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Abstract
Inkjet-Printed Microelectromechanical Systems: Materials, Process and Devices
by
Muhammed Ahosan Ul Karim
Doctor of Philosophy in Engineering — Electrical Engineering and Computer Sciences
University of California, Berkeley

Professor Vivek Subramanian, Chair

Patterned deposition of solution-processed materials utilizing printing technologies is a key
enabler for the realization of low-cost and large-area electronics. Inkjet printing of metal
nanoparticles to form patterned conductive films is one of the major features of printed electronics.
During the constrained sintering of metal nanoparticles, an in-plane tensile stress builds up due to
the volumetric shrinkage of the film. While this in-plane tensile stress may induce cracks and de-
lamination of the film, an out-of-plane stress gradient forces the suspended structure to curl.
Curling of suspended structures is a major concern in microelectromechanical systems (MEMS).
Here, the mechanism of stress gradient development in inkjet-printed silver nanoparticles film is
revealed. A higher surface diffusion induced non-densifying coarsening of the nanoparticles,
mediated by a higher residual polymer stabilizer concentration, retards the densifying mechanism
and related volume shrinkage near the bottom of the film. A lower densification rate is
substantiated by a lower Young’s modulus at the bottom part of the film. Consequently, a positive
stress gradient is exhibited with a lower to higher tensile stress from the bottom to the top of the
film, which forces the surface-micromachined structures to curl in the upward direction. This
understanding of the development of tensile stress gradient during the constrained sintering of
printed nanoparticulate films constructs the way for future studies on the controlled curling of
suspended structures. Moreover, having developed an understanding of stress-generation
phenomena in such thin films, it is possible to propose device structures that are resistant to stress
variation, or indeed, exploit this stress behavior.

Thin-film transistors (TFTs) are key devices in large-area electronic systems.
Micorelectromechanical (MEM) relays are an attractive alternative to TFTs due to their excellent
switching characteristics. While there have been several demonstrations of printed TFTs, reports
of printed MEM switches have been generally sparse due to the difficulty in realizing robust
printed suspended structures. Here, a novel MEM reed relay architecture is revealed in the first
demonstration of a fully inkjet-printed 3-terminal microelectromechanical reed relay offering
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excellent immunity to residual stress. In the reed relay architecture, the upward curling of the
printed reed due to a stress gradient in the silver reed film is restricted by a printed blocking reed,
thus delivering immunity to stress variations. The choice of sacrificial and dielectric materials for
printed MEMS and their printability are also discussed in detail. The printed reed relays show
hyper-abrupt switching with an on-state resistance of only ~15 Q, immeasurable off-state leakage,
a switching delay of 32 ps, and stable operation over 10° cycles. An analytical model of the reed
relay turn-off voltage is developed, which is validated against the experimental results with
varying reed relay geometrical parameters. The fully-printed processing capability of the
demonstrated three-terminal reed relays in tandem with their stress tolerant nature and excellent
device performance substantiates their promise as a new switching device for low-cost and large-
area electronics. However, a four-terminal relay structure is required to realize logic circuits using
MEM relays. This dissertation proposes a process flow to fabricate fully inkjet-printed stress-
tolerant four-terminal relays with switching voltage tuning capability. This switching voltage
tuning capability offers complementary relays for the implementation of logic operations.
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Chapter 1: Introduction

In the 1950s, Nobel laureate Robert Solow and economist Trevor Swan predicted that
technological progress is the key to the long-term growth and material well-being of a country [1],
[2]. Numerous technological innovations over the past century have proven this prediction correct.
Countless technological inventions, such as cars, aircrafts, communication system, energy
conversion and storage, computers, data storage etc. have completely changed the human life-style
all over the world. Besides adding new functionalities, one of the most important goals of
technological progress is to improve product quality for a decreasing price. Any barriers towards
achieving this goal have been resolved through merging knowledge from different fields of study.
Recently, leveraging the advantages of inkjet-printing as a materials deposition technique and
microelectromechanical systems (MEMS) as a device technology, a new arena of technology has
emerged. This new field of technology is titled as “Printed MEMS”. Printed MEMS aims at low-
cost device solutions for large-area electronics.

1.1 Printed Electronics

Printing technology was originally invented to facilitate the mass-production of texts and graphic
arts. The vast improvement of printing tools over the past century has led to the development of
sophisticated material deposition printers. Also, the development of solution processed metallic,
semiconducting and dielectric materials have paved the way to print both passive and active
electronic devices. Consequently, printed electronics has gained a huge interest over the last
decade [3]-[5]. As a processing technique, printing has several advantages and disadvantages
compared to conventional microfabrication. Figure 1-1 shows the process steps required to deposit
and pattern a certain material using conventional microfabrication with lithography versus the
steps required to achieve this using a printing technique. The requirements for conventional
microfabrication include a vacuum chamber for material deposition, masks for patterning, and a
way of etching unwanted materials, all of which result in an increase in processing cost. However,
printing does not require any vacuum chamber for material deposition or masks for patterning.
Moreover, printing is a fully additive process that does not require any etching step. All of these
factors make it a much cheaper processing technique than conventional microfabrication. The cost
benefit of the printing process is greatly amplified for large-area systems. However, printing
techniques have poor resolution compared to conventional microfabrication. For example, a
minimum feature size of ~ 20 um can be deposited using inkjet-printing, whereas conventional
lithography can achieve sub-10 nm resolution utilizing the multiple patterning technique [6]. Also,
printing has poor reliability compared to the conventional microfabrication. Table 1-1 provides a
comparative summary of different aspects of materials processing using printing and conventional
microfabrication techniques.
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Figure 1-2. Printed electronics for large-area electronics. (a) flexible display
(www.factor-tech.com), (b) E-skin (www.hight3ch.com), (c¢) RFID tag
(www.wired.com), (d) Smart bandage (www.brit.co).

Despite the aforementioned resolution limitation, printed electronics has gained immense attention
due to its low-cost and large-area processing capability of electronic materials. Printed electronics
has exhibited substantial promise in many large-area applications (see Figure 1-2). These
applications include displays, sensors, radio-frequency identification tags, transistors, MEMS
devices, batteries, solar cells, organic light-emitting diodes (OLEDs), antennas, passive
components etc. [7]-[28].

Another key advantage of the printing process is the low maximum processing temperature. The
glass transition temperature of typical plastic substrates is less than 200 °C [29], [30]. For
processing on flexible plastic substrates, the process temperature cannot exceed the glass transition
temperature to avoid the deformation of the substrates. Fortunately, low-temperature compatible
metallic inks have been demonstrated in recent years [31], [32]. Also, low-temperature compatible
dielectrics and semiconductors have been developed from organic small molecules and polymers
[33]-[36]. Recently, printed thin-film transistors (TFTs) have been demonstrated as pixel switches
in active matrix display backplanes [7], [8], [37]-[40]. Figure 1-3 shows a fully printed backplane
with organic TFTs in an electronic paper display.



Figure 1-3. All-printed display backplane for electronic paper [40].

In a nutshell, with the advantages of low-cost and low-temperature processing, printed electronics
has become a very promising technology for realization of large-area electronics.

1.2 Printing Techniques

Many different printing techniques have evolved based on the transfer of ink to the substrate and
their patterning methods. The major printing technologies include inkjet, gravure, screen, offset
and flexographic printing. Each of these printing technologies have their advantages and
disadvantages in terms of pattern resolution, throughput, registration accuracy, ink usage etc. In
this section, a brief survey of different printing techniques will be presented including an analysis
to select a suitable process for printed electronics.

1.2.1 Screen Printing

Screen-printing is the most matured technology for printed electronics as it has been practiced in
the electronics industry for many decades to print metallic interconnects on printed circuit boards.
A screen printer is a simple setup comprising of a screen, squeegee, press bed, and substrate, as
shown in Figure 1-4. In flatbed screen printing, the ink poured on the screen is spread using a
squeegee to move it across the screen. This results in a transfer of ink through the stencil openings
to the substrate beneath. Flatbed screen printing has the disadvantage of low throughput. For higher
throughput, flatbed screens can be substituted with rotary screens for continuous processing in
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which the web of the screen is folded while the squeegee and ink are placed inside the tube. But
the screens for rotary setup are expensive and very difficult to clean [41].
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Figure 1-4. Flatbed screen printing with planar substrates under screen and squeegee
for solution dispensing. (b) Rotary screen printer with moving substrate (web) between
cylindrical mask and impression cylinder. From Ref. [47]

Although screen printing is a very simple process, the print quality and characteristics are affected
by various factors such as solution viscosity, printing speed, angle and geometry of the squeegee,
snap-off between the screen and substrate, mesh size and material [42], [43]. Screen printing also
has an inherent pattern resolution limitation since it is difficult to push the ink through the very
small mesh openings of finer features [44], [45]. Screen printing typically uses paste-like inks,
with very high viscosities; the high viscosity minimizes the flow of ink on the substrate after
deposition and ensures pattern fidelity. Ink formulation for screen printing requires the use of
binders to make high viscosity ink. Therefore, a typical screen printable conductive ink consists of
conductive particles or flakes interspersed with a binder material, such as a polymer, within a



solvent base. The resistivity of screen-printed materials is typically poor compared to an equivalent
film of pure metal, as the binder material is relatively nonconductive. This imposes the requirement
of printing thicker or wider features to minimize resistance [46]. Without giving any consideration
to proper tuning of the ink properties and mesh count, a nominal print resolution of >50 pm and
pattern thickness of a few microns are common. Furthermore, screen printing typically produces
films with large roughness due to the nature of inks as discussed above. As a result, the use of
screen printing is limited for the fabrication of thin-film devices.

1.2.2 Gravure, Flexographic and Offset Printing

Gravure, offset and flexography are contact based printing techniques and somewhat related to
each other. All of these techniques utilize direct transfer of functional inks in pre-patterned features
onto a substrate via physical contact with a drum (see Figure 1-5). Ink is dispensed into the drum
such that it lies within the depressed regions of the pattern but not in the elevated regions of the
drum [48], [49]. The drum is pressed against the substrate, which results in transfer of most of the
ink contained in the wells onto the substrate. The choice of drum material is the main difference
between gravure and flexographic printing. Gravure makes use of a hard metallic drum, while
flexographic printing makes use of a relatively compliant drum. Therefore, the requirements for
the ink viscosity and surface wetting properties gravure printing are different from the flexographic
printing. This results in slightly different pattern fidelity characteristics. Offset printing adds an
intermediate step. In offset printing, the ink from the master drum is transferred to an intermediate
drum, which, in turn, transfers the ink to the substrate [50]. Although, the use of an intermediate
drum typically results in better drum reusability, the double transfer typically requires the use of
higher viscosity inks. Similar to the screen printing ink, gravure and flexographic printing typically
require the use of binders. However, the required ink viscosity for gravure and flexographic
printing are less than that of screen printing ink. This allows the use of lower binder content for
the realization of features with lower resistivity. Among these printing techniques, gravure is
considered as the most promising technology for printed electronics due to its recent development
of high resolution (sub 5 um) printing capability with high throughput [51], [52].

The gravure printing tools consist of a large cylinder electroplated with copper and engraved with
microcells. The microcells are engraved using wet etching, laser or electromechanical means. The
engraved cylinder is electroplated with chrome to protect it from wear and tear during the ink
transfer and contact with the substrate. The transfer of the engraved pattern from the cylinder to
the substrate comprises of four main stages: cell filling, doctor blade wiping, ink transfer and ink
spreading on the substrate. Engraved cells are filled with the ink either by using a reservoir beneath
the rotating gravure cylinder or through a nozzle dispenser from the top.
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A doctor blade is used for wiping extra ink from the rotating cylinder. Ink is transferred through
capillary action onto a substrate when it comes in contact with the engraved microcells. Surface
properties of the microcells and the substrate can be modified for better transfer of ink from the
cells. Also, for efficient transfer of the ink, proper ratio of the cells width and depth is required.
Both cell emptying and drop spreading play important roles in defining the final printed features.
After ink transfer, the drop will begin to spread on the substrate to minimize its total surface
energy. Line formation occurs when drops are deposited close together and thus coalesce as they
spread on the substrate.

Currently, the main bottleneck for gravure printing are the non-idealities during the doctor blade
wiping process and poor registration accuracy. A better doctor blade wiping process is required to
reduce the drag-out tail and improve pattern fidelity. Also, an improvement in the gravure printing
tool is necessary for high registration accuracy to take advantage of fully gravure printed high-
resolution and high-throughput electronic devices.

1.2.3 Inkjet Printing

The vast majority of previously demonstrated printed devices have been fabricated using ink-jet
printing because of its excellent material compatibility and ease of use. Inkjet printing is a digital
printing technique where drops are jetted on demand. The setup for an inkjet printing system is
very simple (see Figure 1-6) The substrates are placed on a motorized platen. The system requires
two cameras; one is a top view camera to view the sample and another is a drop watcher camera.
Different controller units control the platen and nozzle head movement, pressure of the reservoir,
platen temperature, and nozzle temperature. Inks in the form of colloidal or chemical solutions are
kept in pressurized reservoirs. Inks are dispensed through a micrometer sized inkjet nozzle head.
A number of mechanisms for actuation of inkjet nozzle head have been developed. Among these,
the most prominent techniques are thermal, piezoelectric and electrohydrodynamic systems.
Droplets of very small volume (1-100 pL) are ejected using the corresponding pulse generated by
either thermal or piezoelectric actuators used in the inkjet nozzle head.

A thermal nozzle head uses a heater in the form of a resistor to superheat the ink to its spinodalian
limit. As a result, the ink boils and a bubble is created in the time span of microseconds and causes
pressures that cause droplet ejection (Figure 1-7). Highly scaled heads have been realized using
thermal bubble processes due to the simplicity of design. However, the requirement of a heating
step poses compatibility concerns for thin-film electronic materials, where the inks are usually
temperature sensitive.

In piezoelectric inkjet printing, print heads are actuated using a piezoelectric crystal. The
deformation of the crystal through an appropriate electrical waveform creates a pressure wave that



ejects ink droplets (Figure 1-8) [54]-[57]. Unlike thermal inkjet heads, piezoelectric heads do not
suffer from ink degradation concerns due to heating.
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Figure 1-6. Schematic illustration of an inkjet-printing system comprising of
motorized platen, pressurized reservoir, top view camera, drop watcher camera, and
control units. Figure drawn from [53].
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Inkjet has several advantages for printed electronics. Inkjet typically requires the lowest viscosity
inks compared to other printing technologies. Therefore, it is possible to produce inkjet compatible
inks with no binder materials. This allows for the realization of high quality inkjet printed patterns.
Also, inkjet is a non-contact printing method which reduces the possibility of introducing
contamination in the printed electronic devices. As a drop on demand printing technique, inkjet
systems also provide zero waste of materials. Most importantly, the mechanism of droplet and
pattern formation is very well understood [57]-[59]. However, inkjet-printing has limited
throughput due to its serial nature of processing. This disadvantage can be overcome by designing
an inkjet system with a large number of nozzles to realize throughput enhancement via
parallelization [60]. In addition, inkjet-printing typically has higher registration accuracy than any
other printing technique. Registration accuracy is very important in a process flow that requires
multiple layers of material deposition.

Since all the printing techniques have their advantages and disadvantages, a systematic comparison
is necessary to select the suitable printing technique for electronics fabrication. A good printing
process for electronics fabrication should provide high pattern resolution, high throughput, high
pattern fidelity, high layer-to-layer registration accuracy, materials deposition capability on
complex topography and good quality of deposited materials. Table 1-2 compares the performance
parameters for different printing techniques based on the values reported in literature.

Among the different printing techniques, gravure and inkjet printing provide the most benefits for
use as a processing technique for electronic devices. High resolution, high throughput and high
pattern fidelity makes gravure a suitable process to fabricate thin-film devices. However, the
contact nature of printing and the use of binder materials to get high viscosity ink reduces the
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quality of printed materials in gravure printing processes. Also, gravure systems have lower
registration accuracy, which can create overlap between layers, and thus introduces parasitic
capacitance into the circuit. Gravure is also not very good at depositing materials on complex
topographies.

