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ABSTRACT

The Design and Fabrication of Micromachined Capacitive Micro
Sensors for Pressure Measurement and Tactile Imaging

Gegi George

Micromachined pressure sensors have several advantages over conventional
sensors due to their low cost, high sensitivity, small size, low power consumption, wide
dynamic range, high stability and can be batch processed Design, fabrication and testing
of two novel micromachined capacitive sensors, one for pressure measurement and the
other for tactile imaging are described and the experimental results presented The sensors
are fabricated using silicon micromachining technology and some well established VLSI
(Very Large Scale Integration) techniques Micromachining techniques employed in
fabricating these sensors such as anodic bonding, electrochemical glass drilling and KOH
etching have been studied, both theoretically and experimentally A discussion on the
experimental findings of these micromachining techniques are also presented

A parametric study is performed to establish the influence of rupture stress and
sensitivity on the silicon membrane The results of the study showed that the sensitivity of
the sensor can be increased, by reducing the thickness and increasing the diameter of the
membrane The rupture pressure of the membrane, which determines the operating
pressure of the sensor, can be increased by increasing the thickness and decreasing the
diameter of the membrane.

The sensor chip is a silicon-glass sandwich structure having a pressure/touch
sensitive silicon diaphragm The glass (Pyrex # 7740) and silicon wafers are sealed using
anodic bonding The electrical contacts and pressure inlet hole for the pressure

measurement sensor is realized using electrochemical glass drilling. The glass cover acts as
iii




a mechanical stopping since it limits the diaphragm displacement. The fabricated 4 x §
array of silicon capacitive pressure sensors (on a substrate of size 20 x 20 mm:) for
dynamic pressure measurements is well suited for measurement in non-corrosive gases
(e.g, air) in a pressure range of 0 - 7.68 Bar/element Secondly, the fabricated 5 x 5 array
of capacitive touch sensors (on a substrate of 20 x 20 mm) for tactile imaging has an
estimated zero-pressure capacitance of 0.3755 pF, an average capacitance sensitivity of
7.22 fF/Bar and a maximum operating load capacity of 35 gm/element. The experimental
results obtained for the fabricated sensors are compared with analytical models These
sensors are especially attractive in automotive industry, space application, biomedical
implant devices or in other telemetry devices where power consumption has to be

minimized

iv
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Chapter - 1

Introduction, Literature Review and Thesis Objectives

1.1 General

Measurecment of pressure and tactile imaging are quite essential in several
industrial situations such as manufacturing and process industries and in robotic
automation. Miniaturization of such sensors, by enchancing their sensitivity and reliability
using silicon technology and integrated microelectronics, is possible today as a result of
advancements achieved in the fields of microelectronics, VLSI technology and
microfabrication techniques

The miniaturization of electronics has produced a technological revolution in micro
mechanical systems. A mechanical micro world had emerged from the technology
developed for Integrated Circuits (IC). Silicon is an ideal material for electromechanical
devices. The electrical preperties of silicon are well known due to its wide use in the
semiconductor industry and teing a single crystal its mechanical properties are known to
be stable The first attempts were made in late 1960°s for the fabrication of Micro-Electro-
Mechanical-Systems (MEMS), such as Pressure and Temperature Sensors using
micromachining technology. The field of silicon micromachining as rightly conveyed by
Kurt. E. Petersen [1] "silicon micromechanics is not a diverging, unrelated or independent
extension of silicon microelectronics, but rather a natural, inevitable continuation of the
trend toward more complex, varied and useful integration of devices on silicon"
Micromachining refers to processes that enable precise three dimensional shapes to be

formed on silicon. Presently, the technology allows control of dimensions from less than a

1




micron to a few millimeters with tolerances of less than one micron. It has helped in
realizing structures such as diaphragms, bridges, cantilever beams, precision grooves,
holes and miniature probes The process of micromachining involves various steps, such as
photolithography, three-dimensional silicon etching, thin film deposition, epitaxy, anodic
bonding and electrochemical glass drilling. Some of the key features of micromachining
are as follows:
(a) Ability to create precise three dimensional structures.
(b) Repeatable dimensional stability for each device
(c) Uniform surface thickness for the processed silicon wafer
(d) Ability to vary the device dimensions without major changes in the fabrication process.
Several innovative fabrication techniques have recently been developed specifically
for micromachining structures, and they fall into two categories' bulk micromachining and
surface micromachining The first involves sculpting the silicon substrate by means of
chemical etchant and the second for building structural layers and etching sacrificial layers
of thin films deposited upon the substrate Silicon micromachining is also used to
selectively thin silicon wafers to form diaphragms having a typical thickness of 5um or less
with a precise lateral and vertical thickness control Presently, researchers are working
towards creating microdynamical systems out of silicon that typically measure less than 1
mm2[1]. The advantage of silicon as a material for these devices is the possibility of
integrating the signal processing clectronic circuitry on the same chip. Such Micro-
Electro-Mechanical-Systems (MEMS) or micromechatronic systems fall broadly into two
categories: microsensors and microactuators. Much research has gone into both the
microsensor and microactuator areas, however in view of their applications microsensors
have received significant attention. The important advantages of these devices are:
(@) The mass of the device is very small and therefore the inertial forces are negligible
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when compared to the electrostatic forces. These miniature mechanical structures
can be operated with less force and be more efficient.

(b) Batch technology for micro-fabrication and integrated circuitry for signal processing
offers the promise of high reliability and repeatability of the devices

(c) The energy requirements of the device are very small.

(d) Space requirements are very small making them ideal as instruments for spacecraft

and other applications where size and weight are considered to be severe constraints

1.2 Capacitive Pressure Micre Sensor

The initial major efforts were undertaken nearly two decades ago to fabricate
miniaturized sensors based on the processing sequences used in electronic circuit
fabrication, and expanding these to suit specific requirements for the realization of novel
devices. The new techniques or processing sequences are ofien referred to as
micromachining This involves all kinds of three dimensional structuring of silicon to
fabricate mechanical sensors One of the most-needed sensors for the next generation are
Silicon Pressure Sensors. Though silicon pressure sensors have existed for many years,
they were expensive and prone to temperature drift as well as other instabilities The
pervasiveness of the microcomputer is creating high-volume markets for sensors which in
near future will provide sufficient motivation to develop the low-cost high-performance
devices. Silicon based pressure sensors have made substantial progress in recent years,
partly because of advances in integrated circuit technology. The enormous progress of
integrated circuit (IC) technology in recent years have changed many things in our daily
lives because digital systems can be manufactured with much lower costs, lower power
consumption, higher speed and in smaller sizes As more components, systems and
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software go into single chips of LSI or VLSI, the manufacturing processes of electronic
products have been changing drastically.

An overview of capacitive devices currently under development or devices that
have been demonstrated so far is summarized in Table-1.1 [2]. From this table it is
apparent that pressure measurement sensors for biomedical applications were the very first
technology drivers to stimulate research in this direction, where low power consumption is
a major design criteria. Numerous devices that followed, the first one developed was for
use in cardiology, was with an object to decrease the sensor size. Later advancement led
to integration with an oscillator circuit using bipolar technology to yield an overall current
drain of 20pnA for a supply voltage ranging from 2 5V to 10V. Figure 1.1 illustrates a

cross-section of the pioneering structure in this field

Epitaxial layer Silicon
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Py »
| Glass
b S Doped
~ . ~ Membrane
(Sensing
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vy 2.1 ] Aluminum—4 1%
s L M\ a N
L N g . Reference
o AN capacitor
Top View /

Bipolar Electrenics

Figure 1.1 The Stanford capacitive pressure sensor, measuring 3 mm x 3 mm and
incorporating a bipolar circuit, as proposed in 1980.[2)



Table-1.1 Literature survey of capacitive-type pressure sensor fabricated using
silicon technology (based on

progress made since 1980) [2].

Authors

Year

Size C.. Etch Seal Circuut Application Discussion Ref
(mm)? | pF)
Sanders, Knuts and | 1980 | 3x3 22 bulk wodic Schrit  Osaillastor, | Cardio Early device I
Meindl bipolar
Ko, Bao and Hong 1982 | 2x4 - bulk, anodic ntegrated, bipolar general nng versus square | 3
hvdrazine membrane, dnft aspects
Lee and Wise 16982 § 4x4 12 bull, N\OH | anodic separate general effect sealing on TCOsnd | 1€
TCS

Ko, Shao, Fung. Shen | 1983 | 2x4 6 bulk, anodic integrated CMOS biomedical ref  capacitor  ntegated | 17
and Yeh hydrazine wth sensing capacitor
Smuth, Pnsbe, Showt | 1984 | 2x 6 22 bulk anodic integrated  Oscillator, | cardio temperature compension 18
and NMeind| bipolar 10 pm
Hanneborg and | 1985 | 4x4 - bulk sputtered | separate chup general low TCO and dnft 10
Ohlk 2rs 1990 glass 20
Smith, Bowman, and | 1986 } 2x 6 22 bulk anodic integrated  Osalllator, | cardio compansion with | 21
Metndl bipolar 10 pm prezoresistiv e devices
Chau and W1se 1087 | ix$§ [/ EDP . bulk anodic separate cardio rmunatunized 22
Miyoshi  Akivama, | 1987 | ~ 8 surface na no general N1 diusphragm, sacnfical | 23
Shintaky, Inamy and etich isyer, cheap lage batch
Hikigawna prod
Sumunto, Yeh, Spear | 1987 | 2x3 8 bulk, EDP { anodic sencrate, CMOS general membrane  with  central | 39
and KO mass fof lineanty
Shojs, Nisase, Esastu | 1987 | 2x3 10 bulk. EDP | 8151 CMOS biomedical direct fusion bonding 24
and Matsuo fusion
Furuta, Esashi, Shop | 1989 | 3507 | 35 bulk, KOH | anodic seperate, CMOS cardio smull assembly, complete | 2¢
and Matsumoto backside etch
Puers, Peeters and | 1989 | 2x35 10 bulk, KOH | anodic no genenal FEM analyss & | 26
Sansen Lincanzation
Backlund,Rosengren, 1990 | 3x3 23 KOH, bulx | fusion LC curcuit only cyepresswe | LC twned by pressuie 27
Hok and Svedbergh bonding transponder svstem




Authory Year Size C. Ewh Seal Cireust Apphication Drscussion Ref
(mm? | (pF)
Kandler, Ewchholz, | 1990 | amwy 2 ~senfical na SC ICMOS general prelirnary resuits 28
Mancl and Mokwa 81x100 layer,
pm ¢ polysilicon
Matsumoto, Shoji and | 1990 | 2x17 | — bulk, KOH | anodic integrated, CMOS cardio throughhole  connection, | 29
Esashi backside etch
Puers, Peeters, | 1990 | 2x35 10 bulk, KOH | anodic sepanate CMOS biomedical parasitic capacitance | 30
Varden Bossche and rejection
Sansen
Puers, Vanden | 1990 } 18x22 | 10 bull, KOH | anodic seperate cardio fmuniatunzed 3]
Bossche, Peeterc and birocompatiable package
Sansen
Artyomov, 1991 ] 45x458 | 7 bulk - 0 general three electrode, | 32
Kudryashoy, hneanzation by reducing
Shelenshhevich  and electrode
Shulga_
N, Cho, Zhang, Ngjafi | 1991 14x04 | 03 bulh anodic seperate cardio submimature assemnbly 33
and Wise
Kudoh, Shop and | 1991 | 2337 | - bull, KOH | anodic integrated CMOS | general advanced assembh, | 34
Esashi oscillator electncal feedthroughs
Kung and Lee 1991 | 04x0S8 | — Surface na ntegrated CMOS general polydiaphragm minuature 38
etch, KOH size
through
Nagata, Terabe, | 1991 | 5x 5 - bulk, anodic mtegrated  CMOS | genenal frequency output, lineanzed | 36
Fukaya Sakuray, TMAH oscillator response
Tabata, Sugivama and
Esashs
Rosengren.Soderkvist | 1992 | 2x 2 3 bulk, KOH | fusion no test lineanzation techruques by | 37
and Snmuth bond constructions




Authors Year Size C. Etch Seal Cirewt Appl D Ref
mm? | oF)
Schnatz, Schoneberg | 1992 | 84x62 | 6 bulk snodic wtegrated, CMOS | general wncludes band-gap reference | 38
Brochherde, sC for temp cosrection
Kopystynski,
Mehlhom, Obermerer
and Benzel
PPons, G Blasquez, | 1993 | 29x29 | 24 - — without genenal assoctation of dual | $3
and R Behocaray compensation capacitive cell
| cureuits

With the advancement of VLSI technology, steady improvement was made to
incorporate more electronic circuitry to avoid parasitic effects in the device. Ko and his
co-workers [3] introduced the idea of incorporating a dummy (reference) capacitor in the
same cavity to reduce the effects of parasitic capacitance and temperature sensitivity. They
also compared different shapes of electrodes, like square and circular, and illustrated that
circular electrodes having 36% central area of the pressure sensitive diaphragm yield the
highest sensitivity. The group at University of Michigan led by Wise [4] made
considerable progress in this field and during their various research stages they have
reported miniature sensors having capacitance in the range of 0 3pF to 0.5pF. Evidently,
such low irtrinsic capacitive values cannot be handled without the matching circuitry
integrated to the sensor. Later on, Wise et al [5] proposed an interesting approach to
further miniaturize the size of the sensor unit using anodic bonding and anisotropic etching
of silicon to realize the membrane.

Esashi et al [6], proposed a series of sensors combined with compatible electronic
circuitry in one package. All of these devices are fabricated based on the approach of first

bonding the wafers and then etching the silicon to yield the membrane Furthermore, the
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electrical contact through the glass was made using a novel micromachining technique
called electrochemical glass drilling,

A Norwegian group of researchers lead by Hanneborg [5] studied the stress effects
in the membrane affecting the sensitivity of the sensor. They proposed the technique of
bonding the silicon to another silicon substrate using thin sputtered glass. Many efforts
have been made in understanding the phenomenon of capacitive transducers and to reduce
the parasitic effects either by special circuitry or by specific electrode configuration.

