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Abstract

The lifetime of a power supply in a sensor node of a wireless sensor network is the
decisive factor in the longevity of the system. Traditional Li-ion batteries cannot fulfill
the demands of sensor networks that require a long operational duration. Thus, we
require a solution that produces its own electricity from its surrounding and stores it for
future utility. Moreover, as the sensor node architecture is developed on complimentary
metal-oxide-semiconductor technology (CMOS), the manufacture of the power supply
must be compatible with it. In this thesis, we shall describe the components of an on-
chip lifetime power supply that can harvest the vibrational mechanical energy through
piezoelectric microcantilevers and store it in a reduced graphene oxide (rGO) based
microsupercapacitor, and that is fabricated through CMOS compatible techniques.
Our piezoelectric microcantilevers confirm the feasibility of fabricating micro electro-
mechanical-systems (MEMS) size two-degree-of-freedom systems which can solve the
major issue of small bandwidth of piezoelectric micro-energy harvesters. These devices
use a cut-out trapezoidal cantilever beam to enhance the stress on the cantilever’s free
end while reducing the gap remarkably between its first two eigenfrequencies in 400 -
500 Hz and 1 - 2 kHz range. The energy from the M-shaped harvesters will be stored
in rGO based microsupercapacitors. These microsupercapacitors are manufactured
through a fully CMOS compatible, reproducible, and reliable micromachining processes.
Furthermore, we have also demonstrated an improvement in their electrochemical
performance and yield of fabrication through surface roughening from iron nanoparti-
cles. We have also examined the possibility of integrating these devices into a power
management unit to fully realize a lifetime power supply for wireless sensor networks.

Keywords: MEMS, CMOS compatible, Piezoelectric energy harvester, Microsuperca-
pacitor, On-chip power supply.
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Chapter 1

Introduction

A new era of computing technology is developing called the Internet of Things (IoT). It
envisions a technology where there is an interaction between machines and infrastruc-
ture. Smart devices connected devices over a cloud computing-based infrastructure will
encompass several aspects of our lives [1]. The groundwork of this platform is laid by
the interaction of microsystems in machines, objects, environments, and infrastructure
to collect and analyze data accrued by such systems. With the collection and processing
of this data, we can command and control things to make our lives much more com-
fortable and safer. These devices would make the simple household technologies more
energy efficient [2]. Integration of such a lifetime power supply into an IoT platform
would lead to some efficiency in the overall sustainable development [3].

When these microsystems combine to interact with each other, they form a wire-
less sensor network (WSN) with them acting as nodes of an information circuit. The
research on these microsystems has blown up since the advancement in micro-electro-
mechanical systems (MEMS) technology [4, 5, 6, 7]. MEMS technology has enabled the
development of microsystems at a low cost with an even lower power requirement than
before. WSNs can influence all sectors of life with application areas ranging from health,
military and security to agriculture, mining, and deep-sea exploration. For example, a
doctor can monitor a patient’s information remotely through sensing his physiological
data while allowing a better understanding of the patient’s condition. Sensor networks
can detect chemical agents in air and water, which can lead to the identification of their
types, concentration, and location that can lead to an early alarm. WSNs on rail tracks
with strong vibrations can detect faults in the tracks, wheels, or the surroundings. Essen-
tially, these sensor networks will provide a user with better information and intelligence
of the surrounding [8].

A sensor node is a composition of four units, as shown in Figure 1.1. They are -
transceiver, processing unit, sensor unit, and the power unit. Sensor nodes interact and
communicate with each other wirelessly through a unit called transceiver. A transceiver
is a combination of a transmitter that sends the signal and a receiver that accepts the
signal. The transceiver is connected to a processing unit that comprises a processor and
storage. A processor performs the basic arithmetic, I/O operations, and logic operations
alongside allocating commands for the different components running in the system.
The storage saves the information in the form of bits for future use. The processing
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Figure 1.1: Components of a wireless sensor node.

unit is also connected to the sensing unit. The sensing unit is made up of a sensor
and a unit that converts analog signals into digital called the analog-digital-converter
(ADC). The sensor senses the physical information of its surrounding like temperature,
vibrations, chemical concentration, light, humidity in the form of an electric current
or a potential (AV) in most cases. The ADC’s function is a translator of the sensor’s
information to the processor from analog to digital. The acquired digital information is
stored and processed in the processing unit. The power unit powers all three subunits of
the microsystem. There can be other subunits, too depending on the type of application.

There are several restrictions on the sensor node in order to be fully compatible with
a WSN deployment. First, they must be small, sometimes as small as a cubic centimeter
[9] (and be light enough at the same time). Secondly, they need to be consuming low
power. Thirdly, they require low production costs, and finally, as these sensor nodes
are to be used in often inaccessible places, the lifetime of these devices must be long.
Having a large power unit and being small are two conditions that contradict each other.
The wireless sensor node, being a microelectronic device, can only be equipped with a
limited power source (< 0.5 Ah, 1.2 V) [8]. In some application scenarios, replenishment
of power resources might be impossible. Sensor node lifetime, therefore, shows a strong
dependence on battery lifetime. Currently, these sensors are powered by typical Li
coin cells that we use in analog watches. These batteries are traditionally created of an
electrode from earth metal and an electrolyte of an acidic solution and have a maximum
lifetime of 3-5 years. Once they stop functioning, they need to be dumped somewhere
in the environment as these batteries as not recyclable. Disposal of these systems
has an immensely negative impact on the environment. The toxic acidic nature of
the electrolyte, when dumped, poses a significant threat to our ecological dimension
of soil, water, and air. The acidic batteries disposed on the ground can reduce the
agricultural output [10]. Moreover, usage of earth metals deplete the finite resources of
the ecosystem’s economic capital [11]. Burning them would lead to a release of toxic
waste gases[12]. With growing concerns with climate change, it is imperative to devise
solutions that not only extend the lifetime of these sensors but are also environmental
friendly.

It is possible to extend the lifetime of these devices using units of energy harvesting
and energy storage. Energy harvesting is the process of extracting energy present in the
environment in the form of solar, wind, thermal, or vibrational energy and convert it into
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usable electrical energy [13]. These sources of energy will never deplete as long as the
earth is rotating and revolving around the sun. Energy storage units are devices that can
store this electrical energy in the form of charge and then supply it to the system when
needed [14]. The power consumption of these devices is based on the microelectronics
for data processing, sensing, and communication. Since the microelectronic devices
are fabricated through complimentary metal-oxide-semiconductor (CMOS) technology,
the power unit’s fabrication process must be compatible with it.

1.1 Energy harvesting

The first component of the on-chip power supply comprises an energy harvesting unit.
This unit converts forms of energies that are present in their environment into useable
electrical energy through various physical mechanisms. These energies can be of the
form of solar, wind, hydrothermal, mechanical, thermoelectric, or acoustic [13]. These
energies are harvested and used to power miniaturized sensors in WSNs and wearable
electronics. Among these energy sources, mechanical energy is the most distributed as
some vibrations are present in all surroundings, be it a person in motion, a jet engine, a
railway track or a mining or underwater location [15].

Mechanical energy can be extracted by the vibrations, noise, rotation, and most
recently, hydraulic pressure induced in the device through three different mechanisms -
electrostatic, electromagnetic and piezoelectric harvesting [16]. If a harvester device is
fabricated with its characteristic frequency similar to the surroundings’ one, it can utilize
these vibrations and convert the mechanical energy into electrical energy. This form
of energy harvesting is called kinetic energy harvesting. Out of the three, piezoelectric
energy harvesters (PEH) has the maximum energy density and a high energy conversion
efficiency. [17]. They have a simple configuration that can utilize MEMS technology for
their fabrication. PEHs also do not require any input voltage for starting up compared
to the electrostatic and electromagnetic harvester [3-5][18, 19]. Thus, they can be
considered as potential candidates for powering miniature devices and wireless sensors.

Vibrational energy harvesters (VEH) in PEHs use the concept of converting stress
induced by mechanical vibrations into electrical energy by expansion and contraction
of the piezoelectric material which is layered on top of a vibrating surface, usually a
cantilever. The cantilever is designed in such a way that it has its natural frequency
within a targeted range. They, however, suffer from two significant drawbacks - 1) their
range of output producing frequencies is quite low, 2) being MEMS, their power cannot
easily reach the desired levels [20].

1.2 Energy storage

The second main component of an on-chip power supply is the energy storage unit.
The energy harvesters gather the energy from ambient sources in the surroundings and
deliver it to the power conditioning unit. The energy storage unit is then connected
to the output of the power conditioning circuit, which provides a steady stream of
DC output whenever the harvester extracts energy. First chosen as primary energy
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storage systems were rechargeable batteries such as NiMH [21] and Li-ion [22]. While
rechargeable batteries show high capacity and low leakage, wireless sensor life is limited
by the cycle life of rechargeable batteries [23]. Cycle life of a battery is the number of
charge-discharge cycles it can go through before its capacity drops below 80 % of its
maximum capacity. The residues from the electrode-electrolyte reaction ages the device
by increasing the internal resistance over a period of time. However in reality, by the
time it has completed its cycle life, the capacity of the battery can reach up to 50 % or
even 20 % in some cases. Due to this, a WSN would require replacement after not even
1-2 years. Supercapacitors, in recent years, have emerged to be successful technological
tools in storing charge. They have a higher cycle life than batteries, and in recent years,
their performance has been demonstrated to be equivalent to the low-end commercial
batteries [24]. Therefore, they can be, again as PEHs, considered as a truly viable option
for a lifetime on-chip power supply.

1.3 Manufacturing

1.3.1 IC-compatibility

The standard process technology for integrated circuits (ICs) and very large scale inte-
grated (VLSI) circuits is shown in Figure 1.2. The fabrication of these components starts
on a wafer which is a polished semiconductor substrate. The next step usually involves
deposition or growth of thin films such as SiO», Si3Ny, polySi or dielectric films, and
even metalized oxides. After the growth of thin films, the substrate undergoes doping
through diffusion or ion implantation. This process is used in IC technology to fabricate
pn junction diodes which can later be used in MOSFET (metal oxide semiconductor
field effect transistor) fabrication. Then, the substrate is subjected to photolithography
where a polymeric photoresist is spin-coated on it and then exposed in UV light through
a special mask with a specific design. The photoresist is sensitive to UV light depending
on its chemical structure. It is generally of two types - positive and negative. In the case
of the positive photoresist, the UV light breaks the linkages of the polymer exposed,
while in the negative, the exposure strengthens the bonds of the polymer. During the
development of the photoresist step, the weaker linkage polymers are etched out of
the substrate while leaving the photoresist in the desired pattern. The exposed surface
is then used for further doping, film formation, or etching, depending on the process’
requirement. The process is then repeated in several cycles depending on the total
number of photolithographic masks [25].

However, there are several constraints in the IC fabrication process regarding the
choice of material and equipment. The first major constraint is the material for the wafer.
An IC wafer should be mechanically robust with necessary hardness required to survive
indentations, laser marking, stains, streaks, and scratches. The second constraint comes
in the form of radiation required for photolithography which is restricted to the users of
optical and UV light, X-ray, and e-beam, a short for electron beam. The third constraint
is in the form of metals used in IC fabrication. This list is restricted to Al, Au, Ag, Cr,
Mo, W, Pt, Pd, Ta, and Ti [25]. Furthermore, the process is also dependent on the
melting point of these metals. Among the used metal, Al has the lowest melting point at
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660 °C. So, the fabrication of energy harvesters, supercapacitors, and their subsequent
integration should be conducted with the techniques within these constraints.

Fabrication of VEHs requires photolithography, etching, metallization, doping, and
deposition techniques. These processes are standard in micromachining techniques
too. Furthermore, with improving MEMS technology, these processes have become
highly developed in improved reliability, mass production, and cost reduction while
achieving a high wafer yield. Therefore, energy harvesters that are fabricated through
MEMS techniques can be easily integrated into a CMOS compatible fabrication process.

