM switches, since for practical 
purposes, the electrical contact should be able to physically open 
and close up to a quadrillion (1015) times without failing due to 
adhesion (by sticking shut) or contamination (reducing switch 
conductivity). These failure mechanisms are not well understood, 
and materials that exhibit the needed performance have not yet 
been demonstrated. This study presents the development of plat-
inum silicide (PtxSi) as a promising NEM switch contact material. 
Using controlled solid-state diffusion of thin films of amorphous 
silicon and platinum, PtxSi was formed over a range of 
stoichiometries (1≤x≤3). The platinum-rich silicide phase (Pt3Si) 
may be a particularly ideal contact material for NEM switches 
due to its combination of mechanical robustness with metal-like 
conductivity. We then present a novel, high-throughput contact 
material screening method for NEM contact materials based on 
atomic force microscopy (AFM) that enables billions of contact 
cycles in laboratory timeframes for arbitrary material pairs. 
Self-mated Pt contacts showed more than three orders-of-
magnitude increase in contact resistance after 2∙109 cycles due to 
the growth of insulating tribopolymer. Finally, we present densi-
ty functional theory (DFT) and molecular dynamics (MD) based 
studies to understand tribopolymer formation and growth. These 
calculations show that irreversible stress-induced polymerization 
processes are strongly affected by the ability of the molecule to 
displace laterally. Additionally, lower interaction energies be-
tween the model organic molecules and the PtxSi surface com-
pared to Pt are found. This combination of experimental and 
theoretical methods in the framework of a materials genome 
effort aims to ultimately lead to accelerated discovery of suitable 
contact materials for NEM switches and to their commercializa-
tion.  
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I. INTRODUCTION 
Nanoelectromechanical (NEM) contact switches are an ex-

citing low power, mechanical alternative to existing fully-
electronic solid-state complementary metal-oxide-
semiconductor (CMOS) field effect transistors (FET), and as 
such have been identified by the semiconductor industry as a 

candidate “beyond CMOS technology” [1]. Figure 1 compares 
the topology of a typical solid-state switch design to that of a 
piezoelectrically-actuated  NEM contact switch. The physical 
gap between source and drain terminals that is closed due to 
movement of an armature constitutes the major difference be-
tween NEM switches and their solid-state counterparts. This 
physical separation in the switch off state reduces parasitic and 
active switching losses, and leads to orders-of-magnitude lower 
power consumption compared to fully-electronic transistors 
[2]. Additionally, unlike FETs, NEM switches can be operated 
under extreme environments such as high radiation and high 
temperature [2]. 

      
Fig. 1. Schematics of (left) a typical field effect transistor and (right) a 
piezoelectrically-actuated ohmic NEM switch. The current flow between the 
source and drain terminals in both switch types is controlled through the gate 
terminal. The physical gap between source and drain in the off sate of a NEM 
contact switch leads to orders-of-magnitude power savings compared to field 
effect transistors. 

In contrast to microelectromechanical (MEM) switches, 
NEM switches feature a smaller footprint that leads to in-
creased surface-to-volume ratios as well as reduced contact and 
restoring forces. These factors impede the simple adaption of 
commonly used MEM switch contact materials and motivate 
the search for novel NEM switch-compatible materials. The 
reduced size of NEM switches compared to MEM switches 
leads to increased switching speeds and device densities, mak-
ing NEM switches particularly interesting as a FET replace-
ment technology.  

Despite of the benefits of NEM switch technology, the op-
erational reliability of these devices is limited due to premature 
mechanical switch failure of conventional metallic electrical 
contact materials, This currently is the primary impediment 
their commercial adoption.  

A commercially-viable NEM switch must reliably open and 
close for up to 1015 cycles [1]. Mechanical switches with me-
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tallic contacts have generally exhibited reliability issues due to 
the formation of an insulating contaminant, referred to as 
“tribopolymer” [3,4]. However, the appropriate selection and 
screening of electrical contact materials may be able to en-
hance switch longevity substantially. With this as motivation, 
we investigate platinum silicide (PtxSi) as a potential, next-
generation NEM switch contact material, outline an electrical 
contact screening method based on AFM that may be used to 
interrogate the lifetime response of PtxSi or any potential thin 
film electrical contact, and present theoretical studies to under-
stand tribopolymer formation and growth. 

