
ON delay of 8 µ s at a gate voltage
of 10 V, a pull-in voltage of only 7.2 V, immeasurable off-leakage,
excellent subthreshold swing, and a small hysteresis window
of 2 V without any bending or collapsing of the beam. The device
also shows reliable operation over 105 cycles while maintaining a
high ON/OFF ratio of 108, and extremely low ON-state resistance
of 3.7 � . [2016-0180]

Index Terms� Inkjet-printing, microelectromechanical sys-
tems, relays, printed electronics.

I. INTRODUCTION

PRINTED electronics technology is promising for realizing
low-cost, low-temperature processed electronic compo-

nents such as thin-film transistors (TFTs), sensors, organic
light-emitting diodes, memory devices for wide ranging
applications including displays, sensing systems, and radio-
frequency identification tags on large-area and flexible plat-
forms [1]–[6]. Although high-performance inkjet-printed TFTs
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have been presented with optimized materials for semicon-
ductor, dielectric, and surface modification layers [2], [7], [8],
further improvements are still needed with respect to their
power-consumption, subthreshold swing, contact resistance
and on/off ratio. With this in mind, inkjet-printed micro-
electromechanical (MEM) relays have recently attracted inter-
est as a nearly ideal low-power consumption switch that
can potentially replace conventional switching devices such
as TFTs, delivering extremely low leakage current, sub-
threshold slope, contact resistance, and excellent on/off
ratio [9]–[12]. To make printed MEM relays viable for many
applications, the relatively large mechanical delay that limits
the maximum switching frequency should be addressed to
enable substitution for conventional switching devices such
as MOSFETs and TFTs [9], [10]. To improve the switching
speed, there are two possible approaches: to increase the gate-
overdrive voltage and to scale device dimensions. Although
the use of a larger electrostatic force between the gate and
channel-beam causes increased acceleration, resulting in faster
travel of the beam [9], shortening the travel distance of
the channel beam by reducing the actuation and contact
gaps (go and gd) is a more direct and effective approach for
low-power consumption applications. Unfortunately, reducing
the gd increases the likelihood of collapse of the beam due
to stiction forces during sacrificial layer removal. Therefore,
the mechanical stiffness of the floated channel beam must
be enhanced if the gd is to be minimized [9]–[11]. A freely
suspended beam for highly reliable and robust printed MEM
relays without stiction-related failures can be achieved through
the optimization of the geometric properties of the beam, for
example, by increasing the thickness or shortening the length
of the beam, or exploiting the coffee-ring effect to increase its
moment of inertia [10], [12]–[15]. These approaches, however,
require the use of excessive material, high-resolution pattern-
ing, and exquisite control of the coffee-ring barrier; these
measures additionally result in a higher pull-in voltage (VP I )
[10], [15]. Moreover, MEM relays with cantilever-type single-
clamped beams are still susceptible to curling and collapse-
related failure if the cantilever beam is not stiff enough to
endure stiction or stress-gradient forces at the tip of the
beam [11], [14]–[16].Therefore, a robust approach for enhanc-
ing the mechanical stiffness using facile printing processes
is highly desirable because the mechanical stiffness of the
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cantilever is quite sensitive to a height of the ridge of the
cantilever, a parameter that cannot be controlled easily.

In this study, an inkjet-printed 3-terminal (3T) MEM relay
with a double-clamped beam is proposed for the first time
to enhance the mechanical stiffness of the beam and give
stable and reliable operation with low mechanical delay.
In particular, the coffee-ring effect, which can increase the
effective thickness of the beam [10], was unnecessary because
the double-clamped structure is sufficiently rigid to suspend
the beam freely so that the mechanical stiffness of the
beam can be more accurately controlled. By optimizing the
device geometry, a high-speed printed MEM relay with a
freely suspended double-clamped beam was demonstrated that
showed lower VP I of 7.2 V, a turn-on delay below 10 μs,
a small hysteresis window of 2 V without any bending or
collapsing of the beam, and more reliable operation than
that of recently reported MEM switches with single-clamped
and double-clamped beams, respectively [9], [10], [17]. The
operation of the printed MEM relay was also verified and
predicted using 3-dimensional (3D) finite element COMSOL
Multiphysics simulation.