However, for the energy storage element, supercapacitors generally require a large
volume and specialized manufacturing techniques that make them hard to be integrable
in microsystem electronics technology that requires semiconductor micromachining.
Therefore, developing CMOS compatible fabrication processes has attracted much
attention over the past few years [26, 27, 28, 29, 30]. Microsupercapacitors are minia-
turized supercapacitors that are small enough to be integrated into electronic devices.
They can be integrated either as self-powering systems with charging through energy
harvesters, or enhanced micro battery systems where they act as hybrid devices with
batteries to improve the lifetime of a device.

Successful integration of MSCs in a fully IC compatible process scheme can lead to
an on-chip power supply that improve their lifetime. Compared to other techniques to
manufacture MSCs such as screen printing[31], ink-jet printing[30], laser scribing[29],
electrostatic spray deposition[28], electrophoretic deposition[32], chemical exfolia-
tion[33] and doctor blade coating[34], the use of spin coating has the advantage of
already being an established conventional part of standard CMOS processing, imply-
ing that it is as such inherently CMOS/MEMS compatible. These techniques are not
compatible with semiconductor device processing, with it moving towards a completely
automatic factory. Processes like ink-jet printing and screen printing do not have an

Material:
Wafer .| Si, Ge, GeAs, SOI
Y
Thin Film - Oxidation |
v Formation - Epitaxial growth |
Doping v
- DIffL{Slon |l Photolithography - Resist coating
- Ion implantation - Exposure
¢ J - Development
- Dry (D/RIE) Etching
- Wet (Etchants)

v

Dicing and Assembly

Figure 1.2: Main fabrication steps for a IC fabrication process. The dotted square boxes
show the constrained variety of processes possible in a CMOS compatible fabrication
facility.
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effective scaling down technique, while its raster-scanning process inhibits laser scrib-
ing. Thus, in view of the expected further automation in IC manufacturing [35], its
compatibility advantage makes spin coating a strong candidate for being the preferred
MSC manufacturing technique, provided it can demonstrate that it can fabricate devices
of sufficient quality and yield.

1.4 Scope of the thesis

In this thesis, we are going to discuss different components of an on-chip power sup-
ply in the following chapters: Chapter 2 deals with discussion of VEHs. First, we will
examine the theoretical principles of single degree of freedom structures, followed by
the restrictions on its performance. Then we shall review the solutions used in macro
energy harvesting for improvement in bandwidth and power efficiency. We have also
described the fabrication process for energy harvesters, issues related to it, and ensuing
mechanical characterization. In Chapter 3, we shall take up supercapacitors and more
specifically MSCs. We will argue for the potential fabrication methods for these devices
that can demonstrate integration into an on-chip platform in CMOS compatible pro-
cess scheme. The fabrication methods that we followed for their manufacturing are
described with a special section for the issues that we encountered while performing
the process. We shall then examine some of the results for the designs fabricated and
optimizations for performance improvement. Finally, in Chapter 4, we shall discuss
the feasibility of on-chip integration of the fabricated VEHs and MSCs through a de-
scribing the circuit design and performance requirements for each device. Finally, we
will conclude with a discussion on the best possible method for their packaging and
integration.



Chapter 2

Piezoelectric Micro-energy Harvester

Piezoelectric energy harvesters are devices that convert the energy in the surroundings
through actuation of a piezoelectric material. Piezoelectricity is the property of materials
that develop voltage upon application of stress onto their surface. It is a reversible
process as the material can develop strain when an electric field is applied to it[36]. This
effect was demonstrated by Pierre Curie and Jacques Curie in 1880 [37]. VEHs convert
the vibrations in the surrounding into electrical energy through stress on their cantilever
beams.

2.1 Introduction

In order to understand the working mechanism of VEHs, the device must be visualized
as an analogous to a mass-spring-damper (MKS) system, as seen in Figure 2.1. The mass
of the device is m, y is the amplitude of displacement, k is stiffness of the beam, y(#) is
the displacement of the beam, z(#) is the relative position of the center of mass of the
beam with respect to its displacement and b, and b, are the damping coefficients and
b = b,, + b, where m and e are the mechanical and electrical indices respectively.

Let the displacement of the system y(f) = Ysin(wt). With that we get the transfer
function as a second order differential equation

mz"(t) + bz' (1) + kz(t) = —my" (1) 2.1
Now in a standard form,
n b ! k "
') +—z () +—z() =y"(1) (2.2)
m m
From the solutions of the second order differential equation, we know that
k
— =2{wy — =0?
m m

where w,, is the natural frequency of the system, and ¢ is the damping ratio. So, from

this, we get
| k ¢ b
w, = —_ =
" m 2vkm
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We can also write ¢ in terms of a derived notation called the quality factor (Q) as

0= vkm
b
which can also written in terms of w,, as
wWp
~ — 2.3
Q Ao (2.3)

where Aw is the bandwidth of frequencies that have an output of at least half the
amplitude at the resonant frequency w,,. It is also denoted as the 3 dB bandwidth of any
harvesting system. Considering our input signal y(¢) the solution to equation 2.1 is

mw?yY

1) = nwt 2.4
&0 k—mw2+jwbsmw @D

After calculating the solution for z(#), we get

(1)2
z(t) = Ysin(wt+¢) (2.5)
V(@2 —0?) + (22y2

where ¢ is the phase angle

¢ =tan'—2Y 2.6)
k—w?m’ '
Now that we have a solution for z(f), we can calculate the average power, mechanical
parasitic and electrical output as

P = b(Z' (1)? 2.7)

which gives us
M+ Y2 () 0’

PO @ T e+ (027 20)
k
k
Het
N0
m
x(t) —b
—=1b
G

Figure 2.1: Typical schematic of the MKS 1DOF system.
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Figure 2.2: Simulated power output of a generic single cantilever based energy har-
vester with respect to x = .-

When the frequency of the system w is equal to the resonant freqgency w,, the power
reaches its maximum which is
mY?w?

p=———T"
4Cm+Ce)

On analysis of equation 2.8 further, we figure out the main issue that needs to be
optimized with the utilization of VEHs in on-chip power units, i.e., narrow bandwidth
of operational frequencies.

Considering wﬂ, = x and keeping m, Y and {,,, w,, and {, as constants C,, we get the
equation 2.8 as

(2.9)

C1x6
pP=
(1-x2)2+Corx?

(2.10)

When we plot this equation in Figure 2.2, we see the dramatic reduction of output power
at either side of w,. Therefore, we need to find solutions for improving its bandwidth of
frequencies by reviewing some of the pre-existing solutions in macro-energy harvesters.
These solutions must also be feasible for realization in a MEMS structure which can
then further be integrated with an on-chip power supply.

One of the potential solutions to the bandwidth and power problem is a nonlinear
generator with bistable structures. A bistable structure provides the cantilever design
with multiple stable equilibrium positions that allows it to have multiple frequencies
where the stress distribution on the beams is optimal. Stanton et al. [38] incorporated
a magnetic nonlinearity with the help of two magnets strategically placed in a linear
system. Wu et al. [39] and Erturk et al. [40] also arrived at the same conclusion of
obtaining a broad bandwidth. Having a bistable structure with magnetic attachments is
a novel idea; however, it is usually large and requires an auxiliary support structure that
cannot be currently placed in a MEMS design.
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Similarly, studies by Blystad [41] and Liu [42] suggest amplitude limiters as another
way to increase the bandwidth. A metal plate is used as a mechanical stopper to limit the
displacement of the cantilevers. Soliman et al. [43] experimented on such a structure
with a single stopper and showed an improvement in the power output bandwidth of
the device. Even with the improved bandwidth, in practicality, lower maximum output
power and fatigue-induced failures in such designs make their incorporation harder in
microstructural harvesters.

Another idea of improving bandwidth is to create a generator array consisting of
cantilever beams of different lengths and proof masses operating at different frequencies.
Studies conducted by Shahruz et al. [44], Ferrari [45], Xue [46], and Liu [47], Qi et al. [48]
expounded upon this concept with more cantilevers in a single array. Although favorable
results are obtained, the requirement of integrating particular coupling mechanisms
for each cantilever and the device’s volume efficiency, make multifrequency generator
array more complicated to design and fabricate as a MEMS design.

Currently, known solutions use two-degree-of-freedom (2DOF) structures to im-
prove the bandwidth in micro-cantilever designs. Roundy et al. (2005) [49] initially
proposed the idea of incorporating multiple proof masses to create a multiple-DOF
with at least one structure resonating in the desired frequency range. Ou et al. (2010)
[50], then, derived a theoretical model of a dual-mass beam structure for bandwidth
broadening. Aldraihem and Baz (2011) [51] and Arafa et al. [52] (2011) studied a 2DOF
acting as a dynamic magnifier. Although close resonances could be achieved, the mag-
nifier required a huge weight, which proved counterproductive to miniature harvesters.
Later, Erturk et al. [53] and Xu et al. [54] considered innovative L-shaped designs for
cantilevers to bridge the gap of natural frequencies.

To devise natural frequencies closer, Jang et al. [55] (2011) developed a 2DOF piezo-
electric energy harvesting device which exploited the structure’s translation and ro-
tation vibration modes. The device showed two-peak power output and displayed
bandwidth improvement at high power levels compared to the conventional single-
degree-of-freedom (SDOF) device. Kim et al. [56] (2011) demonstrated the performance
comparison between a 2DOF and conventional SDOF device. Wu et al.[57] proposed
a "cut-out" 2DOF harvester with a secondary beam enclosed within the main beam,
which achieves two close resonances with significantly large amplitudes. Although, even
with close resonance peaks, the bandwidth of the system included an anti-resonance
frequency which led to a significant drop of the output voltage.

While several studies show significant improvement of bandwidth through 2DOF
structures, much research on it does not focus on the distribution of stress on the
cantilever beams. Studies by Staaf et al. [58, 59] provide an assessment of using parallel
cantilevers coupled to one another at one end. This improves the stress distribution
patterns and the bandwidth through coupled resonance at frequencies near the natural
excitation. The details of the VEHs can be found in Table 2.1.

Macro-energy harvesters are a potential source for energy; however, their manu-
facturing is not equipped to produce hundreds of devices at the same time. Surface
micro-machining fabrication techniques have been used in manufacturing CMOS de-
vices, sensors, actuators, and also energy harvesters at a large scale [60]. They presented
a single cantilever with a hanging proof mass. A single cantilever based piezoelectric
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Figure 2.3: Techniques in macro-energy harvesting that are used for improving the
device’s bandwidth of frequencies: (a) a bistable structure [41], (b) amplitude limiter,
(c) array configuration [46], (d) 2DOF freedom structure [42]. Images are reproduced
after permission from the publishers.

energy harvester is one of the efficient designs. In principle, the micro-structure consists
of a rectangular beam with a hanging proof mass. The proof mass is usually quite thick
compared to the cantilever beam. The large proof mass acts as a hanging mass to the
spring system, thereby reducing its natural frequency. The proof mass can be made
during the micromachining process, or it can be added onto the fabricated structure.
One of the first micro-energy harvesters were fabricated by Marzenski et al. [61]. Later,
Jeon and Choi [62], [63] fabricated a ds3, PZT-based vibrational harvester. The cantilever
beam was composed of a thin SiO,/SiN layer with a diffusion barrier of ZrO, separating
PZT from the structure. The proof mass was made up of SU-8 thick resist. Fang et al.
[64] similarly created microcantilevers through micromachining techniques and added
a Ni proof mass post-processing. Due to Ni’s higher density over Si (8.9 g/cm? vs. 2.3
g/cm?), it reduces the resonance frequency of the device. We have examined several
micro-energy harvesters in a more concise format in Paper 1. Also, the list of device
performances can be found in Table 2.1.

