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We report a mechanically enhanced inkjet-printed microelectromechanical (MEM) relay with a
U-bar-shaped cantilever by exploiting the coffee-ring effect. The printed cantilever shape, especially
the effective thickness caused by the elevated walls, can be controlled during the drying process by
outward convective flow of silver nanoparticles. This enhances mechanical stiffness to efficiently
produce a strongly suspended cantilever that is immune to collapse- and curling-related failures.
This approach to enhancing cantilever stiffness is unique to printing-based processes using metal-
nanoparticle inks and is not feasible for conventional photolithography processes. The resulting
printed MEM relays show a pull-in voltage of only 6.6 V and an on/off ratio of 10® with extremely
low on-state resistance (~14.3 Q) and off-state leakage that is comparable to those of conventional
silicon-based MEM relays. © 2014 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4904953]

Printed electronics technology has attracted consider-
able interest for realizing low-cost, low-temperature, flexi-
ble, and large-area electronic systems such as thin-film
transistors (TFTs) with uses in applications such as dis-
plays'? and radio-frequency identification tags.>* Although
printed TFTs have shown drastically improved electrical
characteristics in recent years,5f7 further improvements are
still needed with respect to their power-consumption, envi-
ronmental stability, subthreshold swing, and on/off ratio. An
alternative approach that is particularly attractive for applica-
tions requiring ultra-low device leakage is the use of printed
microelectromechanical (MEM) relay with movable cantile-
vers operated by electrostatic actuation.®*? A semiconductor
layer is not required in mechanical switching devices; there-
fore, extremely low on-state resistances and off-state leakage
currents are normally observed. These devices also offer
excellent stability since they are not significantly affected by
environmental conditions. To realize high-performance
printed MEM relays, strongly suspended cantilevers must be
used as channels between the source and drain electrodes to
prevent stiction and collapse during operation and sacrificial
layer removal.'®'" Tn addition, the cantilever beam should
be controllable to have a suitable stiffness because an exces-
sively stiff cantilever beam requires a high pull-in voltage
(Vpp). Thus, many research groups have attempted to opti-
mize the process conditions for realizing suspended cantile-
vers. For example, in conventional lithographically
processed MEM relays, the geometric shape of the cantilever
has been adjusted to tune effective stiffness'>!3 However,
merely optimizing the thickness and length of printed canti-
levers is insufficient to achieve viable devices due to the lim-
itations of printable materials and printing resolution.'* For
example, it is very hard to obtain a printed electrode that is
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more than 10 um thick because of ink-spreading and poor
sintering of thick nanoparticle-based films.'> Therefore, new
approaches must be developed to enhance the mechanical
stiffness of printed cantilever beams for use in high-
performance and stable inkjet-printed MEM relays.

In this study, using an approach that uniquely exploits
the physics of inkjet printing, a simple and efficient method
exploiting the coffee-ring effect was developed to control
the stiffness of printed cantilever beams. Many studies have
been reported to reduce or eliminate the coffee-ring effect to
obtain smooth and uniform surfaces.'®'® In this work, we
instead specifically exploit the coffee ring effect to form a
stiff U-bar shaped beam. This phenomenon increases the
effective height of the U-shaped beam to control the moment
of inertia (/) of the cantilever, which directly affects its stiff-
ness. U-bar-shaped beams are typically not viable for fabri-
cation using conventional micro-fabrication processes
because the formation of such U-bar-shaped structures is
prohibitively complex in conventional thin film planar proc-
esses. On the other hand, because the silver nanoparticle ink
is deposited in a liquid state during the printing process, the
printed beam shape can be altered intentionally during the
drying process because of the coffee-ring effect, which
causes the formation of controllable high ridges in the
printed features. In other words, the coffee-ring height can
be controlled through choice of appropriate printing and dry-
ing conditions to produce U-bar-shaped structures without
the need for any additional etching or patterning. Moreover,
this unique approach is extremely cost-effective because a
U-bar-shaped beam does not require a totally filled beam
area, i.e., it can be created by transporting silver nanopar-
ticles from the center to the edges using convective flow,
resulting in a highly concentrated silver barrier along the
printed cantilever without required use of excessive silver.
1718 1 addition, the moment of inertia, /, and the geometri-
cal dimensions that determine the pull-in and release

© 2014 AIP Publishing LLC
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operations of MEM relays were carefully optimized to obtain
operational characteristics that are comparable to those of
conventional silicon-based MEM relays. A printed cantilever
model was also formulated to accurately estimate the opera-
tion of inkjet-printed MEM relays utilizing the coffee-ring
effect. The corresponding predictions were verified against
stiffness measurements, which were obtained using a nano-
indenter, and the results of a 3-dimensional (3D) finite ele-
ment simulation using COMSOL.