II. DEVELOPMENT OF NOVEL CONTACT MATERIALS 

A. Nanoscale Contact Material Issues 
High contact pressures and high current densities combined 

with the nanoscale dimensions of NEM contact switch inter-
faces give rise to two common failure mechanisms: adhesion 
and contamination failure [3]. Figure 2 presents a collection of 
prior reliability studies of larger microscale switches that ex-
hibit either adhesion and contamination failure.  

 
Fig. 2. Historic reliability studies of microscale metallic contacts indicate 
the two common failure mechanisms of mechanical switches. First, contact 
resistance drastically increases after limited contact cycles due to the buildup 
of insulating contaminants (contamination failure). Second, switch becomes 
stuck closed due to an increase in the adhesive interactions between the 
contacting surfaces (adhesion failure). Data from: [3],[12],[13]. 

Adhesion failure frequently occurs when soft, low-melting 
point contact materials are used. Its origins are an increase in 
adhesive interaction between the top and bottom contacts dur-
ing cycling that inevitably leads to a permanently closed 
switch. Commonly-used microscale contact materials such as 
Au and Pt are susceptible to adhesion failure due to their low 
hardness, low elastic modulus, and high adhesiveness [3].  

Contamination failure results from the 
mechanochemically-induced buildup of insulating 
tribopolymers due to repeated cycling (contact pressure) in the 
presence of environmental contaminants. This increases the 
contact resistance and ultimately the switch remains perma-
nently in the off state [4,15]. 

The contact reliability issues typical in NEM switches de-
mand the development of novel contact materials that possess 
durable and reproducible low contact resistance, minimal ad-

hesion, high hardness, and resistance to tribopolymer for-
mation [5]. 

B. Platinum Silicide as Nanoscale Contact Material 
Platinum silicide (PtxSi) thin films, formed through the an-

nealing of a thin Pt layer deposited onto a clean single-
crystalline Si (sc-Si) wafer, were extensively studied since the 
1980s, when they were used as electrical junctions in fully-
electronic Si-devices. More recent research found that PtxSi 
films formed this way possess good wear and oxidation re-
sistance, making them promising contact materials for NEM 
switches [7]. However, amorphous Si (a-Si) precursor films as 
the Si source are necessary to integrate PtxSi films as contact 
material into NEM switches since the complex switch topology 
does not allow access to the sc-Si substrate. We recently 
showed that the PtxSi formation process using a-Si significant-
ly differs from the previously studied sc-Si/Pt system [5,8]. 
This allowed us to achieve a stoichiometrically-controlled for-
mation of PtxSi thin films (1≤x≤3), simply by changing the 
Pt/a-Si precursor film thickness ratio [5]. This precise stoichi-
ometry control allows for the formation of either platinum-rich 
(Pt3Si, Pt2Si) or silicon-rich (PtSi) silicide films under CMOS-
compatible temperatures (TFormation,Pt3Si ≈ 200°C, TFormation,Pt2Si ≈ 
300°C, TFormation,PtSi ≈ 500°C), and thereby enables control over 
properties such as adhesion, electrical conductivity, mechanical 
robustness, and oxidation/contamination resistance. We per-
formed nanoindentation measurements to assess the change in 
hardness and modulus due to silicidation. Figure 3 compares 
the modulus and hardness values determined through 100 in-
dentations of as-deposited Pt with Pt-rich silicide (74% 
Pt3Si/26% Pt2Si mixture, as determined using X-ray photoelec-
tron spectroscopy [5]). The Pt3Si/Pt2Si thin films possess a 
150% increase in hardness and modulus compared to the as-
deposited Pt thin film [5]. A similar 150% increase was ob-
served for the Si-rich silicide thin films (71% PtSi stoichiome-
try). The increased mechanical robustness of PtxSi is thought to 
be due to the strong covalent bonds and higher barriers to dis-
location motion in PtxSi compared to the weaker metallic 
bonds and easier glide in Pt. These factors are expected to re-
duce the contact area growth and inhibit device stiction during 
switching, which makes PtxSi an intriguing contact material 
candidate for NEM switches. 