Parameters Gravure Offset | Flexographic | Screen Inkjet

Best resolution (pm) 5 20 40 40 20

Print thickness (um) 0.02-12 0.6-2 0.17-8 3-30 0.01-1

Printing speed 8-100 0.6-15 5-180 0.6-100 0.02-5

(m/min)

Required solution 0.01-1.1 0.05-2 0.01-0.5 0.5-5 0.001-0.1

viscosity (Pa s)

Solution surface 41-44 NA 13.9-23 38-47 15-40

tension (mN/m)

Material wastage Yes Yes Yes Yes No

Experimental Contact Contact Contact Contact Contact-

approach less

Registration Poor Poor Poor Poor Good

accuracy

Printing on complex Poor Poor Poor Poor Good

topography

Hard mask No No No Yes No

requirement

References [51,[48], | [51.[61], | [5].[61],[63], | [5].[61], | [10],[61],
[52], [61]= | [65]-[67] [68]-{70] [711-73] | [741-78]

[64]

Table 1-2. Comparison among different printing technologies.

Inkjet printing has lower resolution and throughput than gravure printing. But the non-contact
nature of printing and use of binder-less ink makes inkjet-printing suitable to deposit higher quality
materials than other printing techniques. Moreover, inkjet-printing has higher registration accuracy
and it can be used to deposit materials on complex topographies. These properties make inkjet-
printing a very good processing technique for fabrication of thin film devices. Inkjet-printing is
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particularly beneficial to fabricate microelectromechanical (MEM) devices, where multiple layers
of materials are deposited on complex topographies. This dissertation primarily focuses on the
development of fully inkjet-printed processes for MEM devices, which requires insight into basic
processing principles and device operations for microelectromechanical systems (MEMS).
Therefore, the next section presents a brief outline of MEMS processing and an overview of
various classes of MEMS devices.

1.3 Microelectromechanical Systems

From the nomenclature, microelectromechanical system (MEMS) can be explained as a
micrometer scale electrical system consisting of some sort of moving elements. But the field of
MEMS has grown beyond this definition, encompassing many other types of micrometer and
nanometer scale systems including magnetic, thermal, fluidic and optical systems. MEMS has
miniaturized many macro scale sensors and actuators such as the accelerometer, gyroscope, motors
etc. Moreover, MEMS technology has accomplished much more than just reducing the size of
existing systems, it has also created new products such as the inkjet-print head, thin-film magnetic
disk head etc. MEMS technology also contributed to microfluidic devices, which has enabled
astounding advancement in biochemical analysis and drug discovery.

(a) Bulk micromachining (b) Surface micromachining

isotropic etchin -

; P ™ substrate (Si) sacrificial layer
anisotropic etching structural layer microstructure

B4 it iS

Figure 1-9. Bulk and surface micromachining to fabricate MEMS structures. This figure is
taken from reference [79].

Typically, the fabrication of MEMS devices involves lithography-based conventional
microfabrication techniques augmented with a specialized technique called “micromachining”.
Micromachining is the technique of selectively removing materials at the micrometer scale using
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dry or wet etching to fabricate three dimensional (3D) devices [79], [80]. Dry etching techniques
include plasma or reactive ion etching (RIE), deep RIE (DRIE), and vapor phase dry etching. Wet
etching involves either isotropic or anisotropic chemical etching. There exist two main categories
of micromachining: bulk micromachining and surface micromachining. In bulk micromachining,
features are etched into the bulk of the substrate, while in surface micromachining, features are
built up from the surface. In surface micromachining, the structures are fabricated on sacrificial
layers and subsequently released by etching these layers. Figure 1-9 shows the bulk
micromachining and surface micromachining processes.

One of the key aspects of MEMS devices is that the devices are suspended in the air. This
suspended nature of the MEMS structures is particularly important in two main classes of micro-
devices: sensors and actuators. Sensors convert the non-electrical input into electrical signals and
actuators mainly convert electrical signals into mechanical displacements. The non-electrical
inputs in a sensor system can be in the form of four main categories: mechanical, optical, magnetic
and thermal signals. For a sensor system, suspended structures are especially beneficial for the
improved sensitivity and efficiency since the sensing materials can avoid substrate losses. For
example, Figure 1-10 shows the SEM image of the high performance nanometer-thick freestanding
uncooled infrared micro-bolometer fabricated using surface micromachining technique. Micro-
bolometers are used as detectors in thermal cameras. Infrared radiation strikes the absorber
material, heating it, and thus changing its electrical resistance. This resistance change is measured
and mapped into temperatures, which can be used to create an image. The lower the mass of the
illuminated absorber, the less IR energy is needed to increase its temperature a given amount, and
the more sensitive it is. The heating mass can be reduced significantly by suspending the absorber
materials in air.

Absorber

= —
\~ /B,'/Anchor

Supporting Beam

Figure 1-10. SEM image of a nanometer-thick freestanding uncooled infrared
bolometer [81].
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Electrostatic sensing and actuation of movable structures is used in the vast majority of MEMS
sensors and actuators. Comb drive based electrostatic sensors and actuators such as
accelerometers, gyroscopes, resonators, filters etc. have been successfully integrated in many
commercial products. MEMS accelerometers are used in modern cars for a large number of
purposes including airbag deployment and electronic stability control. MEMS accelerometers are
also used in consumer electronics devices such as game controllers, personal media players and
cell phones and a number of Digital Cameras. MEMS gyroscopes and accelerometers are used in
remote controlled or autonomous helicopters, planes and drones for automatically sensing and
balancing roll, pitch and yaw.
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Figure 1-11. (a) Schematic and (b) SEM image of comb drive. (c) Zoomed image of
accelerometer. (d) SEM image of vibrating gyroscope.

Comb drives are transducers where electrostatic forces act between two electrically conductive
combs. Comb drives consist of a static comb and a suspended movable comb (Figure 1-11(a) and
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(b)). In this structure, interlacing comb fingers create large area to increase capacitance. In the
comb drive based sensors, any movement of the movable comb is sensed by measuring the changes
in capacitances between the interlaced fingers. Figure 1-11(c) shows SEM image of a zoomed
section of an accelerometer and Figure 1-11(d) shows SEM image of a gyroscope.

Besides comb drive based actuators, MEMS relays are particularly interesting devices that use
electrostatic actuation of movable structures (Figure 1-12) to turn the relay on and off. In this
electrostatic switch, a movable electrode and a fixed electrode form a capacitor. When a voltage
is applied to this capacitor, electrostatic force, generated due to the attraction between oppositely
charged electrodes, accelerates the movable electrode toward the fixed electrode. This force is
always attractive regardless of the polarity of the applied voltage and its strength depends on the
area of the electrodes and the separation between them.

(a)

Figure 1-12. SEM images of MEMS relays showing movable electrodes and air gap.

One of the key aspects of a MEMS relay is that it possesses the properties of an ideal switch: very
abrupt on/off switching transition and no leakage current in the off-state. These properties of
MEMS relay give it the potential to be a highly energy efficient switching device. Therefore,
MEMS Relays are considered candidates to be an energy efficient alternative to field-effect
transistors.

1.3.1 Energy-Efficient MEMS Relays

The invention of integrated circuit (IC) by Jack Kilby in 1958 initiated a revolution that
transformed the world into the modern high-tech age [82]. Metal-Oxide-Semiconductor Field
Effect Transistor (MOSFET) has been the main building block with which ICs are built. Over the
past several decades, consistent improvement of transistors has provided an exponential increase
in computing power. The pace of innovation was set by “Moore’s Law”. Moore’s Law is an
observation made by Gordon Moore, which states that the number of transistors on a chip
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approximately doubles every two years [83], [84]. The world’s first single-chip microprocessor
(the Intel 4004 introduced in 1971) had 2300 transistors and operated with a clock frequency of
108 kHz. Today’s Intel Core i7 Extreme Processor has over 2.27 billion transistors with six
processing cores operating at a clock frequency of up to 4GHz [85].

In the modern world, billions of ICs are tirelessly at work in almost all electronic appliances.
However, power dissipation and management issues at the hardware level threatens the tempo of
this revolution in future years. This power dissipation crisis originates at the transistor level. Figure
1-13 shows the transfer characteristics of a n-channel MOSFET. Here, the transition from the off-
state to on-state is not abrupt and there exist an off-state leakage current (/orr). This leakage current
causes a static energy dissipation (ELpakace). The amount of the off-state leakage current depends
on the subthreshold swing (SS). Subthreshold swing is defined as the inverse slope of the log(/p)-
VG curve in the subthreshold region. Moreover, with the same subthreshold swing, the off-state
leakage increases exponentially with the reduction of the threshold voltage (V). On the other
hand, a reduction in threshold voltage and chip operating voltage (Vpp) is necessary to reduce the
switching or dynamic energy dissipation (Epynamic) Without sacrificing operating speed.
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Figure 1-13. (a) log(/p)-V: plot of a n-channel MOSFET showing the effect of
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[86].
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The 60 mV/dec fundamental limit of subthreshold swing, known as the Boltzmann tyranny, poses
a power crisis for the future of MOS transistors. This bottleneck can be overcome using a
mechanical switch, which shows abrupt switching from off to on-state. Hence, these mechanical
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switches do not cause any static energy dissipation. Figure 1-14 shows the transfer characteristics
of a mechanical switch and its implication with V'pp scaling.

The concept of MEMS makes it possible to make an on-chip electromechanical switch using
microfabrication techniques [87]. Figure 1-15 shows the operation of a typical electromechanical
switch and its transfer characteristics. In the off-state, the suspended cantilever (source terminal)
is separated from the drain terminal and there is no current flowing through the device. To turn the
device on, an electrostatic force exerted between the gate and the source terminal pulls the
suspended source terminal downwards to make contact with the drain terminal. The gate voltage
at which the source cantilever touches the drain terminal, turning the device on, is called the pull-
in voltage (Vp1). MEMS switches inherently show hysteresis. The gate voltage at which the source
cantilever gets released from the drain terminal is called the release voltage (¥rr). Note that the
hysteresis voltage sets the lower limit of the relay voltage scaling.

Both three and four terminal microelectromechanical (MEM) relays fabricated using the
microfabrication technique have been demonstrated with on resistance of ~10 k€2, mechanical
delay of ~10 ns, and ~10° on/off switching cycle [87]-[90]. Spencer et al. demonstrated MEM
relay based VLSI circuits and predicted that relay-based adders in a 90 nm technology node can
achieve energy savings of ~10x over a minimum-energy-point CMOS design for up to 20 MOPS
[91].
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Figure 1-14. (a) log(/p)-V: plot of a mechanical switch showing the effect of lowering
Vra and Vpp and its (b) energy per operation implications. Adapted from [86].
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Figure 1-15. (a) Schematic of a typical 3-Terminal relay structure in the off-state and
the on-state and (b) its usual log(/p)-V characteristic, showing the pull-in (¥p;) and
release (Vrp) voltages. Adapted from [86].

To design MEMS devices, proper understanding of the physics of electrostatic actuation of
suspended mechanical structure is very important. An electrostatically actuated beam can be
modeled as a parallel plate capacitor on a mass-spring-damper system. In the next section, we
review the underlying physics of such systems.

1.3.2 Electrostatic Actuation of the Mass-Spring-Damper System

Figure 1-16 shows a basic illustration of the electrostatic actuation of the mass-spring-damper
system containing a fixed electrode and a movable electrode. The movable electrode is modeled

as a mass-spring-damper system and the motion dynamics are expressed as

mZ+ bz + kz = Fy .. (2), Eq. 1-1

where z is the displacement, m is the mass, b is the damping factor, and £ is the spring constant of
the movable electrode. Fe.. is the electrostatic force between the two electrodes applied with a
voltage V.
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Figure 1-16. Electrostatic actuation of a basic mass-spring-damper system.

Modeling this system with a simple parallel plate capacitor, the electrostatic force can be expressed
as
goWLV? goWLV?

Felec = 2(g0_2)2 = 2g2 . Eq 1-2

Here, g is the actuation gap, gy is the as fabricated actuation gap, W and L is the width and length
of the actuation area, respectively.

The spring restoration force, which opposes the electrostatic actuation is

Fspring(z) = kz = k(go — 9) Eq. 1-3

At equilibrium, the spring restoration force balances the electrostatic force:

gWLVZ
292

k(g0 — 9) Eq. 1-4

Felec increases superlinearly with displacement, while Fspring increases linearly with displacement.
Therefore, beyond a certain displacement, Ferec is always greater than Fspring, and the system
becomes unstable. Using stability analysis of Eq. 1-4, it can be shown that this critical displacement
occurs when the electrode moves 1/3 of gy. After this critical displacement, the movable electrode
abruptly snaps into the fixed electrode with the slightest increase in actuation voltage. The voltage
at which this phenomenon occurs is defined as the ‘pull-in’ voltage (Vp;) where,
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This voltage actuation of the mass-spring-damper system is the basic building block of the MEMS
relays. If MEMS relays can be processed using printing techniques, they can be used as high-

performance switching devices in large-area electronics. Printing of MEMS structures is a very
new technology, whose history goes back only about a decade.

1.4 Evolution of Printed MEMS

The field of printed MEMS has evolved to utilize all the benefits of MEMS as a device technology
and printing as a low-cost and large-area process technology. The first endeavor to fabricate
printed MEMS devices was made by Fuller et al. in 2002 [92]. They inkjet-printed metallic inks
formed from gold nanoparticles at ~300 °C platen temperature to make an additively built three-
dimensional structures without employing any sacrificial layer; and demonstrated resonant
inductive coil, linear and rotary electrostatic-drive motors and vertical electrothermal actuators.
They also realized the necessity of using a sacrificial layer for the fabrication of planer vertical
electrothermal actuators. Poly(methyl methacrylate)(PMMA), patterned using a draw-down bar,
was used as the sacrificial layer. Wilhelm et al. demonstrated actuators to modulate light
employing an offset liquid embossing technique [93]. Solution-processed nanoparticles were used
as the structural material. Polyimide was used as the sacrificial material and etched using oxygen
plasma. Nakano et al. employed inkjet-printing and a NC cutting machine to fabricate MEM
switches with an operating voltage of ~70 V [94], [95]. They inkjet-printed silver nanoparticles as
control electrodes on two polyimide substrates. A NC cutter processed adhesive film was
sandwiched between the two polyimide films containing the control electrodes. Parylene was
coated on one control electrode to avoid any short between the two control electrodes. Via-holes
were formed by a punching machine and signal electrodes were inkjet-printed with silver
nanoparticles ink. A similar fabrication approach was employed to fabricate a complementary
MEM switches from the same research group, where a cantilever-type polyimide beam was placed
in between two actuating electrodes [96]. The demonstrated MEM switch showed an operating
voltage of ~60 V with switching delays in the range of few milliseconds. Although these works
successfully demonstrated printed MEM switches, a great deal of manual assembling was involved
in the process which may limit the processability. Lam et al. demonstrated an inkjet-printed
cantilever as a structural material [97]. PMMA was inkjet-printed and smoothed with solvent vapor
annealing. A PMMA barrier was created on two sides of the sacrificial layer to form a mold-like
structure. Silver nanoparticles ink was inkjet printed inside the mold and any undesired rims were
trimmed using a laser trimmer. They also implemented an accelerometer structure using this
technique. This work showed a repeatable inkjet-printed process flow excluding any manual
processing and provided a very important improvement in printed MEMS. However, they used
laser trimming to define the cantilever beam after the completion of printing. Also, the fabricated
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cantilever structure did not show any functionality due to the lack of an integrated actuation
component. Figure 1-17 shows the images of different attempts to make printed MEM structure.
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hot side

Via-hole

electrode

electrode

Figure 1-17. Three dimensional (a) vertical and (b) planar thermal actuators fabricated
using inkjet-printing of gold nanoparticles ink at high platen temperature [92]. (c)
MEM switch fabricated using inkjet-printing and NC cutter tools [94]. (d) Cantilever
fabricated using inkjet-printed silver nanoparticle ink and laser trimming [97].

Recently, Park et al. and Chung et al. demonstrated functional MEM relays with well-controlled
inkjet-printing and spin coating technique, which showed a realistic route towards the application
of printed MEMS for large-area electronics [19], [21]. Figure 1-18 illustrates a three terminal
MEM relay by Park et al. and four terminal MEM relay by Chung et al. with inkjet-printed
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electrodes and structural materials. These relays use a spin coating technique to deposit the gate
dielectric and sacrificial layer. Anchor regions were etched by inkjet-printing the appropriate
solvents and a two-step beam and anchor printing was employed. Although the previously reported
printed MEM relays showed superior performance in terms of very low on state resistance (Rox)
and minimal off current (/orr), their not-fully-printed process flow leads to poor area scalability.
Moreover, these structures are vulnerable to stress variations in the printed cantilevers that can
cause the suspended beam to curl up, which increase device-to-device variability. For these
reasons, an improved fully printed process flow is required to process stress-tolerant MEM relays.
A major portion of this dissertation will focus on the process development and characterization of
fully printed MEMS relays for large area electronics.
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Figure 1-18. Inkjet-printed MEM relays. (a) Three terminal [19] and (b) four terminal relays
[20]. Structures were inkjet-printed using silver nanoparticles ink. Poly(methyl
methacrylate) (PMMA) sacrificial layers were spin coated.
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Printed MEMS relays are particularly interesting for the possibility of their use as pixel switching
devices in large-area displays Good understanding of the operational principle of high-
performance display technologies is necessary to realize the usefulness of printed MEMS relays
as pixel switching device. Therefore, in the next section, a review of major display technologies
including the performance requirements for the switching devices used in display backplanes is
provided.