As the field advanced, more and more efforts are made to merge with the latest
VLSI technology of integrating CMOS processes with capacitive pressure sensor. Guckel
and Burns [7] introduced the use of sacrificial layer technology to realize polysilicon
membranes. Other approaches to this field include an alternative etchant such as TMAH to
perform the bulk etch of the silicon, thus avoiding possible contamination of the CMOS

process by KOH.

1.3 Mechanical Properties of Silicon

Silicon as a processing material has already revolutionized the field of electronics
Silicon can be used as an excellent mechanical material with the ultimate goal of obtaining
numerous miniature mechanical devices. Therefore, in conjunction with silicon's
conventional role in microelectronics, and taking advantage of the already advanced micro
fabrication technology, it can be used as a high-precision, high-strength and highly reliable
mechanical material It can also be utilized wherever miniaturized mechanical devices and
componenis are to be integrated or interfaced with electronics. It is an exceptionally
strong material and be chemically machined into unique and extremely precise

reproducible shapes. The following four factors have played crucial roles in the
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phenomenal success of silicon in micro mechanical applications[1}]:

a. Silicon is abundant, inexpensive, and can now be produced and processed controllably
to unparalleled standard of purity and perfection.

b. Silicon processing is performed by depositing thin films that are amenable to
miniaturization.

c. The fabrication of device shapes and patterns is performed by using photolithography
techniques that are capable of high precision.

d. Silicon micro mechanical devices can be batch fabricated so that a few hundreds of
devices can be made on a single wafer.

Single-Crystal-Silicon (SCS) has mechanical properties approaching that of
stainless steel as presented in Table 1.2 [1]. The main difference is that silicon fails by
fracturing (at room temperature) while metals usually yield by deforming inelastically.
Polysilicon, silicon dioxide, silicon nitride, phosphosilicate glass are the main materials
used in surface microraachining Silicon dioxide and silicon nitride can be used as
separation layers Mechanical structures such as membranes, beams, cantilevers are
generally machined using polysilicon but sometimes they are also machined using SiO, and
Si;N, Sacrificial layer techniques can be employed to get suspended or free standing
structures in silicon Sealed cavities in silicon are obtained by anndically bonding silicon

with glass wafers.

Table 1.2 A comparison of mechanical properties of silicon with stainless steel [1].

Material Yield strength | Young's Density Thermal Thermal
Modulus Conductivity | Expansion
(x109N/m2) | (x10!1! N/m?) | (gm/em3) | W/em©oC) | (x10-6/0C)
Silicon 7.0 1.9 2.3 1.57 2.33
Stainless Steel 2.1 2.1 7.9 0.329 17.3




1.4 Advantages of Capacitive Sensors

Semiconductor-based sensors use both piezo-resistive and capacitive principles to
develop high-performance pressure sensors Basically, silicon capacitive sensors differ
from piezo-resistive sensors in that they measure the overall displacement of the
membrane instead cf its stress When the distance between the membrane and the fixed
electrode changes in proportion to applied force or pressure, it alters the electrical
characteristics of the circuit Piezo-resistive devices offer higher linearity and simpler
packaging than capacitive devices However, capacitive pressure sensors are about an
order of magnitude more pressure sensitive for a given device size and more than an order
of magnitude less sensitive to temperature[8] The capacitive type has the potential for
lower power consumption and high sensitivity in comparison with the piezoresistive
method In addition, down scaling of the size of the sensor gives rise to certain problems
in the piezoresistive method [61], whereas the limiting factor in the capacitive readout
method is the smallest detectable change in capacitance, which can be in the sub-fF range
[52].
The main advantages of this type of sensor are as follows:
1. conveniently interfaced with electronic circuitry.
2. high reliability.
3. high resolution and stability over a wide range of temperature.
4. batch processed inexpensively.
5. small mass and low power consumption.
6. low hysteresis and non-linearity.

7. can be easily scaled over a wide operating force range.
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1.5 Applications of Capacitive Pressure Sensor

Silicon pressure sensors have found numerous applications in the field of medical
engineering and space technology, primarily because of their extremely small size, which
do not affect the behavior of the system being monitored. These sensors further possess
some highly desirable intrinsic properties, such as high reliability, negligible mass and low
power consumption Silicon capacitive pressure sensors have been well known for the past

10 years. However, different design and processes are usually employed based on some

convenient technology.

Silicon integrated circuit technology has been responsible for creating new
industries in electronics and in information processing Now, this same material and
processing technology are becoming a dominating force in miniature mechanical devices
and components
The potential applications for capacitive pressure sensors are in the following fields
(a) Space/military applications
(b) Medical and surgical equipment (e.g disposable catheter tubes with sensing features)
(c) Scientific instruments
(d) Manufacturing miniature equipment and consumer products
(e) Automobile Industry (e.g. manifold vacuum sensor and barometric pressure sensor)

(f) Industrial control devices

Some of the most exciting possibilities are tools for medical therapies,
microsurgery, improved prosthetic devices, cell sorters, instruments for use in spacecraft,
HVAC, system for fiber optics communications, computer input and output devices. The
pressure, temperature and vibration sensors manufactured using this technology will have
numerous applications in industry.
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The principle of capacitive sensors can be extended to the field of tactile imaging.
The tactile imaging sensors can be used in a wide variety of applications. Tactile sensors
can be used in telerobotics which extends human ability to perform complex manipulative
tasks in remote locations. It is especially useful in identifying objects which are obscured
by the manipulator's finger. These systems are especially useful in environments too
hazardous or inaccessible to humans. Examples include nuclear power plants, mines,
space, rescue missions, handling electric transmission lines and underwater works.
Another important application for a tactile sensor is to provide proper force feedback to
control the object being grasped by the manipulator. For this purpose the sensor should be
sensitive to the tangential and the normal component of the force to detect slippage. High

resolution tactile sensors can be used in three dimensional pattern recognition

1.6 Tactile Imaging Sensor

Touch, vision and proximity are the sensory needs that in combination or alone are
the desirable features of robots [9]. In the past, research was mainly orented on visual
pattern recognition and hence tactile sensing did not attract much attention. Tactile
sensing has several problems which are also common to vision sensing and thus it can
benefit from some of the solutions already devised in the field of vision [10]. Touch-
sensing technology enables dexterous robot manipulators to determine the surface
curvature, hardness and texture of different objects. Tactile sensors have the capability of
controlling the grasping pressure applied on the objects and provide an image of the
applied pressure. To understand the behavior of tactile sensors, in both physical and
robotics systems, the responses of individual sensing elements within and beneath such
elastic continua must be quantified In the present analysis an object in contact with a
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tactile sensor is modeled as a dense array of concentrated load distributed over the area of
contact. The magnitude of each concentrated load is determined from the total force
exerted between the object and the sensor and a description of the pressure distribution
This tactile sensor offers high resolution and high stability. It can be interfaced with
electronic circuitry and can be easily scaled over a wide operating force range

In many areas sensors are the most critically needed elements in the realization of
next-generation smart systems In robotics, sensors enhance the capabilities of performing
various tasks in a non-structured environment One of the most important sensors required
for robots is the tactile sensor, which gives the robot gripper an analog sense of touch
Although many different approaches have been explored, silicon based devices remain
very attractive due to their potential for high-density, high accuracy, low temperature drift
and low price.

Tactile sensors using different designs have been fabricated based on the wide
variety of physical properties of the material The different principles utilized for
fabrication of these sensors include. resistivity, capacitance, magnetic fields and optical
properties of the transducer material.

In general, most tactile sensors that have been developed can be grouped into four
categories, namely, optical sensors, piezo-resistive sensors, piezoelectric sensors and

capacitive sensors [8,11]. A brief description of these sensors is presented below.

1.6.1 Optical Sensors
In an optical sensor a light source is modulated in direct correlation with the force,
deflecting a flexible sensor element as shown in Figure 1.2 a. This type of sensor gives
only binary (contact or non-contact) type of output. The principle involves having pairs of
fibre optic strands arranged in an array. One fibre transmits light which is reflected off the
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device's elastic cover while the second is connected to a photo detector. Normally, when
no pressure is applied, the light is reflected entirely into the second fibre. When pressure is
applied, the light is delected away from the second fibre. The main disadvantage of this
scheme is that there are a large number of 1/O connections. In addition, scanning the
optical array requires large number of A/D converters. The main advantages of optical

sensors are high resolution and high immunity to electromagnetic noise sources[63].

1:\pplied force lApplied force

“~—" rasistive rubber

Reflected light

Pair of fibre
I optic strands Resistance measured under rubber :
Compressed < uncompressed
(a) Fibre optic tactile sensor (b) Plezoresistive tactile sensor

Elastomer coverin
(skin)

PVF ,

Piezoelectric
Pad

Common ground

{(c) Piezoelectric tactile sensor (d) Capacitive tactile sensor

Figure 1.2 Different types of tactile sensor [63].

1.6.2 Piezo-resistive Sensors
All sensors in this family, work based on \wo phenomena: decrease in resistance
due to an increase in the contact area caused by the deformation of the piezo-resistive
material under pressure; and a decr >ase in resistance due to a compression of the piezo-
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resistive material also caused by pressure, as shown in Figure 1.2.b. Piezoresistive Sensors,
utilizing the piezoresistive properties of the sensing material, are primarily of two types:
silicon strain gauges and conductive elastomers. Both rely on the change in electrical
conductivity of the active material as it is stressed by force or pressure. Conductive
rubber, generally used as piezoresistive materials, consist of resistive rubber sheet as their
top layer and an array of metal probes as the subsequent layer. Application of pressure to
the rubber layer yields a decrease in resistance between two adjacent electrodes The
major setback in these types of sensors is to accurately model the inherent non-ohmic
behavior of resistive rubber. It is also observed that these rubbers suffer from hysteresis

and low sensitivity.

1.6.3 Piezoelectric Tactile Sensors

Piezoelectric sensors are based on the generation of an electric charge in response
to an applied force. The classic examples of materials that exhibit the piezoelectric effect
are quartz, ceramic and polymer materials like PVF, as tactile sensing element [63]). A
piezoelectric material generates an electric charge when subjected to a mechanical stress
or deformation. The sensor consists of an array of piezoelectric plastic-like compound
sandwiched between a plastic skin and a common ground. In addition each PVF5 element
has a wire lead at the top as shown in Figure 1.2.c. The crystalline structure of
piezoelectric materials have no electrical center of symmetry and the dipoles are arranged
along a single axis When pressure is applied to the skin, the piezoelectric material
compresses, the dipoles shift from the axis, resulting in a change in voltage. This voltage is
measured to give the change in pressure. The major disadvantage of piezoelectric sensors
is the fact that they will operate only while the active material is being deformed; a steady
state tactile reading is not possible [64].
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1.6.4 Capacitive Tactile Sensor

Capacitive tactile sensors are designed on the principle of two parallel plates acting
as capacitor electrodes, as illustrated in Figure 1.2d. When the distance between the plates
changes with respect to applied pressure it alters the electrical characteristics of the sensor
[64]. Most capacitive type silicon tactile sensors consists of a silicon wafer with a
diaphragm etched on it. These force sensitive membranes are either bonded on to a silicon
wafer or on a glass plate. Wolffenbuttel et al [54] proposed a tactile sensor using
sacrificial layer technology. In this technique, a sacrificial layer is deposited and then
patterned on the silicon wafer A cross-over layer is deposited, followed by removal of the
sacrificial layer, which undercuts the cross-over layer A freestanding structure is left
released from the substrate.

Silicon technology offers the possibility to create high-density tactile imagers This
technology helps in integrating with electronic circuitry resulting in a very compact
sensing device. The close distance between the sensor elements and the signal processing
unit increases the sensitivity of the sensor. The sensor surface should be protected against
mechanical damage when they come in physical contact with rigid objects The
aforementioned problem can be solved by overlaying an elastic protective layer on the

force sensitive silicon membrane

1.7 Objectives and Scope of the Present Research Work

The primary objective of this thesis research is to present novel capacitive sensors
for pressure and tactile measurements Further, the detailed study and analysis of

micromachining techniques is carried out so that it can be implemented for the fabrication
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of mechanical devices with integrated electronics.

The scope and specific objectives of the thesis research are as follows:

1. Design, fabrication and testing of a micromachined capacitive pressure micro sensor.

2. Design, fabrication and testing of a micromachined capacitive tactile imaging sensor.

Further, secondary objectives contributing to the main objectives given in (1) and (2) are

also dealt with as given below:

3. Characterization of the boundary conditions of silicon structures anodically bonded to
Pyrex glass.

4. Design and realization of an apparatus for precision electrochemical drilling and
determining the drilling time, for glass with different thickness

5. Design and setting of a constant temperature KOH etching apparatus and performing
experiments to determine the etch rate at different temperatures and with different

KOH concentration.

1.8 Overview of the Thesis

The design of a capacitive pressure sensor is described in Chapter-2 The pressure
sensitive silicon membrane is modeled as a circular plate with clamped boundary
conditions. The deflection of the membrane is analyzed in two regimes i.e. for dynamic
pressure measurement and static pressure measurement,

Chapter-3 presents the characterization of micromachining techniques like anodic
bonding and electrochemical discharge drilling. The boundary conditions of silicon
structures anodically bonded to Pyrex glass is analyzed and its results presented Secondly,
the design and fabrication of an apparatus for precision electrochemical drilling of glass is

presented. The experimental results and application of drilling in micromachined devices is
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also presented

Chapter-4 is devoted to the fabrication process of a novel capacitive pressure
micro sensor The sensor is fabricated using micromachining techniques. The success in
fabrication of ihe above sensor has motivated to extend the same design principles to
realize a tactile imaging sensor The fabrication process of the tactile sensor is also
presented.