 
Fig. 3. Nanoindentation of as-deposited Pt and formed PtxSi. Average 
modulus and hardness values and their standard deviations from 100 
measurements of as-deposited platinum and a Pt-rich silicide film (Pt3Si/Pt2Si 
stoichiometry) [5]. 

In addition to mechanical robustness, promising NEM 
switch contact materials must possess sufficiently high electri-
cal conductivity to ensure low switch contact resistance. We 
performed conductive atomic force microscopy (C-AFM) 
measurements in order to probe the nanoscale contact re-
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sistance of PtxSi of varying stoichiometry and compared it to 
as-deposited Pt. Figure 4 shows C-AFM contact resistance 
measurements of as-deposited Pt, Pt-rich silicide (74% 
Pt3Si/Pt2Si mixture), and Si-rich silicide (71% PtSi, the re-
mainder being 23% Pt2Si and trace amounts of PtSi and Pt) [5]. 
The contact resistance was measured between a Pt-coated 
AFM tip that was scanned over the Pt and PtxSi surfaces under 
constant force (15 nN) and bias voltage (100 mV). These re-
sults show that the contact resistance of the Pt-rich silicide is 
within 10% of the as-deposited Pt and well within the required 
range for NEM switch applications.  

 
Fig. 4. Contact resistance color relief maps of a representative 200 nm  
200 nm C-AFM scan on as-deposited Pt, Pt-rich silicide (Pt3Si/Pt2Si), and Si-
rich silicide (PtSi). Insets show the contact resistance distribution obtained 
from each scan, which shift to higher contact resistance with increasing Si 
content in the silicide [6]. 

The high mechanical robustness, combined with metal-like 
electrical conductivity, makes Pt-rich silicide films an intri-
guing contact material candidate for NEM switches. To assess 
the potential of PtxSi as a NEM switch contact material and to 
determine the chemical activity of these films under NEM-like 
conditions, the performance under realistic cycling conditions 
must be evaluated. An AFM-based test method to evaluate 
PtxSi and other candidate materials as a NEM switch contact 
will be described in the following section.  

III. ASSESSMENT OF CONTACT MATERIAL CANDIDATES 
The assessment of NEM switch contact material candidates 

is essential in order to determine their performance under real-
istic conditions. Common contact material testing setups re-
ported in the literature are based on modified scanning probe 
setups [10] and nanoindentors [11], or else they require a full 
fabrication of test structures [12,13]. These test methods are 
typically unable to efficiently screen candidate materials in 
relevant nanosize contacts and are generally low throughput, 
costly, and difficult to implement. Here, we present an AFM-
based method that allows cycling and characterization of a 
nanoscale single asperity electrical contact up to two billion 
times in laboratory time frames (12-18 hours) [6]. The single 
asperity contact is the fundamental entity of a contact interface 
in a NEM switch, and its assessment gives valuable insight into 
switch degradation mechanisms. The ubiquity of AFM instru-
mentation makes our cycling method readily implementable 
and adaptable to interrogate any thin-film contact material such 
as PtxSi under NEM switch-like conditions. 

Figure 5 schematically shows the single asperity electrical 
test setup, which was implemented on an Asylum MFP-3D 
AFM system. A commercial Si AFM probe with an integrated 
tip (Nanosensors PPP-FM) and a Si wafer sample were both 

coated with 70 nm of Pt and then inserted in to the AFM. The 
tip was brought into repetitive contact with the sample under 
nanonewton applied loads. We investigated Pt-Pt contacts to 
demonstrate the capability of this AFM-based method to inter-
rogate NEM-like contacts. Pt-Pt contacts are well-studied 
[10,12,14] and were implemented here to serve as a baseline 
for future comparison with novel and unproven candidate ma-
terial sets.  