1.5 Display Technologies

Displays are an essential component of portable electronic devices, as displays act as an interface
to convey information between human and machine. There are three main display technologies for
modern electronic appliances: liquid crystal display (LCD), organic light emitting diode (OLED),
and electrophoretic display (EPD). Currently, all of these display technologies have an active
matrix of thin film transistors (TFTs) in the backplane for precise control of the display pixels
[98]-[106].

An archetypal Active-Matrix Liquid Crystal Display (AMLCD) includes a backlight source, a first
polarizer, a TFT array with liquid crystal, a color filter and a second polarizer (Figure 1-19(a)).
The operation principle of AMLCD is as follows. AMLCD requires a backlight, typically LEDs
or fluorescent tubes. The first polarizer polarizes the backlight into a single orientation. The liquid
crystal is used to rotate the polarization of the light by 90°. The TFTs control the liquid crystal
alignment by changing the electric field across the liquid crystal and determine the polarization
state of the light. A color filter is used in each pixel to select the wavelength of white backlight to
construct individual red, green and blue sub-pixels. The sub-pixels are used to construct the final
color to display. A second polarizer is used, which is orthogonal to the first polarizer. If the light
retains the same polarization as transmitted out of the first polarizer, the light will be blocked by
the second polarizer. In this case no light passes through and the pixel is in the dark state. The
polarization of light passing through the second polarizer must be orthogonal to the light
transmitted from the first polarizer for a bright pixel.

Figure 1-19(b) shows the schematic of a pixel consisting of one TFT, a storage capacitor (Csr),
and a parasitic capacitor from the liquid crystal (Crc). The gate of the TFTs are connected to the
horizontal scan lines that scan the pixels row by row. Pixels are selected by the data lines connected
to the drain of the TFTs. TFTs supplies the voltage to charge or discharge the storage capacitor.
The voltage stored in the storage capacitor creates an electric field across the liquid crystal.
Therefore, the stored voltage in the capacitor determines the brightness of the pixel.
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Figure 1-19. (a) Basic architecture of AMLCD. (b) Schematic diagram of AMLCD
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Figure 1-20. (a) Basic architecture of AMOLED. (b) Schematic diagram of AMOLED

pixel.

Although AMLCD is a revolutionary flat panel display technology which is used in many portable
displays, it has several disadvantages. In AMLCD, light has to pass through several layers before
reaching to the human eye. This limits the overall brightness and viewing angle. Moreover, light
is blocked by opaque metal layers used for bus lines, TFTs, and capacitors. Therefore, higher
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aperture ratio (ratio of the transparent area to the total area) of the pixels are required to maximize
the brightness as well as contrast of the AMLCD. Also, the backlight must stay on even while
displaying dim images, which makes AMLCD less power efficient.

Active-Matrix Organic Light-Emitting Diode (AMOLED) is a relatively new display technology
for portable devices. In contrast to the AMLCD technology, AMOLED is a self-emitting
technology, which means it does not require any backlight. AMOLED has the advantages of higher
contrast, wider viewing angle and faster response time. AMOLED displays are inherently simpler
and have only two main layers: An OLED (organic light-emitting diode) layer that emits light, and
a backplane made of TFT (thin-film transistor) circuits that provide current to the OLEDs, thereby
controlling their brightness. Usually, a polarizer is also used to cut reflected lights. Figure 1-20(a)
shows the basic architecture of the AMOLED display, comprising an AMTFT backplane and
OLED components. The OLED typically consists of an electron transport layer, an organic emitter,
and a hole injection layer. In an AMOLED pixel, TFT1 and the storage capacitor function similar
to those in AMLCD to control the voltage storage in the pixel (Figure 1-20(b)). The stored voltage
is then applied to the gate of TFT2, which acts as a controlled current source. The light emission
of the OLEDs is controlled by controlling the current through TFT2. The brightness of the OLED
is directly proportional to the current through TFT2.
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Figure 1-21. (a) Electrophoretic display. (b) Schematic diagram of AMEPD pixel.

Apart from AMLCD and AMOLED displays, Active-Matrix Electrophoretic Displays (AMEPD)
are also gaining interest as this type of display mimics the appearance of ordinary printed paper
using reflected daylight instead of a backlight or light emitting component. EPD can be read under
direct sunlight and requires no power to maintain the display content, making it the most promising
technology for E-book applications. Figure 1-21(a) shows the cross-sectional structure of the EPD,
which is composed of millions of microcapsules sandwiched by two parallel electrodes. Each
microcapsule contains positively charged (white) and negatively charged (black) pigment chips
suspended in a clear liquid. The top electrode is transparent and the presence of white or black
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pigment chips near the top electrode determines the state of the pixels. The charged pigment chips
are moved through the liquid by applying appropriate electric field across the pixel. The simple
operation of EPD results in a pixel with only one TFT that controls the electric field applied across
the pixels (Figure 1-21(b)). However, EPD technology has a very low refresh rate compared to
LCD and OLED. This limits their implementation in very large displays and in sophisticated
interactive applications such as fast-moving menus, mouse pointers or scrolling etc.

AMLCDs are, by far, the most commercially important flat panel display technology; and the use
of AMOLEDs are growing rapidly. Although OLED technology is inherently better performing
than the LCD technology, in both of these technologies, display performance largely depends on
the performance of the pixel switching devices. High-quality display technologies require a high
brightness display with good contrast, darkest blacks and no flickering. To meet these
requirements, the pixel switching devices needs to have very high on current (/on) and low (ideally
zero) off-state current (Iogr). High on/off ratio (Jon/ Iorr) of more than 107 ensure finer shades of
grayscale. Zero or very low Iopr also provides low power displays. Also, a low-cost and large-area
processing technique is required. Today’s active matrix backplanes have mainly three categories
of semiconductor based TFTs: amorphous silicon (a-silicon), poly-silicon and solution-processed
transparent organic or inorganic TFTs. Amorphous Silicon is used in most of the commercial
AMLCD displays due to its low variability, good operational stability and lower processing cost
than poly-silicon TFTs. However, a-Silicon has low mobility and hence TFTs made with a-silicon
show low on current. The on current of a-silicon TFT meet the requirements for AMLCDs, but it
cannot meet the requirement of the high brightness AMOLED displays. Poly-silicon TFTs provide
the high on current required for AMOLED displays. But the cost of processing poly-silicon TFTs
are higher than a-silicon TFTs. Also, there is higher variability associated with poly-silicon TFTs.
In recent years, solution-processed organic and inorganic TFTs have gained huge attention due to
their potential low cost processing and compatibility with flexible substrates. Moreover, the
transparent nature of these TFTs increases the pixel aperture ratio, which is very important for
high brightness displays.

Although extensive research on solution processed TFTs over the last decade has improved their
performance significantly [107]-[119], further improvements in power consumption, on/off
current ratio, sub-threshold swing, and environmental stability are still required for a broader range
of applications. Moreover, fully printed TFTs show degraded performance due to the poorer
quality of printed semiconductors and dielectrics compared to their conventional counterparts
[119], [120]. An alternative approach is microelectromechanical (MEM) relays with movable
cantilevers operated by electrostatic actuation. These provide a solution for ultra-low leakage
devices with hyper-abrupt switching, excellent subthreshold swing, and very low on-resistance.
Considering all the benefits of MEM relays over printed TFTs, printed MEM relays have been
proposed as a new switching devices for large-area displays [19]-[21]. To realize MEMS relays
as pixel switching devices in display backplanes, a fully printed process flow needs to be
developed. Moreover, stress generation in printed thin films poses a bottleneck to print MEMS
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relays. This dissertation presents novel architectures and fully printed process flows for stress-
tolerant three and four terminal MEMS relays including materials and device characterization.

1.6 Thesis Organization

In this thesis, several aspects of printed MEMS will be discussed including the characterization of
structural materials, development of process flow and device characterization. In chapter 2, the
choice of materials for a fully inkjet-printed MEMS processes will be discussed. This includes the
choice and printability of electrodes and structural materials, dielectric materials, and sacrificial
materials. A detailed study of polymer ink formulation and pattering will also be presented. The
release process of structural materials will also be discussed including the solution to avoid stiction
of movable structures. Chapter 3 will discuss the mechanism of stress gradient development in the
inkjet-printed films formed from sintered silver nanoparticles through elemental and mechanical
analysis of the film. Chapter 4 will discuss the first demonstration of the fully inkjet-printed stress-
tolerant three terminal MEM reed relay including process development and device
characterization. This chapter will also discuss about the modeling and scaling of the three terminal
reed relay. Chapter 5 will introduce a fully printed four terminal relay including the process
development and device characterization. Chapter 6 will conclude the thesis and outline the
potential future of printed MEMS.
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Chapter 2:  Materials for Inkjet-Printed MEMS Processing

Any microelectromechanical system requires structural materials to be deposited on a sacrificial
material, followed by a release step using wet or dry etching of the sacrificial material. A dielectric
material is also required for any electrical isolation. In this chapter, the choice of these materials
for printed MEMS and their processing conditions will be discussed.

2.1 Materials for Structures

In conventional MEMS, poly-silicon is the most widely used structural material. Since printed
MEMS seeks for a printable material that can be processed at a plastic compatible low-
temperature, poly-silicon is not a viable material. Various low-temperature compatible polymer
materials including dielectric and transparent conductive oxides can be printed as structural
materials. However, many MEMS applications utilize electrostatic force exerted through
capacitive coupling between a fixed electrode and a movable structure. Therefore, a highly
conductive metallic structure is the most attractive choice for MEMS devices. Fortunately, highly
conductive metals such as silver, gold and copper can be printed using nanoparticle based inks.

To formulate conductive inks, metallic nanoparticles, coated with polymers or organic ligands, are
dispersed in organic solvents. After deposition of the ink using inkjet-printing, a sintering step is
required to form the metallic film. The printed ink is usually sintered on a hot-plate. In the initial
phase of sintering, the solvents evaporate; then the ligands get detached from the nanoparticles
surface and out-diffuse. In the final stage of the sintering, the nanoparticles come close to each
other and go through coarsening to form a film. Figure 2-1 illustrates the mechanism of sintering
of the nanoparticles based ink. Various commercial silver nanoparticles based inks e.g. CCI-300
from Cabot Corp., EMD 5603 from Sun Chemicals, EMD 5730 from Sun Chemicals, DGP 40LT-
15C from ANP etc. are used to inkjet-print silver films. All of these silver films require a curing
temperature of less than 150 °C. Both CCI-300 and EMD 5603 have a silver mass loading of 15-
20 wt%, EMD 5730 has a mass loading of ~40 wt % and DGP 40LT-15C has a mass loading of
30-35 wt%. CCI-300, EMD 5603 and EMD 5730 contains alcohol based solvent, and DGP 40LT-
15C contains ether based solvent (Triethylene glycol monoethyl ether).

Figure 2-2 shows optical micrograph of a printed silver film using CCI-300 ink and its thickness
profile. CCI-300 ink, printed with 25 wm drop spacing and sintered at 150 °C, produces ~400 nm
thick films with a sheet resistance of 0.2 Q/sq.
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Figure 2-1. Sintering mechanism of nanoparticles based ink.
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Figure 2-2. (a) Inkjet-printed silver line using ~20 wt% silver ink and (b) its thickness
profile
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Nanoparticle based silver inks require a curing temperature in the range of 100-150 °C to produce
highly-conductive films. Note that, the decomposition temperature of the ligands used in these
inks are above 250 °C. Therefore, the formation of conductive films does not need complete
decomposition of the ligands. In fact, some studies show that residual ligands help in the
coarsening of the nanoparticles [121], [122]. Also note that, nanoparticles do not need to melt to
undergo coarsening. The melting temperature of silver nanoparticles with 30 nm diameters is ~500
OC. Therefore, melting point depression of nanoparticles due to increased surface to volume ratio
is not the main process of nanoparticle coarsening. Rather, coarsening mostly happens due to solid
state diffusion. However, a volume compaction occurs during the sintering process of the
constrained films, which induces an average tensile stress in the film. Also, a gradient of tensile
stress, generated across the thickness of printed films, forces the suspended structures to curl. This
curling of suspended structures introduces difficulties to realize MEMS relays. The mechanism of
the development of stress gradient in printed thin films is discussed thoroughly in Chapter 3.
Chapter 4 and Chapter 5 present fully printed process flows for three and four terminal MEMS
relays, respectively, both of which provide excellent tolerance against the stress variations in
printed films.

In a typical MEMS process, dielectric materials provide electrical isolation among conductors. For
example, in three terminal MEMS relays, a dielectric material is necessary to isolate the fixed gate
electrode from the movable source electrode.

2.2 Dielectric Materials

A dielectric material is a substance that is a poor conductor of electricity, but an efficient supporter
of electrostatic field. An ideal dielectric material has perfect electrical insulation capability. The
quality of a dielectric material is determined by its “dielectric strength”. For a specific
configuration of dielectric material and electrodes, dielectric strength refers to the minimum
applied electric field that results in breakdown. After breakdown dielectrics lose their insulating
properties and become electrically conductive. A measurement of dielectric strength is necessary
for proper design of MEMS devices. For a fully printed MEMS process, use of solution processed
dielectric materials is necessary. Additionally, the dielectric materials should not lose its dielectric
strength during further processing steps.

Various solution processed polymer materials including Poly(4-vinyl phenol) (PVP), Poly(vinyl
alcohol) (PVA), Poly(methyl methacrylate) (PMMA), Polyvinylidene fluoride (PVDF),
CYTOP™ etc. have been used as the dielectric materials for the electronic devices [107], [123]-
[129]. Among these dielectric materials, cross-linked PVP shows highly reliable dielectric
performance. Also, it shows strong etch resistivity to most solvents, which is very important for
further processing steps. A dielectric solution can be prepared by dissolving Poly-4(vinylphenol)
(PVP) (10 wt%) powder in propylene glycol methyl ether acetate (PGMEA) solvent, with
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poly(melamine-co-formaldehyde) (2 wt %) as a cross-linking agent (CLA). This dielectric solution
can be deposited using spin coating technique. A 2000 rpm spin coating of this cross-linked PVP
solution produces a film thickness of ~500 nm after cross-linking for 30 min on a 180 °C hot plate.
Figure 2-3 shows the profile of a trench made on spin coated PVP sample to measure the thickness
of PVP layer.

The breakdown characteristics of cross-linked PVP was measured using a crossbar capacitance
structure. A silver bottom electrode was inkjet-printed on oxidized silicon wafer followed by the
spin coating of PVP layer. After that, a top silver electrode was inkjet printed to fabricate the metal-
insulator-metal (MIM) crossbar capacitance structure. Figure 2-4 shows that the minimum
breakdown field for the cross-linked PVP dielectric is more than 1.3 MV/cm, which is good
enough for most electronic devices.

To measure the etch resistance of the cross-linked PVP dielectric layer during further processing
steps, different treatment processes were performed on the spin coated PVP layer. These treatment
processes include dipping the PVP layer in Anisole for 30 min (Process B), dipping PVP layer in
N-Methyl-2-pyrrolidone (NMP) for 30 min (Process C), dipping PVP layer in N-Methyl-2-
pyrrolidone (NMP) for 30 min followed by the sample drying process in critical point drying
(CPD) tool (Process D), dipping PVP layer in N-Methyl-2-pyrrolidone (NMP) for 30 min followed
by another dip in acetone for 10 min and after that the sample drying process in CPD tool (Process
E). CPD is a widely used sample drying technique in MEMS process. CPD operation will be
discussed in detail in section 2.4.2. Figure 2-5 shows that the minimum breakdown field does not
decrease with anisole treatment, but does decrease with NMP and CPD treatment. However, the
drop observed in the minimum breakdown field is also not very high. After treatment process E,
the PVP dielectric still delivers a minimum breakdown field of ~ 1.15 MV/cm, which is sufficient
for most MEMS applications.