Figure 1 shows the MEM relay fabrication process. A
200 yum wide gate electrode was inkjet-printed using a
nanoparticle-based silver ink (CCI-300 from Carbot Corp.) on
a silicon/thermally grown silicon dioxide substrate and then
sintered at 180°C for 30 min. A poly(4-vinylphenol) (PVP)
solution composed of 10wt. % PVP and 2wt. % poly(mel-
amine-co-formaldehyde) used as a cross-linking agent was
dissolved in propylene glycol methyl ether acetate (PGMEA)
for use in forming the gate dielectric. This PVP solution was
spun at 2000rpm onto the sintered gate electrode and then
cross-linked for 30 min on a 200 °C hot-plate, resulting in a
film thickness of 530nm. After the formation of this gate
dielectric layer, source and drain electrodes were also inkjet-
printed using the same silver ink used for the gate electrode.
The gate, source, and drain electrodes had film thicknesses of
380nm, 305 nm, and 550 nm, respectively. Next, a sacrificial
layer was achieved by spin-coating poly(methyl methacrylate)
(PMMA, A1l from MicroChem Corp.) at 2000 rpm, resulting
in a sacrificial layer film thickness of 1.2 um. The film was
then thermally cured on a 180°C hot-plate for 10 min. The
wetting of the nanoparticle silver ink on the PMMA was
enhanced using UV Ozone (UVO) treatment for 3 min. Then,
the cantilever beam was printed using the same ink as was
used for the electrodes. This was achieved using 5 passes to
produce a cantilever with the appropriate thickness and shape.
The cantilever was dried at 125 °C for 5 min after each print-
ing process to increase the height of the coffee-ring ridge, and
a final coffee ring ridge height of approximately 11 um was
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achieved. Note that the width and length of the 5-pass-printed
cantilever was 92 um and 650 um, respectively. Afterwards,
the printed cantilever was sintered at 180 °C using a ramping
condition of 5 °C/min. The final actual gap between the drain
and the channel was 850 nm because the PMMA sacrificial
layer was etched slightly by the silver ink during the cantile-
ver beam printing. After sintering the beam, the anchor region
was defined by printing acetone at the cantilever edge to form
a via-hole through the PMMA sacrificial layer. Before creat-
ing the via-hole, a UVO exposure was used to weaken the
PMMA layer, thus enhancing acetone etching. Next, the
etched via-hole was filled with inkjetted silver ink to connect
the cantilever beam to the source pad. The ink was solidified
on a 125 °C hot-plate for 30 min to prevent re-strengthen the
PMMA. The anchor structure was then sintered at 180°C
with a ramping condition of 5°C/min. Finally, the PMMA
sacrificial layer was removed by sequential dipping in boiling
acetone and isopropyl alcohol (IPA).

Figure 2 shows optical images and cross-sectional pro-
files of inkjet-printed cantilevers that were fabricated under
various printing and drying conditions. Drying after each
printing pass produced a large coffee-ring because the
printed cantilever edges were pinned to the hydrophobic sur-
face, resulting in a highly concentrated silver barrier with a
relatively thin center region, formed following the solvent
flow during the drying process. Interspersed drying steps
were also used to prevent subsequent printing passes from
puddling up to fill the coffee-ring. In other words, we specifi-
cally take advantage of the controllability of the coffee-ring
to form U-bar-shaped beams; these in turn give advanta-
geous mechanical properties.

The I values for the cantilever were calculated from the
measured profiles of printed cantilevers under different dry-
ing conditions. As previously mentioned, the height of the
coffee-ring (which is denoted by b in the schematic) mainly
controlled the / value because the cross-sectional areas of the
profiles were nearly equal (~230 ym?)"?
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FIG. 1. Process flow for fabricated printed MEM relays: (a) gate electrode printing, (b) source/drain electrode printing on spin-coated PVP gate dielectric, (c)
PMMA sacrificial layer deposition, (d) cantilever beam printing, (e) anchor definition via printing-based via-hole formation, and (f) via-hole filling, which is

followed by subsequent sacrificial layer removal.
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where a, b, ¢, and d denote the width and height of the
coffee-ring and the flat area on the bottom, respectively.
(Note that e and i were only related to Area,. in Figure 2(c) to
account for the bump area at the center). This equation was
used to calculate the spring constants using values of
K= 3ErI/L3 of 499N/m, 0.47N/m, and 0.09 N/m for
Figures 2(a), 2(b), and 2(c), respectively, where E, and L
denote the reduced elastic modulus and the length of the
single-clamped cantilever beam, respectively. Herein, E, of
the printed silver cantilever was measured using a nano-
indenter (~49 GPa).8 The calculated k.4 value for Figure
2(a) is well-matched with the measured real spring constant
of 4.94N/m (Figure 2(d)). These results show that control-
ling the coffee-ring effect can dramatically increase the stiff-
ness of printed cantilevers 100-fold over that of flat printed
cantilevers with the same cross-sectional area (Figure 2(e)).