The contact resistance between the coated tip and the wafer 
was measured by applying a bias voltage and measuring the 
logarithmically-amplified current. This setup allows for the 
synchronized measurements of interaction force and current 
(over several decades of current). A current-limiting resistor 
was used to avoid accidental shorting during setup. We em-
ployed a combination of hard tapping mode amplitude-
modulation AFM (AM-AFM) with slow force-distance (FD) 
curves to achieve up to two billion cycles while also determin-
ing the adhesion and contact resistance between the Pt-coated 
tip and the Pt-coated wafer. During AM-AFM, the AFM canti-
lever is resonated near its natural frequency (≈73 kHz for the 
tests presented here) during which the tip makes and breaks 
electrical contact with the wafer. To simulate the contact envi-
ronment of a NEM switch, we set the interaction force during 
AM-AFM to be 114-137 nN (based on calculations), and the 
applied bias was 1 V. The high interaction frequency during 
the AM-AFM tests makes the electrical characterization of the 
contact impossible due to a limited bandwidth of the custom-
built logarithmic amplifier (176 Hz). Consequently, we per-
formed FD measurements at ≈2 Hz before cycling and also at a 
series of logarithmically-spaced time points in between sets of 
cycling tests. This allowed ongoing measurements of contact 
resistance and interfacial adhesion, to determine if the contact 
interface is evolving. 

 
Fig. 5. Schematic of the AFM-based test setup used to interrogate NEM 
switch contact materials. The tip and sample are coated with candidate films, 
and testing is then carried out under desired environments and testing 
conditions [6]. 

Figure 6 shows the lifetime behavior of the Pt-Pt contacts 
tested in laboratory air. The FD current measurements were 
converted to contact resistance and plotted as a function of the 



number of cycles. 1156 FD curves were averaged for each data 
point, as the nanoscale size of the contacts and the presence of 
adsorbed surface contamination led to large variations in cur-
rent response between measurements. Figure 7 shows a dra-
matic increase in contact resistance by more than four orders of 
magnitude. The force of adhesion in turn only increased by 
≈12% over the lifetime of the contact, which suggests minimal 
variation in the geometry and the work of adhesion at the con-
tact interface. 

 
Fig. 6. 1156 force-distance measurements under 200 mV bias with 
simulatneous current measurements are performed before and at regular 
intervals throughout high-speed cycling of a nanoscale Pt-Pt interface. Current 
measurements are converted to contact resistance and the median, lower 
quartile, and upper quartile values are reported as a function of the number of 
contact cycles [6]. 

The observed Pt-Pt contact degradation is attributed to the 
formation of an insulating tribopolymer of mechano-chemical, 
as seen in previous studies [3,12,15]. In such studies, short-
chain carbon-containing compounds are formed in the contact 
interface from the interplay between adsorbed environmental 
contaminants with contact stress and electrical power [15]. 
Transmission electron microscopy (TEM) was performed on 
probe tips subjected to AFM contact cycling to test whether 
tribopolymer creation was the cause for the observed contact 
degradation. Figure 7 shows representative TEM images of a 
Pt probe before and after it had been cycled 2 billion times 
against a Pt counter-surface. This probe showed similar contact 
degradation as presented in Figure 6. Figure 7 confirms that 
the electrical degradation was accompanied by the build-up of 
a low contrast, several nm-thick film. This additional material 
on the probe is consistent with a hydrocarbon-based 
tribopolymer. Figure 7 additionally shows that no significant 
plastic deformation or wear was observed during the tests, de-
spite peak contact stresses of up to 2 GPa applied for billions of 
cycles.   

 
Fig. 7. Low resolution (A) and high resolution (B) Pt-coated AFM probe 
tip before cycling. (C) High resolution image of the same Pt-coated AFM 
probe after 2109 cycles with 100 mV bias voltage shows the addition of low 
density material in the contact area [6]. 

The AFM-based contact material cycling experiments pre-
sented here have demonstrated promise in the cost- and time-
effective quantitative evaluation of potential NEM switch con-
tact material candidates. We are now fabricating and evaluating 
PtxSi-coated AFM probes, and will use these to further investi-
gate the viability of PtxSi as electrical contacts using the AFM 
cycling method presented here. 

IV. THEORETICAL TRIBOPOLYMER GROWTH STUDIES 

A. Density Functional Theory Calculations  of Tribopolymer 
Formation 
Density functional theory (DFT) is used to investigate the 

formation pathway of tribopolymer. For this study, benzene 
(C6H6) is used as a protypical monomer. The surface used is 
the Pt (111), which is often observed at the exposed surface of 
Pt thin films. The mechanical load and catalytic effect of the 
contact surface are considered as the primary causes of 
tribopolymer formation. Since C6H6 is a common contaminant 
gas, it is selected to be the major reactant in this tribopolymer 
formation study. In our calculation, we modeled the cycle of 
mechanical ON/OFF switching with Pt coated contacts. We 
constructed the supercell with four layer Pt(111) slabs and two 
benzene molecules per unit cell located in the vacuum be-
tween slabs. Mechanical pressure is added to the system by 
compressing the supercell along the z-direction (Figure 8). 