For the fully printed MEMS process, the inkjet-printable PVP ink was prepared by dissolving
Poly-4(vinylphenol) (PVP) (12 wt%) powder in 1-Hexanol solvent, with poly(melamine-co-
formaldehyde) (1 wt %) as a cross-linking agent. Inkjet-printed PVP dielectric shows similar
electrical performance of spin coated PVP.

In surface micromachined MEMS processes, the structural layer is deposited on top of a sacrificial
layer which is removed or etched out to create the necessary void in the thickness direction for the
fabrication of suspended structures. Unlike bulk micromachining process, here, the structures are
built on top of the substrate and not inside it. Therefore, the properties of the substrates in this
process are not very important and a variety of substrates including glass and plastic can be used.
Proper combination of structural and sacrificial materials is extremely important to ensure their
processing compatibility and etching orthogonality.
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Figure 2-3. Measurement of spin coated thickness of PVP dielectric using contact profilometry.
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2.3 Materials for Sacrificial Layer

A set of candidate materials, listed in Table 2-1, were investigated to be used as the sacrificial
layer in printed MEMS. These materials were primarily chosen for their solution processing
capabilities and low curing temperatures. Solution processing capability of materials is necessary
for their printability. Printable sacrificial layers ensure better area scalability of MEMS devices.
Low curing temperatures allows the use of variety of substrates such as glass, plastics etc. The
selection of the sacrificial material was further narrowed down based on their compatibility with
the structural layer. Sacrificial materials should be compatible with the processing of MEMS
structures formed from nanoparticles based silver ink. Also, the sacrificial layer should be easily
removable with the appropriate solvent without damaging the structural materials. PVA and SU-8
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show good performance, PMMA shows moderate performance and solgel derived ZnO shows
poor compatibility with the silver structural materials processing. PVA and SU-8 become very
robust after processing and hence they are very difficult to remove. Solgel ZnO can be removed
using diluted HCI and PMMA can be easily removed using acetone. Considering these facts,

PMMAA is chosen for the sacrificial layer for printed MEMS.

Sacrificial Solution Processing Co.m patibility with Removability
. o silver structure .
Materials Capability . /Etching
processing
PVA Yes Very good Very difficult to
remove
Solgel ZnO Yes Poor Removable (HCI)
SU-8 Yes Very good Very difficult to
remove
PMMA Yes Moderate Easy to remove with
Acetone

Table 2-1. Choice of sacrificial materials for printed MEMS.

PMMA is a positive photoresist. It is widely used in photolithography process. Commercially
available PMMA solutions use a high molecular weight PMMA solute, which is not suitable for
inkjet-printing. Therefore, a systematic investigation for the formulation of PMMA ink
considering various PMMA solvents and molecular weights is necessary.

2.3.1 PMMA Ink Formulation for Inkjet-Printing

A study on the inkjet-printable PMMA ink formulation was carried out for printed sacrificial layer
in MEMS processing. There are several key parameters of concern to design inkjet-printable ink.
Choosing the right molecular weight (MW) of the solute is very important for designing jettable
ink. Lower MW solutes are ideal for jettable ink, since higher MW solutes have longer polymer
chains and hence are not suitable for jetting drops out of the nozzle. The recommended surface
tension and viscosity of the ink are ~10 cPs and 33 dynes/cm respectively. Also, the solvents used
to prepare the ink should have a high boiling point and low vapor pressure to avoid nozzle
clogging. Table 2-2 presents the physical properties of various solvents for PMMA ink and their
effect on the clogging rate of inkjet nozzle. The high boiling point (202 °C) and low vapor pressure
(0.0316 kPa at 20 °C) of NMP solvent ensures stable jetting by reducing the probability of nozzle
clogging (see Figure 2-6).
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Vapor Nozzle

Boiling Surfz}ce Viscosity Pressure Clogging

Solvents point (0 0 Tension , (cP) @2 o’c (kPa)
(dynes/cm®) @200 C
Toluene 111 28.40 0.59 3.786 Frequent
Acetone 56 25.20 0.3311 14.6 Frequent
Anisole 153 28 1.40 1.1 moderate
NMP 202 40 1.7 0.133 Rare

Table 2-2. Physical properties of various solvents for PMMA and their effect on the
nozzle clogging rate.

100 um
200 um

300 um

600 um

700 um

800 um

Figure 2-6. Image from the drop watcher camera of the Fujifilm Dimatix materials
printer (DMP-2831) showing reliable jetting of PMMA ink using NMP solvent.

The rheology of inkjet printing inks must be well controlled in order to be able to jet droplets. In
most cases, appropriate rheology for inkjet printing means low viscosity at high shear rates.
Allowable range of viscosity for inkjet compatible inks is lower than inks used in other printing
techniques. This limits the maximum allowable mass loading for inkjet printable ink. In general,
inks with low solute mass loading results in a highly non-uniform deposition due to a phenomenon
known as coffee ring effect.

2.3.2 Coffee Ring Effect

Coffee ring is a known effect in inkjet printing. Coffee ring effect can easily occur when the jetted
drop completely wets the surfaces. The coffee ring effect was first explained by Deegan et al.
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[130]. To explain coffee ring effect, let’s consider a droplet of solution. The evaporation rate of
the solvent is higher near the edge of the drop than the interior due to the higher surface to volume
ratio near the edge. The evaporated solvent near the edge is replenished by the solvent from
interior. This creates an outward capillary flow which carries almost all the solute near the edge of
the drop (see Figure 2-7). Various methods have been employed to reduce the coffee ring effect.
It has been shown that reducing the substrate temperature helps to reduce coffee ring effect [58].
A cooler substrate reduces the evaporation rate near the edge more than the evaporation rate near
the middle of the drop. A highly effective method to reduce the coffee ring effect is to utilize the
Marangoni flow that develops in co-solvent systems [131]. In this technique, a co-solvent with
higher boiling point and a lower surface tension than the primary solvent is added to the primary
solvent. Due to a higher evaporation rate, the solvent compositions near the edge of the drop
become mainly the solvent with high boiling point. Therefore, the solvent near the edges has a
lower surface tension than in the middle. This results in a surface tension gradient, which creates
an inward Marangoni flow. This inward Marangoni flow opposes the initial outward capillary flow
and reduces the coffee-ring effect [132].

Evaporation

Figure 2-7. Coffee ring effect. Outward capillary flow caused by the different edge to
center evaporation rate of the solvent carries almost all the solutes near the edges of
the drop.

Coffee ring effect is prominent in an ink system with low mass loading. An ink formulated with
higher molecular weight solute is difficult to jet and delivers a reduced amount of maximum
jettable mass loading. The low jettable mass loading of high MW PMMA causes a huge coffee
ring in the printed pattern (see Figure 2-8). The MEMS structure printed on this non uniform
sacrificial layer will introduce weak anchor points. To print coffee-ring-less sacrificial layers, a
low molecular weigh PMMA is used to increase the maximum jettable mass loading. Table 2-3
shows the maximum mass loading window for reliable jetting of PMMA inks with different
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molecular weights of PMMA. A 15 wt% mass loading of 15kDa MW PMMA dissolved in NMP
solvent is used as the ink for sacrificial layer.

PMMA MW (kDa) Jettable mass loading (wt%)
495 <1
120 <3
15 5-18

Table 2-3. Jettable mass loading window of inks with different molecular weight of
PMMA solute.
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Figure 2-8. Coffee ring observed in the pattern printed using an ink formulated with 1
wt% mass-loading of 495 kDa PMMA.

The coffee ring effect produces tall peaks near the edges and a much thinner valley in the printed
lines. If the coffee ring effect is not minimized, MEMS structures printed on this non uniform
sacrificial layer will suffer from weak anchoring. Therefore, printing a smooth sacrificial layer is
necessary. Although higher jettable mass loading of low molecular weight PMMA helps to reduce
coffee ring effect, an experiment considering the printed drop spacing and printing passes is
required for optimizing the thickness uniformity of the sacrificial layer.

2.3.3 Patterning a Uniform Sacrificial Layer

To pattern the PMMA sacrificial layer, inkjet-printing was performed using a Fujifilm Dimatix
materials printer (DMP-2831) with a Fujifilm Dimatix cartridge delivering a 10 pL droplet volume.
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A single pass PMMA ink printing creates a dome shaped sacrificial pad due to the high surface
tension of NMP solvent (40 dynes/cm at 20 °C) while a three-pass printing results in a coffee-ring
pattern (see Figure 2-9).
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Figure 2-9. (a) Dome-shaped thickness profile of single-pass printed PMMA. (b)
Coffee ring pattern in three-pass printed PMMA

Due to this shift in thickness profile from dome shaped to coffee ring, the edge to midpoint
thickness ratio is used as the uniformity metric. For a uniform pattern, the edge to thickness ratio
has to be close to unity. Figure 2-10(a) shows the variation in the edge to thickness ratio with
increasing printing passes. Less than 2-pass printing of PMMA shows an edge to midpoint
thickness ratio of less than 1, which indicates a dome-shaped pattern. On the other hand, increasing
the printing passes over 2 passes increases the edge to midpoint thickness ratio illustrating an
increasing coffee ring. Increasing the spacing of inkjet drops can reduce coffee-ring patterns in
multi-pass printed sacrificial pads (see Figure 2-10(b)). A fairly uniform PMMA sacrificial pad
with a midpoint thickness of 2.2 pm and an edge-to-midpoint thickness ratio of 1.16 was inkjet-
printed exploiting 3-pass printing and a drop spacing (DS) of 35 um while placing the substrate on
a 32 °C platen; printing was followed by thermal cross-linking on a 180 °C hotplate for 10 min
(see Figure 2-10(c)). Besides reducing the cost of materials used, the printed PMMA sacrificial
layer also simplifies MEMS structure fabrication by replacing the previously reported two step
anchor and beam-printing process [19], [21] with a single printing step.
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Figure 2-10. Optimization of the PMMA sacrificial layer printing. (a) Increase in edge
to midpoint thickness ratio with printing passes (b) Increasing the drop spacing reduces
the edge to midpoint thickness ratio and hence decreases the coffee ring effect. (c) A
fairly uniform thickness profile for inkjet-printed PMMA using a 3-pass printing and
a drop spacing of 35 um.
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Selective etching of the sacrificial layer is the final and one of the most important process steps in
MEMS. The sacrificial layer can be etched using isotropic dry or wet etching techniques. Dry
etching of PMMA is possible by using a plasma asher, but this significantly damages the silver
structural layer. Therefore, wet etching of PMMA using acetone, followed by a drying step, is used
to remove the sacrificial layer. The released structures can be collapsed during the drying step due
to a phenomenon known as stiction.

2.4 Release of Printed MEMS Structure

2.4.1 Stiction

Stiction is the most important failure mechanism for surface micromachined MEMS [133]-[135].
Stiction is the sticking of the MEMS structure to the substrate (see Figure 2-11). Due to surface
forces such as capillary forces, hydrogen bridging, electrostatic forces, van der Waals forces etc.
suspended structures come in contact with the substrate. Once contact is made, the high adhesion
force due to the high contact surface area between the structure and the substrate makes it almost
impossible for the spring restoring force to bring the structure back to its original suspended
position. Among the surface forces, the capillary force created during the drying process of liquid
etchant is the strongest one.

10 pm

Figure 2-11. Stiction failure of cantilever beams. Image taken from reference [133]
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Figure 2-12. A thin layer of liquid working as an adhesive between two plates. A force
F is applied to maintain equilibrium.

Figure 2-12 shows the mechanism of the formulation of this capillary force. A thin layer of liquid
in between two solid plates acts as an adhesive. If the contact angle between the liquid and the
solid (6,) is less than 90°, pressure inside the liquid becomes lower than outside. This creates a net
attractive force between the plates. If F is the force applied to the plates to maintain the
equilibrium, then it can be expressed as

F :“Vlagﬂ Eq. 2-1

where 4 is the wetted area, ¥, is the surface tension of the liquid to air interface and g is the liquid
layer thickness.
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Figure 2-13. Partial collapsing of a printed cantilever beam due to stiction.
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g
Eq. 2-1 that a lower surface tension value of the etching solvent can reduce the surface

capillary force and reduce the possibility of stiction. However, even using a very low surface
tension organic solvent such as acetone and 2-propanol (IPA) does not completely eliminate
stiction of printed MEMS structures (see Figure 2-13). The stiction issue can be eliminated by
limiting the direct transition of liquid phase into the gas phase during the drying process. This can
be achieved by using critical point drying technique.

It is clear from F =

2.4.2 Critical Point Drying

Critical point drying is one of the most useful and reliable technique to process stiction-free
MEMS. The etching solvent is replaced by liquid CO; in a drying chamber. The temperature and
pressure of the drying chamber is controlled such that the sample dries through a supercritical
state. Figure 2-14 shows the simplified phase diagram of CO, and temperature and pressure control
for the supercritical drying. When the liquid crosses the boundary from liquid to gas, the liquid
changes into gas at a finite rate and stiction happens. Therefore, in the critical point drying process,
this crossing from liquid to gas is avoided. The drying chamber is first cooled at less than 10 °C
and filled with liquid CO,. During the purging step, all the liquid etching solvent is replaced by
liquid CO; and the temperature and pressure of the chamber is controlled such that CO; enters in
a supercritical state. In the bleed stage, supercritical CO, exits the chamber leaving the sample in
dried state.

A CO, Phase Diagram
(simplified)
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Figure 2-14. Simplified phase diagram of liquid CO, showing the critical point drying
process.
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Figure 2-15. Stiction free cantilever processing using critical point drying.

Process layers
for MEMS

Selected materials for
processing

Processing and performance highlights

Structure

Silver (nanoparticles based
ink)

Inkjet- printing.

Sintering on hotplate.

Low sintering temperature of <
150 °C.

Low sheet resistance of < 0.5
Q/sq.

Dielectric

Poly-4(vinylphenol) (PVP)

Inkjet-printing.

Cross-linking at 180 °C on
hotplate.

Sufficient dielectric strength of ~
1.3 MV/cm.

Robustness to subsequent
processing.

Sacrificial

Poly(methyl methacrylate)
(PMMA)

Inkjet-printing.

Ink formulation: 15 wt% 15 kDa
MW PMMA dissolved in NMP
solvent.

35 um drop spacing and 3-pass
printing for smooth sacrificial
layer.

Annealing at 180 °C on hotplate.
Moderate robustness to
subsequent processing.

Easily removable with acetone.

Table 2-4. Selection of materials for MEMS including their processing and

performance highlights.

43




A MEMS structure printed on the PMMA sacrificial layer can be etched by dipping the sample in
an acetone bath kept at 40 °C. The sample is then washed in IPA, which replaces all the acetone.
The sample containing the MEMS structure immersed in IPA is the transferred to critical point
drying chamber for stiction-less drying (see Figure 2-15).