With the above energy harvesters, most of the designs comprise of a beam that has
an active piezoelectric area along the fixed ends while the free end is left unused as it
experiences minimal stress, which can be considered as a "dead area". The piezoelectric
material is essentially a capacitor. When the material is stressed, its molecular orienta-
tion starts exhibiting a dipole moment. This dipole moment gives rise to an electric field
that leads to the redistribution of charge in the crystal lattice. If there is no stress on the
piezoelectric material, the total dipole moment of the piezoelectric material reduces,
thus giving less charge. This is an issue when we discuss the performance of MEMS
vibrational harvesters as these devices require the utilization of all the piezoelectric
material area on the cantilevers for efficient performance. Therefore, we require novel
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solutions from the macroscopic VEHs to test them on a MEMS scale.

In recent years, the focus of the vibrational micro-energy harvester research has
shifted to the fabrication of specialized designs to improve the bandwidth of the energy-
providing frequencies. Park et al. [65] designed an intrinsically stress-induced bent Si
cantilever of 3 mm x 2 mm x 18 um. The harvester had two directions of oscillation,
vertical and radial. When the cantilever is released, it undergoes bending deformation
through the presence of a low temperature oxide (SiO,) and a low stress nitride (SiN,)
on top of the Si substrate. They designed the study on the principle of proportional
dependence of the output power on the bending moment. They also shaped the can-
tilevers in a trapezoidal form to improve the distribution of stress on the beam. The
device gave 1 yW power output at a resonance frequency of 115 Hz with a Q-factor of 51.
Leuke et al. [67] fabricated a set of folded spring structures for reduction of operating
frequency of the microstructures. The folded beam shape reduces the overall stiffness
of the design and thus bring the natural frequency of the system unto 30 - 300 Hz. Also,
the next natural frequencies of the structure are brought closer to one another. They
achieved a power output of 690.5 nW at 226 Hz in one of the designs which had four

Table 2.1: List of macro- and micro-VEHs ordered according to year of publication
from oldest to newest.

Ref.  Volume Res. Freq. V,, (V) Power (W) Geometry
(mm?) (Hz)

[64] 0.6 608 0.89 2.16 u Single cantilever

[63] 0.05304 13900 2.4 1u Cantilever

[47] 0.045 610 3.9 3.98 u Array

(45] 13.5 113 - 89 u Array

[40] 620 46.4 - - Dynamic magni-
fier

[54] 480 39.8 - 13.54 m Right angle

[50] 3640 26 - - 2DOF no cutout

(48] 6800 14-30 18 - Array

[56] 800 11 60V/g 2DOF two can-
tilevers

[52] 1650 21 4.7 5.68 u 2DOF no cutout

[39] 2640 18 22V 1.25m 2DOF "cut-out"
rectangular

[42] 0.075 30-48 100 m 100 n Dynamic magni-
fier

[65] 3 115 16 m 1n Quasi bendable
cantilever

(66] 0.36 234.5 1.62 -5 66.75 u Rectangular

(67] 45 - 3667 - 690 n Folded Spring

[59] 48 330-410 11.7V S-shaped cou-

pled cantilever
[36] 0.05 1258 - - M-shaped
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folded Si springs attached to a central hanging proof mass. Yu et al. [66] designed a five
cantilever system with a single large proof mass. The fabricated generator had plates of
size 3 mm x 2.4 mm x 50 um and a Si proof mass of 8 mm x 12.4 mm x 0.5 mm. The
power output at its resonant frequency of 234 Hz was 66.75 uW. A similar concept was
also employed by Zhang et al. [68] where instead of rectangular folded springs, they
used circular annular rings, each attached to the central proof mass. The device die is
6 mm x 6 mm in size and demonstrated resonance frequencies less than 11 Hz with a
voltage output 7.5 mV at less than 0.2g acceleration.

2.1.1 Two-degree of freedom (2DOF) design

A piezoelectric energy harvester is normally designed as a spring-mass-damper (MKS)
system for analytical modeling. The schematic in Figure 2.4(a) is a conventional 2DOF
lumped parameter model which is used for the analysis of the M-shaped designs. In
this model, m; and m, are the masses of the primary and secondary structures respec-
tively, ki, k», and b,,, b, are their respective spring constants and dampings. When
the system is in an excited base configuration, the initial displacements of the base,
primary, and secondary proof masses are yy, y; and y,. —V0 is the force induced by
mechanical coupling, where V is the potential formed in the piezoelectric film and 0 is
electromechanical coupling coefficient.

Two equations of motions and two Kirchoff’s voltage equation are derived from the
free-body-diagram shown in Figure 2.4(b). They are as follows:

mays" = —ka(y2 = y1) — be(y5 — ¥1) 2.11)

miy"+may2" = —ki(y1— ¥0) — b () — ¥4) (2.12)
!/ 1 _ / /

C,V +EV—9(yl—y0) (2.13)

Taking a Laplace transform of equations 2.11, 2.12, and 2.13, where s = jw we get,

I’}’l1$2U1 + mzszﬁg = —kl([jl - [}0) + Sbm((jl — Uo) —9‘7 (2.14)
SZI’YLZI]Z:—k2(02—01)+b98([j2—01) (2.15)

A 1 A A
V(C+ E) =s0(U; — Uyp) (2.16)

Now, a standard 2" order ordinary differential equation can be written in terms of
w, frequency and ¢, damping coefficient.

" b / k
xX'"+—x+—x=0 2.17)
m m

where % =2{wy, and % = w?. Therefore, after using the annotations, we have
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Figure 2.4: (a) Typical MKS system for 2DOF cantilever design (b) Free body diagram
of each mass.
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Solving equations 2.14, 2.15, and 2.16, we get the equation for the two dimensionless
natural frequencies as [69]

QA2+ A+ VA2 + (1 + k)2 -a220 + k)

Qo=
1,2 2 2

(2.18)

It can be seen from equation 2.18, that the closening of the first two natural fre-
quencies depends on the parameters p and A. Figure 2.5 shows the contour plot of
AQ vs pand A. The next section describes the simulation results in COMSOL for three
designs that provided different values of and u and extends the hypothesis generated
by equation 2.18.
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Figure 2.5: Contour plot of difference in the first two dimensionless eigenfrequencies
(AQ) with respect to ratio of beam masses (1) and their respective first eigenfrequencies
)

2.2 Simulations

2.2.1 Design

The 2DOF micro-energy harvester is numerically simulated in COMSOL to acquire the
optimal dimensions for the realization of enhanced stress distribution and narrowing of
natural frequencies. Three different topologies of designs were investigated, namely, M-
shape, M-long, and M-big. Figure 2.6 shows the schematic of the generalized harvester
in COMSOL. The big-block is taken as the fixed support in the simulation. For modeling
a MEMS piezoelectric energy harvester, the design structure consists of Si and the
piezoelectric material is chosen to be PZT-5A, the one with the closest elasticity matrix
with the PZT that we could accrue from Silex Microsystems on our wafers. The five main
dimensional parameters that play an important role in determining natural frequencies
are the length and width of the side beams, /s and w respectively; length of middle
beam, [,;;, and widths of the middle beam at the attached and free ends, w;,; and
wma respectively. The thickness of the device is decided by the SOI wafer used, i.e., 20
pm. The thickness of the proof mass is 100 um for each design so that they could be
fabricated within a single fabrication process plan.

Dimensions /; and w govern the natural frequency of the system. They were chosen
such that the device is in 1.2 - 1.5 kHz. If M-shape is taken as a reference, then M-long
has a longer and narrower middle beam, while M-big is approximately double the
size of M-shape to test the scaling of characteristics. Table 2.2 provides the detailed
differentiation of dimensions on each design. The designs employed for the M-shape,
M-long, and M-big were chosen to bring the first two natural frequencies as close to
each other as possible. Therefore, each of these designs is an ideal representation of its
particular features. Further description of the dimensional analysis relating to y and A
is given in Paper 1.
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Figure 2.6: Schematic image of the M-design harvester setup in COMSOL. Table 2.2
outlines the dimensions of each design.

Table 2.2: Dimensions of M-shape, M-long, and M-big used in COMSOL simulations,
in pgm.

Dimensions M-shape M-long M-big

lg 2500 2900 5000
w 1000 1000 2000
Im 2288 2700 4576
Wm1 560 500 1000
Wm2 300 100 400
Ws 100 100 200

2.2.2 Results

The results for the eigenfrequency simulations are shown in Figure 2.7. For the M-shape,
the first and second eigenfrequencies are observed at 1473 Hz and 1763 Hz. The M-long
design has its first two resonating frequencies at 1232 Hz and 1456 Hz. The M-big
design, which is twice the dimension of the M-shape, gives its mode shapes at 408 Hz
and 476 Hz. To the best of the author’s knowledge, when the frequencies are in kHz,
such closening of the first two natural frequencies has not been published anywhere
else.

The von-mises stress gradient suggests that the vibration of the middle beam en-
hances the distribution of stress on the cantilever beams on each of the three designs.
The middle beam does not act as a dormant proof mass; it has its own characteristic
vibrational mode. The presence of stress on the middle beam is coupled with the side
beam’s stress, which leads to a larger area acting under stress. Figure 2.8 displays the
distribution of stress on the outer edge of the cantilever side beams. The free end of the
beam is at x = 0. The boundary conditions for each design were kept constant. Gravity
and body load are the only forces acting on the whole device. There is no external
acceleration provided to the system. The single cantilever has the maximum stress at its
fixed end. About 20% of the beam experiences no stress near the free end. In contrast,
the M-shape has the highest stress at its fixed end, half of it at approximately 75% from
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Figure 2.7: Mode shapes of (a), (b) M-shape, (c), (d) M-long and (e), (f) M-big at the
first and second natural frequencies. The gradient on the side displays the von-mises
Stress (N/m?) on the cantilever beams without the PZT piezoelectric layer.

the fixed at, and around 40 % at the fixed end. M-long and M-big devices display a
different characteristic curve where the stress at their free and fixed ends are nearly
constant. M-shape shows a constant stress at both ends, while M-big demonstrates
an increased stress at its free end. Furthermore, on analyzing Figure 2.8, M-shape and
M-long have a more than double the stress average than of Single cantilever. Although
M-big has a lower value, the near-constant characteristic curve compensates for it.

The simulation output of the voltage of the designs suggest that M-shape has a
peak voltage of 16.1 V at its first resonance frequency of 1538 Hz. It demonstrates a
characteristic coupled curve from its 1538 Hz to 1820 Hz (2"¢ eigenfrequency). This
demonstrates that even at frequencies far off from the resonant frequencies, there is
enough stress on the beams to generate an output. The Q-factor for the M-shape is
34.9. In M-long, a peak voltage of 4.7 V is obtained at 1257 Hz with a Q-factor of 36.9.
At 1320 Hz, the output voltage reduces to 0V, and it starts rising again until the second
natural frequency at 1477 Hz. Figure 2.7(d) suggests the formation of an S-shape at
1456 Hz. Although the beam experiences high stress, the piezoelectric material on the
same beam is stressed in opposite directions, thereby negating their respective outputs.
Anti-resonance is featured at the second eigenfrequency in all designs. Similarly, M-big



18

2.3. Fabrication

Normalized von Mises stress

—— M-shape
0.2 M-long
M-big
—— Single
0 0.2 0.4 0.6 0.8 1

Normalized beam length

Figure 2.8: Normalized von mises stress on the sidebeams of the M-shaped energy
harvesters compared to the single cantilever.

shows anti-resonance in between the two characteristic frequencies. It has the highest
voltage output of the three design due to a larger piezoelectric area. Its peak voltage of
30.5 Vis demonstrated at 426 Hz with a Q-factor of 35.5. Among these three designs,
M-shape fares the best by having a lower Q-factor and a strongly-coupled model that
induces a broader bandwidth of utilizable frequencies.