Before Cycling 

After 2∙10
9

 Cycles 



 
Fig. 8. Tribopolymer formation scheme on the Pt(111) surface. 

Initially (Figure 8), benzene chemisorbs on the Pt surface 
and forms a distorted structure, due to the catalytic effect of 
transition metal Pt. Secondly, the chemisorption anchors the 
molecule on the surface with fixed position and provides high 
probability of further reaction when bringing two contacts 
closer. As the length of the z-direction of the supercell is re-
duced to 11.78 Å, signs of chemical reaction can be observed. 
A hydrogen atom leaves the benzene molecule and moves 
closer to the metal surface. Two benzene rings then form a 
biphenyl-like structure. This indicates that adsorbed benzene 
molecules are on the way to dramatic change and the for-
mation of tribopolymer. To figure out and confirm the actual 
structure of the newly formed substance based on the above 
scheme, we investigated different configurations, with bottom 
and top benzene molecules located at different positions. In all 
the configurations, the formation of the biphenyl-like dimer 
was observed. The formation of biphenyl-like polymer is due 
to the dehydrogenation reaction between Pt surface and ben-
zene molecule. Figure 9 provides a detailed reaction scheme 
for the formation of the polymer. With benzene adsorbing on 
the hollow site of the Pt (111) surface, the carbon atoms on 
top of Pt atoms form Pt-C bonds initially (Figure 9a). When 
compressing the unit cell as shown in Figure 8, the hydrogen 
attached to the adsorbed carbon starts interacting with the 
same Pt atom (Figure 9b). Next, the dissociation of a C-H 
bond occurs, and the corresponding carbon atom becomes 
activated (Figure 9c). Finally, when two activated carbon sites 
move close to each other, a new C-C bond can be formed 
(Figure 9d). 

 

 
Fig. 9. Dehydrogenation reaction of benzene on Pt(111) surface. 

These results suggest a possible mechanism of 
tribopolymer formation, revealed by DFT calculation. In 
summary, benzene molecules adsorb on the surface of the Pt 
metal contacts. Their original C-H bonds can be broken due to 
the mechanical load and catalytic effect of Pt. Dehydrogena-
tion makes a benzene molecule less saturated and promotes 
the formation of tribopolymer. The catalytic effect of the tran-
sition metal surface and the mechanical normal load from the 
switch play the major roles in the reaction.  

B. Molecular Dynamics Calculations of Tribopolymer 
Mechanics 
To examine how tribopolymer properties affect switch 

characteristics and performance, we also performed a series of 
Molecular Dynamics simulations of asperity contact and sepa-
ration via the Large-scale Atomic/Molecular Massively Paral-
lel Simulator (LAMMPS) [16]. Figure 10a illustrates the ini-
tial switch simulation geometry (periodic boundary conditions 
in the x-, y- and z-directions). In each simulation, the upper 
substrate (u) translates towards the lower (l) asperity (-z-
direction) at a constant rate of 1 m/s without and with an in-
tervening polymer layer, making contact and then retracting 
(+z-direction). The atoms in red and blue are Pt (modeled us-
ing the Embedded Atom Method potential [17]). The gray 
“beads” are part of 4-bead, bead-spring tribopolymers; the 
“covalently bonded beads” are described by the Finite Exten-
sible Nonlinear Elastic potential [18]. This is a common and 
successful method for the efficient representation of polymeric 
materials. The interactions between all non-covalently bound 
beads (b) as well as between all beads and the Pt atoms are 
described by a Lennard-Jones potential [19] (shifted to zero at 
a cut-off   ) with length and energy parameters σ and ε. We 
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use εbb = 0.036 eV, εub = 0.268 eV, εlb = 0.503 eV, σbb = 2.543 
Å, σub = 3.052 Å, σlb = 2.543 Å, rcbb = 4.572 Å, rcub = 5.493 Å, 
and rclb = 2.854 Å. The simulations are performed at 300 K 
(i.e., above the tribopolymer glass transition temperature). 