In this chapter, choices of structural, dielectric and sacrificial materials for printed MEMS and
their printability are discussed. Table 2-4 presents selection of materials for MEMS including their
processing and performance highlights. MEMS structures are constructed using conductive
patterns, which can be achieved by inkjet-printing of nanoparticle based silver inks followed by a
sintering step. Various commercial silver inks, such as CCI 300, EMD 5603, EMD 5730 and DGP
40LT-15C, deliver highly conductive films (sheet resistances of < 0.5 /sq) at a low sintering
temperature (< 150 °C). Dielectric materials require good dielectric strength and robustness to
subsequent processing. Inkjet-printed PVP has a dielectric strength of 1.3 MV/cm and good
tolerance to further processing steps, making it a suitable dielectric material for most printed
MEMS applications. For the sacrificial material, PMMA is selected for its printability, adequate
compatibility to the processing of silver structure and good etching orthogonality to silver. A
PMMAA ink is carefully designed for stable jetting performance and coffee-ring free printing of the
sacrificial layer. A sacrificial layer suffering from coffee-ring effect is detrimental to MEM
structures due to weak anchoring of the suspended structure and variations in the suspended height
upon release. Inks with high mass loading show less coffee-ring effect. To increase the jettable
mass loading window, low molecular weight (15 kDa) PMMA is used to formulate the PMMA
ink. The spacing of ink-jetted droplets and number of printing passes are also optimized for better
PMMA thickness uniformity. Wet etching of PMMA using acetone releases silver structures
printed on PMMA sacrificial layers. After release, drying the samples in a critical point drying
chamber improves the yield of the suspended structures. However, suspended cantilevers formed
from nanoparticle based silver inks curl in the upward direction (see Figure 2-15). This occurs due
to the stress gradient generated in the structural layer. A proper understanding of the stress gradient
generation in printed films is necessary to control or, even, utilize this phenomenon to design
MEMS devices. The next chapter investigates the generation of stress gradient in inkjet-printed
silver films.
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Chapter 3: Stress Gradient in Printed Silver Cantilevers

3.1 Stress Development in the Film Formed from Metallic
Nanoparticles: Literature Review

The reduced dimensions of the metallic nanoparticles creates a high surface to volume ratio which
alters their physical properties compared to their bulk counterparts [136]. The nanoscale properties
and solution processing capability of nanoparticles facilitates the use of technologies such as
inkjet, gravure, and screen printing for the patterned deposition of highly conductive film at a low
curing temperatures [137]. The use of printed conductive films as electrodes, contacts,
interconnects, and antenna assemblies blessed the field of flexible, low-cost and large-area
electronics with numerous applications such as radio-frequency identification tags (RFID),
photovoltaics, thin film transistors (TFT), organic light emitting diodes (OLED), sensors,
diagnostic devices, and electromagnetic shielding [10], [74], [138]-[142]. Recently, inkjet-
printing of metal nanoparticles demonstrated three dimensional features such as pillars for
packaging and interconnects, and suspended cantilevers for microelectromechanical switches [20],
[143], [144]. The most commonly used metals include gold, silver and copper [31], [145], [146].
Silver is the most frequently used material due to its lower cost than gold, high electrical
conductivity, and stability against oxidation. To formulate printable ink, metal nanoparticles are
dispersed in aqueous or organic solvents and stabilized by encapsulating with either polymer (poly
acrylic acid, polyvinylpyrolidone etc.) or low molar mass molecules (long chained thiols and
carboxylates etc.) to avoid aggregation of nanoparticles and inkjet nozzle clogging. A curing
temperature of well above 200 °C is required to decompose these stabilizers completely leaving
bare nanoparticles behind [147], [148]. It was found that it is not mandatory to decompose the
stabilizer completely, because just after detachment from the surface of the nanoparticles, the
stabilizer catalyzes the aggregation of the nanoparticles [121], [149]. Above the stabilizer
detachment temperature, nanoparticles coalesce through different diffusion mechanisms to achieve
a more thermodynamically stable state where the surface-to-volume ratio is minimized [148],
[150]. A percolation path is thus generated after the nanoparticles coalesce, which makes the entire
deposited film electrically conductive. Therefore, the sintering temperature of an ink is outlined
by the detachment of the stabilizers from the surface of the nanoparticles [137], [151], [152].
During the sintering of a thin film on a rigid substrate, the film is constrained in its plane and
shrinkage occurs only in the direction perpendicular to the plane of the substrate. Consequently,
an in-plane tensile stress develops in the film, which opposes the in-plane shrinkage [153], [154].
The magnitude of the developed tensile stress is proportional to the rate of the shrinkage [155]. A
fair amount of analysis on the development of in-plane tensile stress during thermal sintering of
metal nanoparticles film is reported in the literature [148], [155], [156]. However, a study on the
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stress gradient development across the thickness of nanoparticulate film due to the differential
densification rate has not been presented.

3.2 Stress Gradient Induced Curling of Cantilever: Theory

Let’s consider the case where a film has an average tensile stress in the film and a positive stress
gradient across the thickness of the film where the bottom of the film has less tensile stress than
the top of the film. After release, initially the film gets rid of all the average in-plane tensile stress
by an in-plane shrinkage of the film. In this state, the bottom of the film has a compressive stress
and the top of the film has a tensile stress. The released film relaxes this stresses through a
shrinkage in the top of the film and expansion at the bottom of the film. The final curled up beam
takes a circular bending profile. The strain gradient developed in the film before release can be
expressed as the inverse of the radius of curvature of the beam. A similar curling in a cantilever
can be observed in a film with an average compressive stress and a positive stress gradient where
the bottom of the film has more compressive stress than the top of the film. Figure 3-1 illustrates
the mechanism of the stress gradient induced curling of cantilever.
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Figure 3-1. Illustration of the stress gradient induced curling of cantilever.
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3.3 Printed Silver Cantilever: Process Flow

(@ Inkjet-print
PMMA ink

Inkjet-print silver ink

—
———

Substrate

Dissolve PMMA
in acetone

Figure 3-2. (a) Process flow to make inkjet-printed silver cantilevers. Polymethyl
methacrylate (PMMA) powder was dissolved in N-Methyl-2-pyrrolidone (NMP)
solvent and inkjet-printed on oxidized silicon substrate as the sacrificial layer. A
nanoparticles based silver ink (EMD 5730) was inkjet-printed in the same pass to form
anchor on the oxidized silicon and beam on the PMMA layer. Multi-pass printing was
carried out to get higher beam thickness with interspersed drying. The sample was
dipped into acetone bath to dissolve PMMA and release the cantilever. (b) Optical
micrograph of an unreleased cantilever.
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The development of stress gradients in thin film cantilevers reveals itself through curling of the
beam after the removal of the sacrificial layer. A positive stress gradient makes the cantilever curl
upward while a negative stress gradient causes the cantilever to curl downward. This cantilever
based technique was utilized to measure and analyze the formation of stress gradient in inkjet-
printed silver nanoparticles film. A schematic of the fabrication process of the cantilever is
illustrated in Figure 3-2. A Fujifilm Dimatix materials printer (DMP-2831) with a Fujifilm Dimatix
cartridge delivering a 10 pL droplet volume was used for the patterned deposition of the materials.
The sacrificial layer for the cantilever fabrication process was deposited on oxidized silicon
substrate by inkjet-printing of Polymethyl methacrylate (PMMA) ink. The PMMA ink was
prepared by dissolving 15 wt% low molecular weight (15 kDa) PMMA powder in N-Methyl-2-
pyrrolidone (NMP) solvent. PMMA was thermally cross-linked at 180 °C on a hot plate. A
nanoparticle based silver ink (EMD 5730 from Sunchemical Corp.) was inkjet printed on PMMA
to deposit the beam and on an oxidized silicon surface to form the anchor in the same printing
pass.

EMD 5730 ink contains silver nanoparticles with nominal particle size of 30-50 nm. These
nanoparticles are coated with Polyvinylpyrrolidone (PVP) to stabilize them in organic solvent. To
realize a suspended cantilever, a multi-pass printing with interspersed drying at 100 °C for 5 min
on a hotplate was used to increase the thickness of the cantilever where each printing pass deposit
a ca. 1 um thick silver layer. Prior to the printing of the EMD 5730 ink, the PMMA surface was
treated with 40 W O, plasma for 15 sec to improve the ink wettability. The printing process was
carried out on a 60 °C substrate to achieve a better anchor to beam step coverage. After the final
printing pass, the printed anchored beam was dried at 110 °C for 20 min and then sintered at 150
OC for 15 min on a hot plate with a ramp rate of 5 °C/min. An optical image of the unreleased
cantilever is presented in Figure 3-2(b). The cantilever was released by dissolving the PMMA
layer in a hot acetone bath (45 °C) for 5 min. The acetone was substituted with isopropyl alcohol
(IPA) by dipping into a series of IPA baths, and then the sample was dried on a 120 °C hot plate.
The cantilever feels less stiction force during the drying step as the cantilever curls in the upward
direction after release creating a high gap between the cantilever and the substrate. For this reason,
critical point drying is not necessary to fabricate a suspended cantilever.

3.4 Cantilever Curling Profile

After release, the cantilevers relax the average tensile stress by in-plane shrinkage of the beam.
However, the cantilevers bend in the out-of-plane direction to get rid of the stress gradient that
develops across the thickness of the film, as shown in Figure 3-3(a). Figure 3-3(b) shows the tip
deflection with varying length (L) of the cantilever for different printing passes. The thickness of
the cantilever increases with accumulated printing passes and consequently increases the stiffness
of the beam. Therefore, a cantilever fabricated with more printing passes shows lower tip
deflection for the same length of the cantilever.
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Figure 3-3. (a) Upward curling of the cantilevers formed by exploiting inkjet-printing
of silver nanoparticles. (b) Tip deflection with varying length of the cantilever,
measured using vertical scanning interferometry (VSI); stiffer beams with higher
printing passes enforce less bending of the cantilevers. (c¢) Circular fit of the cantilever
bending profile, obtained from VSI measurement, to extract the radius of the curvature
and to subsequently calculate strain gradient.

The out-of-plane bending moment that is generated due to the stress gradient across the thickness
of the beam causes the cantilever to curl in a circular manner[157]. Figure 3-3(c) shows the
procedure to extract the radius of the curvature of the curled cantilever. Vertical scanning
interferometry (Wyko NT3300 profiling system) was used to measure the curling profile of the
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cantilever. The radius of curvature was extracted by circular fitting of the measured curling profile
of the cantilever. Subsequently, the strain gradient that developed across the thickness of the
cantilever was calculated from the inverse of the radius of the curvature. For a 5-pass printed
cantilever the extracted radius of curvature and the calculated strain gradient is 2.07 mm and
4.83x10™ um™, respectively.

3.5 Elemental Analysis of the Printed Silver Film
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Figure 3-4. (a) Cross-sectional Auger Electron Spectroscopy (AES) of the inkjet-printed sintered
silver nanoparticles film showing larger amount of residual carbon near the bottom of the film than
the top of the film. (b) Typical Interaction volume of the electron beam. (c) 8-pass printed curled
cantilever is tilted to measure the residual carbon amount only at the top and the bottom region of
the film using Energy Dispersive X-ray Spectroscopy (EDS).

50



Depth from the top — 0.2 um

— 1.3 um
2.3 um1
3.3 um

— 4.3 um

dN(E)/dE (a. u.)

C

~

0 100 200 300 400 500 600
Kinetic energy (eV)

Figure 3-5. Auger Electron spectroscopy (AES) spectrums of the silver nanoparticles

film, which was measured at different depth of the cross-sectional sample from the top
of the film.

Cross-sectional Auger electron spectroscopy (AES) was utilized to perform elemental analysis
across the thickness of the beam. A cross-section of the beam was made by cleaving the unreleased
sintered cantilever sample and AES was performed at different depths of the beam. The cross-
sectional AES revealed that the film formed from sintered silver nanoparticles consists of silver
and residual carbon from the stabilizer with a larger concentration of carbon near the bottom of
the film than the top of the film, as shown in Figure 3-4(a). The Energy Dispersive X-ray
Spectroscopy (EDS) measurement was performed to check the reliability of the AES data. AES is
an analytical technique to determine the elemental composition of the surface layer of a sample,
which utilizes the emission of the Auger electron. On the other hand, EDS measurements have a
large electron beam interaction volume (ca. 2-4 um’) with the specimen. Hence, EDS is not
generally a suitable technique for cross-sectional elemental analysis of the beam made with limited
number of printing passes. Figure 3-4(b) shows the typical interaction volume of electron beam
with the sample. To measure the elemental composition only near the top and the bottom of the
cantilever, a thicker cantilever with 8 printing passes was printed. Figure 3-4(c) shows this thicker
cantilever after release, which is tilted such that the EDS measurement can be performed on the
region only near the top and the bottom of the cantilever. The amount of carbon near the top (ca.
12 wt%) and near the bottom (ca. 26 wt%) of the cantilever measured by EDS technique shows
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similar results with the data obtained using AES. The spectrums from the AES and EDS
measurements are presented in Figure 3-5 and Figure 3-6.
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Figure 3-6. Energy Dispersive X-ray Spectroscopy (EDS) spectrums at the (a) top and
(b) the bottom of the silver nanoparticles film. The suspended cantilever form from
silver nanoparticles was tilted such that the electron beam interaction volume resides
only at the top or the bottom of the beam.
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3.6 Variation in Coarsening and Densification across the Thickness
of the Sintered Film

The matter transport paths during the sintering of two nanoparticles includes surface diffusion,
lattice diffusion, and grain boundary diffusion, as illustrated in Figure 3-7. All these matter
transport mechanism can be classified as two competing group of densifying and non-densifying
mechanisms depending on their capability of causing shrinkage [158]. Figure 3-7(b) illustrates the
shrinkage behavior of the densifying matter transport as opposed to its non-densifying counterpart
using a two particle model. Both densifying and non-densifying mechanisms lead to a more
thermodynamically stable state by reducing the surface area to volume ratio. The non-densifying
mechanisms of surface atomic diffusion and lattice diffusion initiate neck formation and also cause
subsequent neck growth. The densifying mechanisms of grain boundary diffusion and through-
lattice diffusion cause volume shrinkage which leads to the development of tensile stress in the
film.

(a)

Non-densifying Densifying

Figure 3-7. (a) Diffusion mechanisms in nanoparticles sintering process: 1) Surface
diffusion, 2) lattice diffusion, 3) grain boundary diffusion, 4) through-Lattice
diffusion. (b) Non-densifying and densifying diffusion mechanism: Non-densifying
mechanism includes surface and lattice diffusion, and densifying mechanism includes
grain boundary and through-lattice diffusion.

During the sintering of a constrained film, the slower through-lattice diffusion dominates over
faster grain boundary diffusion [155]. The higher concentration of residual stabilizers near the
bottom of the inkjet-printed silver nanoparticles film promotes more particle coarsening through
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non-densifying diffusion mechanisms than the top of the film as shown in the cross-sectional
scanning electron microscope (SEM) image presented in Figure 3-8.

Figure 3-8. (a) Milling of silver film using Focused Ion Beam (FIB). (b) Bottom of the
film shows more coarsening than the top of the film.
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A focused ion beam (FIB) was used to make the cross section in the silver nanoparticle film. The
SEM image also illustrates a higher porosity at the bottom of the film than the top of the film.
Figure 3-9 shows a lower Young’s modulus at the bottom of the film than the top of the film. To
measure the Young’s modulus using the nanoindentation technique, the suspended cantilevers
were harvested and steadily attached to a silicon substrate by placing adhesive tapes on the shorter
sides of the cantilever. The Young’s modulus at the bottom of the film was measured by flipping
the cantilevers over so that the bottom of the beams faces upwards before attaching them on the
silicon substrate.
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Figure 3-9. Nanoindentation measurement shows less densification near the bottom of
the film than the top of the film.

The lower Young’s modulus along with the higher porosity suggests the non-densifying nature of
the particles coalescence at the bottom of the film. Due to the competing nature of the two groups
of diffusion mechanisms, a higher rate of non-densifying diffusion mechanism retards the
densifying diffusion mechanism more near the bottom of the film. The lower rate of densifying
diffusion mechanisms causes less volume shrinkage and hence induces less tensile stress at the
bottom of the film than the top of the film. This low to high tensile stress from the bottom to the
top of the film triggers the upward bending of the cantilevers after release. This understanding of
the evolution of stress gradients in printed nanoparticles film denotes significant contributions
towards the enhancement of the reliability of flexible and printed electronics. This has special
interest in the progress of printed MEMS through nanoparticle based ink development and their
sintering study to reduce the residual stabilizers and their gradient in the deposited film.
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While the proper understanding of the generation of stress gradients in printed thin films offers a
route to control the curling of the suspended structures, this understanding also allows the design
of novel MEMS architectures exploiting this behavior. The next chapter will present a novel three
terminal MEMS relay architecture providing excellent immunity to the stress generation in printed
thin film. An all inkjet-printed relay process flow will be developed. The electrical characteristics
and an analytical model of these relays will also be presented.
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Chapter 4: Fully Inkjet-Printed Stress-Tolerant Three
Terminal Reed Relay

Microelectromechanical (MEM) relays with movable cantilevers operated by electrostatic
actuation can provide a solution for ultra-low leakage devices with hyper-abrupt switching [87],
[89]. MEM relays fabricated using printing techniques can provide switching devices for low-cost
and large-area electronics with low leakage, excellent subthreshold swing, and very low on-
resistance. Inkjet-printing is attractive for the fabrication of MEM relays due to its mask-free,
vacuum-independent, low-temperature and environment-friendly processability [19].