Chapter-5 presents the characterization of the fabricated pressure measurement
sensor and the experimental results compared with analytical results

Chapter-6 presents the characterization of the fabricated force measurement tactile
imager and the experimental results compared with analytical results.

Chapter-7 summarizes the various theoretical and experimental investigations
presented in the thesis This chapter also presents the conclusions and suggestions for the
future work

Appendix-I presents the derivation of relation between pressure and capacitance,
Appendix-1I presents the cleaning procedure for silicon and glass wafer, Appendix -III
presents the photolithography process, Appendix-IV and V illustrates the mask used for
pressure measurement sensor and tactile imaging sensor respectively. Appendix-VI is
devoted to the design and fabrication of a KOH etching device. The experimental results
of the KOH etch rate is also presented in this appendix. Appendix-VII presents a
photographic technique for making masks used for micromachining process fabrication.
Appendix-VIII provides a sample calculation for determining the oxidation time using wet
oxidation process Finally, Appendix-IX presents the procedure used for depositing

chromium on glass using chromium deposition evaporator.
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Chapter - 2

Design of Capacitive Micro Sensor for Pressure Measurement
and Tactile Imaging.

2.1 Introduction

A capacitive type pressure sensor is used to measure pressure from the change in
sensor capacitance caused by it. The capacitive type silicon sensors are potentially good
for pressure or force feedback mainly because of its outstanding sensitivity, wide dynamic
range, good linearity, low hysteresis and low temperature error. The principle can be
extended to realize tactile imaging sensors by measuring the normal and in some
circumstances the tangential force acting on the sensor. This chapter introduces a
systematic approach to the design of capacitive type micro sensors, utilizing the very basic
principles of mechanical deflection of thin membranes due to pressure loading and the
resulting change in capacitance The response of a capacitive sensor having circular
membrane is modeled as a thin circular plate with clamped boundary conditions
Sensitivity and rupture stress analysis of these type of devices for a particular application

is also presented.

2.2 Mechanical Design of Capacitive Pressure Sensor

The mechanical design of a capacitive type pressure sensor essentially consists of
determining the thickness and diameter of the pressure sensitive membrane and the gap
between this membrane and a back plate, forming a parallel plate capacitor These

geometrical parameters are designed for detecting a measurable change in capacitance for
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the range of applied pressures in particular applications. The pressure sensitive silicon
membrane is modeled as a circular plate which acts as a movable electrode clamped onto
the glass substrate. The transverse deflection of the membrane changes the capacitance
which helps in measuring the normal pressure acting on the sensor.

Consider a parallei-circular-plate capacitor, as shown in Figure 2.1, whose

capacitance can be expressed as [12]

rdr.do

C (P)= ege, | |20 @1)

"vod- w(r,6)

Bottom electrode .

Figure 2.1 Parallel plate capacitor.

Where, O is taken to be at the center of the undeflected top electrode, r, is the radial
distance of points in the middle plane of the top electrode, C(P), is the sensor capacitance
for a given pressure P, w(r,8) is the diaphragm deflection at any point (r,8) assumed to be
small compared to the membrane thickness, €4, is the permitivity of vacuum (8.85 x 10-12

F/m); ¢, is the dielectric constant of the medium. The capacitance between the two parallel
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plates changes with change in d, the distance between the plates.

The parallel plate electrodes are separated by a small gap, d, allowing for the
membrane deflection This forms a variable capacitor and the gap forms a reference
pressure cavity. The difference between the pressure inside the chamber, P;,, and outside,
Pext, creates a distributed load that deforms the diaphragm. The pressure range, P, is
given by the expression:

P= (P~ P (22)
where, Pext, is ext;r?,al pressure applied to the membrane, and

P = ﬁ is pressure inside the membrane
-

with, P1 = 0.4 atm. [3],which is the initial pressure inside hermetically sealed membrane
cavity, and Py = 1 atm. is the membrane is not hermetically sealed

The pressure range of the sensor is determined by choosing the membrane
thickness and diameter The change in sensor capacitance is determined by a signal
detection circuit which can be either an integrated or an off-chip circuitry If an off-chip
measurement circuit is used, higher variation from the analytical value is expected The
change in capacitance which is to be detected for these type of micro-sensor is in the order
of 20-50 fF. Therefore, to achieve high precision and a wide range at low cost the
following points must be considered:

(a.) minimizing internal stresses in the different materials used (e.g. glass, silicon etc.)
(b.) low stray capacitance and high electrical insulation.
(c.) low and stable reference pressure.

The deflection of the silicon membrane not only depends on the mechanical
properties of silicon material but also on the geometric configurations and dimensions
Here, circular membranes are considered due to their higher sensitivity compared to
square membranes [3]. In a practical situation, the presence of parasitic capacitance

cannot be eliminated but it can be minimized for a capacitive array sensor. To reduce the
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stray capacitance, one must shorten the leads and place the measuring circuit as close as
possible to the sensor. The total capacitance (Cyqt) is expressed as
Ciot = C(P) +Cp 23)
where, Cp is the total parasitic capacitance of the sensor.
For fixed boundary conditions, the deflection at the edges of the membrane is zero
(w=0) and maximum at the center of the membrane. The deflection of the membrane can
be classified into two regimes. Regime - I starts with the undeflected membrane until it
deflects enough to touch the bottom electrode, as shown in Figure 2.2 (a), and is used to
measure the dynamic pressure. Regime - II starts when the membrane touches the bottom
plate, as shown in Figure 2.2 (b), and continues as the membrane stretches on it and is
used for static pressure measurement. Assuming that the pressure acts uniformly on the
membrane, deflections w(r,8) in Regime - I and Regime - II are independent of 6 and are

given by equation-(2 4) and equation-(2.5) respectively[14].

Cr r Pr*
= - 4 C_‘l - + C -—— 24
I T @4
4
w= C,+ C,logr + C,r* + C,r’logr + (2.5)

64D
where, r is the radial distance from the center of the membrane, and the coefficients C,,
C., C;and C, are determined using the boundary conditions as derived in Appendix - I
The flexural rigidity, D, of the membrane is expressed as

EH?

D= m (2.6)

where, v is the Poisson's ratio of silicon taken as 0.3. [3], H, is the membrane thickness

(silicon), and, E, is the Young's modulus of silicon. The modulus of elasticity of silicon

is dependent on the crystallographic orientation. Here, for design propose, we have

considered 1.9 x 10" Pa[1] for undoped silicon and 2.27 x 10'" Pa [40] for heavily
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doped P silicon.

The maximum deflection is expressed as:

YT @7

oot — W

mO x|
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(a) Deflection of membrane before touching the bottom plate - dynamic measurement
(Regime - I).

2/ .

&\\\\\\\\\\\\\\

(b) Deflection of membrane after touching the bottom plate - static measurement
(Regime - I),
Figure 2.2 Deflection of Membrane in Regime - I and Regime - I1.,

2.3 Rupture Pressure Analysis

When the stress at any point on the diaphragm exceeds the elastic stress limit of
silicon, the material ruptures. The rupture stress can damage or destroy the silicon

diaphragm. Silicon has a tendency to cleave along crystallographic planes, especially if
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edge, surface or bulk imperfections cause stresses to concentrate and orient along
cleavage planes. Slip lines and other flaws at the edges are usually responsible for wafer
breakage. However, thin film wafers can be mechanically supported by micromachining
techniques such as anodic bonding to suppress the shocks encountered in normal handling
and transportation. For monocrystalline silicon, the rupture stress oy is of the order of
3.6 x 10°* Pa [4]. The critical pressure Py at which the circular diaphragm ruptures is

mathematically written as [12]:

4\ H?
P, = (E)o,-;,— (2.8)

Figure 2.3 represents a graph showing the rupture pressure versus the radius of the

membrane for different diaphragm thickness, H, of individual sensing element.

Rupture pressure (x 103 Pa)

_5 | | 1 1 :
200 300 400 500 600 700 800

Radius of membrane (microns)

Figure 2.3 Analytical rupture pressure Versus Radius of silicon membrane for an
individual sensing element (d = 10 um ).

24



2.4 Sensitivity Analysis

The sensitivity of a sensor is defined as the ratio of change in sensor
capacitance to the corresponding change in applied pressure. It is influenced most strongly
by the diaphragm thickness and the size of the sensor. A sensitivity analysis is performed
to establish the influence of geometric parameters of the pressure sensitive membrane in
capacitive type sensors. This analysis will further provide the lower and upper limits on the
design variables and their relative significance on different design criteria. The pressure

sensitivity, S, of the sensor in Regime-1 is calculated as follows [72]
AC
(55) 29)

where, AC, is the change in capacitance and AP, is the change in applied pressure

The relative sensitivity of the sensor in Regime-I is calculated as [73]

S = (ACA/PC") (210)

where, Cq is the zero pressure capacitance of the sensor.

A parametric study is performed by varying a single parameter at a time and
measuring the influence of each parameter on the rupture pressure and sensitivity of the
sensor as a function of the radius of the membrane. The process induced variations in
diaphragm thickness, size and alignment change the pressure sensitivity of the sensor. An
ideal capacitive pressure sensor is not temperature dependent Nevertheless, actual devices
display a small temperature drift, under 100 ppm/°C [41] . This device is fabricated to be
almost free of hysteresis which remains stable for a long period of time The geometry of
the capacitive type sensors have a profound effect on their performance The most
significant parameter is the plate thickness, H, whose impact on sensitivity and deflection

is plotted in Figure 2.4.
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The results of the parametric study are summarized as follows:

® The influence of membrane thickness on the sensitivity in general is significant i.e.,
sensitivity increases with decrease in thickness of membrane.

® The sensitivity of the sensor can be increased by increasing the diameter and
decreasing the gap between the parallel plates.

® The rupture pressure is mostly affected by the diameter and thickness of the sensor
membrane i.e., rupture pressure increases with thickness and decreases with diameter
of the membrane.

® By properly selecting H, a and d it is possible to construct a wide variety of

capacitive type sensors for different pressure ranges and sensitivities.

6000 :
5500 |-

H=20 microns -
5000 H=15 microns _
4500 k H=10 microns _
4000 k- H=5 microns i
3500 F /// J//f i

3000 -
2500 |- -
2000 - -
1500 - -
1000 |- -
500 F -

0k ——tr"" _
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Figure 2.4 Analytical sensitivity Versus Radius of silicon membrane for an
individual sensing element (d =10 um),
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2.5 Pressure Measurement Sensor

A 4x5 array capacitive type pressure measurement microsensor is selected to be
fabricated using micromachining techniques The geometrical size of each sensor is
determined depending on the existing fabrication facilities and the required sensitivity of
the device. Two sizes, 1000 um and 800 um diameter, are considered for the pressure
sensitive element (membrane). The thickness of the diaphragm is assumed to be 20 pm
and the enclosed air gap space is considered to be 10 pm. The computed performance
characteristics of the selected pressure sensors are tabulated in Table 2.1. The analytical
results of capacitance and deflection of membrane with respect to applied pressure are
shown in Table 2.2. Figure 2 5a illustrates the analytical results of the capacitance as a
function of pressure for each sensor element The analytical values of deflection of the
pressure sensitive membrane considered is in the linear region (regime-I) is plotted in
Figure 2.5b. The analytical results in the regime-I, show that the sensor has a linear

response in the range of pressure measurement
Table 2.1 Calculated performance characteristics of 4x5 array capacitive pressure
micro sensor.

Diameter of silicon membrane (2a) 800 pum 1000 um
Thickness of silicon membrane (H) 20 um 20 um
Thickness of air gap (d) 10 um 10 um
Zero Pressure Capacitance (Cj) 0.4451 pF 06954 pF
Max. Pressure Capacitance (Cpyay) 0.5119 pF 0.9024 pF
Max. operating Pressure 12 x103 Pa/element 7.5 x105 Pa/element

Type of Silicon Wafer 375um thick, P-type, 375 um thick, P-type,
<100> orientation <100> orientation
Type of Glass wafer 1500 um thick, 1500 um thick,

Pyrex # 7740

Pyrex # 7740

Rupture Pressure (P;)

12 0x105 Pa/element

7.68x10° Pa/element

Sensitivity (S)

55667 fF/Bar

26953 fF/Bar
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Figure 2.5a Analytical results of capacitance as a function of pressure for each
sensor element in 4x5 array pressure micro sensor.
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Figure 2.5b Analytical results of deflection of membrane vith respect to applied
pressure in (Regime - I) for each sensor element in 4x5 array pressure micro sensor.
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Table-2.2 Analytical results of capacitive pressure micro sensor
(H=20 pm and d =10 um)

Applied Pressure | 800 um diameter membrane 1000 um diameter membrane
x 10° Pa Capacitance | Maximum Capacitance Maximum
(Ib./in 2 ) (pF) deflection (um) (pF) deflection (um)
0.0000 (0) 0.4451] 0.0 0.6954 0.0
0.3445 (5) 0.4465 0.1003 0.7012 0.2448
0.6890 (10) 0.4481 0.2005 07071 0.4895
1.0335 (15) 0.4496 0.3008 0.7132 0.7343
1.3780 (20) 04511 0 401 0.7195 09791
17225 (25) 0.4527 0.5013 0726 1.224
2.0670 (30) 04543 06016 0.7328 1.469
2.4120 (35) 0.4559 0 7018 0 7398 1713
2.7560 (40) 04576 0 8021 0.747 1958
3.1010 (45) 0.4592 09023 0 7545 2203
3.4450 (50) 0.4609 1.003 07623 2448
3.7900 (55) 04626 1.103 0.7703 2693
4.1340 (60) 0.4643 1203 0.7788 2937

2.6 Tactile Imaging Sensor

The principle of capacitive type pressure sensor is used to realize tactile sensors by
measuring the normal force acting on the sensor The construction of tactile sensor
depends on the array structure, the sensing element and covering material [13]. The design
should take into consideration the following criteria. (a) keep the active surface of the
tactile imager freely accessible to objects to be sensed, (b) the sensitive side of the device
must be fully flat and wiring on the top layer should be avoided; (c) the sensor should be
confined to a minimum number of electrical connections due to practical reasons, in
particular for robot applications, where the sensor is mounted on a rather small and
movable gripper; and (d) the sensor must withstand physical contact with rigid objects

and therefore the sensitive surface should be protected against mechanical damage.
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Figure 2.6a Analytical results of capacitance as a function of applied force on each
sensor element in 5x5 array tactile imaging sensor.
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Figure 2.6b Analytical results of deflection of membrane with respect to applied
force in (Regime - I) for each sensor element in 5x5 array tactile imaging sensor.
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The aforementioned design problems can be solved by using a combination of
silicon thin film sensing material, micromachining technology, integration of sensor
elements in an array and selecting appropriate read-out electrical circuitry. The overall
goal is to explore the practical performance of capacitive type tactile imager principle for
robotic applications. The graph in Figure 2.6a illustrates the simulated analytical results of
capacitance as a function of pressure for each sensor element. The calculated value of
deflection as a function of pressure of the touch sensitive membrane is shown in Figure

2.6b.