To prevent stiction from the capillary force between the
cantilever and the drain during the sacrificial layer removal,
the sticking force (~4.5N at a 430-nm displacement in the
equation below) should be lower than the elastic force of the
cantilever, which is given by F,gi.=kx, where k and x
denote the spring constant and the cantilever displacement,
respectively,

ZACamact Y €os QC

FSticking = g —x

where Acopiaers V> 00, g and x denote the contact area
between the cantilever and the drain, the surface tension of
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IPA, the contact angle between IPA and the printed silver
electrode, the gap between the cantilever and the drain, and
the cantilever displacement, respectively. The weak coffee-
ring-free printed cantilevers collapsed easily because of stic-
tion that occurred during the removal of the PMMA sacrifi-
cial layer when interspersed drying was not performed for
every printing process (Figure 2(e)); this was entirely sup-
pressed for the coffee-ring-enhanced beams.

The relationship between the number of inkjet-printing
passes and K4 of the printed cantilever for optimized inter-
spersed drying was also investigated to obtain an adequate
cantilever stiffness (Figure 3(a)).?’ As the number of printing
passes increases, the coffee-ring height increased linearly up
to 18 um for 8-pass printing. 5-pass-printing delivered suffi-
cient beam stiffness to prevent stiction without increasing
the pull-in voltage too much. Under these optimized process
conditions, scanning electron microscope images showed
strongly suspended cantilever beams without any collapse
delivering a constant air gap under 1 um (Figure 3(b)).

Figure 4(a) shows the measured electrical switching
characteristics of the printed MEM relays, including the
drain current versus the gate voltage for various drain vol-
tages. An immeasurably low leakage current was obtained
due to the air gap between the cantilever and the drain elec-
trode. Excellent switching characteristics were observed,
with a pull-in voltage of 6.6V (Vp,) with a near-zero sub-
threshold swing value. The obtained operational voltage is
comparable to that of conventional silicon MEM
relays.”'*!>? Figure 4(b) shows the measured drain current
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FIG. 2. Optical images, surface pro-
files, and schematic cross-sections of
S-pass printed silver cantilevers, with:
(a) drying after ever printing pass, (b)
drying only twice over the 5 passes,
and (c) without interspersed drying on
a 125°C hot-plate. (d) Displacement
versus applied force curve of the
printed cantilever beam as measured
by nanoindentation. From the regime
1, spring constant (k.;) could be
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FIG. 3. (a) Profiles of printed cantilevers on PMMA for varying numbers of printing passes. (b) SEM images of MEM relay with 5-pass-printed cantilever

beam (close-up images are also shown).

versus the drain voltage for a fixed Vg of 10 V. The on-
resistance (Roy) consisted of two components (a metal-metal
contact resistance between the cantilever and the drain elec-
trode and the channel resistance): the /pg increased linearly
with the Vg, which corresponded to a Ry value of 14.3 Q
for VGS > Vp].

A simulation was also performed with COMSOL Multi-
physics to verify the operation of the U-bar-shaped MEM
relay. In this simulation, the dimensions of the printed U-
bar-shaped cantilever beam and the bottom electrodes were
defined based on the measured dimensional parameters and
Young’s modulus. The electrostatic force density associated
with the Maxwell stress tensor is given as follows:

F=-05(E-D)n+ (n-E)D",

where E, D, and n denote the electrical field, the electric dis-
placement vector, and the outward normal vector, respec-
tively. The curve of the displacement versus the cantilever
position was used to determine the Vp; when the induced

electrostatic force exceeds the elastic force of the cantilever,
pulling the cantilever down (Figure 4(c)). The gap between
the cantilever and the drain was matched to that measured
experimentally via the aforementioned nanoindentation mea-
surement; the voltage required to cause the cantilever to tra-
verse this distance is then the simulated pull-in voltage.
Figure 4(d) shows images of the deformed cantilever along
the xz-plane as a function of the applied electrical potential:
the cantilever began to touch the drain when the applied volt-
age exceeded 6.6 V. The Vp; value obtained from the simula-
tion results matched the experimental value well. The
simulation results also shows that the mechanical stiffness of
the printed U-bar-shaped cantilever is equal to that of a flat
cantilever with a thickness of 10.23 um, while using signifi-
cantly less silver.

In conclusion, we realized strongly suspended U-bar-
shaped cantilever beams by exploiting the coffee-ring effect
for high-performance printed MEM relays. By using opti-
mized multi-pass printing and interspersed drying, we con-
trolled the height of the coffee-ring ridge to change the

Average R ~14.3 Q ]

Pulldn

FIG. 4. (a) Switching characteristics of
MEM relay with 5-pass-printed canti-
lever beam for various Vpg values and
(b) Ips-Vps characteristics of MEM

relay (on-state resistance is also
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cantilever stiffness. The coffee-ring effect was used to obtain
an effective thickness of over 10 um while using minimal sil-
ver. This unique approach is an easy, rapid, and low-cost
process that delivers a mechanically enhanced and stable
MEM relay with excellent performance. Experimentally
derived stiffness values were consistent with mechanical
measurements performed using indentation and the results of
a simulation performed using 3D finite difference methods.
We believe the coffee-ring enhanced MEM relays in this
work provide an attractive path for realization of ultra-low-
cost and energy efficient MEM applications.
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