2.3 Fabrication

2.3.1 Process plan

After modeling and simulations for various cantilever designs, the fabrication of all
three energy harvesters is performed through the following process scheme on a 6"
Si-on-Insulator (SOI) wafer. Figure 2.9 shows the fabrication scheme.

e A 6" SOI wafer is cleaned (Figure 2.9(a)). The deposition processes of the bot-

tom electrodes, lead zirconate titanate (PZT), and top electrodes were performed
by Silex Microsystems AB, Sweden. A 20 nm layer of TiO, is sputtered onto the
substrate. TiO, acts as an adhesion layer for Pt and also provides epitaxial unifor-
mity to the buffer oxide. The Pt layer of 100 nm is sputtered, keeping the texture
template uniform for the subsequent PZT deposition. A buffer layer of LaNiO (20
nm) is added on top of the surface. Then, a PZT layer of 1.1 um is deposited by a
sol-gel process on the buffer layer. The PZT layer has previously demonstrated an
electromechanical coupling coefficient, e3; = -18 C/ m? . Finally, the top electrode
Pt/Ti layer is evaporated.

The layers are etched one-by-one through separately patterned resist masks. For
each layer, an AZ4562 thick resist pattern is spin-coated at 3000 rpm/s for 30
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sec, and then soft-baked at 100 °C for 3 min. The resist is exposed through an
Ultra Violet (UV) enabled mask aligner for 50 sec. The exposed pattern is then
developed in MF319. The resist deposited on top of the surface protects the
required layouts on the wafer. Thereafter, the top Pt/Ti layers are etched under
Argon plasma at 400 W for 10 mins. The resist mask is removed, and another is
patterned for the PZT layer. The 1.1 um PZT layer is etched through a solution
of HF:HNO3:H,0 in 1 min 20 sec. Finally, the buffer oxide and the bottom Pt/Ti
layers are etched by the same Argon plasma. (Figure 2.9(b)).

* Aresist mask is deposited over the electrodes, and the device Si layer of the SOI
wafer is etched until the buried oxide through SFs and C4Fg deep reactive ion
etching (DRIE) process in Centura II (DPS & MxP). The etch process is performed
by the tool in three steps, 1.2 sec of C4Fg passivation layer deposition, followed by
the passivation breakthrough step of 1.3 sec and Si etching step of 1.5 sec. More
information on the recipe is provided in Paper 1. The DRIE process lasted for 21
min for a 20 pm Si etch. (Figure 2.9(c))

* The wafer is then processed from the backside. The SOI wafer is bonded onto a
carrier wafer by a thermal tape (120 °C release temperature), and an Al hard mask
is etched; firstly a 500 nm Al layer is sputtered at the back; it is then patterned
via ma-N1410 negative resist — wafer is heated at 100 °C for 5 min, the resist is
spin-coated at 4000 rpm and then patterned through backside enabled UV mask
aligner; finally an 85 % H3PO, solution is used for etching Al in 3 min and 30 sec.
(Figure 2.9(d))

e An AZ4562 resist mask is deposited and patterned to protect the proof mass
structures. Since the etch rates for AZ resist:Si is 1:66, the 7 um resist mask is thick
enough to sustain the 100 um Si etching. Si is then DRIE etched using SFg and
C4Fg in STS-ICP plasma etcher in two cycles — etching for 12 sec and passivation
for 7 sec. (Figure 2.9(e))

¢ The resist mask is then removed, and the bare wafer is etched from the backside
for 280 pm until the buried oxide layer. (Figure 2.9(f))

Once the required structures are obtained, the wafer is diced into smaller chips.

2.3.2 Issues in fabrication

During the fabrication process, the challenges in frontside etching and the final thermal
tape release led to the failure of nearly 90 % of the devices on the wafer. The frontside
etching is to be performed on a resist patterned, 20 um thick device layer. Centura
IT (DPS & MxP) is used for this process step. There were several bubbles trapped at
the adhesive during the bonding of SOI wafer to the 8" carrier. This led to an uneven
distribution of cooling on the wafer backside and eventually, the resist evaporated due
to high temperature. This led to an uneven etching of Si in the device layer. Moreover,
some of the electrodes were also etched during the process. Figure 2.10(a) shows the
partially released M-shape device. The unetched Si is visible in the red circle. During
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Figure 2.9: Process scheme for the microenergy harvester fabrication.

the release of thermal tape at 120 °C, there were several devices snapped near the edges
of the secondary proof mass. Figure 2.10 demonstrates one such M-big device, which
does not has a secondary proof mass, indicated at the blue circle.

2.4 Results and discussion

A setup of instruments is designed to record the vibrational characteristics of the device,
shown in Figure 2.11. It consisted of a laser interferometer (Figure 2.11(1)) and reference,
shaker table (Figure 2.11(2)), photodetector, and a vibrometer. The object is placed at the
excitation table (Figure 2.11(3)). The laser beam from the scanning head is positioned
to a scan point on the object through mirrors fitted into the system. The scattered light

HV: 7 KV WD: 17 mm Mag: 20x

HV 4 kv WD: 16 mm Mag 20x

HV: 7 kv WD: 17 mm Mag: 30x — 700 pm —|

Figure 2.10: SEM micrographs of the fabricated energy harvesters. (a) M-shape. The red
circle shows the partially etched Si device layer. (b) M-long after complete fabrication
process. (c) M-big. The secondary proof mass is snapped off during thermal release,
its intended place denoted through the blue circle.
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from the device is received correspondingly. The backscattered light interferes with the
reference beam at the scanning head and the photodetector records this interference.
The decoder in the vibrometer provides a voltage which is proportional to the velocity
of the vibration parallel to the measurement beam. This voltage output is digitized and
processed as a vibrometer signal. There are various kinds of excitations possible in the
measurement setup. They can be periodic with rectangular or sinusoidal vibrations,
transient, i.e., with a pulse or an impact blow, and random noise generated signals.

Figure 2.12 shows velocity response in the measured frequency domain for the free
end of the M-shape and M-long devices when investigated under an electrical signal.
In the first graph, Figure 2.12(a), the response is recorded under a Gaussian white of
amplitude 0.1 V across a frequency spectrum of 3.5 kHz. The first eigenfrequency of the
design is measured at around 5000 Hz. It can be assumed that this is the eigenfrequency
of the unreleased structure.

The second graph in Figure 2.12(b) shows the M-long device under a periodic chirp
signal of 0.1 V across 3.5 kHz. The first two eigenfrequencies are measured at 1294 Hz
and 1781 Hz. The shift in resonance peaks can possibly be due to over-etching of the
proof masses; it still remains to be investigated. An interesting phenomenon in the
graph is the presence of bandwidth of frequencies that oscillate at a measurable velocity
between the two natural frequencies. This is the effect of using a 2DOF design that the
device is stressed even at frequencies away from its eigenfrequencies due to its coupling
mechanism. However, the coupling is not the only possible explanation for the shape
of the response - and a simulation or model calculation of the shape of the frequency
response is needed to draw further conclusions.

Figure 2.11: LDV setup for the vibration measurement experiments
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Figure 2.12: Characterization of M-shape and M-long in a LDV setup in different

excitation signals. (a) M-shape under a gaussian white noise signal of 0.1 V amplitude.
(b) M-long under a periodic chirp voltage signal of 0.1 V.



Chapter 3

Microsupercapacitors (MSCs)

As discussed in chapter 1, supercapacitors are energy storage devices that are essential
for realizing an on-chip power supply. Supercapacitors generally utilize formation of
capacitors at the electrode-electrolyte interface in the presence of a potential difference.
The electrode material is a conductive film, sheet, or group of particles that have a large
surface area for the interaction with the electrolyte. The electrolyte is a solution that can
form ionic charges when a potential difference gives rise to an electric field in them. In
the presence of a potential difference, the electrode atoms interact with the electrolyte
atoms. This electrostatic interaction between the atoms leads to the formation of
nano-capacitors with d = nA [70]. These capacitors in parallel configuration lead to a
substantial capacitance at the electrode-electrolyte interface. It is generally considered
in the literature that these interacting molecules form an electric double layer (EDL)
at the electrode-electrolyte interface. Helmholtz discovered this phenomenon for the
first time in 1853 [71]. The studies by Guoy-Chapman in 1910 and 1913 [72] and later
on Stern in 1924 [73], improved the theory of EDL charge storage further. The stored
charge is then used to power the sensor node or the electronic unit connected to the
output of the on-chip power storage unit. A supercapacitor has three main principles
of storing charge - the electric double layer (EDL), pseudocapacitive, or a hybrid of the
two. Figure 3.1 shows the schematic representation of the two mechanisms.

In EDLCs, charge storage takes place electrostatically (non-Faradaic) i.e., no shifting
of charge takes place between electrode and electrolyte (which makes them highly
reversible along with high cycling stability). Pseudocapacitance is another form of
charge delivery in supercapacitors. In this case, the electrode stores charge through
electrosorption, intercalation, and oxidation/reduction reactions between the electrode
and electrolyte. Both these forms require a high surface area of interaction between
the electrode and electrolyte. Thus, we can say that the choice of electrode material is
mainly dependent on its specific surface area. Also, for a better capacitor formation
at the interface, the electrolyte ion size should be equivalent to the pore size in the
electrodes [70].

Supercapacitors are generally manufactured in the form of coin cells or box-like
configuration. Coin cells are circular coin-shaped current collectors that also form the
casing of the electrodes and electrolytes in the form of a cylindrical shell. The electrodes
are cut out in the form of circular films to fit into each end of the coin cell. The electrolyte
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Figure 3.1: Schematics of (a) EDL and (b) Pseudocapacitive mechanisms for charge
storage in supercapacitors [74]. Images are reproduced after permission from the
publishers.

is then introduced in the system through a separator, a porous non-conducting film that
allows transportation of ionic charges across its interface. The coin cell is sealed using a
packing glue. These coin cells can be connected either in series or parallel depending
on the requirements of the device that needs to be powered. The second configuration
is the box-type assembly, where a rectangular box is used instead of the circular shaped
current collector[75]. Both these designs have been commercially manufactured and
are being used in high power applications in conjunction with batteries [76].

However, these supercapacitors generally require a large volume and specialized
manufacturing techniques that make them hard to be integrable in microsystem elec-
tronics technology. Therefore, developing CMOS compatible fabrication processes
has attracted much attention over the past few years [26, 27, 28, 29, 30]. Miniaturized
supercapacitors, also referred to as microsupercapacitors (MSCs), are small enough to
be integrated into electronic devices. Kim et al. [77] first conceptualized an MSC using
a thin film capacitor with W-RuO, electrodes . Further, Yang [78] fabricated wire-like
MSCs in 2007 . These studies have now expanded quite much since the integration
of micromachining techniques in fabricating these devices. These devices can be in-
tegrated either as self-powering systems with charging through energy harvesters, or
enhanced micro battery systems where they act as hybrid devices with batteries to
improve the lifetime of a device. MSCs are devices that are generally fabricated on a
substrate using MEMS technology. These devices are emerging as strong candidates for
energy storage units in conjunction with micro-batteries due to various reasons. Firstly,
they can be easily integrated into on-chip integrated circuits and secondly, they are
cheap to manufacture as MEMS technology can be used to fabricate several devices on
a single substrate while using a standardized process. However, we require optimization
of such advantages for MSC integration into pre-existing MEMS and CMOS processes.
In the next few sections, we are going to discuss the MSCs in more detail. We will first
discuss a brief literature survey of the field and describe the advantages/disadvantages
of different MSC fabrication techniques. Next, we shall talk about the electrodes materi-
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Figure 3.2: Types of MSC designs (a) stacked and (b) planar [79]. Methods for electrode
deposition (c) laser scribing [79], (d) chemical vapor deposition for CNFs and VACNS
[80], (e) spin coating of carbon based solutions (Paper 3. Images are reproduced after
permission from the publishers.

als that can be utilized in a CMOS-compatible fabrication process. In section 3.1, we
shall discuss the fabrication methods of CMOS-compatible processes, and subsequent
issues in fabrication. Then we shall discuss the results from these fabrication processes.
Finally, we shall talk about the optimization process performed and its effect on the
electrochemical performance of the devices.