2.6.1 Shape recognition

Tactile sensors are devices that provide local surface geometry information of
objects, by coming in physical contact with them. These sensors detect the pressure
distribution caused by the object surface Here, we have presented a tactile sensor with a
pressure sensitive membrane which deforms corresponding to the object shape The
distribution of membrane displacement is read as change in capacitance (Cy - Cg) of each
sensor element. Thus by measuring the capacitance of each sensor in the array the shape of
the object can be analyzed. The capacitance response of each sensor element
corresponding to different geometric objects placed on the tactile sensor is schematically

illustrated in Figure 2.7.
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corresponding to different geometric objects placed on the tactile sensor.

The optimal thickness for the touch-sensitive membrane selected for the 5x5 array

tactile imaging sensor from the fabrication and design considerations point is 15um. Each

sensor has a diameter of 1000um and the gap between the two parallel plates is 15um.

Although the radius and gap between the two parallel plate capacitor influence the

performance, the pressure range is set primarily by the thickness of the sensing element.
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This type of capacitive sensor is potentially good for force feedback and tactile imaging
mainly because of its outstanding sensitivity, wide dynamic range, good linearity, low
hysteresis and low temperature error. The optimized dimensions for the tactile sensor,
depending on the existing fabrication technolog, and design constraints of rupture
pressure and sensitivity, are found to be as tabulated in Table 2.3. Table 2.4 presents the

analytical results for each element in the tactile sensor array:

Table 2.3 Calculated performance characteristics of tactile imaging sensor

Array size 5%x5

Diameter of bottom electrode 900 um

Diameter of the silicon membrane (2a) 1000 pm

Thickness of silicon membrane (H) 15 um

Thickness of dielectric (air gap) (@) 15 um

Zero Pressure Capacitance (C,) 03755 pF

Maximum Pressure Capacitance (Cpyyay) 04274 pF

Maximum operating Pressure (Pmay) 4 32x107 Pa/element
Maximum operating force range 35 gm/element

Type of Silicon Wafer 15 um thick, P-type, <100> orientation
Type of Glass wafer 760 wm thick, Pyrex # 7740
Rupture Pressure (Py) 4.32 x 105 Pa/element
Sensitivity (S) 9.724 fF/Bar
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Table - 2.4 Analytical results of tactile imaging sensor
(a=500 pm, d=15um, H=15um)

Applied load | Maximum capacitanc#
deflection of
membrane
x 109 Pa ( gmf) um pF
0.0000 (0) 0.0 0.3755
0.6245 (5) 0.8693 0.3816
1.2490 (10) 1.739 0.388
1.8740 (15) 2.608 0.3948
24980 (20) 3.477 04021
3.1230 (25) 4.347 0.4099
3.7470 (30) 5.216 04183
43720 (35) 6.085 0.4273
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Chapter - 3

Characterization of Micromachining Techniques: Anodic
Bonding and Electrochemical Discharge Drilling

This chapter presents a detailed analysis of micromachining techniques like anodic
bonding and electrochemical discharge drilling which were used for the fabrication of the
capacitive sensors Micromachining is a term generally applied to denote fabrication
techniques that were originally developed for the microelectronics industry in order to
make wide range of three dimensional structures [46] The results obtained from the

experimental study conducted for these techniques are also presented in this chapter

3.1 Anodic Bonding

Anodic bonding is a simple and rapid method of making reliable, strong hermetic
bonds between glass and metal at relatively low temperatures. The advantages of this type
of bonding are that the surfaces remain solid during the sealing process, no adhesives or
fluxes are used and no macroscopic distortion of glass takes place The technique of
anodic bonding is applicable only when the following conditions are met [42]

1. At least one of the two parts to be bonded should act essentially as a solid electrolyte
at the bonding temperature.

2. The surface of glass to be bonded should be depleted of mobile ions when a dc voltage
is applied

3. The two materials to be bonded should have reasonably matched thermal expansion to

avoid cracking when it is cooled in atmosphere after bonding
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3.1.1 General

Certain micromechanical systems such as microsensors and microactuators employ
anodic bonding to bond the flexible silicon part on to other parts which may be considered
to be relatively rigid The aim of this process is to build multi-layer micromachined
devices. Here we have performed an experimental study to prove that the quality of anodic
bonding is superior when compared to other types of bonding like epoxy bonding. For this
purpose, the dynamical characteristics of anodically bonded silicon-glass structures with
different bond lengths were tested and compared with epoxy bonded structures. The
dynarnic characteristics of the flexible part are dependent on the prevailing boundary
conditions. The natural frequencies of a silicon cantilever beam anodically bonded to a
Pyrex glass base are measured for different lengths of the bonded portion in the beam,
keeping the beam length constant Measurements are also taken on a similar silicon
cantilever bezm bonded to the glass using epoxy bonding. The experimental setup and the
results are presented in this section.

Many micromechatronic devices such as sensors and actuators employ flexible
silicon components which deflect in proportion to the external stimulation. The dynamic
characteristics of such components are significantly influenced by the boundary conditions.
Anodic bonding used in a micromachined device like capacitive pressure sensor is shown
in Figure 3.1 and 3.2. Figure 3.1 (magnification x60) shows a silicon membrane with
bonding defects. When subsequent processes (like etching) are performed on such bonded
structures the bonding becomes weaker changing the dynamic characteristics of the
membrane. The photograph in Figure 3.2 shows the ruptured membrane after etching in

KOH.
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Figure 3.1 Photograph showing the silicon membrane anodically bonded to glass
substrate with bonding defects ( x 60 magnification ),

Figure 3.2 Photograph showing the ruptured silicon membrane (same membrane of
Figure 3.1) after etching in KOH ( x 60 magnification ),
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It has been well established [48] that the electric field in glass causes a drift of
positively charged alkali (Na+) ions at elevated temperatures around 300-350°C. At this
temperature, the mobility of impurities present in glass are enhanced which in turn reduces
the time required for the formation of space charge region. The time-varying potential
distribution as a function of position in the glass wafer is shown in Figure 3 3. After the
Na+ ions have drifted towards the cathode, most of the potential drop in the glass occurs
at the surface next to the silicon. In the case of silicon, it is observed that every silicon
surface exposed to an oxidizing ambient has at least 1 5 nm of native oxide. Thus, by
proper cleaning (as mentioned in Appendix - II), the surface of silicon can be terminated in
silanol (Si-OH) bonds which exhibit hydrophilic behavior necessary for anodic bonding (as
shown in Figure 3.4).

Anodic bonding can be successfully performed with metals and alloys whose
thermal properties match with those of commercial glass Seals have been successfully
made to tantalum, titanium, kovar, niromet44 and to semiconductors like silicon,
germanium and gallium arsenide {43] In 1968, Pomerantz discovered that an electrostatic
field between a metal foil and a sheet of glass produced strong bonds between them at a
much lower temperature than required for simple thermal bonding of metal and glass [44]
The primary requirement for a good glass-metal seal is that the glass and metal parts must
be brought into intimate contact. For ideal surfaces which are perfectly planar and clean,
intimate surface contact is easily achieved. If the surface is not clean then surface contact
will occur only at a few isolated points because of non-planarity and contamination with

solid particles [45] Therefore, a perfectly planar and clean surface is required to achieve a

good bonding.
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Figure 3.4 The hydrophilic Si surface [46],

3.1.2 Principle
Anodic bonding occurs due to the electrostatic attraction between the glass and
silicon wafers. At elevated temperatures (below the softening point of glass), the positive
sodium ions in the glass becomes quite mobile and they are attracted to the negative

electrode on the glass surface where they are neutralized. The more permanently bound
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negative ions in the glass are left, forming a space charge layer in the glass adjacent to the
silicon surface After the Na+ jons have drifted towards the cathode, most of the potential
drop in the glass occurs at the surface next to the silicon. The two wafers then act as a
parallel plate capacitor with most of the potential being dropped across the several micron
wide gap between them. The resulting electric field between the surfaces serves to pull
them into contact with a force of approximately 2.41 x 100 N/m2 (350 psi) for Ep=3x 10
6V/cm [47] Once the wafers are in contact, almost all of the applied potential is dropped
across the space charge layer in the glass The extremely high fields which develop in that
region transport oxygen out of the glass to bond with the silicon surface The anodic
bonding appears to be chemical in nature and possibly a very thin layer of SiO- layer is

formed at the interface[47].

3.1.3 Residual Stress in Anodically Bonded Silicon-Glass Structure

The residual stress in anodically bonded structures results due to mismatch in
thermal expansion coefficient of the materials Residual stress is a major cause of long-
term drift in the performance of the device Therefore, it is very important to choose the
best material and bonding parameters in order to minimize residual stress. Corning #7740
Pyrex glass and silicon have closely matched thermal expansion properties at lower
temperatures (<350 ©C), as shown in Figure 3.5, and can be bonded anodically. A study
conducted by Ko et al [47], revealed that the residual stress due to bonding between the
two materials can be minimized when bonded at temperatures in the range 300 - 3500C.
They observed that above 4500C there is a drastic increase of thermal expansion
coefficient for glass compared to silicon.

Experiments conducted on anodic bonding at different temperatures concluded
that at low temperature (< 2500C ) the substrates does not bond together and at high

temperatures (>450°C ) the thin silicon wafer was spoiled while cooling in atmosphere
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Therefore, for this experimental study, anodic bonding was performed at 3500C with

applied voltage of 1000 V.
000
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Figure 3.5 Thermal expansion properties of # 7740 Pyrex glass and single crystal
silicon [47],

3.1.4 Characterization of Anodically Bonded Silicon - Pyrex Glass Structures.
The bond strength of anodically bonded structures was evaluated using the Crack
propagation method by Kendall et al [46]. This technique involves forcing a knife edge
between the bonded wafers. The surface strength (bond strength) is proportional to y*/L*,
where y is the thickness of the knife edge and L is the length of the resuiting crack. Esashi
et al [48] used a tensile test to evaluate the bond strength in anodically bonded structures.
In this method the bond strength is measured by applying a tensile load on the silicon

wafer keeping the glass wafer fixed to a rigid support. They also performed a similar test
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determining the bond strength of a Si-Si bonding using sputtered glass film and the bond
strength was found to be greater than 1.5 MPa The experiments conclude that the bond
strength depends on the surface roughness and impurities present on the surface Stefan
Johansson et al [65], performed a three-point test for small beams and reported a fracture
limit of 220170 MPa for field assisted bond seals between silicon and Pyrex glass. The
above tests evaluated the bond strengths of bonded structures.

The purpose of the present work is to determine the nature of boundary conditions
in silicon structures anodically bonded to glass. The characterization of the boundary
conditions of anodically bonded silicon-glass structures helps in understanding the
boundary conditions pertaining to this technique. For this purpose, silicon cantilever
beams with different lengths, bonded to Pyrex (# 7740) glass base were used as test
structures The natural frequency of these cantilever beams were measured and the results

are presented and discussed.

3.1.4.1. Vibration Analysis of Resonant Micro mechanical Structures

The vibration analysis of beams has been a subject of great interest in the
industrialized world. The solutions for lateral, torsional and longitudinal vibration of high
speed equipment are essential for proper design. The lateral free vibration of beams can
occur in an infinite number of mode shapes, referred to as mode, and that each modal
shape has a discrete frequency associated with it. The first or fundamental mode is the
mode associated with the lowest frequency.

The vibration analysis of micromechanical devices follows the classical theory of
vibration used for macro structures. In this paper we have considered cantilever beams of
different bond lengths anodically bonded to glass substrates Even though bonding only on
one face does not imply a fully clamped condition, it is meaningful to compare the results
for the fully clamped structure. The natural frequency of a clamped cantilever silicon wafer
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is given as [49]:

|

H E
S, = 3.4941—2(m) 3.1

where H is the thickness, | is the length of the wafer, E is Young's modulus of elasticity, v
is the Poisson's ratio, and p is the mass density.