Figures 10b and 10c show the configuration of the system 
with and without tribopolymer, after contact followed by sepa-
ration. The corresponding force-displacement (in the z-
direction) curves for loading and unloading are shown in Fig-
ure 11. As the upper substrate approaches the lower surface 
(loading) in the system without the polymer, it “snaps-to-
contact”, pulling the system into tension (corresponding to the 
abrupt force drop at 4 Å). When the tribopolymer is present, 
no snap-to-contact is observed. This demonstrates that the 
polymer effectively eliminates adhesion between the upper 
and lower Pt surfaces. 

 
Fig. 10. (a) The initial configuration of the asperity contact simulation with 
an intervening tribopolymer layer. The final configuration of the system 
following contact and separation of the two surfaces (b) with and (c) without 
the tribopolymer. The red and blue atoms are all Pt and the gray particles 
represent tribopolymer “beads”. 

In the simulations, the loading process was stopped and 
then reversed at the same upper Pt surface displacement for 
the system with and without polymer. The maximum com-
pressive forces reached are significantly larger in the presence 
of the polymer than when it is absent. The larger force in the 
system with the polymer is attributable to the finite thickness 
of the polymer layer, the fact that all of the polymer is not 
pushed out of the way doing asperity contact, and the fact that 
the Pt does not exhibit as much plastic yield. 

During the unloading phase of the simulation, a large ten-
sile force is observed in the absence of the polymer (Figure 11) 
while only a small tensile force is seen when the polymer is 
present.  Examination of the Figure 10c shows that the large 
tensile force observed in the absence of the polymer is at-
tributable to bonding between the asperity and the upper sur-
face, leading to large plastic deformation. On the other hand, 
Figure 10b shows that while a small amount of the polymer is 
pushed away during the contact, allowing for a minor amount 
of material transfer between the upper surface and the asperity, 
this is very small, and most of the polymer layer remains in-
tact. Hence, pull-off occurs with only a small amount of adhe-
sion (leading to the small tensile force). 

 

 
Fig. 11. The force-displacement (in the z-direction) curves of the contact 
system with (blue) and without (red) the tribopolymer layer. The solid curves 
correspond to the loading process (positive force is compression), while the 
dashed curves correspond to unloading. 

The integral of |Fload(δ)-Funload(δ)|dδ over the entire load-
ing-unloading cycle is the plastic work.  We see that more 
work is done during loading in the presence of the polymer, 
but much less is done during the unloading, compared with the 
case without polymer. Over the entire cycle, the plastic work 
is significantly smaller when the polymer is present. 

Overall, the tribopolymer greatly reduces adhesion be-
tween the metal surfaces and reduces the total plastic work 
associated with contact.  Additional simulations (not shown 
here) demonstrate that with smaller tribopolymer thicknesses, 
it is possible for asperity contact to push the polymer out of 
the way, leading to increased adhesion. Decreased polymer-Pt 
surface adhesion leads to a similar effect. In those cases where 
the polymer reduces adhesion by limiting metal-metal contact, 
it also effectively leads to significantly higher electrical re-
sistance. This can help explain how tribopolymer growth leads 
to large increases in contact resistance.  

V. SUMMARY 
This report demonstrates the viability of PtxSi thin films as 

a novel contact material for NEM contact switches. By tuning 
the Pt and a-Si precursor film thicknesses, we were able to 
produce Pt-rich silicide films with desirable mechanical and 
electrical properties for NEM switches. We then presented an 
AFM-based methodology to time- and cost-efficiently screen 
NEM switch contact material candidates. Using this methodol-
ogy, we showed that tribopolymer growth leads to contact deg-
radation in Pt-Pt contacts. Finally, we presented theoretical 
studies to investigate the tribopolymer growth. Density func-
tional theory (DFT) calculations showed that the lateral an-
choring of model organic molecules on transition metal surfac-
es plays an integral role in the tribopolymer buildup. Molecular 
dynamics (MD) simulations that studied the effect of the 
tribopolymer during switching indicated that the adhesive in-
teraction between the top and bottom contact is greatly reduced 
due to tribopolymer formation. The presented combination of 
experimental and theoretical studies of NEM switch contacts 
ultimately aims to lead to the discovery of next-generation con-
tact materials from NEM switches and the commercialization 
of this technology. 
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