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Nanomechanical Switch Designs to Overcome
the Surface Adhesion Energy Limit
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and Tsu-Jae King Liu, Fellow, IEEE
Abstract— An analytical model is developed to assess the
switching energy of a nanomechanical switch. Alternative switch
designs are proposed to leverage spring-restoring force to counterbalance surface adhesion force, reducing the depth of the
potential energy well created by contact adhesion and thereby
overcoming the surface adhesion energy limit.
Index Terms— Nanomechanical switch, adhesion, effective
spring, tunneling.

I. I NTRODUCTION
INIATURE mechanical switches recently have attracted
significant attention for future energy-efficient digital
logic integrated circuits due to their zero OFF-state leakage and abrupt switching characteristics [1], [2]. Theoretical studies and experimental efforts have been undertaken
to investigate nanometer-scale mechanical (nanomechanical)
switches driven by electrostatic, piezoelectric, or magnetic
forces [3]–[8], because the benefits of miniaturization include
lower mechanical delay for faster circuit operation and lower
operating voltage for lower switching energy [3], [9]. Since a
mechanical switch operates by making and breaking physical
contact between conductive electrodes, researchers have studied contact scaling properties and closing/opening dynamics
in order to predict its scaling limit [9]–[12]. It is generally
believed that contact adhesion sets a lower limit for the
switching energy of a mechanical switch [9], [10], [12]. In this
letter, we propose compact (< 1 μm2 footprint), low-voltage
(< 0.1 V) nanomechanical switch designs that can overcome
the contact adhesion switching energy limit, paving a pathway
to ultimately energy-efficient nanomechanical switches.

M

II. A NALYSIS OF C ONVENTIONAL S WITCH D ESIGN
In general, three types of force affect a nanomechanical
switch: an applied force that actuates the suspended structure,
surface adhesive force (Fadh ) at the physical contact(s), and
the spring restoring force (Fspring) of the suspended structure.
The governing equations for these forces and their corresponding potential energies are modeled to assess the energy
efficiency of nanomechanical switches of various designs.
Although electrostatic force (Felec ) is assumed herein to be the
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Fig. 1.
Conventional nanomechanical switch: (a) Isometric views
in OFF and ON states, showing key dimensions and relevant forces exerted on
the movable structure. The magnified view of the contacts indicates that only
a few asperities are in physical contact at ON state due to surface roughness.
(b) Net force (Fnet ) vs. displacement (x) curves. (c) Potential energy profiles
showing minima at x ∼ 0 Å for OFF state and x = 5 Å (in contact)
for ON state (V = 0.2 V). The energy required to operate this switch
is E switch = 102.44 aJ.

actuation mechanism, the switch model can be easily adapted
by replacing the electrostatic force equation.
Fig. 1(a) illustrates the operation of a conventional threeterminal mechanical switch design, showing the relevant forces
and geometrical design parameters. In the OFF state, a contact
air gap separates the movable suspended electrode (which has
an effective spring constant keff ) from the fixed contacting
electrode. When a sufficiently large voltage is applied between
the suspended electrode and the actuator electrode (V > 0),
Felec ≥ Fspring such that the suspended electrode comes into
contact with the contacting electrode so that the switch is
turned ON. To turn OFF the switch, the applied voltage is
removed (V = 0) and Fspring > Fadh is required to break
the contact. This means that Felec must be greater than Fadh ,
and therefore contact adhesion sets a lower limit for the
switching energy [9], [10]. Note that, as fabricated (V = 0),
the actuation gap and area are larger than the contact gap and
area, respectively (i.e. gact > gcont and Aact > Acont ), for
robust low-voltage operation [13].
Felec and Fspring and their corresponding potential energies
E elec and E spring are analytically modeled assuming
a parallel-plate actuator and linear spring (Hooke’s law):
ε0 Aact V 2
ε0 Aact V 2
and
E
=
−
;
elec
2
2dact
2dact
1
= −keff x and E spring = keff (x)2 ,
2