It has been observed by Lagowski et al [49] and Gustafsson [50] that
semiconductor cantilever beams encounter a non-classical behavior when the thickness is
reduced to tens of micron The model of Lagowski et al predicts that the surface energy
has a strong impact on the resonant properties The influence of surface energy is based on
the fact that small variations in surface area occur upon bending, thereby modifying the

potential energy of the system. The resulting expression for the resonant frequency f; is

[N R

120.v
f=fl1- i 32
' °( EH) (.2)

where o, is the surface energy which is of the order of 0.8-1.8 j.m™[50] It is clear that the
surface energy is important only when the thickness approaches atomic dimensions.
3.1.4.2 Experimental Setup

P-type (boron doped) <100> silicon wafer of 0.32 mm thickness is cut into long
strips of varying lengths from 74 mm to 55.2 mm. A strip of silicon is selected and bonded
onto the glass. The glass is Pyrex type (# 7740) and its chemical composition is’

SiO; - 81 %, Li,0; - 2% B.,O; - 13 % and Na,0 -4 %

The coefficient of thermal expansion for Pyrex glass is given as 32 5 x 107 /°C and
that of silicon is 35 x 107 /°C. The bonding surfaces of the glass and silicon are mirror
grade polished (surface roughness less than 400 A). The fabrication is carried out in a
clean room (class 5000). The silicon and glass wafers are cleaned using the standard
cleaning procedure used for the fabrication of micromachined structures. The wafers are
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then dried using a nitrogen gun. The fabrication setup is as shown in Figure 3.6. The
silicon strip is placed on a flat metal base which acts as the anode. The metal base is placed
on a hot plate. The glass wafer is placed on top of the silicon wafer and the temperature of
the hot plate is set at 350°C. A point electrode is placed on the glass which forms the
cathode. The weight of the point electrode is around 0.20 N. The silicon and glass wafers
are aligned to the required bond length and then allowed to reach steady state with respect
to the hot plate. The time required for reaching steady state is around 7-8 min. Once
steady state is reached, a dc voltage in the range of 1000 V -1100V is applied between the
wafers The time for bonding is around 5 -10 minutes After bonding the assembly is
allowed to cool in atmosphere.

The experimental setup for the determination of the natural frequency is as shown
in Figure 3.7. The test structure is mounted on a electro-dynamic shaker (B & K type
4810). A sweep sinusoidal signal, with a frequency range of 0 Hz - 200 Hz , was provided
by an external oscillator. The frequency of excitation is selected in such a way that it
includes the natural frequency of the silicon cantilever beam. The response was measured
using a microphone (B & K type 4181). The microphone was held close to the test

structures and the output is analyzed using a frequency analyzer.

Point electrode —\\
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Figure 3.6 Schematic representation of anodic bonding apparatus |48],
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A - Analyzer

B - Function generator
C - Amplifer

D - Table

E - Mini shaker

| F - Microphone Probe
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H - Cable
B | - Cantilever beam
J - Digital storage oscilloscope

Figure 3.7 Schematic representation of anodic bonding characterization apparatus.
3.1.5 Results and Discussion

The tests were conducted to obtain the frequency response and hence the natural
frequency of the cantilever beams under different bond length conditions Determination of
natural frequency of such test structures forms a non-destructive method to compare the
boundary conditions and quality of bonding for different bond length A schematic
representation of silicon-glass bonded test structure is illustrated in Figure 3 8 Initially,
the background noise level in the laboratory was measured The frequency response of the
cantilever beam with a bond length of 22.2 mm along with the background noise is shown
in Figure 3.9 in the frequency range from 0 to 200 Hz The sound response from the
beam is clearly seen to be much higher compared to the background levels The natural
frequency of the beam is seen to be at 152 Hz The results for the natural frequency with
different bonded lengths for the same cantilever beam are shown in Table-3.1. It can be
seen that the natural frequency is not affected by the bond lengths considered. The
frequency response curve in the frequency range of 100 - 150 Hz for an anodically
bonded test structures having bond lengths of 22.2, 10.0 and 3.4 mm length is shown in

Figure 3.10.
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Tests were also carried out on silicon cantilever strips bonded to glass bases with
epoxy bonding for comparison with anodically bonded assembly. The epoxy used for the
experimental study was scotch VHB (Very High Bonding) acrylic adhesive suitable for
bonding variety of substrates including metals and glass[71]. The results for two bond
lengths of epoxy bonded structure are tabulated in Table-3.2 and the frequency curve is
shown in Figure 3.11 It was observed that the natural frequencies are affected

significantly by varying the epoxy bond lengths.
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Silicon  — :
|
|

Glass — I/ H —

Figure 3.8 Schematic representation of anodically bonded test structure.
(Lp - bond length, 1 - free length of cantilever and H- thickness of silicon wafer)

Table - 3.1. Natural frequency of anodically bonded structures

Bond length in Natural frequency | Nctural frequency in Hz
milimeters in Hz. (Measured) | (Calculated for clamped condition)
222 152 176 394
18 3 152 176.394
100 152 176 394
7.3 152 176.394
58 152 176.394
34 152 176.394

Table - 3.2. Natural frequency of epoxy bonded structures

Natural frequency | Natural frequency in Hz.

Bond length in millimeters | in Hz (measured) (Calculated for clamped condition)
222 125.5 176.394 '
10.0 1200 176.394
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Figure 3.9. Frequency response of anodically bonded silicon cantilver beam.

Frequency response of sound signal in the laboratory.
Frequency response curve for 22.2 mm bond length.

200 . : hd

S0

-]+

v rvrvivrrvr

30 |

20

145 180 " ies 180
Natural frequency in Hz

Figure 3.10 Natural frequency curve for anodically bonded silicon cantilever beam
for 22.2 mm, 10.0 mm and 3.4 mm bond len~th.
Frequency response curve for 22.2 mm bond length.
--—-—- Frequency response curve for 10.0 mm bond length.
eesenees Frequency response curve for 3.4 mm bond length.
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Figure 3.11 Natural frequency curve for epoxy bonded silicon cantilever beam for
22.2 mm and 10.0 mm bond length.

Frequency response curve for 22.2 mm bond length.
----- Frequency response curve for 10.0 mm bond length.

3.1.6 Conclusions
The natural frequency of silicon cantilever strips anodically bonded to a g!ass base
are measured. For comparison purpose, cantilever strips bonded to glass base using epoxy
bonding were also tested. The results show that for the range of bonded lengths
considered in the test, the natural frequencies are not be affected by the bond length. The

measured frequency was lower than that corresponding to theoretically computed results
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with clamped conditions. However the cantilever strips bonded to glass base using epoxy
bonding showed significant change in the natural frequency with changing bond lengths
Therefore, the results of the experimental study can be summarized as the glued bonding,
which is normally used to bond silicon with glass in packaging microelectronic devices, is
inferior in strength and performance compared to anodic bonding This type of non-
destructive testing can be carried out further to determine the optimal anodic bond length
for micro mechatronic devices

Anodic bonding solves major problems like packaging and long term stability of
miniature pressure transducers Earlier studies have shown that the major cause of long-
term drift in the device is not related to the sensor design or processing, but rather to the
assembly and packaging of the device The thermal stresses developed by thermal
expansion during the sealing process appears to be the major cause of baseline drifi.
Therefore, choosing the right technique and the right material to seal the device is an

important consideration in micromachining technology

3.1.7. Application of Anodic Bonding

Bonding of one surface to another is one of the important steps in the fabrication
of microsensors Since the silicon chip will be used in exposed, hostile and potentially
abrasive environments, it is often necessary to use mounting techniques substantially
different from the usual packaging methods like eutectic solder, epoxies, polyamides and
ceramics. Electrostatic bonding of glass or other ceramic materials to metal and semi-
conductors fulfill many of the requirements for bonding and mounting micromechanical
structures. In IC circuit packaging, this technology can be used to bond the IC die to the
lead frame and as a final seal for hermetic packages The attachment of the die to a
package substrate serves the purpose of providing a mechanical support, a thermal path
and sometimes an electrical contact. Hermetic packages are used to protect or isolate the
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IC chip from hostile environment. Anodic bonding can be used in the fabrication of silicon

sensors, e.g. pressure sensors, solar cells etc. to bond silicon to glass.

3.2. Electrochemical Glass Drilling
3.2.1 General

Electrochemical discharge drilling is a electro-discharge process of etching narrow
through holes or an indentation in glass. The important parameters to be controlled are the
concentration of electrolyte, applied voltage and the force applied on the needle. The
application of this process in micromachining is to make leak free electrical feed through
and as a vent to apply pressure on the silicon membrane. The dimensions of the hole are
limited by the dimensions of the needle electrode which is generally around 200um. The
electrolyte used is either NaOH or KOH (35 wt. % to 50% wt) and the voltage around

36V (dc). The applied force to the needle is about 0.2 N (20 gmf) [6]

3.2.2 Principle

A schematic dizgram of electrochemical drilling apparatus is shown in Figure 3 12.
The glass is placed in an alkaline hydroxide (NAOH or KOH) solution. A metal needle is
placed on the glass and a force of 0.2 N (20 gmf) is applied on it A negative voltage is
applied on the needle while the solution is kept at the ground potential by a reference
electrode. When the peak voltage is over 36V, electric discharge takes place at the tip
portion of the needle The temperature of the solution around the needle is elevated locally
by the electrodischarge energy, and the glass at that point is removed by thermally
accelerated chemical reaction. A stainless steel needle of about 30um tip diameter is used

to drill glass.
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Figure 3.12 Principle of electrochemical glass drilling apparatus.

3.2.3 The Drilling Process

A drilling apparatus was designed and fabricated for precision drilling of holes in

glass. The schematic representation of an electrochemical glass drilling apparatus is

illustrated in Figure 3.13 and a photograph of the device is shown in Figure 3.14 The

glass is placed inside a beaker with electrolytic solution which is placed on the x-y table of

the machine. The x-y table can be maneuvered precisely (within 10um radius) thereby

dnlling holes at the desired location on the glass A needle, which is used as the positive

electrode is inserted into the vertical holder held on top of the beaker The needle can be

moved up and down and it is held by two springs so that the required force can be

precisely applied on the glass. A calibrated dial gauge is fitted on to the vertical holder

which measures the applied force on the glass.
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Figure 3.14 A photograph of the electrochemical glass drilling apparatus.



3.2.4 Procedure

The glass wafer to be drilled is placed and held tightly on to a wafer holder which
is placed inside the beaker containing the electrolyte The vernier on the x-y table is used
to move the beaker below the drilling needle The needle is now gently brought down
using the knob which has a vertical sliding motion. Once the needle just touches the glass,
the dial gauge starts indicating. Now the vernier on top of the needle holder is moved
downwards to apply the desired load on the glass Once the load is applied the electric
supply is switched on A control switch with a timer placed in the circuit provides the

electric supply for the required time for drilling

3.2.5 Experimental Results of Electrochemical Drilling

Electrochemical drilling is used to drill through holes of about 200um diameter in
glass wafers of varying thickness in the range from 300 - 1500um The experimental
results of drilling time for different glass thickness (in the range 300 - 1500um) is
illustrated in Figure 3.15. It can be observed from the figure that, the drilling time
saturates with increase in glass thickness (i e, thickness between 1400 um and 1500 pm)
in the measured regime. It is assumed at this stage of the research that the drilling time
might increase with further increase in glass thickness above this regime

An empirical formula for the calculation of drilling time (tq, in minutes) for
different glass thickness (Hg, in millimeters), in the range 300pum - 1500um, found to be in

close agreement with the experimental data is mathematically written as:

-1
InH
t, -(c, +C, _nH ‘J (3.4)

8

The constants {or the above equation were found to be ¢; = 0.075 and ¢, = -0 03.

To get very high reproducibility the parameters to be controlled are the
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concentration of electrolyte, applied voltage and the force applied on the needle. From the

experimental study conducted for electrochemical discharge drilling, the optimal

conditions are summarized as follows:

(a) Concentration of electrolyte =35%

(b) Applied voltage =36 V (DC)
(c) Force applied on the needle electrode  =0.20 N

1 6 1 | ] ¥ 1 ] I

12 -

10 +-

Drilling time in Sec.

SR B

2 ) 1 + 1 | ] |
00 02 04 06 088 10 1.2 1.4 6

Thickness of Glass (millimeters)

Figure 3.15 Drilling time vs glass thickness in the range 300pum - 1500um.
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3.2.6 Application of Electrochemical Discharge Drilling
The application of this process in micromachining is to make leak free electrical
feed through and as a vent hole for applying pressure on pressure sensitive membranes as

illustrated in Figure 3.16. The conical shape of the hole is suitable for metallization

Pressure Hole

/_ Metal Contact J,
M Glass Glass,’——Membrane
e S Si

Figure 3.16 Two applications of electrochemical drilling in micromachined devices.
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Chapter - 4

Process Design and Fabrication

Silicon microfabrication technology has been a key factor for the rapid
development of microsensors and microactuators. A variety of precise three dimensional
microstructures can be fabricated such as diaphragms, bridges, cantilever beams, needles,
gears, springs, grooves, orifices, pyramids, complex mechanical suspensions, linkages and
micromotors [52]. This chapier covers the process design and fabrication details of a
capacitive type pressure measurement sensor fabricated using standard integrated circuit
(IC) photolithography techniques and micromachining techniques The experience
achieved during the successful fabrication of the pressure measurement sensor has
motivated the design and fabrication of a tactile imaging sensor vsing the same design
principles. The process design and fabrication details of the tactile imaging sensor is also

presented in this chapter.

4.1 Capacitive Pressure Measurement Sensor

The capacitive pressure measurement sensor chip is a 4 x 5 array glass-silicon-
silicon sandwich structure on a 3x3 mm substrate. Batch processing is performed in order
to prove the possibility to achieve these type of sensors on large scale. Several etching
techniques were experimented with to realize the membrane and the cavity in the top-
silicon cover The geometrical size of the sensor is selected from the design calculations
performed in Chapter-2. Two sizes (1000um and 800um diameter) are considered for the
fabrication of the pressure sensitive silicon element The designed diaphragm thickness is
20 um and the enclosed air gap thickness is 10 um The cross-sectional view of a single
cell capacitive pressure measurement sensor is shown in Figure-4 1.
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Silicon top cover—

Silicon membrane—

Pyrex Glass #774

Pressure inlet hole _/ Electrical contacts

Figure 4.1 Cross-sectional view of capacitive pressure measurement sensor.