II. INKJET-PRINTED MEM RELAY DESIGN

In this work, the inkjet-printed MEM relays were care-
fully designed to achieve 1) well-defined printed layers,
2) a strongly suspended beam without collapse or curling
issues, 3) low-operation voltage below 10 V with feature sizes
as small as possible. In these regards, the first consideration is
to deliver a mechanical stiffness that is high enough to suspend
the beam without collapse- or stiction-related failures during
processing. To avoid stiction from the capillary force between
the channel-beam and the drain during the sacrificial layer
removal, the sticking force should be lower than the spring
force of the beam [10], [14],

Fspring = kx > Fstict ion =
2Acontactγ cos θc

g Š x
(1)

where k, x , Acontact , γ , θc, and g denote the spring constant,
the beam displacement, the contact area between the beam
and the drain, the surface tension of IPA, the contact angle
between IPA and printed drain, the contact gap, respectively.
Here, the contact width (� 100 μm) and length (1 μm) were
fixed by the minimum beam-width without any waviness or
bulging and the ridge created from the coffee-ring effect,
respectively to minimize stiction force as shown in Figure 1.
Since Acontact (� 100 μm2) and g (� 370 nm) which is
the consistent thickness of the sacrificial layer were already
determined, the spring constant should be over 7.22 N/m to
achieve this requirement. The highly suspended beam was
carefully designed to have a spring constant just exceed-
ing 7.22 N/m, because an excessively stiff beam requires a
high VP I resulting in a higher pull-in delay [19].

VP I =

√
8

27

kef f g3
o

εo Aa
(2)

where go, εo and Aa denote the actuation gap, the vac-
uum permittivity, and the actuation area (i.e., channel-beam

Fig. 1. Schematics of structures for spring constant calculation with fixed-
fixed (top) and fixed-free beams (bottom).

TABLE I

MEASURED AND EXTRACTED PARAMETERS OF

THE PRINTED MEM RELAY

to gate overlap), respectively. Note that a length of the
beam (� 550 μm) was determined with a consideration of
margin for the both anchoring parts and the dimension of the
underlying layers (a width of the gate (� 200 μm) and drain
electrodes (� 50 μm). The MEM relay design parameters were
summarized in Table 1.

It is clear that the designed double-clamped beam
results in a much higher effective spring constant (kef f )
(calculated - 7.28 N/m) than that of an equivalently sized
single-clamped cantilever type beam (calculated – 0.13 N/m),
as shown below in the equations (Equation. (3) and (4) show
the effective spring constant for the single-clamped cantilever
type beam and the double-clamped beam, respectively) relat-
ing beam dimensions and Young’s modulus of the beams
to stiffness (Figure 1) [13]. This approach is, thus, very
suitable to realize high-stiffness beams without requiring use
of excessively thick structures, which are difficult to form
using printing techniques [10].

kef f _ sin gle =
24E I

6(L Š x)L2 + x3 + 2L3 (3)

kef f _double =
384E I

(2L Š x)x2 + 2L3 (4)

Here, E , I , L, and x denote Young’s modulus, the momen-
tum of inertia, the length of the beam, and the actuation length
by the bottom gate electrode, respectively.
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Fig. 2. The simulation results by finite element method (FEM) for the
displacement of the beams with respect to the applied electrical field: The
channel contacts on the drain with high aspect ratio for gate voltage near VP I
of 7.2 V (Schematic of the MEM relay and magnified SEM image focused
on the channel and the drain clearly shows the gd is much smaller than the
actuation gap (go).