Felec =
Fspring
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where ε0 is the permittivity of air, dact is the distance between
the actuator and suspended electrodes, dcont is the distance
between the contacting electrodes, and x is the displacement
of the suspended electrode. For the conventional switch design,
dcont = D0 + gcont − x and dact = D0 + gact − x.
Due to surface roughness, the real contact area ( Ac )
usually is a small fraction of the apparent contact area,
and only Ac is assumed to be relevant for surface energy
calculations [14]. Fadh includes van der Waals force, capillary
force, and material bonding [10], [11]. For a metal-to-metal
contact, which is desirable for low ON-state resistance, the
metallic bonding force originating from electron interaction
is dominant [9], [15]. The surface energy and force between
metal interfaces can be modeled using the following universal
relationship [16], [17]:


dcont − D0 − dcontλ −D0
M
E adh (dcont ) = −2γ Ac 1 +
e
and
λM


dcont − D0 − dcontλ −D0
M
e
Fadh (dcont ) = 2γ Ac
,
λ2M
where γ is the surface energy density, D0 is the average atomic
distance between two perfectly smooth surfaces in contact,
and λM is a characteristic decay length related to the
Thomas-Fermi screening length [16]. E adh and Fadh
expressions above also include repulsive force between
atoms. A universal value of D0 = 0.165 nm well predicts
E adh between two solid surfaces [18]. λM is typically
0.5-1.5 Å [17], but is larger for a confined contact volume
due to reduced electron density [19].
The energy required to separate two metal surfaces in
contact is E adh (∞) − E adh (D0 ) = 2γ Ac , which is 22 aJ
for gold (Au) contacting electrodes with Ac = 10 nm2 ,
γ = 1.1 J/m2 and λM = 1.2 Å [20]. The proposed model
can be adapted for other contacting metals, which generally
have similar γ and λM . Surface oxidation and material transfer
are assumed to be negligible during switching, so that the
properties of the contacting surfaces ( Ac , γ , λM ) are constant.
Fig. 1(b) shows how the net force on the suspended electrode (Fnet = Fspring + Felec + Fadh ) depends on x, while
Fig. 1(c) shows the corresponding potential energy (E) plot.
When a sufficiently large actuation voltage is applied, Fnet > 0
for all x < gcont so that the suspended electrode moves
into contact with the contacting electrode. When no voltage
is applied, Fspring restores the suspended actuator back to
x ∼ 1 Å (non-zero due to Fadh ), corresponding to the stable
operating point where Fnet = 0 and dFnet /d(x) < 0. Local
energy minima are observed at the stable operating points.
The geometric, material, and electrical parameter values used
to arrive at the modeling results in Fig. 1(b) and 1(c) are
summarized in Table I. The aggressively scaled gcont (similar
to lattice constant of Au, aAu = 4.065 Å) is beneficial
since Fadh reduces required Felec and thus required actuation
voltage. The energy required to operate the switch (E switch)
is the electrostatic energy stored in the actuation air-gap
capacitor when voltage is applied, as indicated on Fig. 1(c).
The minimum energy required to operate a conventional
nano-electro-mechanical switch is four times the contact
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TABLE I
M ODELING PARAMETERS AND R ESULTS

Fig. 2. Tunneling nanomechanical switch: (a) Isometric views in ON and
OFF states. (b) Force vs. displacement curves. (c) Potential energy profiles
showing minima at x ∼ 0 Å for OFF state (V > 0) and x ∼ 4 Å
(near contact) for ON state (V > 0).

adhesion energy [3], which is 4×2γ Ac = 88 aJ for the contact
model parameter values used in this letter.
III. P ROPOSED N EW S WITCH D ESIGNS
A. Nanomechanical Tunneling Switch
Fig. 2(a) illustrates the operation of a proposed new tunneling switch design in which the actuator electrode and
contacting electrode are located on opposite sides of the
suspended electrode. The movable electrode has lower
keff (172 N/m) so that Fadh actuates it into the ON state without
an applied voltage; Fadh and Fspring reach a balance within
1 Å of contact to allow for significant electron conduction
via tunneling. To turn OFF the switch, electrostatic force is
applied to actuate the suspended electrode away from the
contacting electrode and thereby reduce the tunneling current.
Since Felec and Fspring work together to counterbalance Fadh ,
less electrostatic force is needed to operate the switch.
Figs. 2(b) and 2(c) show the net force (Fspring − Felec + Fadh )
and potential energy plots for the tunneling switch design,
respectively. For the purpose of comparison, the actuation and
contact design parameters (γ , λM , gcont , gact , Ac , and Aact )
of this tunneling switch are taken to be identical to those
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IV. C ONCLUSION
The surface adhesion energy limit for a nanomechanical
switch can be overcome by designing it to be normally ON so
that spring restoring force reduces the actuation force required
for switching. The tradeoff for this tunneling-mode design is
larger ON-state resistance (on the order of 10 k) and reduced
ON/OFF current ratio (∼104). The normally ON design can be
leveraged to achieve a bistable switch which can be attractive
for memory and non-volatile logic applications [22].
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Fig. 3. Complementary tunneling switch design: (a) Isometric views in
the two complementary states. (b) Force-vs.-x curves. (c) Potential energy
profiles showing minima near x = −5Å and 5Å for the two states.
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