Reed 2

Drain

Source Gate

Figure 4-1. Stress-tolerant microelectromechanical reed relay architecture

Although the previously reported printed MEM relays showed superior performance in terms of
very low on state resistance (Roy) and minimal off current (/pgr), [19], [21] unfortunately, these
structures are vulnerable to stress variations in the printed cantilevers which can cause the
suspended beams to curl up. In addition to causing increased device-to-device variation, this
phenomenon can increase the electrostatic actuation gap, making the MEM relays inoperable in
reasonable actuation voltage ranges. Additionally, in the previously reported printed MEM relays,
only the cantilever and post structure was inkjet-printed while the sacrificial layer was deposited
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using spin-coating [19], [21], which leads to a poor area scalability. Therefore, a new approach in
MEM relay structural design and sacrificial layer processing is necessary to make it viable for
realistic large-area electronics realization. In this chapter, the first MEM relay with a printed
sacrificial layer will be presented, which makes it realizable for large-area systems; the relay
implements a novel structure that provides immunity to the stress variations in the printed
cantilevers. A second cantilever is introduced with higher stiffness over the switching cantilever
to block the upward curling of the movable cantilever. This MEM relay resembles a reed switch
structure with the two reeds in a normally closed state and hence named as ‘Reed Relay’. Figure
4-1 illustrates the stress-tolerant reed architecture of MEM relay.

4.1 Processes Development

4.1.1 Inkjet-Printing of Silver Nanoparticles Ink on PMMA Surface

Silver nanoparticles are stabilized in solvents by encapsulating with either polymer (poly acrylic
acid, polyvinylpyrolidone etc.) or low molar mass molecules (long chained thiols and carboxylates
etc.). Various solvent systems are used to make the ink based on the material used for encapsulating
the nanoparticles. CCI-300 from Cabot corp., EMD 5603 and EMD 5730 from Sun chemicals use
alcohol based solvents. CCI-300’s solvent system mostly contains ethanol and ethylene glycol.
EMD 5603 solvent system contains ethanol, ethylene glycol, glycerin and 2-isopropoxyethanol.
EMD 5730 contains ethylene glycol and ethyl (S)-2-hydroxypropionate. CCI-300 and EMD5603
have similar surface tension and show similar wetting on PMMA surface. De-wetting of ink was
observed when CCI-300 or EMD 5603 was printed on the untreated PMMA surface. PMMA
surface energy can be increased by UV-Ozone (UVO) treatment. Both CCI-300 and EMD 5603
ink show very good patterns on the PMMA surface (see Figure 4-2(a)) after 1 min of UVO
treatment. EMD 5730 ink also de-wets on the PMMA surface. It requires a long UVO treatment
for appreciable wetting of EMD 5730 ink on the PMMA surface. Moreover, even with UVO
treatment, EMD 5730 ink does not show good pinning on the PMMA surface. However, EMD5730
ink produces a very good pattern after a short O, plasma treatment on the PMMA surface (see
Figure 4-2(b)). A 40 W plasma power was used in the treatment process. O, plasma treatment not
only increase the surface energy of the PMMA surface but also create nanometer-scale roughness
on the surface, which helps to create better pinning of the ink.

DGP 40LT-15C ink from ANP uses TGME(Triethylene glycol monoethyl ether) as the solvent.
DGP 40LT-15C shows huge spreading on the untreated PMMA surface (see Figure 4-2(c)). Hence,
this ink is not suitable to print on the PMMA surface unless the PMMA surface energy is reduced
with a surface treatment. A self assembled monolayer (SAM) of HMDS, OTS etc. are usually
deposited as surface treatment to make any surface hydrophobic and to reduce the surface energy.
However, HMDS and OTS show poor adhesion on the PMMA surface and can not change the
PMMA surface properties.
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PMMA
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1 min UVO treatement on PMMA surface
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No PMMA surface treatment 40 W O, plasma treatement for
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Figure 4-2. Printing silver nanoparticles ink on PMMA surface. (a) CCI-300 and EMD
5603 ink produce good pattern on the 1 min UVO treated PMMA surface. (b) EMD
5730 ink produces good pattern on the PMMA surface after 40 W O2 plasma treatment
for 20 s. (c) DGP 40LT-15C ink from ANP shows massive spreading on the untreated

PMMA surface.

4.1.2 Sintering Condition of the Silver Ink

The silver ink printed on the PMMA sacrificial layer can penetrate through PMMA during the
sintering step. The amount of penetration of the silver ink through PMMA layer was characterized
using a crossbar metal-insulator-metal (MIM) capacitors where printed silver electrodes were used
as the top and the bottom electrodes and printed PMMA layer was used as the insulating layer (see
Figure 4-3(a)). The penetration of the top silver electrode into the PMMA layer demonstrated itself

through the dips nears the electrode edges (see Figure 4-3(b)).
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Figure 4-3. (a) Crossbar MIM structure to measure top silver beam penetration with
various sintering condition. Thickness of the PMMA layer was calculated from the
capacitance measurement taking the dielectric constant of PMMA as 4.1 at 1 kHz. (b)
Dips of ~ 50 nm is observed near the edges of the top electrode sintered at 130 °C for
15 min.

This penetration of the silver electrode into the PMMA layer should be minimized for a reliable
MEMS process. The bottom electrode of the MIM structure was inkjet-printed on an oxidized
silicon wafer and sintered at 180 °C for 15 min. The PMMA layer is then inkjet-printed on the
bottom electrode and annealed at 150 °C for 10 min. After that, the top silver electrode was inkjet-
printed on the PMMA layer and sintered at various temperature for 15 min. The initial PMMA
thickness in the MIM structure was ~1.84 um. The thickness of the PMMA layer after the sintering
of the top electrode was calculated from the capacitance measurement. The dielectric constant of
the PMMA layer was taken as 4.1 at 1 kHz. The top electrode sintered at 130 °C shows a thickness
change of ~60 nm. At 150 °C, the PMMA thickness reduction was ~340 nm. At more than 175 °C,
the top silver electrode completely penetrates through the PMMA layer and makes contact with
the bottom electrode. Considering this, the sintering condition for the silver structural layer should
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be limited to 140 °C. Table 4-1 presents the thickness of the PMMA layer with various sintering
condition of the top electrode.

Sintering Temperature for | Capacitance (pF) Thickness (um)
top Ag ("C)

130 0.73 1.79

150 0.87 1.51

175

200 Bottom and top electrodes are shorted

Table 4-1. Thickness of the PMMA layer with various sintering condition of the top
electrode.

4.1.3 Full Process Flow

Figure 4-4 illustrates the schematic process flow used for the fabrication of the fully inkjet-printed
3-terminal MEM reed relay. Inkjet-printing process was performed using a Fujifilm Dimatix
materials printer (DMP-2831) with a Fujifilm Dimatix cartridge delivering a 10 pL droplet volume.
The gate electrodes were inkjet-printed using a nanoparticle-based silver ink (EMD 5730 from
Sunchemical Corp.) on an oxidized silicon wafer, followed by a sintering process at 180 °C on a
hot plate for 30 min. The film thickness and sheet resistance of the gate electrodes were 550 nm
and 0.50 Q/sq respectively. A gate dielectric solution was prepared by dissolving Poly-
4(vinylphenol) (PVP) (10 wt%) powder in propylene glycol methyl ether acetate (PGMEA)
solvent, with poly(melamine-co-formaldehyde) (2 wt %) as a cross-linking agent (CLA).

The dielectric was spin-coated onto the printed gate electrodes and cross-linked for 30 min on a
180 °C hot plate, which results in a film thickness of 530 nm. Note that due to the fact that the reed
relays operate in non-pull-in mode, gate isolation using a dielectric layer is not a critical part of
the process flow and can readily be transferred to a printing process. Figure 4-5 presents an optical
image and the thickness profile of an inkjet printed PVP dielectric layer on the gate electrode; the
drain and source electrodes were printed on top of the PVP layer.

The PVP ink was prepared by dissolving Poly-4(vinylphenol) (PVP) (12 wt%) powder in 1-
Hexanol solvent, with poly(melamine-co-formaldehyde) (PMF) (PVP: PMF=10:1) as a cross-
linking agent. Nonetheless, this cross-linked insulation layer can prevent undesired gate leakage if
the movable reed pulls-in with an excessive electrostatic force.
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Figure 4-4. Process flow for ink-jet printed MEM reed relay fabrication. (a) Fabrication of the
contacting electrodes: gate electrode is inkjet-printed on silicon/silicon dioxide substrate followed
by spin-coated PVP dielectric deposition; source and drain electrode are inkjet printed on PVP
layer. (b) First sacrificial PMMA layer is inkjet-printed, (c) source reed is inkjet-printed on
PMMA-1 sacrificial layer and anchored at the source electrode, (d) second sacrificial PMMA layer
is inkjet-printed covering the source reed, (e) drain reed is inkjet-printed on PMMA-2 sacrificial
layer and anchored at the drain electrode, (f) sacrificial layer removal by dipping in hot acetone,
washing with IPA and drying in a critical point drying chamber.

The electrodes for the source and drain reeds were also inkjet-printed using the same silver
nanoparticle ink that was used to print the gate electrode and were then sintered on a 180 °C hot
plate for 30 min. A carefully designed Polymethyl methacrylate (PMMA) ink was used for stable
jetting performance and coffee-ring free printing of the sacrificial layer. The coffee-ring effect
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creates highly non-uniform thickness profiles with a ridge near the edge and a much thinner valley.
A sacrificial pad suffering from coffee-ring effect is thus detrimental to MEM structure realization
due to variations in the suspended height upon release.
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Figure 4-5. (a) Poly(4-vinylphenol) (PVP) ink was inkjet printed on the gate (G) electrode and
cross-linked at 230°C by placing the sample on a hot plate. The source (S) and drain (D) electrodes
were inkjet-printed on the printed PVP layer. (b) Inkjet-printed PVP layer shows a coffee ring with
peak-to-valley thickness ratio of ~4:1. Printed PVP layer presents a uniformly thick valley of ~500
nm, which is well prepared to accommodate the reed relay.

The source reed was also printed using the EMD5730 Ag nanoparticle ink where both the source
beam on the PMMA-1 layer and the anchor on the source electrode was printed in the same printing
pass. Prior to the Ag ink printing, the PMMA-1 surface was treated with 40 W O, plasma for 15
sec to improve the ink wettability. The printing process was carried out on a 60 °C substrate to get
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better anchor to beam step coverage. A multi-pass printing process with interspersed drying on a
115 °C hot plate was employed to obtain the designed thicknesses of the source beam; each printing
pass effectively added ~1 pum thickness to the beam (see Figure 4-6). The source reed was dried
on a 115 °C hot plate for 20 min and then sintered at 140 °C with a ramp rate of 5 °C/min, which
results in a resistivity of ~ 5x107 Q-m.
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Figure 4-6. Thickness Profiles of Silver beam printed on PMMA surface for various
printing passes. Note that the beam penetrated a little bit through PMMA surface as
the sintering temperature goes above the PMMA glass transition temperature.

The second PMMA sacrificial layer (PMMA-2) was inkjet-printed in 5 passes, using the same
PMMA ink that was used for PMMA-1 layer, to realize a uniform surface on the underlying high
topology substrate comprising PMMA-1 and the source reed (see Figure 4-7). PMMA-2 layer was
thermally cross-linked at 140 °C for 10 min on a hot plate. The drain reed was inkjet-printed using
8 passes printing of EMD5730 Ag nanoparticle ink on the PMMA-2 layer, treated with 40 W O,
plasma for 15 sec, with interspersed drying on a 115 °C hot plate. The drain reed was dried on a
115 °C hot plate for 20 min and then sintered at 140 °C with a ramp rate of 5 °C/min. Finally; the
PMMA-1 and PMMA-2 sacrificial layers were removed by dipping into a 45 °C acetone bath. The
acetone was replaced with isopropyl alcohol (IPA) by dipping into a series of IPA baths, and then
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the devices were dried in a critical point drying chamber to prevent stiction. All of the fabrication
processes were performed in air at a maximum temperature of 180 °C.

30

= After Reed! printing and sintering
= = After 3 passess of PMMAZ2 printing and annealing
25 | = After 5 passess of PMMA?2 printing and annealing
After Reed 2 printing and sintering
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Figure 4-7. Printing the second PMMA sacrificial layer is challenging due to high
topography of the surface to print on. A 5-pass printing of second PMMA layer
exhibits a nearly uniform surface while 3-pass printing shows large thickness
variation.

4.2 Device Operation

Figure 4-8 shows an optical image of a reed relay before removing the sacrificial PMMA layer.
The source and drain reeds are released by dissolving PMMA in hot acetone and dried in a critical
point drying chamber to avoid stiction. After release, the source reed shows very high curling
without the presence of the blocking drain reed.

A suspended source reed with very limited curling can be realized through the curling restriction
imposed by the drain reed, as shown in Figure 4-9. The source and the drain reeds are normally in
contact and hence the as-fabricated devices are in the ‘on’ state. Above a certain gate bias (Vror),
the electrostatic force actuates the source reed downwards while leaving the stiffer drain reed in
its original position. This separation of source and drain reeds turns the devices ‘off’. Note that the
reed relay can be operated in non pull-in mode since only a marginal separation between source
and the drain reed is necessary to turn off the devices.
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Figure 4-8. Optical image of the unreleased reed relay showing electrodes, sacrificial
PMMA layers and the source and drain reeds.

Figure 4-9. SEM images of inkjet-printed MEM reed relay. (a) Drain reed blocks the
curling of source reed, (b) close up image of the drain and the source reed contact
region, (c) close up image of the suspended source reed showing the air gap.
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4.3 Device Characterization

4.3.1 Switching Characteristics
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Figure 4-10. (a) Switching characteristics of inkjet-printed reed relays. Ip-Vgs
characteristics of the reed relay with varying drain bias (Vps) for a 5.5 pm thick source
reed showing abrupt switching with turn-off voltages (Vror) of ~15 V. These devices
also show high on current and very low off current that is in the noise floor of the
parameter analyzer. (b) Very low on resistances (Roy) of 12.88 Q is extracted from the
Ip-Vps characteristics.
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Figure 4-10(a) shows the measured electrical switching characteristics of a representative reed
relay with ~5.5 pm thick source beam. The measured Ip-Vgs characteristics show excellent
characteristics with hyper-abrupt switching, high on-state current (Ipn), extremely low off-state
current (/orr), and a turn-off voltage (Vror) of ~15 V.
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Figure 4-11. (a) Ip-Vgs characteristics of the reed relay with varying drain bias (Vps)
for a 4.5 pum thick source reed showing a turn-off voltages (Vror) of ~11 V. (b) low on
resistances (Roy) of 14.26 Q is extracted from the Ip-Vps characteristics.
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Figure 4-12. (a) Fully Inkjet-printed reed relay with printed PVP dielectric layer and
(b) its switching characteristics which shows similar performance of the reed relays
with spin-coated PVP layer.

The reed relays show a hysteresis of ~8 V; such hysteresis is commonly observed in MEMS
switching devices due to the adhesion force between the source and drain reeds and the asymmetric
actuation gap during forward and reverse gate voltage sweeps. Figure 4-11(a) shows the
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characteristics of a representative reed relay with a ~4.5 um beam, delivering a Vrorof ~12 V. The
reed relays exhibit extremely low on-state resistance (Roy) of 12.88 Q and 14.26 Q, as shown in
Figure 4-10(b) and Figure 4-11(b). The design parameters for the devices shown in Figure 4-10
and Figure 4-11 are summarized in Table 4-2. Figure 4-12 shows an optical image of the reed relay
employing a printed PVP dielectric layer and its switching characteristics, which is similar to the
devices with spin coated PVP dielectric layer.

Parameter Value
PMMA-1 thickness 2.2 pm
PMMA-2 thickness 3.2 pm

PVP thickness 500 nm
Source reed: Length x Width 550 pm x 95 pm
x Thickness X [5.5,4.5] pm
Drain reed: Length x Width 150 yum x 110

x Thickness pm x 9 um

Gate actuation area 180 pm x 95 pm

Table 4-2. Designed parameters of the printed reed relays of Figure 4-10 and Figure
4-11

4.3.2 Dynamic Performance

To study the dynamic behavior, a printed reed relay was loaded with a 100 kQ resistor in a buffer
configuration, as shown in Figure 4-13(a). Figure 4-13(b) shows the output voltage (Vour) of the
buffer, recorded in time domain using a digital storage oscilloscope in response to a square-wave
input signal (¥7y) with a frequency and amplitude of 200 Hz and 15 V respectively. The printed
reed relay is in the on-state at Vy of 0 volt, which results in a negligible amount of voltage drop
across the relay due to its extremely low on resistance, and therefore, the Voyr follows Viy. Vv of
15 volts turns the reed relay off and leads Vour to follow Vpp. The reed relays show a delay of ~32
ps during the transition from both on to off and off to on state, as shown in Figure 4-14(a) and (b)
respectively. The switching delay arises from the inertia limited mechanical delay and the intrinsic
electrical RC delay of the relays. As the printed reed relays have an extremely small resistance and
capacitance, the delay mechanism is dominated by the mechanical delay.
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Figure 4-13. Dynamic behavior of the reed relays. (a) Reed relay connected to a 100
kQ load resistor to construct a voltage buffer circuit, (b) output voltage (Vour) follows
the input square wave (V) with a frequency and amplitude of 200 Hz and 15 V
respectively. Note that the amplitude of Vpyris restricted to Vpp =2 V due to the high
current delivered by the low resistance reed.
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Figure 4-14. A turn-on and turn-off delay of ~32 s is extracted from the plot (a) and
(b) respectively.