3.1 Device design

There are two main configurations for MSC fabrication - stacked and planar (Figure
3.2(a,b)). Stacked MSCs are sandwich-type structures with an electrolyte between two
electrodes, while planar MSCs are devices with two in-plane electrodes separated by
a specific distance. A planar MSC design holds several advantages over the stacked
structure. Firstly, since the planar electrodes are on the same substrate, the side-by-side
interactions of the electrolyte with electrodes results in an improved rate performance.
Secondly, fabrication of the planar structure through microfabrication can allow us to
accurately control the spacing between the two electrodes, leading to high ion transport
across the two terminals. Moreover, the stack of electrodes, electrolytes, and current
collectors would require specific masking techniques in the fabrication process, leading
to a challenging list of process steps. Thus, for high-performance planar MSCs, it is im-
perative to have an electrode deposition technique that results in thicker electrodes and
ensures that the deposited film can sustain and withstand post-processing lithography
and device integration steps. A variety of methods can be used to fabricate thin films of
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these materials [81].

Figure 3.2(c-e) show the different fabrication processes that are generally used to
deposit, etch, or grow the electrode structures onto planar substrates. Among these,
we will mainly discuss the possible techniques utilized for CMOS compatible integra-
tion, namely - laser scribing, ink-jet printing, photolithography, and chemical vapor
deposition.

3.1.1 Laser scribing

Laser scribing, as shown in Figure 3.2(c), is a method to develop MSCs in a simple, cost-
effective, and scalable way. Its concept is to irradiate graphite oxide with a laser beam to
convert it into graphene through a photothermal effect. This ability of reduction makes
it feasible for direct patterning of electrodes on any form of substrates. It is also possible
to fabricate both planar and stacked MSCs through this process.

In some cases, direct laser reduction of GO to graphene sheets can be performed by
a LightScribe DVD optical drive [82, 83, 84]. The films that were produced were mecah-
nically robust. They also showed a high electrical conductivity. The authors claimed
that these films can be used directly on a substrate without requiring binders or current
collectors. These electrodes were fabricated on flexible substrates such as nitrocellulose
membrane, photocopy paper, or conductive Al foil. The devices demonstrated a high
power density and excellent cyclic stability. Later, Wen et al. [85] improved the perfor-
mance of LSG by combining it with a coated layers of GO/carbon nanotubes (CNTs)
hybrid powders on flexible polyethylene terephthalate (PET) sheets. In the presence of
CNTs with a smaller diameter, the laser-scribed CNT combination of electrodes is yeilds
a better electrochemical performance. These devices were integrated with solar cells to
demonstrate the feasibility of using MSCs as energy storage units for an on-chip power
supply [86].

Laser scribing is a process that can be integrated into CMOS compatible machinery
but has not been yet. Despite its excellent electrochemical performance, this process
is severely restricted to materials that can be reduced by laser irradiation. Another
issue with this process is the speed of performance. It is stated that about a 100 MSCs
can be fabricated in 30 min using a LightScribe DVD burner [87], which is not enough
when it comes to the fabrication of semiconductor devices. CMOS devices are currently
fabricated on 200 mm wafers which can incorporate more than 300 energy harvesters,
or at least a 1000 ICs based on their areal statistics [88]. Using a laser scriber will be
a massive bottleneck in the pipeline fabrication process. Moreover, if this technology
needs to be integrated with CMOS processing with the same feed through, then select
laser lamps that can expose entire wafers through a photomask must be used. To
the best knowledge of the author, such practices still have not been introduced in
a research facility, so it is safe to say that they are far from being utilized in an IC
manufacturing facility conventional CMOS processing equipment is more prevalent.
Despite the disadvantages, the simplicity, reproducibility and substrate independence
of laser scribing makes it a perfect candidate for flexible and wearable electronics where
the throughput and use of equipment are not severally constrained by pre-existing
irreplaceable technologies.
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3.1.2 Ink-jet printing

Ink-jet printing is another promising electrode fabrication technique that can be eas-
ily explored in CMOS integration strategies. It is a typical technique used to deposit
electrode films at precise places defined by a computer automated design (CAD). With
ink-jet printing, a variety of electrode films can be deposited which are not limited to
carbon materials. In this process, a liquid ink of an electrode is prepared and deposited
on a substrate with a jet nozzle similar to 3D-printing equipment. The process is as
scalable as the size of the jet nozzle allows, i.e., it can go up to 2 ym of resolution [89].
The main advantage of ink-jet printing is similar to laser scribing as it requires only one
fabrication step for electrode deposition. Another significant advantage of ink-jet print-
ing over laser scribing and photolithography relates to the minimum use of ink while
fabrication takes place. With laser scribing and photolithography, there is a substantial
waste of electrode material, which is either not utilized in the former and wasted during
a spin coating or doctor blading process as in the latter. Moreover, the direct phase
transformation of the liquid ink into a solid-state active electrode nanomaterial adds to
its merits.

This process has been used to fabricate flexible MSCs using CNT/Ag and poly(3,4-
ethylenedioxythiophene): poly(styrene sulfonate) (PEDOT:PSS) as the electrode ma-
terial [90]. At that time it had delivered the best rate capability among all reported
paper-based MSCs. Ink-jet printing is also used to deposit graphene inks [30], re-
duced graphene oxide (rGO) with polyaniline (PANI) composites [91], and lamellar
K>Co3(P207)2.2H,0 nanocrystal whiskers on graphene sheets [92] with tunable ge-
ometry and thickness. These devices have demonstrated high flexibility, excellent
rate/mechanical stability and high cycling stability with a good electrochemical perfor-
mance demonstrating great promise for applications in flexible all-solid-state micro-
supercapacitors.

The main issue with ink-jet printing as with laser scribing is the introduction of new
equipment in a CMOS processing framework. Clogging of inks in the nozzles and slow
throughput are a few disadvantage that ink-jet printing faces. This is a recurring issue
in 3D printing as the nozzle either needs to clean out entirely or replaced after a certain
number of cycles. Thus, only after such challenges are addressed, this process will be
fully capable of introduced in an automated IC fabrication process.

3.1.3 Photolithography

Among the list of different fabrication process described, photolithography is the only
IC-compatible process that is currently used in MEMS and CMOS processes. MSCs
can be fabricated easily and cheaply with an extremely high resolution that is only
dependent on the lithography tool available.

Several strategies can be used to fabricate MSCs using photolithography. One of
them is spray coating, where an electrode material is spray-coated on a substrate. Then
either a metal can be evaporated on the substrate and then etched using reactive ion
etching, or a resist can be deposited on the electrode layer, followed by developing
trenches for electrode evaporation and lift-off [81]. Another variation of the technique
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can be a double lift off of the electrode and the current collector using a single pho-
toresist mask on the substrate. [93]. This process can be called as the inverted current
collector process as the current collector is on top, instead of being on the bottom as con-
ventional MEMS processes. The main advantage of this technique is that it requires only
one photomask, and thus its easier to fabricate. However, there are more disadvantages
that inhibit the utilization of this process in integration with CMOS circuitry. Inacces-
sibility of the electrolyte on the top and bottom ends of the electrodes would severely
restrict its performance. Secondly, during the development process for electrode or
current collector lift-off, the tendency of the electrode material to dissociate from the
substrate is quite high. Known measures to improve the adhesion to surface involve
deposition of a metallic nanoparticle layer desscribed in Paper 2. This nanoparticle
layer would then need to be etched out using a second photomask. Therefore, use of a
single photo masking technique is good to research the device structure and electrode
properties in an easily fabricated device, but, its reduced electrode surface area and
dissociation of electrode material from the substrate during aqueous development of
resist restricts it to be fully CMOS compatible. Using a two-mask lithography process,
however, is an extremely employable process in CMOS processing. Techniques such as
spray coating, doctor blade layering, and spin coating of electrodes on prepatterned
electrolytes can be supported feasibly by using a second masking process for etching the
electrodes from unwanted areas. The fabrication process for a two-mask MSC process
is described in section 3.3.

Pech et al. [94] fabricated a pair of interdigitated electrodes from onion-like carbon
that operated as a single microsupercapacitor . That microsupercapacitor showed a
discharge rate three-orders higher than conventional supercapacitors because of the
ease with which ions could diffuse between the electrodes. After that, the research
of interdigitated electrodes has expanded to include other materials, such as CNTs,
graphene, rGO, and hydrated GO. Laszcyzk et al. [95] demonstrated an MSC fabrication
technique where they deposited CNT as an electrode material through a doctor blade
technique. Pan et al. [96] followed a new protocol mimicking the spider’s spinning
process are developed to create highly oriented microfibers from graphene-based com-
posites via a purpose-designed microfluidic chip. Similarly, Kim [29] fabricated an
electrode based on a boron-doped 3D porous carbon pattern by lithographic processes
is demonstrated. The electrode layer is obtained by carbonization and doping of a poly-
mer pattern fabricated by interference lithography. Lithography can also be performed
on flexible substrates such as PET. Hu et al. [97] fabricated Au/PANI electrodes involving
laser printing technology and in situ anodic electropolymerization while exhibiting
remarkably high mechanical flexibility and show an excellent cycling stability .

Considering the needs of an automated CMOS process, out of the three deposition
techniques, spray coating, doctor blade layering, and spin coating. Spray coating is a
process in which a solution is designed to be used in a jet that sprays the ink across the
whole substrate. It is different from ink-jet printing in terms of the manner of the coating.
In a doctor blading process, an electrode solution is poured on the substrate. Then,
a blade with a specific distance from the substrate is swiped over the electrode film.
In the spin coating process, the electrode solution is used analogous to a photoresist,
following the same fabrication process as currently being used for polymeric resists such
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as AZ4562, or S1813. Among these, only spin coating emerges out to be a viable option.
Other alternate techniques are limited by several obstacles which are less relevant to
the current discussion. It suffices to stress that spin-coating and photolithography is
a route to use existing standard tools in IC manufacturing, hence it is advantageous,
regardless of the various difficulties other techniques need to face before possibly being
implemented in manufacturing.

3.1.4 Chemical vapor deposition

Chemical vapor deposition is an attractive electrode fabrication process as it is pre-
existing in the semiconductor industry for thin film deposition. Several carbon-based
materials have found a way among MSC electrodes through this growth process. Among
these, graphitic petals or graphene nanosheets directly synthesized on Ni foil and carbon
cloth using microwave plasma chemical vapor deposition (MPCVD) exhibit promising
potential for MSC applications [98]. Xiong et al. fabricated high-power MSCs based
on micrometers-thick graphitic petal electrodes [99]. The electrodes were prepared by
using microwave plasma CVD and patterned by optical lithography and reactive ion
etching. Similarly, multilayer graphene and monolithic 3D graphene have also been
fabricated by Ye [100] and Zhang [101], respectively. A wide variety of material such as
diamond-coated Si nanowires has also been grown through the CVD technique. These
were used to fabricate asymmetric MSCs [102]. Similarly, Zhang et al. [103] developed a
facile vapor deposition and sewing sequence to create rugged textile MSCs.