4.1.1 Materials Used for Fabrication of Capacitive Micro Sensor

Glass and silicon wafers are the materials used for the fabrication of the capacitive
type micro sensor for pressure-measurement The coefficient of thermal expansion of the
selected glass should be very close to that of silicon so that they can be anodically bonded
to each other. The bonding surface of the glass and the silicon should also be mirror grade
polished (surface roughness less than 400A) Pyrex glass (#7740) which satisfies the above
mentioned properties is selected as the sensor substrate material The Pyrex glass (#7740)
has a chemical composition of Si0p - 81%, Hy03 - 2%, B203 - 13% and Naz0 - 4%
Glass having a thickness of 1500 um and dimension of 30 x 30 mm is selected for the
fabrication of the pressure measurement sensor. Single side polished low p-doped (boron)
silicon wafers having thickness of 375 pm and <100> orientation is selected for the

fabrication of the membrane and top-cover of pressure measurement sensor .

4.1.2 Process Design of Pressure Measurement Sensor
The pressure measurement sensor designed is a three layer structure two silicon
layers bonded on a glass wafer. The significant aspect of the transducer process design is

that, the fabrication procedure was carefully planned to satisfy the primary objectives of
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the geometrical size and pressure range of the sensor The pressure measurement sensor
requires stx masking steps regardless of its geometric parameters The mask design takes
into consideration the size and tolerance required for each masking step The mask
drawings (x S magnification) required for processing the glass and the silicon wafers are
presented in Figures A41to A45 of Appendix-IV. The glass and the membrane require
only one mask each (Mask-1 and Mask-2 respectively). Three masks (Mask-3, Mask-4
and Mask-5) are required for the top cover. The Mask-5 is the negative of the Mask-3
Mask-6 is used for making metallic contact on the sensor. The masks were prepared using
photographic techniques which is presented in Appendix-VII The masking steps involved
in the fabrication process is explained in section 4 1 4 of this chapter

The pressure-sensitive diaphragm of the sensor is a flat plate of monocrystalline
silicon Initially, electrochemical drilling of glass is performed and then it is anodically
bonded to the silicon wafer Later the bonded silicon wafer is etched to realize the
membrane The top silicon wafer is etched to have a reference cavity that determines the
capacitor plate separation Then the top cover is bonded on to the glass wafer that has the
membrane on it The depth of the pattern shaped into the top wafer creates the gap
required for pressure measurement The deep etch obtained by etching the ring structure
surrounding the insulated top layer creates a larger closed reference volume This ring

shaped structure improves the linearity response range of the capacitive sensor

4.1.3 Fabrication Process of Pressure Measurement Sensor
The fabrication process of the capacitive pressure sensor chip is divided into three
main streams of the nrocess, each corresponding to a layer of the sensor The device is
constructed as a sandwich structure with two silicon wafers anodically bonded to a glass
wafer. The sequence of the fabrication process of a single sensor chip is presented in
Figure 4.2. The details of each stream of fabrication steps are described below.
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4.1.3.1 Process A - The Glass Wafer Process

A 30 x 30 x 1.5 mm Pyrex glass wafer is selected as the substrate material which
forms a cover for the pressure sensitive silicon diaphragm. Each sensor has three holes
drilled using electrochemical glass drilling Two holes are used for electrical metal contact
and the central hole is used for pressure inlet The glass wafer is cleaned as mentioned in
Appendix-II. After cleaning, a standard photolithography process as mentioned in
Appendix-III is performed using mask-1 Positive or negative photoresist were used as
masks against HF etchant The photolithography step involves spin coating a layer of
photoresist on the wafer, soft baking, exposing to ultra violet (UV) light, developing in
developer and finally hard baking After the photolithography steps, the glass wafer is
etched in concentrated hydrofluoric acid (HF with 49 % concentration) for 40 sec It was
observed that the photoresist was peeled off after 40 sec and for this period the glass was
etched to depth of 7 um Once the photoresist was removed from the masked region of
the glass, the etchant at*acks the whole surface Once the polished surface of the glass is
spoiled by the etchant, it cannot be used for bonding operation The photograph in Figure
4.3a illustrates the smooth glass surface afier etching in conc HF, for 30 seconds, to a
depth of Sum. The photograph of the glass when etched more than 40 sec is as shown in
Figure 4.3b During this part of the fabrication several tests were conducted to determine
the etch rate of HF on glass wafer at room temperature The experimental results are
illustrated in Figure 4.4 It was observed that the etch rate of HF on glass for the first
minute was 9 um/min and gradually stabilizes to 4 um/min. after 6 minutes of etching
The glass wafer was then cleaned and the holes were drilled by electrochemical discharge
drilling technique. After drilling, the wafer is cleaned as mentioned in Appendix-II and

kept ready for the bonding process
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Figure 4.3a Photograph of the smooth glass surface after etching for 30 sec. in conc.
HF(49%) wit" positive photoresist as mask ( x60 magnification).

Figure 4.3b Photograph of the spoiled glass surface after etching for 120 sec. in conc.
HF(49%) with positive photoresist as mask ( x60 magnification). Therefore positive
photoresist is not a good mask for glass,
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Figure 4.4 Experimental results of glass etching as a function of time when etched in
conc. HF (49%).

4.1.3.2 Process B - The Silicon Membrane Process

The micromachining technique of producing thin semi-conductor membrane is to
start with a thick wafer and then etch with suitable etchant to realize the thin membrane
The starting material used here, for the fabrication of the membrane, isa 3 x 3 x 0.375 mm
<100> orientation single side polished low doped p-type silicon wafer. The aim of the
process is to achieve a thin flat silicon membrane (20um) which forms the pressure
sensitive membrane of the sensor. For this purpose the silicon wafer is initially cleaned as
mentioned in Appendix-II. After cleaning, the wafer is oxidized in an oxidizing furnace
using wet oxidation as explained in Appendix-VIII. A standard photolithography process

(as mentioned in Appendix-III) is performed using mask-2 The silicon wafer is then
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etched in buffered HF, to remove the SiO, from the unprotected region, until it becomes

hydrophobic. Photoresist is now stripped off using photoresist remover.

The initial design was to diffuse Boron in the membrane region so that it acts as
an etch stop against KOH etchant. The principle of etch stop is that, in highly doped
silicon surface the width of the space charge layer shrinks drastically. Therefore, electrons
injected into the conduction band by an oxidation reaction cannot be confined to the
surface and rapidly recombine with holes from the valence band. The lack of these
electrons impedes the reduction of water and thereby the formation of new hydroxide ions

at the silicon surface.

The ansotropic etching of highly boron doped silicon in aqueous solutions of
EDP, KOH, NaOH and LiOH was studied by Seidel et. al. [56, 57] They found a strong
reduction of the etch rate for boron doped silicon exceeding approximately 2x1019 ¢m-3
The reduction in etch rate was found to be inversely proportional to the fourth power of
the boron concentration When the substrate is etched away, the membrane gets stretched
and appears smooth and flat with no wrinkles, cracks or bowing [1] The procedure
consists of heavily doping the surface of the silicon with boron (p-type) and then etching
away most of the silicon substrate from the back side of the wafer with dopant sensitive
etchant like KOH The silicon slice is cleaned as mentioned in Appendix-1I and dried
using purified nitrogen After drying, the slice is loaded on the spinner chuck and held
tight using a vacuum pump Using a syringe equipped with a "minisart” 0.45 microfilter,
apply 2-3 drops of borosilica gel on the wafer and spin at 3000 rpm immediately for 30
sec. The slice is then dried in a forced-air convection at 950C for 15 minutes. Now the
wafer is loaded on the diffusion boat and placed at the mouth of the diffusion furnace tube
for S minutes Then the slice is moved slowly to the center of the furnace and the time for
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the diffusion process is started. At the end of the diffusion process, oxidize the slices ( in

the same reactor) using wet oxidation process.

A constant temperature KOH etching apparatus was assembled and several tests
were conducted to determine the characteristics of the etchant. A detailed study was
conducted to establish the silicon etch rate using KOH etchant and the experimental
results are presented in Appendix-VI. Since heavily boron doped silicon is not rapidly
attacked by KOH a self supporting membrane is obtained whose thickness is controlled by

the boron diffusion depth.

During this part of fabrication, it was observed that boron diffusion (B type Boron
film or borosilica film) produced brown stains which could not be removed using the
standard cleaning procedure. The experiments revealed that brown stains formed using the
borosilica gel had unusually high series resistance[55]. Thus, the boron diffusion technique
used for this project did not ensure a uniform concentration. A photograph of a silicon
wafer with brown stains formed after boron diffusion is shown in Figure 4 5. The square
holes showed up on the boron doped silicon surface after a short etching time (3 minutes)
The surface of the silicon was not smooth after one minute of etching i.e it is not suitable
for the subsequent boxding process. Due to the above reason, an alternate design was
used to realize the membranes without boron diffusion. The fabrication process for this

design is schematically shown in Figure 4.6.
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Figure 4.5 Photograph showing the formation of brow

n stains on silicon surface
after boron diffusion (B type borosilica film) (x90 magnification),
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Designed process Executed process

Si0 p 1s grown on silicon substrate SiO2 is grown on silicon substrate
Positive photoresist is applied Negative photoresist is applied
] —
= | —
Mask-2 patterns the photresist, Mask-2 patterns the photresist,
SiOzis etched in HF SiO2 is etched 1n HF

OUD |

Photoresist is stripped off and Photoresist 1s stripped off and

Silicon doped with Boron Silicon etched 1in KOH etchant
SlO2 is etched in HF SIO2 1s etched in HF

Silicon- ] Photoresist - [
Boron doped- [ Silicon dioxide - [
Figure 4.6 Sequence of designed and executed fabrication steps for the silicon
membrane of capacitive pressure measurement sensor.

The alternate process involves etching the silicon surface outside the membranes,
using SiO, as a mask. This ensures a flat membrane surface suitable for bonding The
wafer is first etched to a depth of 12 um in KOH for 5 minutes (which also reduces the
thickness of SiO, mask by 70A) The SiO, is now removed in concentrated HF solution
until the surface is hydrophobic. Thus a wafer with smooth circular portion projecting out
was obtained. The silicon wafer is now bonded to the glass wafer (obtained from process
A) using the silicon-glass anodic bonding technique It was observed that if above

sandwich structure was etched in KOH the surface of the membrane obtained was not flat
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as photographed in Figures 4.7a. The etchant, KOH , etches along the <110> surface
twice as fast as that the <100> surface at 86°C [57] (see Appendix-VI). Thus, as the
membrane gets thinner the etchant etches the bonded region of the membrane and as a

consequence the bonded membrane gets spoiled as illustrated in Figure 4.7b.

To solve the aforementioned problem, an alternate =tchant was adopted, to etch
the bonded structure first in isotropic etchant (HF:HNO, : 3:7) for five to six minutes and
then etch in anisotropic etchant (KOH). The etch rate for HF:HNO, was observed to be
40 pm/min [1] at room temperature and for KOH, an etch rate of 1.4 um/min. at 86° C
(see Appendix-VI) The isotropic etchant was used only to etch the unbonded silicon
surface at a faster rate Later it is etched in KOH to reduce the thickness of the silicon
membrane in a controlled condition. While etching in anisotropic etchant (KOH), the test
structure should be held in a fixed position (see Appendix-VI) and dipped completely in
the etchant. The etchant should be maintained a. a steady temperature (86° C) to get a
uniformly etched surface The photographs in Figure 4 8a and 4 8b show the smooth
surface of the membrane of thickness 70um and 40um respectively after etching in
isotropic etchant Next, the sandwich structure is etched in KOH to get the membrane of

desired thickness

It was also observed that prolonged etching attacks the bonding. To overcome the
above problem, the etching was stopped when the membrane attained a thickness of 22pum
instead of etching it down to 20um. The structure is now cleaned as mentioned in

Appendix-1I and kept ready for the second bonding with the top cover silicon.
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Figure 4.7a Photograph showing the uneven surface of boron doped silicon
membrane after etching for 20 minut¢; in KOH ( x60 magnification).

Figure 4.7b Photograph showing the spoiled surface of boron doped silicon
membrane after etching for 120 minutes in KOH ( x60 magnification).
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Figure 4.8a Photograph showing the flat surface of the silicon membras
( x60

thick) after etching in isotropic etchant (HF:HNOj3) for 5 minutes

magnification).