III. SIMULATION

Figure 2 shows the numerically predicted results of
the displacement for the designed printed beam simulated
using COMSOL Multiphysics with an AC/DC modules turned
on for electrostatic analysis. The bending of the beam was
coupled with the electrostatic force between the gate and the
beam generated by the electric field in the analysis. Here,
we assumed that air surrounded both ends of the double-
clamped beam, and that the electrostatic force acted in a
direction which is normal to the lower boundary of the
beam. The displacement represented the position (in xz-plane)
at which the elastic restoring force of the beam and the
electrostatic force are in equilibrium. The computation was
repeated until the channel beam bent beyond the measured gd

of 370 nm (consistent with that measured experimentally by
a nanoindentor. It will be discussed in detail later); the gate
voltage is VP I when the beam touches the drain. Note that
a SEM image clearly also shows that gd is smaller than go due
to thickness of the drain with high aspect ratio. Simulations
thus provide the value of predicted VP I as 7.2415 V.

IV. INKJET-PRINTED MEM RELAY FABRICATION

Figure 3 shows the double-clamped beam fabrication
process flow. For the gate electrode, a commercial silver
nanoparticle (AgNP) ink having a particle diameter size
of � 70 nm (EMD 6503 from Sunchemical Corp.) was
inkjet-printed on a cleaned silicon dioxide substrate and
then sintered at 180 °C for 30 min on a hot-plate in air.
The gate electrode had a thickness and sheet resistance
of 400 nm and 0.6 �/sq, respectively. A solution of
poly-4-polyvinylphenol (PVP) consisting of 10 wt% PVP
and 2 wt % poly(melamine-coformaldehyde) as a cross-
linking agent in propylene glycol methyl ether acetate
(PGMEA) was spin-coated to form a gate dielectric layer
and then cross-linked for 30 min on a 200 °C hot-plate,
resulting in a film thickness of 450 nm to isolate the gate
electrode from the movable channel beam in cases when the
deflection of the beam caused full-contact with the surface.
Source and drain electrodes were also inkjet-printed using
the same ink and process as for the gate electrode. They
were then sintered for 30 min at 180 °C on a hot-plate.
Note that the drain was printed in 3 passes on a heated
substrate at 60 °C without interspersed drying to increase

Fig. 3. (a) Schematics of the process flow used to fabricate a MEM relay
with a double clamped beam. (b) Profiles of a printed beam on 60 °C PMMA
surface depending on printing passes.

the aspect ratio by preventing ink spreading, producing a
minimized gd between the channel beam and drain. The
silver nanoparticle ink was printed in a liquid state; a
U-shaped printed electrode can be produced intentionally
without the need for any additional etching or patterning
through appropriate printing and drying conditions due to the
coffee-ring effect. This approach exploits the outward flow
of the nanoparticles during solvent evaporation, resulting in
a highly concentrated silver ridge (� 500 nm) [10], [18].
On the bottom electrodes, poly(methyl methacrylate)
(PMMA A11 from MicroChem Corp.) was spin-coated
at 2000 rpm to form a uniform sacrificial layer and cured
at 180 °C for 10 min. On the 1 μm thick PMMA sacrificial
layer, the movable channel beam was printed using the
same ink as for the bottom electrodes. This was printed
in 7 passes without any surface treatments while maintaining
the substrate temperature at 60 °C to prevent spreading of
the ink. Note that the PMMA sacrificial layer was slightly
etched by the solvent of the silver ink during the beam
printing, so a dip was observed in the profile. By optimizing
substrate temperature and surface energy of the bottom
layer, the 7-pass-printed beam had an effective thickness
of 2.6 μm which can deliver a minimum mechanical
stiffness to prevent the mechanical collapse of the beam by
stiction force after consideration of the coffee-ring effect and
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Fig. 5. Displacement versus applied force curve of the double-clamped beam
as measured by nanoindentation. From the regime 1, spring constant (ke f f )

could be extracted based on the fact that F = ke f f x(= displacement). [9].