So, among these different techniques, only spin-coating and CVD emerge as fabrica-
tion processes that are utilizable in near-immediate future for the fabrication of on-chip
MSC:s for integration wit ICs and MEMS energy harvesting devices. In the next section,
we will describe the different materials that we have used for fabricating MSCs that can
be considered CMOS compatible.

3.2 Material selection

MSC electrode design is based on the same considerations as supercapacitors — elec-
trodes with large specific surface area and their pore size. Carbon-based electrodes
fulfill both of these requirements owing to their excellent electrical conductivity and
high specific surface area [104]. Graphene, rGO, CNTs, and ACs are some such materials
with ultrahigh specific surface areas and impressive mechanical and chemical stability.
Moreover, their pore sizes are greatly beneficial in improving the charge/discharge per-
formance, and their electrical conductivity is high too. They promote rapid diffusion of
ions due to their excellent meso, micro, and nanopore distribution across their surface.
Carbon-based nanomaterials can be obtained in solution through vendors that sell
products through the internet.

For the spin coating process, we require solutions that can act as photoresists, i.e.,
like polymers with a specific density and viscosity, uniform coverage across a substrate
during spinning, and good adhesive properties. We used several solutions based on
graphene. First, we started with using rGO dispersed in water. However, since rGO does
not form any H-bonds with water, the solution is constituted of macro colloidal spheres
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Figure 3.3: Scanning electron micrographs of different materials that can be used for
MSC fabrication (a) CNTs, (b) VACNS, (c) 1GO, (d) CNFs [105]. Images are reproduced
after permission from the publishers.

of rGO separated from each other in the solution at large distances. Spin coating this
solution proved extremely ineffective as the coverage of these particles on the substrate
was barely visible. The coating process added two considerations for the solvent for the
electrode material. Firstly, the electrode must dissolve into the solvent. Secondly, the
density of the solution must be high enough for uniform coverage across the substrate
surface. When we used a solution of GO with water, it led to quite positive results. In the
end, we fabricated the MSCs using three inks - GO and water, CNT and water, and AC in
water. Figure 3.3(a, c) shows the SEM of the CNTs and rGO on the fabricated substrate.
Among the three, GO, and CNT MSCs were fully fabricated, while the AC solution was
deemed to be ineffectual in the spin coating process. The CNT fabrication process,
however, was not reproducible as the spin coating process for CNT solutions could not
be fully optimized. Besides, the retention of CNTs after several fabrication steps was not
uniform on the wafer, which led to non-uniform etching in the subsequent fabrication
process. In this work, we are going to discuss rGO MSCs in the spin coating process
more specifically as their fabrication process has proved to be the most reproducible
process. On top of that, rGO’s ability to form bonds with metal oxides makes them
a viable candidate for hybrid MSCs. Use of metal oxides such as RuO,, MnO,, V,05,
IrO,, Fe3O4, NiO, Co30y4 etc. transition metal sulphides with rGO films during MSC
fabrication can lead to even higher performances for MSCs based on the spin coating
process [106].
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Figure 3.4: Fabrication process for MSCs: (i)standard cleaning of the substrate followed
by oxidation, (ii)lift-off or reactive ion etching of the current collectors, (iii) electrode
deposition, (iv) Al hard masking, (v) Electrode etching in O, plasma, (vi) Electrolyte
and electrochemical analysis.

We used CNFs and VACNS as electrodes for the spin coating process. Figure 3.3(b, d)
show the SEMs of these materials. CNFs are carbon materials that have the potential to
be grown using a moderate CMOS compatible temperature of 390 °C. The strategy for
their growth is optimized by Smoltek AB, a carbon growth company based in Gothen-
burg, Sweden. Their studies [105] suggest that use of CNFs as electrode materials is
adaptable in the CMOS compatible MSC fabrication process. VACNS are carbon ma-
terial that demonstrates extremely high electrical conductivities. We realized that the
electrochemical performance of spin-coated MSCs is limited due to high contact resis-
tance between the current collectors and the spin-coated electrode. So, if an interface
between electrode and collector that minimizes the contact resistance - i.e. not just a
highly conducting interlayer is used as an interconnect between the current collectors
and spin-coated material, which is also carbon, the MSC performance can be improved
significantly. Plus, the growth of VACNS is substrate independent, which implies that
it can easily be integrated into the reproducible fabrication process scheme. However,
we will limit our discussion to rGO based MSCs and their performance with respect to
on-chip integration.

3.3 Fabrication

The wafer-scale fabrication procedure for MSCs is shown in Figure 3.4.

3.3.1 Oxidation and current collector fabrication
Oxidation

A 2” Siwafer is used as a substrate. Its surface is oxidized to SiO, in the oxidation furnace
Centrotherm at 1050 °C for 45 min. (Figure 3.4a).
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Lift-off

Gold and titanium (Au/Ti) current collectors are deposited using the lift-off technique.
Lift-off process is a clean process that does not involve a substrate being subjected
to highly reactive chemical etchants. Generally, a resist should have a higher process
thickness than desired metal thickness. This allows for the metal layer to break off
the resist wall during an evaporation procedure. The resist is then developed, and the
freestanding metal layer on top is lifted off. Thus, S1813 lift-off resist with a thickness
of 1.3 um is spin-coated for 60 s at 4000 pm with 2000 rpm/s acceleration. After soft
baking for 5 min at 180 °C, the resist is exposed in the mask aligner using a contact
layer photomask. When the wafer is in hard contact with the photomask with a helium
cushioning of 20 pm, UV light is radiated on the setup. The light breaks the polymer
linkages of the exposed positive resist, which is then developed in MF319 developer for
60 s and transferred to the water. A post bake for 1 min at 120 °C is essential for resist
hardening. Once the pattern is ready, Au/Ti (100 nm/10 nm) metal layers are evaporated
onto the substrate in Lesker PVD. Physical vapor deposition (PVD) is a process in which
the bombardment of electrons heats a metal in condensed form in an ultra vacuum
chamber. The vapor phase produced by the e-gun travels in a vertical electric field
toward the target wafer where it reverts to a condensed phase as a thin film. After the
deposition of Au/Ti layers, the lift-off process is completed by submerging the wafer into
mrREM 400 bath while being ultrasonically treated for 55 min. Figure 3.5(a) shows the
optical micrograph of the patterned interdigitated Au/Ti electrodes on Si/SiO, substrate.
Although gold is used for proof of concept, it can be replaced with CMOS compatible
metals such as Pt, Pd, or Mo.

3.3.2 Electrode deposition
Graphene oxide

The GO solution used for spin coating was purchased from Graphene Supermarket. The
solution was diluted in DI-water to 3g/1 and then sonicated for 15 min at 80 °C in 35 kHz
sonication. The sonication before spin-coating dissociated the graphene platelets from
stacking and aggregation. Next, graphene oxide (GO) is spin-coated five times on the
substrate. Each iteration comprises of pouring the GO solution on more than four-fifths
of the wafer, spinning it for 60 s at 1000 rpm with 1000 rpms acceleration and soft baking
it at 100 °C after every spin. Post-spin-coating, the wafer is baked at 100 °C overnight to
remove the water concentration from the coated films. (Figure 3.4(c), 3.5(c)).

CNFs

The growth of CNFs requires a metal catalyst on which the carbon-containing gases
can decompose into carbon precursors. The precursor is adsorbed on the catalyst,
in our case, AuTi, and diffuses into the surface. Once, the catalyst is saturated with
the carbon precursor, the incoming precursor precipitates below it, lifting the catalyst
nanoparticle above the substrate. This controlled precipitation can be used for growing
CNTs, vertically aligned CNTs, and CNFs through different mechanisms which are
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Figure 3.5: Results from the fabrication process for MSCs: (a) Au/Ti current collectors
after lift-off. (b) growth of VACNS over the 2" SiSiO,substrate (c) spin coated GO
solution after repeating the coating process five times (d) deposition of photoresist for
etching the Al hard mask (e) Al etch and (f) subsequent etching of uncovered GO and
annealing at 500 °C for 5 min.

similar in nature. In our case, the recipe that was followed has been mentioned in article
published by Saleem et al. [105].

VACNS

VACNS was grown on the prepared substrates in a cold-wall low-pressure PECVD reactor
(Black Magic, Aixtron). The ordinary recipe is that the substrate was heated to 775 °C
with the ramp rate of 300 °Cmin and annealed for 1 min with the mixing of 20 sccm Hj
gas and 1000 sccm Ar gas flow. The plasma was then turned on with a DC bias with the
power of 75 W. The plasma voltage is 800 V with the current limit of 0.5 A. The actual
growth was initiated by introducing acetylene gas (C,H») and maintained for 10 min.
After the growth, the system was evacuated to be less 0.2 mbar and cooled down to room
temperature. Growth time and CyH; flow rate used in this process can be changed to
control the size of VACNS. Figure 3.5(b) shows the fabricated VACNS on a 2" Si/SiO»
wafer.

3.3.3 Al hard masking

Further, an Al hard mask is fabricated on the solvent-free GO surface. This enables
etching of carbon material in areas outside the interdigitated pattern. A thin film of Al,
70 nm, is evaporated on the substrate. S1813 resist is spin-coated on it for 60 s at 4000
rpm with 2000 rpm/s acceleration. It is soft baked for 2 min and dried overnight at 110
°C. Figure 3.5(d) shows the device after this step. The Al film area which is not covered by
the resist is dry-etched in Oxford Plasmalab using a standard recipe mixture of Cl, and
SiCly in presence of Ar (Figure 3.4(d), 3.5(d)). When Cl, reacts with Al, it produces AlCl3
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Figure 3.6: Issues in the fabrication process (a) Photoresist could not be completely
developed during the fabrication of the Al hard mask. (b) Undeveloped resist leads to
unetched Al (c) and unetched GO in the pre-final step. (d) Incomplete etching of GO
on the devices at the edges of the wafer is also an issue related to uneven etching.

that is volatile enough to get removed during the gas exchange in the plasma chamber.
SiCly is generally used to protect the Al layer from an undercut.

3.3.4 Electrode etching

With the hard mask on top, GO is dry-etched in Plasmatherm using O, plasma at 100 W
in a 100 mTorr pressure chamber for 4 h, shown in Figure 3.4(e). During this step, the
resist on top of Al hard mask is also ashed away. Once the GO is completely etched from
uncovered areas, Al is completely etched away using the dry etch recipe discussed in
the previous step. Figure 3.5(f) shows the result after the final fabrication step.

3.3.5 Annealing

This step is required only for GO electrodes. The reduction of GO to rGO can performed
chemically or thermally. In this work, we have used thermal annealing of GO substrates
for the material reduction. Conductivity and surface area are maximum for GO solutions
annealed at 500 °C [107] which is an ideal temperature for a CMOS compatible process.
The annealing process commences at 150 °C, ramping up every minute by 10 °C until
500 °C. The temperature is held for 5 min at that instance and then ramped down 10
°C/min till the substrate is cooled down to room temperature. The Raman micrographs
for the rGO can be seen in the manuscript by Smith et al. [27]. (Figure 3.4(f))
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3.4 Issuesin fabrication

Although the fabrication process is reproducible, there were several issues that still
existed in the process. Figure 3.6 shows the different issues that existed in the described
process plan. Al deposition on the electrode surface was the main issue that led to
several other problems in the subsequent step. The spin-coated GO solution was not
uniform across the surface of the substrate. It had a difference of height of more than
70 nm across 1 mm of surface, and since the optimum thickness supported by the GO
layers was 70 nm of Al, several cracks developed across the surface. When a resist was
spin-coated and developed on the Al coating, the water from the developer solution
invaded these cracks, which expanded into steam during soft baking. This led to uneven
etching of the Al hard as can be seen in Figure 3.6(b). Furthermore, in the subsequent
GO etching step, the electrodes could not be fully etched out from the surface, seen
in Figure 3.6(c, d). It eventually led to short-circuiting in different regions of the wafer.
The wafer yield accrued after electrochemical wafers was around 8 - 10 working MSC
devices on a wafer of 23. Thus, there was an urgent need for optimization in the process
plan which would provide a higher yield which is a standard in a CMOS process. We
shall discuss the optimization step in section 3.5 after a review of the electrochemical
results of the MSCs fabricated.