Figure 4.8b Photograph showing the flat surface of the silicon membrane (40 um
thick) after etching in isotropic etchant (HF:HNOj3) for 6 minutes ( x60

magnification),
70



4.1.3.3 Process C - The Top Silicon Cover Process

A n-type <100> silicon is selected as the starting material for the top cover The
top cover is processec' to enclose the pressure sensitive membrane The etched depth of
the top cover wafer defines the air gap around the pressure sensitive membrane To
fabricate the top cover a silicon 3x3x0.375 mm single side polished silicon wafer is taken
and cleaned as described in Appendix-11. The wafer is oxidized using wet oxidation
process as mentioned in Appendix-VIII After oxidation the standard photolithography
technique, as explained in Appendix-1Il, is performed on the wafer using Mask-4. Then
the wafer is etched in buffered HF for a minute to remove the SiO, from the unmasked
region The photoresist is now stripped off and etched in KOH for five minutes to get the
ring shaped structure. After KOH etching, the wafer is exposed through Mask-3 {see
Appendix-1V) and pattemed The wafer is again etched in KOH for fifteen minutes to get
the top cavity After this process the wafer is etched in HF to remove all the remaining
SiO, from the wafer If the sensor is used as a static pressure measurement device a thin
layer of SiO, has to be grown on the bottom of the cavity using Mask-5 or else it can be
used as a dynamic pressure measurement device The native oxides present on the silicon
surface does not form a uniform insulating layer, so that it can be used as a static
measurement devices Here, we have fabricated a dynamic pressure measurement device
The wafer is now cleaned using the standard cleaning procedure (refer to Appendix-II)

and kept ready for bonding with the sandwich structure obtaiaed from process A and B

4.1.3.4. Process AB - Anodic Bonding of Top Cover with Glass Assembly
The sandwich structure from process A and the top cover from process B are
cleaned as mentioned in Appendix-II. Then they are dried using purified compressed
nitrogen If the membrane is thin (< 10 um ) it becomes fragile and therefore drying using
nitrogen must be performed carefully Next, the glass with silicon membrane ( from
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process B) on it is aligned and anodically bonded with the top cover. After bonding, the

device is allowed to cool in atmosphere

4.1.3.5. Metal Deposition for Electrical Contacts
Capacitive sensors are basically semi-conductor devices having the same electrical
connections techniques as that of semi-conductor devices Generally, thin gold wire is
used to connect the sensor to the aluminum pad of the package connector. Gold has a low
melting temperature and is compatible with aluminum This technique makes a good
electrical contact and give a low-impedance connection over wide temperature range.
In this project, the metal contacts for the capacitive pressure sensor device was
made using silver paste commercially known as Electrodag 415. Electrodag 415 is a
dispersion of finely divided silver in a thermoplastic resin that rapidly air dries to form a
conductive shield on non conductive substrates[67]. It exhibits excellent adhesion and
provides controlled electrical properties (sheet resistance of 0 04-0 07 Q/0) in coating as
thin as 7.5 pm (0 3 mil) The surface to be coated must be dry and free of dust Mix the
silver paste thoroughly until it is of uniform consistency and then using standard paint-
spray technique make a thin coating on the glass substrate The paste is allowed to dry,
which takes approximately 10 minutes, before carrying out subsequent process. Once the
silver paste is dried the photoresist is peeled off from the glass surface
Metallization is performed on the sandwich structure obtained from process-AB
The glass surface of the sandwich structure is patterned using Mask-6. After the
photolithography process, a layer of silver paste is sprayed on the glass wafer. The
procedure used for metallization is as mentioned in the previous paragraph. The
fabrication process is completed and the device is ready to be tested and characterized for

different pressure applied within the design limit.
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4.2 Capacitive Tactile Imaging Sensor

The fabrication process of tactile imaging sensor is designed to be simple and
compatible with achieving high yield The process technology offers precise dimensional
control and straight forward scaling of array dimensions to meet variety of application
needs. The process requires two masks (the mask drawings are illustrated in Appendix-V)
none of them are critical masking steps. The basic structure of the proposed tactile array
sensor (5 x 5) is shown in Figure 4 9 and a cross-sectional view of a sing!~ sensor element

and the details of the top metal electrode is illustrated in Figure 4.10
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Figure 4.9 Bottom view of 5 x 5 array tactile sensor.
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Figure 4.10 Cross-sectional view of capacitive tactile sensor.
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4.2.1 Materials Used for Fabrication of Tactile Imaging Sensor

Glass and silicon wafers are the materials used for the fabrication of the capacitive
tactile imaging sensor The coefficient of thermal expansion of the selected glass should
be very close to that of silicon so that they can be anodically bonded to each other. The
bonding surface of the glass and the silicon should be mirror grade polished (surface
roughness less than 400A) Pyrex glass ( # 7740) which satisfies the above mentioned
properties is selected as the sensor substrate material Ultra thin silicon wafer which are
commercially available are used as the sensing element for the tactile sensor The
specifications of the glass and silicon wafers are as described below.

The Pyrex glass (# 7740) has a chemical composition of SiO7 - 81%, H203 - 2%,
B203 - 13% and Na5O - 4%. Glass having a thickness of 760 pm and diameter of 50 mm
is used for the fabrication of the tactile imaging sensor. A thin silicon wafer (15 pm
thickness) with p-type doping ( boron concentration 3x1019 em-3) is used for tactile
sensor fabrication The high doping concentration in silicon wafer reduces the resistivity
(0 002 Q-cm) so that it can be used as an electrode. These ultra thin wafers provide
precise thickness control and assured uniformity of the final etched geometry They also
provide dimensional  stability in flatness (tolerance of =0 Sum) and good surface
planarity The wafers used are double side polished and are extremely flexible due to the
dominance of the elastic nature of single crystal silicon. Thus by controlling the three
important parameters of the micromachined sensing element (i.e total thickness variation,
flatness and planarity) enables the micromachining engineer to ensure precision in designed

product.

4.2.2 Fabrication Process of Tactile Imaging Sensor
An outline of the sequence of steps in the fabrication process of the proposed

tactile sensor is as shownin Figure 4.11.
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The starting materials used for processing the sensor chip involves two wafers a
Pyrex glass (# 7740) wafer and a thin film silicon wafer. The initial preparation for
cleaning these wafers are as mentioned in Appendix-II. The fabrication process for both

the silicon and glass are as described below

4.2.2.1 Glass Wafer Process

The glass substrate for the tactile sensor is prepared from a 50 mm diameter and
0.76 mm thick optically polished Pyrex glass (# 7740). The Pyrex glass (# 7740) is chosen
because it is suitable for anodic bonding with silicon The glass wafer is cleaned as
mentioned in Appendix-II. The first step is to deposit a layer of chromium on the glass
wafer using a chromium deposition evaporator as explained in Appendix-IX. The
chromium film protects the underlying glass against the etchant HF. After chromium
deposition, the glass wafe is cleaned in de-ionized {DI) water and then a standard
photolithography process (see Appendix-III) is performed using Mask-1 (see Appendix-
V) Negative photoresist is used because it adheres to the chromium deposited on glass
better than positive photoresist. Now the exposed chromium is etched in a mixture of
ceric ammonium nitrate (150 gm) + acetic acid (35 ml) + 1 litre water[68] The etch rate
for chromium in this etcharit is 1500 A/min. Afier removing the chromium from the
selected region the glass wafer is dipped in concentrated HF (49%) to form a circular
recessed area of about 15um deep. The etch rate for glass in HF is approximately 9u
m/min. at 259C. Now the negative photoresist is stripped off in negative photoresist

remover and the remaining chromium is etched in ceric ammonium nitrate mixture.

4.2.2.2 Metal Deposition for Electrical Contacts
The glass wafer from the above process is cleaned in DI water and then the second

photolithography process (see Appendix-III) is performed using Mask-2. Here the mask
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has to aligned so that metallization can be done at the bottom of the circular recessed area
as shown in Figure 4.12. After the photolithography process, SO0A thick layer of
chromium is deposited on the glass which forms the metal contact for the sensor. The
photoresist is then stripped off and the glass wafer kept ready for anodic bonding. Figure
4.13 shows the photograph of the bottom electrode and the contact pad of a sensor
element on the glass substrate

The metal contact for the top electrode is also provided on the glass wafer
eliminating lead wire contact on the pressure sensitive silicon membrane. The thickness of
the top eiectrode (5004) is within the surface roughness limit required for anodic bonding
(< 1um [47]) Therefure, the area surrounding the top electrode will be perfectly bonded
leading to a stable surface contact between silicon and metal Figure 4.14 shows the
photograph of the metal pad on the glass wafer which forms an electrical contact for the
silicon membrane. Figure 4 15 illustrates a magnified (x 500) view of the metal pad

indicating that the metal layer is continuous

4.2.2.3 Silicon Membrane Process

There are two general classes of techniques for producing semiconductor
membranes that are a few microns or less in thickness. One can either start with a thick
single-crystal semi-conductor wafer and etch it to give a thin membrane (using surface
micromachining techniques) or one can grow a sacrificial layer and thin film (epitaxial)
on a silicon substrate from which the sacrificial layer can be removed to realize the
membrane. Here, we have used a prefabricated thin silicon membrane which gives high
dimensional tolerance (* 0.1um) This method of using thin silicon wafers helps in
skipping many intermediate micromachining steps. The silicon wafer is cleaned using Ny

gas and kept ready for anodic bonding.
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Figure 4.12. Photograph showing the glass wafer after metallization and ready for
anodic bonding ( x 50 magnification).

Figure 4.13. Photograph showing the bottom electrode and contact pad of a sensor
element ( x S0 magnification).
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Figure 4.14. Photograph showing the metal pad on the glass wefer for electrode on
the silicon wafer ( x 100 magnification).

NN
NN

RNk

TR

N

BN
SOV
-

o A

L .
PR D
x>
s
KeZ PN Y

P
. ¢ -

‘. ’ L& e B
R R R - R

Figure 4.15. A magnified view of the photograph of Figure 4.14 showing the metal

layer for the contact pad is continuous ( x S00 magnification).
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4.2.2.4 Anodic Bonding of Membrane with Glass

The glass and silicon wafers are now bonded using anodic bonding technique
Anodic bonding provides proper packaging and protection of the tactile imager in
environments that are often harsh and rough For the tactile sensor reported here, it is
even more important to protect the boron-doped thin film silicon from touching other
objects (since they carry control signals) and to enclose the capacitive gap so that particles
do not get in between the two planes. These requirements can be achieved by covering
the tactile imager with a thin deformable non-conducting polymer that can be replaced
when required as shown step AB.1 of Figure 4.11. The non-conductive polymer should
be fairly thin and flexible to minimize cross-talk between each individual sensor in the
array and also minimize the loss in sensitivity. In this project, a layer of negative
photoresist (~ 50um) was spun on the silicon membrane which forms the protective skin

for the tactile sensor.
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Chapter - 5

Characterization of the Capacitive Pressure Micro Sensor

The characterization of the fabricated capacitive type pressure sensor is presented
in this chapter. The experimental results presented here are based on the performance of
first few prototype capacitive pressure sensors. The instruments used for testing and the
test procedure are also discussed. Finally, the experimental results are tabulated and

compared with analytical results.
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Figure 5.1 Cross-sectional view of fabricated capacitive pressure measurement
sensor with achieved dimensions in microns.
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1. Electrical contact on silicon membrane 2 Pressure inlet hole

3. Electric Contact on top silicon cover

Figure 5.2 Photograph of the fabricated capacitive pressure measurement sensor
(x 60 magnification),



The cross-sectional view of a single element of the fabricated pressure sensor with
the achieved dimensions is illustrated in Figure 5.1. Figure 5.2 shows a photograph of a
single element and Table 5.1 presents the designed and achieved dimensions of the sensor

The dimensions of the fabricated sensor was measured using optical microscopy.

Table 5.1 Designed and achieved dimensions of capacitive pressure sensor

Designed Achieved
Diameter of silicon membrane (2a) | 800 um 800 um
Thickness of silicon membrane (H) | 20 um 22 pm
Thickness of air gap (d) 10 um 12 um

5.1 Experimental Setup for Sensor Characterization

Pressure Gauge
- Pressure regulating valve

Test sensor -
[ Precision

/
Compressed _@ / 1 | LCR Capacitance
Nitrogen | I :  Meter Output
= / /| H4P a284A

—

Pressure chamber — -~
Shielded BNC connectors—/

Figure 5.3 Block diagram of pressure measurement sensor testing system.

The fabricated capacitive type pressure sensor is characterized by applying a
constant pressure and measuring the resulting change in capacitance. The experimental
setup consists of a pressure chamber, pressure source and a precision LCR meter. Figure-
5.3 illustrates the block diagram of the measuring and data analysis system.

The pressure chamber used here is a steel cylindrical vessel (10cm diameter and
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15cm height) which is designed to withstand pressure up to 100 psig The chamber has a
flat platform at the bottom to place the test device. The air tight pressure chamber forms a
shield against the stray capacitance effects due to external noise Two electrical leads are
provided on the chamber which connects the sensor to the capacitance measuring
instrument. A nozzle is provided on the top of the pressure chamber which can be
connected to a pressure source Here, we have used a compressed nitrogen cylinder with a
pressure regulating valve as the pressure source The pressure gauge measures the
pressure inside the test chamber. The pressure inside the chamber is regulated by means of
a pressure regulating valve. An air leakage test was performed to ensure desired precision
of the pressure chamber

The capacitance is read using a precision LCR meter (HP 4284 A) instrument
which measures the capacitance of the device This measuring instrument has a resolution
of 0.5 fF and the fluctuations in the measurements can be minimized at high input
frequency. The sensor chip 's connected to a capacitance measurement instrument by
means of calibrated leads BNC connectors and shielded cables which minimize the effect
of external fields are used to connect the pressure chamber with the measuring

instrument.

5.2 Experimentai Procedure for Characterization of Pressure Sensor

The fabricated pressure sensor is placed inside the air tight pressure chamber Two
electrical contacts, one from each of the two parallel plates are connected to the
capacitance measurement instrument The compressed nitrogen cylinder is now connected
to the chamber by means of a PVC tube. Nitrogen gas at regulated pressure is passed into
the chamber through the pressure regulating valve. The two lead wires connected from the
sensor to the precision LCR meter gives the capacitance of the sensor. Before testing the

sensor, it is mandatory to determine the optimal frequency range in which the sensor
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operates to obtain optimal sensitivity of the device. For this reason, the influence of
factors like signal frequency, amplitude and DC bias voltage were studied and its effects

are presented below.

S.2.1 Effect of Frequency on the Capacitance Measurement

The measuring instrument (HP 4284 A) has a operating frequency range from 20
Hz to 1 MHz. The sensor was characterized in ambient conditions. The capacitance
reading of the test sensor placed inside the pressure chamber at normal atmospheric
conditions were taken at different frequencies The zero pressure capacitance of the sensor
was tested at different signal frequencies ranging from 20 Hz to 1 MHz It was observed
that at low frequency the noise effect was predominant and therefore the reading was
inconsistent Once the frequency was increased the effects due to stray capacitance
minimizes and the capacitance measurements remain stable as illustrated in Figure 5.4. The
quality, Q, of the stray or parasitic components influencing the circuit of the measuring
instrument was tested for different frequencies and found that at high frequency (> 800
kHz) the quality of measurement is reliable and stable for low capacitance devices The
reciprocal of quality (Q) gives the dissipation factor (D) of the measuring instrument The
dissipation factor of the measuring instrument at 1 MHz was found to be negligible Figure
5.5 illustrates the dissipation factor as a function of signal frequency. The experimental
study revealed that the fluctuation in the reading was less than 0.1 fF for 1 MHz
frequency. For frequency above 800 kHz the fluctuations reduced considerably and
therefore the ideal characterization frequency was selected as 1 MHz for this type of

pressure sensors.
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Figure 5.4 Experimental results of zero pressure capacitance as a function of signal
frequency for each sensor element. (Level = 1V, Bias = No DC bias).
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Figure 5.5 Dissipation factor (D) of the measuring instrument vs signal frequency.
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5.2.2 Effect of Signal Amplitude and DC Bias on the Capacitance
Measurement

The effect of amplitude of sinusoidal signal on the sensor response was studied in
the range of 20 mV to 1 V and it was observed that the fluctuation was not significant In
addition, the effect of DC bias in the range from -10 V to 10 V was also studied and
found to be insignificant.