4.3.3 Device Reliability

An endurance test for the printed reed relays demonstrated a lifespan of more than 10 cycles, with
fatigue being the likely failure mechanism as the relays showed collapsed source reed at their end
of life (see Figure 4-15).
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Figure 4-15. Endurance measurement of the reed relays shows that they can operate
over 10° on/off hot switching cycles.

The reed relays were reproduced several times using the fabrication process presented in Figure
4-4 with varying reed relay geometrical parameters. The characteristics of the reed relays presented
in this dissertation were found to be consistent across multiple devices and experiments. The
electrical characteristics of the printed reed relays were measured using a semiconductor parameter
analyzer (4155C from Agilent Technologies) in air. The thicknesses and surface profiles of the
printed electrodes were measured using a surface profilometer (Dektak 6M, Veeco) and a white-
light interferometer system (Wyko NT3300, Veeco). A FEI Nova NanoSEM 650 was used to
obtain the scanning electron microscope (SEM) images.

4.4 Device Modeling

An analytical model for the reed relay was developed considering the upward bending moment in
the source reed due to the residual stresses and the downward electrostatic force exerted by the
applied gate voltage.
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Figure 4-16. Analytical modeling of the reed relay. A non-uniform downward
electrostatic force g(x) is applied on the source reed through gate bias. g(x) overcomes
the upward force generated from the residual bending moment (#,) existing in the
source reed blocked by drain reed and moves the source reed downwards to turn the
relay off.

Figure 4-16 depicts the side view of the reed relay, where q(x), M., L; and L denote the applied
electrostatic load, residual bending moment of the source reed in the blocked state, length of the
gate electrode, and designed length of the source reed respectively. We ignored the shrinkage of
the source reed after release due to the in-plane tensile thermal stress since the reduction in length
is negligible compared to the designed source reed length. The deflection of the source reed §(x)
with the applied moment (M) was defined using the differential beam bending equation [157],
[159].

EIS(x)" = M, Eq. 4-1

where, E, I and §(x)"’ represents the bi-axial Young’s modulus, moment of inertia and the second
derivative of §(x). E = E/(1 —v), where E and v are the Young’s modulus and the Poisson’s
ratio of the printed silver beam.
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4.4.1 Young’s Modulus of the Source Reed
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Figure 4-17. Reduced elastic modulus (£) of the printed silver film was extracted using
nanoindentation technique by fitting the unloading portion of the curve to load
equation; £ = (7r1/2)/{2[Ac(h) 7 “1, where & and A.(h) are the tip displacement and the
contact area of the indenter tip. Inkjet-printed EMD 5730 Silver ink (from Sun
chemicals) sandwiched between two PMMA layers and sintered at 140 °C showed a
Young’s modulus of 1.01 GPa.

Figure 4-17 shows the force-displacement curve obtained by applying a nanoindenter load to the
printed Silver beam. The Young’s modulus (E) was extracted using the Oliver-Pharr model by
fitting the unloading phase of the force-displacement curve [160], [161]. The inkjet-printed source
reed shows a low Young’s modulus (£) of ~ 1.01 GPa due to the high porosity in the film [162],
[163]. Note that, the source reed goes through a thermal sintering step where it is sandwiched
between two PMMA layer. This changes the Young’s modulus of the source reed from the value
obtained in the case where the silver cantilever goes through thermal sintering step with the top of
the cantilever exposed in the air. Although the presence of a gradient in porosity across the
thickness of the source reed may cause a gradient in the elastic modulus, we assume a uniform
Young’s modulus measured using nanoindentation technique to preserve the simplicity of the
model.
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4.4.2 Moment of Inertia

The moment of inertia of a rectangular cross-section can be varied based on its axis of rotation.
Figure 4-18 shows the same cross-sectional area with two different axis of rotation: one has the
origin at one corner, another has origin at the center of the rectangle. The moment of inertia about
the x-axis can be defined as

h bh®
L= [y*dA= [ y*bdy = - Eq. 4-2

The moment of inertia for the same cross-sectional area but about x’-axis can be defined as

__ bh3

T Eq. 4-3

h b
Ly =[y*dA= 4] y*-dy

Note that, I,/ is only 25% of I,.. Therefore, it is extremely important to calculate the moment of
inertia about the correct axis of rotation.
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Figure 4-18. Rectangles having same area but different axis of rotation: (a) x-axis, (b)
x'-axis.
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Figure 4-19 shows the cross-section of a 4-pass printed Silver beam in x-z plane. The moment of
inertia about the x-axis was defined as I, = 2 foh z?xdz, where h is the peak height of the beam.

foh zf(z)dz
[
area of the beam. Note that the surface roughness of the source reed is negligible compared to the

reed thickness and has insignificant impact on the variation in the cross sectional area. The moment
of inertia about the x'-axis was evaluated using the parallel axis theorem as I = I, — A.Z?. The
moment of inertia for a rectangular cantilever is defined as [157] I, = W,.H3 /12, where W, and H,
denotes the width and height. Considering W, as the base width of the printed source reed (#), an
equivalent rectangle height for the source reed can be estimated by setting I, = I, which was
defined as the effective thickness of the source reed (HE).

The centroid of the beam is at (0,Z) coordinate, where Z = . Here, 4. is the cross-sectional

Source reed thickness (um)

Source reed width (um)

Figure 4-19. Gray area shows the cross section of the 4-pass printed source reed where
(0,2) is the centroid of the beam. The moment of inertia is evaluated about x -axis.
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4.4.3 Model of the Turn-Off Voltage

The applied electrostatic load on the source reed was expressed using the applied gate bias (Vs)
and the variable actuation gap along the x-axis (g(x)) as [159], [164]

€W (Vs )2
q(x) = — (F‘jf)) : Eq. 4-4
where, € is the permittivity of the air. g(x) = go + 65(x), where g, and 85 (x) represents the
non-curled air gap and the upward deflection of the source reed along the x-axis due to curling in
the blocked condition. Considering a uniform bending moment due to the stress gradient in the
source reed, 85 (x) = (8,5/L?)x?; where 6,5 is the tip deflection of the blocked source reed. Since
the source reed cannot get rid of all the stresses after release due to the curling limitation imposed
by the drain reed, a residual bending moment stays in the beam; which was expressed as

2(8Lr—8LB)EI
M, = 20 bu)E, Eq. 4-5
Here, §; is the tip deflection of the source reed in free-curling state, which was measured from a
separate cantilever structure on the same wafer. Table 4-3 presents the measured free curling and

blocked tip deflection of the source reed with varying source reed lengths and effective
thicknesses.

The downward tip deflection of the source reed due to only the applied electrostatic load was

expressed as [159], [164]

L x?2

SLES = fL—LG 6EI (3L - x)CI(X)dX. Eq 4-6

The upward tip deflection of the source reed considering only the residual bending moment was
expressed as

M,-L?
2EI°

SLrBM = Eq. 4-7

Considering the superposition of all the loads, the resultant tip deflection of the source reed is
expressed as 6; = 0,5 — O rpm- As the source reed is required to pull down a very small distance
to separate it from the drain reed, we defined the tip deflection for turning off the device as §; =
O1ror = 10 nm. Considering the above equations, the gate voltage at which the reed relay turns-
off was therefore calculated to be

L  x2(3L-x)
Wit 5002

Veor = \/‘SLTOF"' (6LF—8LB)12EI . Eq. 4-8
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Figure 4-20. Turn-off voltage (V7or) with varying effective source reed height
validates the model with experimental data for source reed lengths of (a) 500 um and
(b) 300 pm respectively.

Figure 4-20(a) and (b) shows a very good agreement between the model and the experimental turn-
off voltage data for source reed lengths of 500 um and 300 pum respectively. The design parameters
for the devices shown in Figure 4-20(a) and (b) are summarized in Table 4-4. The good agreement
between the model and experiment support our understanding of the implications of residual stress

and of relay operation.

79



Value

Source reed tip deflection L =500 L =300

HE=2.6 HE=36 HE=4.6 HE=2.6 HE=36 HE=4.6

Free curling 50 40 35 21 17 15

Blocked 5 4.1 3.5 5 4.1 3.5

Table 4-3. Measured source reed tip deflection in free curling and blocked state with
varying source reed length (L) and effective thickness (Hg) for the devices presented
in Figure 4-20(a) and (b). All the values are in pm.

Parameter Value
Gate actuation Area 165 um x 110 pm
Non-curled air gap between source reed to gate 1.5 pm
PVP dielectric thickness 500 nm
Source reed width 110 pm
Source reed effective thickness [2.6,3.6,4.6] um
Drain reed: length x width x thickness 150 pm x 120 pm x 9 um

Table 4-4. Designed parameters of the printed reed relays of Figure 4-20(a) and (b).

In this chapter, a novel stress-tolerant three terminal reed relay is demonstrated with zero off
current, a very low on resistant (< 15 €2) and a moderate switching delay (~32 us). This level of
performance is excellent, and exceeds the achievable on-off performance of TFTs, making this
device extremely promising for display applications. Furthermore, the fully printed nature of the
process, and the immunity to stress variations makes this structure significantly more scalable than
past efforts in this regard, thus providing a path to applications in realistic large area systems.
However, three terminal relays are not suitable for logic circuit design, especially in circuits, where
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two or more relays are connected in series. The relay actuation voltage must be independent of the
source and the drain voltage to avoid electrically floating electrodes issue. Therefore, a four
terminal relay design is necessary for logic circuits. The next chapter provides a fully printed
process flow for four terminal relays including their electrical characterization. Similar to the three
terminal relays, the design of novel architecture for four terminal relays also utilizes stress
generation in printed thin films.
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Chapter 5:  Fully Inkjet-Printed Four Terminal
Microelectromechanical Relay

5.1 Purpose of Four Terminal (4T) Relay

Four terminal (47T) relays have several advantages over three terminal (3T) relays. 4T relays are
necessary to design a logic circuit where more than one relay is connected in a series configuration.
Figure 5-1(a) shows a complementary NAND logic using 3T relays where the pull-down network
consists of two relays connected in series.

[ R
 L—

Figure 5-1. Complementary NAND logic circuit using (a) 3T MEM relay, (b) 4T
MEM relay

If the bottom relay in the pull-down network remains off, the source of the top relay remains
floating. Therefore, the actuation voltage in the top relay is not uniquely defined as in 3T relay the
voltage difference between the gate and source terminal defines the actuation of the movable beam.
Four terminal relay solves this problem by adding a body terminal in the relay structure (see Figure
5-1(b)). In the 4T system, device actuation is performed using the voltage difference between the
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gate and the body terminal; therefore, the switching voltage is independent of the source or drain
voltage.

One of the major motivations behind the development of microelectromechanical (MEM) relays
was to construct low-power devices utilizing abrupt switching characteristics. The switching
voltage should be as low as possible for reduction of the dynamic power dissipation through
complete utilization of the abrupt switching of MEM relays. 4T relays have the flexibility to tune
the switching voltage by using a body bias and potentially can provide low-voltage and low-power
operation. The tuning capability of switching voltage also allows the same 4T relays to perform
either as a pull-down or pull-up device; hence, purely complementary logic circuits can be
implemented using the 4T relays [88], [90]. Chung et al. demonstrated the first printed 4T MEM
relay with spin-coated PMMA sacrificial layer and two-step post and beam printing process [20].
A fully printed process flow is required for low-cost processing and better area scalability.

5.2 Basic Relay Configuration

Figure 5-2 illustrates two basic configurations of the 4T relay. The movable body beam is actuated
using a gate bias. The body beam is attached to a conducting channel through an insulating layer.
This insulating layer is termed the body dielectric, which needs to provide electrical isolation and
mechanical adhesion between the body and the channel. The channel moves with the actuation of
the body electrode and can make or break the connection between the source and the drain terminal
to turn the relay on or off.

In the relay configuration of Figure 5-2(a), body beam, body dielectric and channel are connected
in a stack configuration. Stack configuration provides a strong mechanical attachment between the
body beam and the channel. However, the processing of this configuration is difficult due to the
high topography. In contrast, the relay configuration of Figure 5-2(a) uses a glued configuration
to connect the body beam, body dielectric and channel. The glued configuration has less
mechanical integrity between the body and the channel, but has the advantage of simple processing
with less process steps.

5.3 Inkjet-Printed Body Dielectric

The body dielectric is a very important part of the 4T relay. A careful choice of material is required
for the body dielectric. The body dielectric material should provide good electrical isolation
between the body and the channel. It also should have very good adhesive properties to form a
strong mechanical tie between the body and the channel. For a fully printed 4T relay process, the
body dielectric material has to be solution processable and printable. Also, the solvent for the
dielectric material must not etch the structural and sacrificial materials, and the sacrificial etchant
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must not etch the body dielectric material. The body dielectric material should be curable at low
temperature to avoid any possible thermal damage of the structural or sacrificial materials.

Body
Dielectric

Channel

Body
Dielectric

Source

I
I
I
I
A4 Gate
B

Figure 5-2. Basic configurations of the four terminal relays. (a) Body beam, body
dielectric and channel are connected in a stack configuration, (b) cross-sectional view
along A-A’. (c) Body beam is glued to the channel using body dielectric, (d) cross-
sectional view along B-B’.

Considering all the requirements for the body dielectric materials, SU-8 was chosen for the body
dielectric material. As discussed in chapter 3 and 4, a nanoparticulate silver film and PMMA were
used for the structural and sacrificial materials for printed MEMS, respectively. SU-8 solvent does
not etch either the PMMA or the silver film. SU-8 is solution processable and can be cured at low
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temperature (less than 100 °C). However, SU-8 needs a UV curing step for cross-linking. The
required UV exposure dose is small; and hence, PMMA does not get damaged during the UV
curing step. During the release step, acetone etches PMMA but does not etch cross-linked SU-8.
Also, SU-8 is a strong adhesive, which is a very important property in the scheme of 4T relay
configuration .SU-8 2002 MicroChem has a mass loading of 29 wt% and has the right viscosity
(7.5 cPs) for inkjet-printing. Table 5-1 presents the physical properties of the SU-8, 200 series
from MicroChem.

SU-8 200 series % solids Viscosity (cPs) Density (g/ml)
2000.5 14.3 2.49 1.070
2002 29.0 7.5 1.123
2005 45.0 45 1.164

Table 5-1. Physical properties of SU-8 2000 series from MicroChem

— 20 um Drop Spacing
—— 25 um Drop Spacing
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Figure 5-3 (a) Inkjet-printed SU-8 on PMMA surface. (b) Thickness profile of printed
SU-8 for various drop spacing.
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Reliable jetting of SU-8 2002 was observed using Fujifilm Dimatix cartridge with 10 pl droplet
volume. High fidelity of printed pattern was also observed. After printing, SU-8 was soft baked at
95 °C for 2 min on a hotplate. After that, the sample was exposed to a UV light source for photo-
initiated cross-linking of SU-8. This cross-linking step increases both electrical and mechanical
strength of the SU-8 dielectric. Finally, a post exposure baking of the sample was carried out at 95
OC for 2 min on a hotplate. Figure 5-3 shows that SU-8 2002 printed with 20 um drop spacing
produces a very smooth pattern when printed on the PMMA surface.

5.4 Fully Printed Architectures and Process Development

As discussed in the chapter 3 and 4, inkjet-printed silver cantilevers curl in the upward direction
after release due to a stress gradient in the film. Therefore, a stress-tolerant structure is necessary
for good relay performance. Figure 5-4 shows two stress-tolerant 4T relay structures based on the
basic relay configurations discussed in section 5.2. Here, the suspended source and drain beam
block the curling of the channel, which is attached to the body beam through a body dielectric.
SU-8 is used as the body dielectric in the 4T relay process. The channel is extended along the
width direction of the body beam to make contact with both source and drain beam during the
curling process. In architecture ‘S1°, the body beam, body dielectric and channel are connected in
a stack configuration; and in architecture ‘G1’°, the body beam is glued to the channel using the
body dielectric. The intended operation of these relays is as follows. Both of these relay
architectures are normally closed, i.e. the relays are normally in the on-state. The electrostatic
actuation between the body and the gate pulls the body beam in the downward direction. The body
beam also pulls the channel with it in the downward direction turning the relay off.