Regarding the CNF and VACNS process, we found that the CVD process does not
behave in a uniform fashion while occurring on a full, 2" Si/SiO, wafer. The results
indicated that there is a non uniform temperature gradient in the growth chamber
which leads to uneven electrode heights. In some cases, the MSCs were found to be
highly resistive. These results could be easily mitigated when the growth was performed
on individual chips of 1 cm? area. Thus, as of now, we cannot consider the CVD of CNFs
and VACNS a viable option of CMOS compatible process.

3.5 Electrochemical results

The electrochemical results for rGO based MSCs are shown in 3.7 and 3.8. The formu-
lation of results from the electrochemical measurements have been documented by
Qi Li in his thesis work [74]. The MSCs fabricated were evaluated on Karl Siiss PM 5
probe station coupled with a Gamry Reference 3000AE potentiostat. For the sake of
consizeness, we have presented the results from only one of the devices on the substrate.
More results and discussion are performed in Papers 2 and 3. This device was chosen
for its high power density during the characterization of all devices. Cyclic Voltammetry
(CV) at scan rates of 100-5000 mV s~!. The Galvanostatic Charge Discharge (GCD)
measurements were performed at 1, 2 and 5 pA current input. For the Electrochemi-
cal Impedence Spectroscopy (EIS) measurements, the graphs shown in Figure 3.8 are
produced at a 0.2 V input sinusoidal signal.

Figure 3.7(a) shows the cyclic voltammograms of the intedigitated MSC with 20
fingers with a 60 um spacing between them (20F-60). These curves demonstrate a cyclic
with strong capacitive behavior. With increasing scan-rates, the capacity of the MSC
increases also. In Figure 3.7(b), the GCD measurements demonstrate the MSC can be
charged up to 1 Vwithin 10 s at a current density of 1 pA. At higher current densities, the
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MSC expectedly can be charged within 1 s. These results are extremely positive when it
comes to an on-chip power supply as the power management circuitry will require less
current to charge the MSC completely.

Figure 3.8(a) shows the Nyquist plot of the EIS measurements. This graph is used
to measure the effective serial resistance of the supercapactor (R,,), its Warburg im-
pedence (IW) and real capacitance (Cy,sc, Creqs). These results are described more
extensively in Paper 3.
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3.6 Surface optimization for effective spin coating

™

As discussed previously, wafer yield is a vital statistic for achieving a reliable process.
The CVD processes cannot be considered a viable option as the results on different
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Figure 3.9: (a) Schematic fabrication process for the surface optimization of MSCs
for an improved spin coating process. (b) Coverage of the wafer surface after using
different optimization techniques. (c)(a) AFM comparison of roughened and non-
roughened sample sufaces along with optical microscopy images showing the coverage
of the electrode spin-coating.

regions of the wafer produced widely different electrochemical output. Also, the CVD
tool could not sustain a temperature for a long duration leading to loss or development
of irreparable cracks in the thermal plate.

However, the spin coating process has the potential to provide a reliable wafer yield,
provided either the characteristics of the solution are optimized, or a novel solution is
used to enhance the process plan’s outcome. One solution to achieve a layer uniformity,
thin layers can be coated multiple times in succession. However, this is not necessarily
true. The main issue with the solution spin coating is that it misses a proper adhesive
link to the substrate. This leads to loss of electrode material in every process that
involves submersion of the wafer into a liquid solution. We also encountered another
issue which suggested that the GO could not be coated at outer regions of the wafer.
This is a substantial issue that can be mitigated only by improving the adhesion of
the electrode material, in this case, GO, to the substrate surface. Also, MSC electrodes
must survive the aqueous electrolyte for long cycling lifetimes. Therefore, increasing
adhesion, uniformity, and coverage are critical in making the fabrication process robust.

Various sample treatments were carried out to determine surface treatment for
improved carbon adhesion, including iron nanoparticle deposition, oxygen plasma
etching, and adhesive coatings. These were compared by stressing the coated material
and testing how well the carbon adhered. An evaporator is used to deposit the metals on
Si0gy, starting with 20 nm of Al,O3 and 2 nm of Fe. The substrate is heated to 500 °C for 3
min to anneal the Fe into nanoparticles, creating a rougher surface. Various thicknesses
of iron, annealing times and temperatures were tested to find an optimum value. The
nanoparticles were then coated in 10 nm of Ti as an adhesion layer and 100 nm of Au as
a current collector for the supercapacitor. To further improve adhesive properties, the
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substrate is coated with HMDS; an organic chemical often used to improve the adhesion
of photoresist. After roughening is performed on the surface, surface roughness is
measured for each sample using the Bruker Dimension 3100 SPM. R, arithmetic mean
deviation, is used to characterize the material’s surface roughness. Each sample is
measured in multiple locations, avoiding visible scratches or debris, and the values were
averaged. A detailed analysis of the approach is provided in Paper 2 and Paper 3.

Figure 3.9 shoes the schematic of the surface optimization processes and the per-
centage (%) coverage on a 2" Si wafer with different surfaces based on the technique
used. It is clear from the graph in Figure 3.9(b) that the control surface, which is bare
SiO, grown on Si, has the worst % coverage. This is also evident in Figure 3.9(c) where
the surface is smooth, and there is nearly no coverage on one of the outer regions of the
wafer. The highest percentage of coverage is with a layer of Fe nanoparticles, followed by
NP+Au surface. This is one of the initial evidence of the retention of surface roughness
after the current collector deposition on the nanoparticle surface. Further evidence is
provided in Papers 2 and 3, which show AFM micrographs of the surface before and after
the lift-off process of Au/Ti. The second wafer in Figure 3.9(c) shows the GO coverage on
the wafer after the nanoparticle evaporation, which correlates to the coverage in Figure
3.9(b).

The strength of adhesion can be qualitatively evaluated by measuring the change
in carbon coverage before and after sonication. The samples were weighed before
coating, after coating and after sonication at 50% power and 35 kHz. This allowed
for calculation the amount of GO deposited and retained after stress to determine
the sample with the most substantial adhesion. Evidence of the improved adhesion
provided by the nanoparticle roughness is provided in Paper 2 where results from the
sonication experiments are presented.

3.6.1 Surface enhancement study

In this section, we shall describe the results for improved coverage and uniformity after
the surface optimization through the layering of Fe nanoparticles.

Figure 3.10(a) shows the difference in thickness between the two spin coating pro-
cesses, standard, i.e., without the adhesive nanoparticle layer, and surface-enhanced,
i.e., the wafer with a 4 nm Fe layer annealed at 600 °C for 3 min. As it can be seen in
the graph, the surface-enhanced wafer has a significant improvement across the entire
wafer ranging from 20 % at the leftmost end of the wafer to even more than 100 % at the
mid regions of the wafer. A deeper study of this improvement is presented in Paper 3,
where we demonstrate a 78 % average improvement in the thickness of the electrodes
on the surface-enhanced wafer. Figure 3.10(b) shows the distribution of average height
of the GO material across a 1 mm range. The mean and standard deviation of the curves
is also calculated by projecting the histogram data through numerical analysis. The
curve is similar to a Gaussian distribution where the mean is the average height of all
the samples, while the standard deviation is the average divergence of the thickness
from the mean. As the starting point of the surface profiling probe is assumed to be at
the same height as the endpoint, the mean value of the Gaussian distribution holds no
bearing on the result. However, the standard distribution (o) attribute of the curve can
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Figure 3.10: (a) Graphical contour representation of the measured thicknesses of the
electrodes fabricated on the C- and SE-MSCs on a 2 x 2 inch substrate. (b) Histogram
of the thickness distribution over the two substrates. (Inset) A representative 1 mm
length evaluation of the surfaces with a Dektak Profiler.

suggest to us the average deviation of height across 1 mm substrate. The o = 87 nm for
the standard while it is o = 37 nm for the surface-enhanced wafer. 37 nm is the smallest
resolution in any fabrication process occurring above the electrode layer. Moreover, it
leads to improved uniformity of heights across the wafer regions. This leads to a uni-
form yield in working devices and can further give way for increased synchronization
in the performance characteristics. More information about these measurements and
subsequent electrochemical characterization and comparison is provided in the Paper
3.






Chapter 4
On-chip integration

In this concluding chapter, we shall discuss the feasibility of our fabricated designs (VEH
and MSC) in demonstrating an on-chip power supply that can power a sensor node. We
shall also discuss the performance of the fabricated devices if they are integrated with a
rectifier circuit. Then, we will examine the fabrication and packaging methods that can
be utilized to devise the on-chip power supply.

4.1 Circuit design

The VEH and MSC are connected through a power management unit (PMU) which
acts as a rectifier and a voltage regulator for the output from the VEH. The main task
of a PMU in a WSN is to provide with sufficient power to function during its time of
operation. The power requirement for any application varies according to its nature, for
example, a sensor architecture may require only 1 uW for functioning, whereas a sensor
in a phone requires up to 1 W power. For the sake of discussion, we have restricted our
parameters to powering up to 100 yW WSNs. These power requirements for different
devices have been obtained from Vullers et al. [108].

Figure 4.1 shows a schematic representation of different circuit components of
an on-chip power supply. The energy harvester, as discussed in chapter 2 can be
considered as an MKS system which can be further analogized to an LCR circuit (Figure
4.1(1)), where m is the mass of the cantilevers that acts as an inductor, k is the stiffness
matrix, and 1/k is the capacitors and f is the ratio of the mechanical to electrical power
conversion, also called the power efficiency of the energy harvesting system. C, is the
piezoelectric capacitance and R), is the resistance in the material. Figure 4.1(3) shows
the supercapacitor equivalent circuit derived from Gamry Echem analyst [109].

The output of the energy harvester is an AC waveform that needs conversion to
DC through a rectifying circuit and a voltage regulator, as shown in Figure 4.1(2). For
the power management unit (PMU) of the power supply, we require microwatt level
energy harvesting systems for VEH. The primary design considerations for the IC in-
volve having a low threshold voltage, a high power efficiency across a range of voltage
outputs, good conductivity, and a high drain-source breakdown voltage. Additionally,
regulation of voltage, smoothing of output, and level shifting of the output voltage is
required for a robust architecture. There have been several solutions conducted in
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Figure 4.1: Schematic circuit diagram of the on-chip power supply including the energy
harvester, power conditioning and energy storage elements.

the literature regarding these special power requirements. One of the methods is a
boot-strapping technique [17]. However, it is quite complicated. Another technique for
the requirements is to handle these wide ranges of outputs through separate pathways.
Ramadas et al. designed an efficient harvesting interface circuit which is improved by
several designs [110] by demonstrating either ultra-low-power self-oscillating switched
capacitors or capacitive power management units for self-supplied PMUs.

More recently, work by Neilson et al. [110] demonstrated an extremely robust PMU
that can take input voltages from 0.45 - 5 V while providing an 8 yW power at 24
Hz even in failsafe conditions. Figure 4.1(2) is a general representation of the circuit
demonstrated in their article. Their system consists of two rectifiers (M;_4) that act
as negative voltage converters followed by active diodes and a voltage regulator. The
rectifier circuit is a combination of four pMOS transistors that can be fabricated in 0.18
pm technology. Using transistors in place of p-n junction diodes has several advantages
due to the presence of extremely low resistance in the transistors leading a lower power
loss. The output of the rectifiers is converted to DC by a smoothing capacitor Cg,00¢h
which is then connected to a voltage regulator and the supercapacitor, both in parallel to
each other. The regulator has three switched-capacitor DC-DC converters to either step
up or step down the input voltage from the harvester. The output voltage can charge
the supercapacitor and the load at the same time if needed. Once the supercapacitor is
fully charged, it can start supplying power to the load sensor architecture in the absence
of vibrations in the surrounding. The PMU post-fabrication is a 3 mm? die which can
be bonded in a variety of fashions to the VEH and MSC dies.