Fig. 6. (a) Schematic of relay inverter circuit with load resistor
(100 k�) and VDD of 1 V. (b) Dynamic behavior of the printed MEM inverter
with 5 kHz square-wave pulse. (Pull-in delay of 8 μs during the channel
traveling downward toward the drain).

treatments on the drain [24], [25]. The measured IDS versus
the drain voltage (VDS) for a fixed VGS of 10 V is shown
in Figure 4c. An extremely low on-state resistance (RO N )
of 3.7 � for VGS > VP I was achieved, showing excellent
linearity with VDS because the RO N consists of two metallic
components: first, a metal-metal contact resistance between the
beam and drain and, second, the metallic channel resistance.
The measured real spring constant of 7.78 N/m measured using
a nanoindentor is well-matched with the calculated kef f value
using equation 4 with the design parameters. (Figure 5). This
measurement also provides information for the contact gap
from a change of the slope in displacement versus load force.

Dynamic behavior of the printed relay was also investigated
by measuring transient characteristics in an inverter system as
shown in Figure 6a. An external resistor (RL of 100 k�) was
connected in series with the drain electrode for an inverter
setup that limits the maximum IDS during on-state to prevent
welding-related failure by joule heating. Figure 6b shows the
AC input and output characteristics of the inverter for a 5 kHz
square-wave input signal with an amplitude of 10 V. When
VGS was 0 V at the gate (off-state), the channel beam did not
actuate toward the drain; VDS was then VD D, i.e., 1 V. When
the beam was actuated down to close the circuit, the VDS

approaches 0 V since RO N is much lower than RL . During
the transition between switching on/off states, a pull-in delay
of 8 μs was observed; this is dominated by the mechanical

delay, which is much larger than the intrinsic electrical RC
delay because of extremely low on-state resistance and overlap
capacitance values of the relay. Therefore, pull-in delay can
be defined as below [13].

tdelay �
√

mef f

kef f
×

VP I

Vdd
(5)

where me f f denotes the effective mass of transport. Therefore,
a high kef f and low VP I can be achieved by introducing a
double-clamped channel-beam and minimizing the gaps for
improved high-frequency response, respectively. By using a
beam with optimized stiffness, using a drain with high-aspect
ratio, and implementing a relatively thin sacrificial layer,
a delay below 10 μs was achieved using a VGS of 10 V, thus
delivering better dynamic behavior than previously reported
work performed with a high VGS of 20 V [9]. Also, the sharp
ridge of the drain enhanced a turn-off delay to almost zero by
minimizing the stiction force between the beam and drain.
Although the MEM relay fabricated by conventional pho-
tolithography processes exhibited a shorter pull-in delay [26],
the result was achieved from much mechanically stronger
beam (Young modulus value of the beam � 380 GPa) with
a beam width and length of 25 μm and 15 μm, respectively,
and a VP I of 65 V.

During the dynamic behavior measurement, the required
switching energy of � 18 pJ which is lost dur-
ing each cycle can be calculated using the following
equation [27], [28],

Eswitch �= [
εA

g Š gd
(1 + γ ) + C]V 2

P I (6)

where Eswitch , A, g, γ , C , and VP I denote the switching
energy, the actuation area, the actuation gap, the area propor-
tionality factor, the load capacitance, and the supplied pull-
in voltage, respectively. The small gd is also an important
parameter to minimize the mechanical strain distribution of
the beam, because the maximum strain is directly propor-
tional to the maximum deflection of the beam as defined
below [13].

εmax �
hzmax

L2 (7)

where h, zmax and L denote the thickness, maximum
deflection, and length of the beam respectively. Since the
length and height are limited by the minimum mechanical
stiffness, to realize a freely suspended beam, optimization
of the beam deflection is the most effective approach to
enhance the endurance performance, minimizing structural
fatigue.

VI. CONCLUSION

We successfully demonstrated and analyzed an inkjet-
printed MEM relay with a double-clamped beam for achieving
high-speed and reliable switching performance. By adopting
the double-clamped beam and a 500 nm ridge on the drain,
a strongly suspended beam and a reduced mechanical switch-
ing delay were realized without collapse or curling issues,
even though relatively thin printed films were used for the
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