Figure 5-5 shows the SEM image of the fabricated 4T relay with S1 architecture. The body beam
curls in the upward direction after release. The channel also curls up along with the body beam.
Unfortunately, the curling of the channel was blocked by only the source or the drain beam, due
to the uneven height of the source and the drain beam. Hence, the channel does not make contact
with the source and the drain beam in the as-fabricated condition. Electrical measurements ensured
an open connection between the source and the drain beam in the as-fabricated state. The relay
fabricated with G1 configuration also showed similar behavior. The relays fabricated with both S1
and G1 architectures do not perform as intended due to the processing difficulties. Fabricating the
perfectly even suspended source and drain beam is very difficult, especially using the printing
process. Therefore, a modification in the relay configuration is necessary where only one
suspended beam is used to block the curling of the body beam.

Figure 5-6 shows the schematic of the 4T relay architecture ‘S2” and ‘G2’. In the S2 architecture,
the source beam is attached with the body beam through the body dielectric in the stacked
configuration. In G2 architecture, the source beam is glued onto the body beam using the body
dielectric. Both of these 4T relay architectures have the same device operations. The composite
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beam consisting of the body beam, body dielectric and source beam bends in the upward direction
after release. The upward bending of this composite beam is blocked by the suspended doubly
clamped drain beam, which is placed over the source beam. In normal device operation, the source
and the drain beams are initially in contact with each other. The body beam pulls the source beam
with it in the downward direction when an electrostatic actuation is applied between the body and
the gate, which turns the relay off.

(a)

Source beam

SU-8

Channel

Drain beam

Source beam

SU-8

Channel

Drain beam

Figure 5-4. Stress tolerant four terminal relay configurations. (a) ‘S1” architecture: The
body beam, body dielectric and channel are connected in a stack configuration. (b)
‘Gl architecture: The body beam is glued to the channel using the body dielectric
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100 pm

Figure 5-5. SEM image of the fabricated 4T relay with S1 architecture. Due to the
uneven height of the source and the drain beam, curled up channel can not make
connection between them.

Figure 5-7(a) shows the SEM image of the 4T relay fabricated using the S2 architecture zoomed
in the stack region. The SEM image in Figure 5-7(b) shows that the composite beam collapsing
near the stack region. This occurs due to the collapsing of the overhung SU-8 along the width
direction of the body and the source beam. A slight overhang is required in the stacked structure

to prevent the shorting between the body and the source beam.

Figure 5-8(a) shows the SEM images of the 4T relay fabricated using the G2 architecture. Figure
5-8(b) shows the zoomed-in image near the glued region. In the glued configuration, there is no
overhung SU-8 and the composite beam is suspended after release. As intended, the source and
the drain beams are normally in contact. This was confirmed by the electrical measurements. The
movement of the body beam with the electrostatic actuation between the body beam and the gate
was observed through an optical microscope. Unfortunately, the SU-8 glue was not strong enough
so that the body beam could pull the source beam with it. Also, the stress developed in the SU-8

layer causes the silver beam to deform and take a bow-shape along the width direction after release.

A modified fully printed and stress tolerant 4T architecture ‘SG’ was developed combining the
stacked and the glued configuration, which addresses all the issues related with the S1, S2, G1 and
G2 architectures.
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(a)

PVP

(b)

PVP

Figure 5-6. Stress tolerant relay: A doubly clamped drain beam is used to block the
composite beam consisting of the body beam, body dielectric (SU-8) and the source
beam. (a) The source beam is attached with the body beam through the body dielectric
in the stacked configuration. (b) The source beam is glued with the body beam using
the body dielectric

Figure 5-9 illustrates the schematic of the 4T relay with SG structure. The body and the source
beam contain a wider section near the tip. These wider portions of the body and the source beam
provide more SU-8 overlap area. The SU-8 is used to glue the body and the source beam. A small
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overlap between the body and the SU-8 along the beam length direction helps to avoid bowing of
the body beam and ensures better electrostatic actuation. Similar to the stacked configuration, a
top silver patch is used for the stronger bonding between the body and the source beam. A doubly
clamped drain beam, placed over the source beam, is used to block the upward bending of the
composite beam consisting of the body beam, SU-8, silver patch, and source beam after release.

(a)

Figure 5-7. SEM images of 4T relay made with S2 architecture. The stack of the body
beam, SU-8 and the source beam collapses near the overhung SU-8 region after
release. Zoomed-in image of the relay (a) with blocking drain beam, (b) without drain
beam.

Figure 5-10 illustrates the fabrication process flow of the 4T relay with SG architecture. The gate
electrode was inkjet-printed on an oxidized silicon substrate using silver nanoparticle ink and
sintered at 180 °C for 30 min on a hotplate. A PVP layer was used as the gate dielectric layer. The
PVP layer was cross-linked at 230 °C for 30 min. The body, drain and source electrodes were
inkjet-printed on the PVP layer using the same nanoparticle ink and sintered at 180 °C for 30 min.
After that, the first PMMA sacrificial layer (PMMA1) was inkjet-printed between the body and
the source electrodes and annealed at 180 °C for 10 min. A 40 W, O2 plasma treatment was carried
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(a)

100 pm

(b)

Figure 5-8. (a) SEM image of the 4T relay fabricated using G2 architecture. (b)
zoomed-in near glued region. The body beam can not pull the drain beam down with
it due to a lack of strong dielectric glue. Also, the stress built up in the SU-8 layer
forces the silver beam to take bow-shape along the width direction.

PVP Silver patch  SU-8

Figure 5-9. Stress tolerant 4T relay. The body beam and the source beam are attached
using SU-8 dielectric glue and this attachment is fortified by a top silver patch.
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Figure 5-10. Process flow of the stress-tolerant 4T relay with SG architecture. Release
of the structure by dissolving PMMA in acetone is not shown here. Schematic is not
drawn to the scale.

out to modify the PMMA surface properties for better wetting of the silver ink. The body and the
source beam were inkjet-printed on top of the PMMA1 layer using EMD 5730 silver ink. A 4-pass
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silver beam printing was carried out for both the body and the source beam with interspersed drying
at 120 °C for 5 min. The beams were sintered at 150 °C for 15 min. SU-8 layer was inkjet printed
to glue the body and the source beam. SU-8 was soft baked for 95 °C for 2 min, UV treated for 30
s and post-exposure baked at 95 °C for 2 min.

A silver patch was printed on top of the body beam and the SU-8 layer for stronger attachment
between the body and the source beam. Then a second PMMA sacrificial layer (PMMA2) was
inkjet-printed between the two drain pads and annealed at 150 °C. The doubly clamped drain beam
was inkjet-printed using silver nanoparticles ink. A 4-pass printing was employed with
interspersed drying at 120 °C for 5 min. The drain beam was sintered at 150 °C for 15 min. All the
heating process was done on a hot plate. Finally, the structure was released by dipping the sample
in a hot (40 °C) acetone bath. The PMMA layers were dissolved in acetone in this step. After
release, the sample was washed using IPA and transferred into a critical point drying (CPD)
chamber to dry.

100 pm

500 pm

Figure 5-11. (a) SEM image of the suspended composite beam consisting of the body
beam, SU-8, source beam and silver patch. (a) SEM image of the fully printed stress-
tolerant 4T relay.

Figure 5-11(a) shows the SEM image of a suspended composite beam consisting of the body beam,
SU-8, silver patch, and source beam. Figure 5-11(b) shows the SEM image of the full 4T relay.
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This relay showed good switching operation. The electrical characterization of the 4T relay
fabricated with SG structure is discussed in the next section.

5.5 Device Characterization
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Figure 5-12. Ip-Vg characteristics of the fully printed stress-tolerant four terminal
relay fabricated using SG architecture.

Figure 5-12 shows the Ip-Vgs characteristics of the fully printed and stress-tolerant 4T relay
fabricated using SG architecture with different body biases (Vps). The gate voltage (Vgs) was
swept from -40 V to +40 V. The as-fabricated relay is in the on-state. At zero body bias the relay
turns off when a Vs of ~26 V was applied. The gate voltage at which the relay turns off is defined
as the turn-off voltage (Vrorr). This turn-off voltage can be tuned using the body bias. A +10 V
body bias increases the Vropr to ~34 V and shifts the Ip-Vgs curve to the right. A -10 V body bias
decreases the Vrorr to ~19 V and shifts the Ip-Vgs curve to the left. Note that the turn-off voltage
is not tuned properly with the body bias. The relationship between the applied body bias and the
shift in the turn-off voltage should be linear with a slope of +1. This suggests the existence of
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parasitic actuation in the relay architecture. Further investigation is required to address this issue.
Also, a detailed reliability study needs to be conducted on this relay.

In this chapter, a novel stress-tolerant and fully printed four terminal MEM relay is demonstrated
with zero off-state leakage and low on resistance. The hyper-abrupt switching feature of these
relays allows for low power logic design. The threshold voltage tuning capability of these relays
is demonstrated. This feature provides n-type and p-type relays for CMOS-like logic
implementation. The fully printed nature of these four terminal relays is well suited for the
implementation of logic operations in low-cost and large-area electronics.

The next chapter will summarize the contribution of this work and discuss the future directions of
printed MEMS.
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Chapter 6: Conclusions and Future Work

6.1 Conclusions

In this dissertation, advancement in various aspects of printed MEMS were achieved through
comprehensive studies on multiple levels of printed MEMS including printability and
characterization of materials, process development and device characterization. The studies
presented in this dissertation are as follows.

The materials for the fully printed MEMS processes were identified and their printability was
studied. Nanoparticle based silver ink was used to fabricate MEMS structures; Cross-linked PVP,
PMMA and SU-8 was selected as the gate dielectric, sacrificial layer and the body dielectric
materials respectively. It was found that lowering the molecular weight (MW) of the polymer
solute provides vast improvement in the jetting performance. A higher jettable mass loading
window of the ink formed from low MW polymers helps to reduce the coffee ring effect. Also,
high boiling point and low vapor pressure of the solvent is required to ensure stable jetting of the
ink by eliminating nozzle clogging issue.

A systematic mechanistic study on the development of stress gradients in the inkjet-printed silver
nanoparticles film was performed. The strain gradient along the thickness of the film was measured
from the radius of the curvature of the cantilevers. Auger electron spectroscopy (AES)
measurement showed a higher amount of residual carbon from the polymer stabilizer near the
bottom of the film than the top of the film, which was verified by the energy-dispersive X-ray
spectroscopy (EDS) measurement. The scanning electron microscope (SEM) image showed a
higher coarsening with higher porosity at the bottom of the film. A lower Young’s modulus
suggests the domination of non-densifying over densifying diffusion mechanism at the bottom of
the film, which causes less tensile stress at that region than the top of the film. This understanding
of the evolution of stress gradient in printed nanoparticles film denotes a significant contribution
towards the enhancement and reliability of printed electronics with special interest in the progress
of printed MEMS.

A fully inkjet-printed microelectromechanical (MEM) reed relay was demonstrated offering
excellent switching characteristics and good mechanical endurance with a novel device
architecture to provide immunity to stress variation in the cantilevers. The printed reed relays
exhibit a very low on-resistance, immeasurable off-current, hyper-abrupt switching and a good
switching speed. We also developed an analytical model to determine the turn-off voltage of the
reed relays considering the residual bending moment acting on the blocked source reed and non-
uniform electrostatic gate actuation field, which shows very good agreement with the experimental
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data. Due to the extensive use of printing and the inherent stress tolerance of the realized structure,
the demonstrated reed relays are attractive candidates for low-cost and large-area applications.

Finally, a process flow for the fully printed stress-tolerant four terminal MEM relay was proposed.
This 4T relay not only shows low on-resistance, immeasurable off-current and hyper-abrupt
switching but also provides switching voltage tuning capabilities. Switching voltage tuning
capabilities offer low power switching and complementary relays. Therefore, this fully printed 4T
relay is well suited for the implementation of logic operations in low-cost and large-area
electronics.

6.2 Future Work

Printed electronics is a very new field of research. Therefore, there are many scopes to contribute
to this field in the future including finding and characterizing new materials for printed MEMS,
process development, design of novel devices and reliability studies.

Development of stress and stress gradients in the processed films is one of the major concerns in
MEMS. However, the study of stress and stress gradient development in solution processed films
is very sparse. For example, a large number of studies have been conducted on the synthesis of
metallic nanoparticles and their printability [57], [145], [165]-[174], but there are very few studies
on the stress characteristics of the films formed from these metallic nanoparticles ink. The size of
the nanoparticles, the solvent system, the stabilizer and the other organic additives used to make
the ink have influence on the sintering and stress properties of the metallic films. Figure 6-1 shows
doubly clamped silver beams formed from two different commercial silver inks; one is CCI-300
from Cabot Corp. and the other is EMD 5730 from Sun Chemicals. The stress gradient developed
in the CCI-300 creates a large dome shaped profile of the beam, while the upward bending of the
beam made with EMD 5730 ink is small. A detailed study on the design of ink to regulate the
development of stress and stress gradient in the film is necessary for the progress of printed
MEMS.

A comprehensive study on the reliability of the printed MEM devices needs to be done to employ
them in realistic applications. For example, the three terminal reed relay presented in chapter 4
showed reliable operation up to 10> hot switching cycles. But for the potential application of the
MEM relays as switching devices in active matrix backplane of display devices, the relays must
provide reliable switching operation for over 10'* cycles. The failure of MEM relays due to
welding between source and drain terminal has been reported [86]. The other major failure
mechanisms of the MEM relays include fatigue of the structure and dielectric charging. A through
study on the failure mechanism of the three and four terminal relay is necessary to improve the
relay design for better performance.
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Figure 6-1. Doubly clamped silver beams formed from two different commercial silver
inks; (a) CCI-300 from Cabot Corp and (b) EMD 5730 from Sun Chemicals.

So far, PMMA is the only material that has been used for the sacrificial layer in these MEMS
processes. Although, PMMA shows moderately good performance as the MEMS sacrificial layer,
the maximum processing temperature needs to be limited to less than 140 °C for a reliable process.
This limits the choice of structural materials and their curing conditions. Also, a mechanically
strong body dielectric is necessary to eliminate the requirement of the silver patch in the four
terminal relay presented in chapter 5. This will reduce a processing step and makes the process
flow more simple and reliable.

As a future direction of printed MEMS, the ‘stress-engineered processing’ technique can be
employed for the fabrication of on-chip three-dimensional (3D) electrical devices with superior
performances utilizing the stress gradient in the printed films. As discussed in chapter 3, the printed
silver films formed from nanoparticles based ink curl in the circular fashion. These curled up
circular films have a well defined radius of curvature (r). A planar beam fabricated on a sacrificial
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layer with the beam length equal to 2nr makes a complete circle after release. Figure 6-2 (a) and
(b) show the isometric view and the side view of the out-of-plane circles fabricated using a stress-
engineered processing technique. The potential application of these 3D circles include micro-
heaters, antennas, inductors etc.

(a) Inkjet-print PMMA Inkjet-print Silver

PMMA PMMA Silver Silver

Substrate Substrate

(b)

Figure 6-2. (a) Processes flow and (b) SEM image of the inkjet-printed on-chip 3D
inductors.

Figure 6-2(a) shows the process flow to fabricate on-chip 3D inductors. Two back to back silver
beams were printed on the PMMA sacrificial. After release, these beams curl up and their tips
touch with each other to form an inductor. Figure 6-2(b) shows the SEM image of the inductor
formed after the release of silver beams.
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Figure 6-3. Inductance and wL/R of the inkjet-printed one loop 3D inductor. Here, w is the angular
frequency, and L is the inductance and R is the resistance of the inductor in series configuration.

The three dimensional nature of this inductor is supposed to deliver high quality factor (Q-factor)
through elimination of substrate losses. The electrical measurement of this inductor using a
precision LCR meter with a range of 20 Hz to 1 MHz showed an inductance of ~6 nH with low
loss (see Figure 6-3). For a more accurate measurement of the inductance value and to calculate
the Q factor, this inductor needs to be characterized up to 10 GHz frequency range using two-port

radio-frequency (RF) measurements. Also, inductors with more than one loop need to be fabricated
and characterized.

In a nutshell, the field of printed MEMS is flourishing and further studies on its various aspects
are required for its triumph.
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