Now, coming to the feasibility of integration of VEHs and MSCs with the PMU
designed by Neilson et al. [110], we see that their input requirements are as low as 0.45V
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up to 5 V. So, according to this constraint, our energy harvester must supply at least this
voltage to the PMU. According to simulations performed in COMSOL, currently, M-big
has the highest potential to be integrated with the PMU. The simulation model suggests
that between the working frequencies of 400 - 500 Hz, the M-big can supply up to 8 V
easily, even in extreme damping conditions. Similarly, on checking the performance of
the MSCs fabricated in chapter 3, we see that the volumetric capacitance of the 20F-40
MSC is 1.1 F cm™3, which directly translates to 1.5 mF capacitance if we have a 10 um
thick electrode film. As of now, the thickness of the rGO films is approximately 1.1 pm.
However, we are confident that with more spin-coating cycles, 10 um thick films can
be achieved. In terms of power density, it demonstrates a value of 100.5 uW cm™2 at 1
V. This amount of power matches with our initial constraint of over 100 yW for WSNs.
Therefore, it is, in principle, possible to use our micro-energy harvesters discussed in
chapter 2 with our MSCs fabricated in chapter 3 with the PMU discussed. In the next
section, we shall describe the different packaging mechanisms that are used in current
CMOS processing technology which can be used to package our devices.

4.2 Integration possibilities

The final step in the integration of VEH and MSC devices with an IC for an on-chip power
supply revolves around either fabrication of these devices in an integrated fabrication
process for all the three devices or processing them separately and integrating them in
the final step. The former form of integration is called front-end-of-line (FEOL). FEOL
covers the main fabrication processes required for MEMS and CMOS processing, which
we have previously discussed on numerous occasions. The second method is called
back-end-of-line (BEOL). BEOL process mainly deals with metallization of contacts
and fabrication of connections to the metal layer in CMOS processing. It also includes
processing of dielectrics and bonding sites for a chip-to-package interface. After BEOL,
there is a back-end-process that includes wafer back-grinding, die separation, packaging
of IC, and failure tests [111]. Figure 4.2 shows their schematic representation.

FEOL integration of these devices is possible with an integrated VEH-PMU-MSC

Figure 4.2: Schematic representation of (a) FEOL, (b) BEOL processes. [111]. The
colored fields represent the generic areal space that MEMS or CMOS fabricated devices
can take up in an on-chip platform. Images are reproduced after permission from the
author.
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process plan. These processes can be intertwined with each other through parallel
processing during conventional techniques such as photolithography, evaporation,
and etching. For such a process, these devices should be fabricated with the same
materials too. As discussed previously in chapters 2 and 3, the VEH and MSC fabrication
processes are CMOS compatible. However, there are material differences between the
devices. For instance, the VEH current collectors are made of Pt/Ti while the MSC has
Au/Ti. This can be easily mitigated in the next processing of MSC devices. Another way
of fabrication can be compartmentalization of device processes and then protecting
the fabricated devices through a layer of thick photoresist during the manufacturing
of the other component. The IC fabrication can take place first, followed by MSC
fabrication and VEH fabrication until electrode formation. The IC and MSC can then be
protected through AZ4562 spin-coated on the surface during the lithography process
for the top-side Si etch. The same resist layer can protect the devices during the entire
back-side etching process. Finally, when the cantilevers are released, the photoresist
can be washed off in the final cleaning step. The substrate on which these devices are
fabricated would be diced in the back-end process and packaged for further analysis.

The main issue with FEOL is the additional 2D area that the process requires. The
VEH has a surface area of 10 mm?; IC has 3 mm?; MSC has an area of 1 cm?. So, overall
the total surface area can be up to more than 1.5 cm?. In comparison, BEOL processing
can allow for a 3D integration of these devices in stacks. This reduces our overall device
surface area to the device with the maximum area, which is the MSC. Alongside side
reduction, with 3D packaging the interconnect bottleneck for long distances can be
mitigated. Therefore, we can reduce the power consumption of the devices. Finally,
it would allow for seamless integration of different microelectronic technologies at a
wafer level. Therefore, the best way forward for on-chip integration would be through
3D packaging of different device dies.

Figure 4.3 shows an illustration of a possible integration scheme for the current VEH
and MSC devices with a PMU. For a PMU, the IC designed in [110] has been chosen. The
main task for a MEMS packaging process is to protect the device from dust, particles, and
dicing process. It should also be chemical resistant, with an excellent thermal interface
while having minimal impact on the MEMS characteristics, such as damping in case of
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Figure 4.3: Illustration of a 3D package on-chip power supply with WSN architechture.
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Figure 4.4: Optical images of the fabricated (a) VEH (b) PMU [110], and (c) MSC. The
red lines are the dicing marks set up during lithography. The yellow VEH and MSC dies
can be used for subsequent integration in a BEOL format.

VEH. Packaging of these devices require the following primary operations, packaging
of VEH, MSC, and their integration with the IC through 3D interconnect technology.
Packaging of VEH and MSC devices can be performed with the same process.

The wafer shown in Figure 4.4(a) is the final step in the VEH fabrication process.
Once we dice this wafer, individual VEH devices can be procured, which would result in
10 mm? in size. These devices can be packaged in glass wafer caps on each side. The
fabrication of glass wafers will be a separate process plan that will involve selective
etching of the glass surface to allow for the complete harvester displacement at its
natural frequency. The fabrication process has been described by Elfrink et al. in further
detail. Mainly, the glass cap to be placed on top of the VEH are fabricated, and SU-8
epoxy layer is coated through a rolling-coating process. The glass cap is then mounted
on the VEH, and the SU-8 is cured at a specific temperature. The bottom side of the
harvester is sealed through the same epoxy and substrate. However, in this case, the
glass wafer with a smooth surface is bonded to the back-side of the VEH. The wafer is
then polished from its back to reduce the final device’s thickness. These caps can be 10
to 700 um thick depending on the robustness required.

The MSC wafer is shown in Figure 4.4(c), which is a post-fabrication optical image of
the wafer. This wafer can also be diced along the dicing lines. There are, however, some
steps still necessary for the integration of MSCs into an on-chip power supply. Firstly,
the current collectors used for MSCs need to be changed to either a combination of Pt/Ti
or Mo/Al. Au is CMOS processes has been prone to diffusion into the substrate layers
during high-temperature annealing processes. Secondly, there are issues with using
aqueous electrolytes. Use ofliquids is hugely restricted in MEMS or CMOS facilities. Also,
once the MSCs are packaged without electrolyte, there is no way to introduce them in
the system. Therefore, it can be concluded that we require photopatternable electrolytes
for MSC integration. These electrolytes can be spin-coated on the substrate and then
solidified during the exposure just as a photoresist. They can then be subsequently
removed in the unwanted areas, leaving us isolated MSC devices. However, more work
needs to be performed on this aspect of the integration problem. Nonetheless, with
improving technology, it is expected that we get some solutions in works such as Choi et
al. [112]. Once we have solved the electrolyte issue, the packaging of MSCs would follow
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a similar process as VEH packaging. In this process, we would be required to make 3D
interconnects in the capping wafer. The standard approach for making 3D interconnects
starts with etching a hole in Si wafer through RIE-ICP, followed by dielectric isolation of
the walls, and finally metallization of the Si-holes by a CMOS compatible metal such as
W.

The bonding of the wafer cap to the devices takes place on the first step of IC
packaging, also called zero-level. The recessed capping chip or die is mounted on the
MEMS device through a sealant ring which is typically 50 - 300 ym in width. The cap
itself has a die thickness from 100 up to 700 um. The mounting process is performed
either die-to-wafer (D2W) or wafer-to-wafer (W2W) [111]. In the D2W process, the
capping wafer and MEMS device wafer are diced separately, and then the cap is bonded
onto or under the device. In W2W bonding, the capping wafer is first placed in link
to the MEMS wafer and then bonded. The dicing is the final step in the process. The
cap can also be fabricated through thin-film MEMS, but in case of our devices, this
process is fundamentally not feasible. The bonding material can be solder bumps,
Au/Au thermocompression, epoxy seals, or polymer adhesives. Using bonding material
such as benzocyclobutane (BCB) which has a low curing temperature of < 300 °C is
most suitable for a CMOS compatible process. So, as shown in Figure 4.3, the packaged
VEH can be connected to the IC chip through 3D stack pins. The IC chip that can
contain PMU and WSN architecture is connected to the MSC package through 3D metal
interconnects. The final resulting package can be sealed with a sealant such as [113].
This configuration is also equivalent to the circuit discussed in 4.1. The energy harvester
would be connected to the source of vibrations from which it will derive electrical energy
and send it as an output to the IC through the wire bond. The PMU in the IC will then
start charging the MSC through the metal interconnect attached to the each through
conductive solder bumps. The MSC will then power the WSN architecture components
such as the processor or the sensor through another set of interconnects.
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Conclusion

As microsystems shrink to form complex IoT networks, their power demands cannot
be met entirely through conventional batteries that have a short life span. Having a
miniaturized power supply that recharges itself based on the energy present in the
surroundings will give the future IoT access to several relevant and challenging loca-
tions—inside engines, structures, and even drilling areas. Miniaturization of devices is
essential for the design and fabrication for IoT applications. Micro-machining fabrica-
tion techniques have been used in manufacturing CMOS devices, sensors, actuators,
and also energy harvesters at a large scale. Similarly, for energy storage, MSCs are
miniaturized energy storage devices that can be combined in an on-chip platform as a
component of a power supply for IoT’s sensors. Integration of these on-chip devices
requires them to be fabricated through CMOS compatible fabrication techniques.

An M-shaped 2DOF micro-cantilever for energy harvesting was designed based
on the principle of reducing the gaps between the first two natural frequencies to
achieve a broad bandwidth and improved stress distribution. The design was fabricated
using micromachining techniques and was examined for dimensional and mechanical
characteristics. The dimensional analysis showed the feasibility of the fabrication
process. The mechanical evaluation further demonstrated that the device behavior is
close to the intended simulation design. Also, the fabricated M-shape micro-cantilever
design shows harvesting capabilities in beam vibrations which can be associated with
the coupling mechanism in a single structure.

MSC fabrication for CMOS compatible process requires a feasible and facile tech-
nique that is pre-existing in IC industries. We have demonstrated the use of the spin-
coating method as a method that is utilizable in CMOS compatible MSC fabrication.
Use of spin-coating of carbon materials can further be optimized by improving the
surface adhesion of the substrate through the fabrication of Fe nanoparticle through
evaporation and annealing. The enhanced surface roughness results in 78 % improved
thickness, 21 % increased mass retention and a 57 % uniformity enhancement of the
electrode material coverage in a Si substrate.

These fabricated devices can be furthermore, integrated with an on-chip PMU and
other application-specific ICs to realize an integrated power supply. For such realization,
there is still substantial work that needs to performed. The future work on this project
will include:
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Fabrication of a second version of VEHs based on the optimizations in the current
plan.

VEH electrical characterization and comparison with the simulated designs.

MSC fabrication from different spin coated electrodes to improve their capacitive
storage and energy density.

VEH and MSC integration with PMU through

- FEOL or
- BEOL integration

Analysis of the on-chip power supply in in-vivo environment.
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