To summarize, the amplitude of sinusoidal signal and DC bias does not have
significant effect on the capacitance response of the device whereas the fluctuation in
frequency can be minimized above 800 kHz. Therefore, here we have selected 1MHz,
input voltage of 1V and without DC bias as the settings for the precision capacitance

measurement instrument.

5.2.3 Effect of Parasitic Capacitance on the Capacitance Measurement
The total sensor capacitance is a combination of different capacitances due to
different dielectric effects present in the sensor The air dielectric between the two parallel
plates contributes the major value of the sensor capacitance, C,. Other effects like glass
dielectric and silicon dielectric, called the parasitic capacitance ( Cp ) remains constant

The equivalent circuit of the pressure measurement sensor is presented in Figure 5.6.

Parasitic Sensor ®
Capacitance —— ? Capacitance Contact
*
(Cp) (C )

Figure §.6. Equivalent circuit of the pressure measurement sensor.

Other factors which may effect the capacitance measurements include Brownian
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noise, electrical noise and electrostatic force acting on the diaphragm [5] The effects of
these factors were studied and found to be less than 2%. The principal causes of these
effects are described below.

a) The Brownian noise is due to the discrete nature of the physical bombardment of
molecules against the silicon diaphragm. The Brownian noise scale is mathematically

written as;[5]

b
p o Pat Pu) BW.T'

a’

1)

Where, P2 is the mean square input pressure, Pin and Pyt are the mean pressures on
the two sides of the silicon diaphragm, BW is the bandwidth, a is the diaphragm radius
and T is the temperature For the given device the Brownian noise has a value of the order
of 104 um Hg which is much smaller than the applied pressure.

b) The capacitance due to electrical noise is generated by the transducer element and the
measuring instrument. For the pressure sensor the value for this noise is in the order of 50

um Hg which is calculated from the equaticn [5]

C T
142 | —— H.d®
[ +C0] %z
P’ = L (5.2)

n 10
a

¢) The capacitance due to the pressure error caused due to the electrostatic force acting
on the diaphragm with applied voltage is found to be negligible because the deflection of
the pressure sensitive membrane considered to be small compared to the distance, d,

between the parallel plates. This pressure error is calculated as [5]
el?

P — 53
™24’ ¢3)
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where, e is the permittivity and V is the voltage across the capacitor plates.

The stray (parasitic) capacitance reduces the sensitivity, contributes to higher non-
linearity and decreases the thermal stability. All leads must be shielded to reduce the effect
of stray capacitance Errors like non-linearity and temperature co-efficients can be
compensated using integrated circuitry. Therefore the total capacitance, C,,, is written as

C,= C,+C, (5.4)

where, C, is the active capacitance

5.2.4 Capacitance Measurement with Applied Pressure

After measuring the zero pressure capacitance, the pressure chamber is closed and
ensured to be air tight. The pressure inside the chamber is increased gradually up to a
pressure of about 6 201 x 105 Pa (90 psig) The pressure differential across the diaphragm
induces a change in capacitance The capacitance, at an input signal frequency of 1 MHz,
is measured for different pressures Figure 5.7 shows the experimental and analytical
results of the fabricated capacitive pressure sensor. The sensor was tested under the
following conditions no DC bias, the amplitude and frequency of the input signal
maintained at 1 V and 1 MHz respectively.

It was observed that the change in capacitance was steady as long as the pressure
inside the chamber was maintained at a particular value. The pressure was increased in
increments of 5 psi to a maximum of 90 psi (the pressure limit of the designed pressure
chamber device) and the corresponding capacitance readings noted. Now the pressure
inside the chamber was reduced in similar steps and the readings noted. The readings are
plotted in Figure 5.8 which indicates that the variation in sensor capacitance (< 2fF) for a
full cycle of applied pressure is stable and within the allowable tolerance (< 5% of the full

scale) This indicates that the sensor has low hysteresis value
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Figure 5.7 Capacitance as a function of pressure for each individual sensor element.
(Frequency = 1 MHz, Level = 1V, Bias = No DC bias).
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Figure 5.8 Experimental results of the capacitance vs pressure for a full cycle for an
individual sensing element. (Frequency = 1 MHz, Level =1V, Bias = No DC bias).
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Figure 5.9 shows the experimental results of the high and low value of capacitance
with respect to applied pressure for an individual sensing element measured at regular
interval for two months. The upper curve represents the higher capacitance reading and
the lower curve the low capacitance reading measured during the period for which the
experiment was conducted. The low and high curves showed a deviation of about 2%
from the mean value, indicating that it is likely, that the parasitic capacitance varied by

about 5 fF over the period covered by this experiment.
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Figure 5.9 Experimentai results of the high and low value of capacitance with
respect to pressure for an individual sensing element measured at regular interval
for two months. (Frequency = 1 MHz, Level = 1V, Bias = No DC bias)

5.3 Experimental Results of Pressure Micro Sensor

The fabricated pressure sensor output capacitance signal as a function of pressure
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was measured yielding a very smooth linear plot The change in measured capacitance is
within the designed performance limit for the achieved geometrical dimensions of the
sensor. Table-5.2 shows the analytical and experimental performance characteristics of the

sensor

Table S.2 Comparison of the analytical and experimental performance
characteristics of the 4 x § array pressure measurement sensor

Analytical Experimental
Zero Pressure Capacitance (C,) 03709 pF 03910 pF
Max Pressure Capacitance (Cpay) 03859 pF 0 4030 pF
Sensitivity (S) 24189 fF/Bar 1.935 fF/Bar

The performance of the fabricated sensor depends on the achieved geometrical
dimensions and the flatness of the pressure sensitive silicon membrane The zero pressure
capacitance of the sensor depends on the radius and the distance between the parallel
plates. The sensitivity and rupture pressure depends mainly on the thickness of the
pressure sensitive membrane. Therefore, to correlate the actual performance of the
fabricated sensor, a sensitivity analysis was performed with a variety of geometrical
conditions pertaining to the sensor. The simulation takes into account different possible
geometrical dimensions of the fabricated sensor (i e, radius and thickness of membrane
and the distance between the parallel plate capacitor) and calculates the performance of
the device. The sensor characteristics for lower and higher dimensional values achiev:d
from the simulation are compared with the experimental values and summarized in Table
5.3. The table indicates that the sensitivity, zero and maximum capacitance values of the

fabricated sensor lie within the range predicted by the simulations for varied sensor
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geometries

Table 5.3 Comparison of simulated results for different sensor dimensions with

experimental results,

Sensor geometries and | Achieved sensor

simulated response for two | characteristics.

slightly varied cases

For higher For lower

sensitivity sensitivity
Radius of silicon membrane (a) 405 398  um 400 pm
Thickness of silicon membrane (H) | 20 24 um 22 um
Thickness of air gap (d) 10 125 um 12 pum
Zero Pressure Capacitance {(C,) 04562 pF 03525 pF 0.3910 pF
Max Pressure Capacitance (Cmay) | 0 4889 pF 03626 pF 04030 pF
Sensitivity (S) 52733 fF/Bar | 16288 fF/Bar | 1.935 fF/Bar

The analytical response, for upper and lower geometrical range, and experimental
response to applied pressure are plotted in Figure 5 10. It can be seen from the figure, that
the experimental results are within this band of allowable dimensicnal tolerance It can also
be observed that the slope of the actual performance curve is slightly lower than the
designed performance curve (as illustrated in Figure 5.7) which can be accounted mainly
due to the uneven membrane thickness (22 + 0.5um) Sensitivity increases with increase in
diameter of the circular membrane (2a) and decreases with increase in distance between
the two parallel electrodes (d) In addition, the surface roughness also plays an important
role in the deflection characteristics of the membrane Sensitivity of the sensor decreases

with higher surface roughness
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To summarize, the comparison of simulated results for different geometricai
dimensions of the sensor with the achieved geometry of the sensor leads to the conclusion
that the important parameter affecting sensitivity of sensor is the membrane thickness
Therefore, the pressure sensitive membrane should have smooth surface and uniform

thickness to achieve optimal sensitivity.
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Figure 5.10 Comparison of simulated sensor performance for a range of geometrical
dimensions with the experimental results. (Frequency = 1 MHz, Level = 1V, Bias =
No DC bias)

5.4 Summary of Characteristics of Pressure Micro Sensor
The capacitive pressure sensor response characteristics indicates that the sensor is

sensitive to pressure and the measured change in capacitance compared well with the
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analytical results. The results of the experimental study performed on the pressure

measurement sensor can be summarized as follows:

1.

The sensitivity of the sensor for the pressure range of 0-6.2 bar/element is found . e
1.935 fF/Bar compared to the analytical value of 2 4189 fF/Bar. The sensitivity of the
device is lower than the theoretical value mainly because the membrane was not flat
which in turn affects the deflection and stiffness characteristics of the circular silicon
membrane

The non linearity of the capacitance measurement circuit at frequency of | MHz is less
than 1%. The dissipation factor of the measuring instrument at IMHz was found to be
0.0045 Therefore, the sensor was characterized at IMHz input signal frequency and
the measured readings were stable and consistent.

The stability of the sensor response for a full cycie of applied pressure was measured
to be less than 1% . Thus the sensor has low hysteresis value.

The repeatability of the sensor capacitance response with respect to applied pressure,
measured for span of two months, was in the range of £2 % . This indicates that the

sensor chip was stable during the period covered by the experiment
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Characterization of Capacitive Tactile Imaging Sensor

The characterization of the fabricated capacitive tactile imaging sensor is presented
in this chapter. The 5 x 5 array tactile sensor with sensor number is illustrated in Figure
6.1. The instruments used for testing and the test procedure is similar to that of the
pressure measursment sensor discussed in Chapter-4 This chapter presents the
experimental results and its comparison with the analytical results of the tactile imaging
sensor. Finally, a statistical regression analysis on the measured data is performed which
provides a relationship among variables, like pressure vs capacitance, interdependence of

capacitance variation between each element in the array and also variation in capacitance

measurement with respect to time
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Figure 6.2a. Photograph showing a single element of the fabricated tactile imaging
sensor ( x 60 magnification).

Figure 6.2b. Photograph showing the bottom electrode pad of a single element of the
fabricated tactile imaging sensor (x 100 magnification).
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6.1 Experimental Setup for Tactile Imaging Sensor

Figure-6.2 shows a photograph of the fabricated tactile imaging sensor Figure-6 3
illustrates the block diagram of the measuring and data analysis system. The sensor is
placed on the testing platform of the probe box which is lined with metal and maintained at
ground potential to avoid stray signals from interfering the test results. The probe box is a
light proof black-box which minimizes the effect of light on the capacitor and prevents any
unwanted carriers from being generated. The box should be dry and clean to prevent any
leakage of current. The zero pressure capacitance of each sensor in the array is measured

by bringing the probe wire in contact with the electrodes of the sensor.

Pressure Gauge

~ Pressure regulating valve

., — Probe box ——
, d ;. (Black box) Precision
Compressed ’ . 4 ¢ LCR Capacitance
Nitrogen -t Meter Output
Test Sensor o o HP 4284A
Testing table — /7 ~—
Micromanipulator S //
Shielded BNC connectors—*

Figure 6.3 Block diagram of sensor testing system.

The test probe (micromanipulator) is composed of a magnetized insulated base
which prevents shorting the probe wire to ground. The micromanipulator has a control
arm which allows the wire to be moved into precise position by using the control arm
adjustment knobs. The probe wire positioned on the tip of the probe control arm provides
the physical connection between the measuring equipment and the testing sensor.

The testing platform is a circular disk on which the sensor is laid for testing. The
platform is equipped with the ability to heat or cool the device for measuring the

temperature stresses affecting the test device. A hole provided at the center of the stage
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secures the device to the testing platform by connecting it to a vacuum pump. The
platform is also encircled with a cooling ring which provides a cooled buffer to prevent
undue heating of surrounding parts. Two platforms are provided on opposite side of the
testing platform on which the micromaniputor probes are positioned. These platforms are
made of stainless steel and are isolated from the ground.

The fabricated tactile imaging sensor is tested to determine its response
characteristics with respect to applied force and pressure Two type of tests were
performed on the sensor
(a) Geometric shape analysis of objects placed on the sensor
(b) Determination of sensor response characteristics with respect to applied pressure

For geometrical shape analysis, three different geometrical objects (i e, cube,
cylinder and sphcre) were selected The objects were placed on the sensor and the
capacitance of each sensor element in the array measured Secondly, for the pressure
response test a plexi-glass cap was fabricated and used as a pressure chamber The
chamber is glued on top of the sensor A nozzle, provided on top of the pressure
chamber, is connected to the pressure source using a flexible tube. Here, a compressed
nitrogen cylinder is used as the pressure source A pressure gauge placed on the nitrogen
cylinder measures the pressure inside the test chamber The pressure inside the chamber is
regulated by means of a pressure regulating valve placed on the nitrogen cylinder

The capacitance is measured using a precision LCR (Inductive Capacitive
Resistive) meter (HP 4284 A) instrument which measures the capacitance of the device
This instrument is used for evaluating LCR components of semi-conductor devices over a
wide range of frequencies (20 Hz to 1 MHz) and for testing under different signal levels in
the range from SmV to 2Vrms The optimal operating characteristics of this instrument is
as explained in Chapter-5. The sensor chip placed on the testing platform is connected to
the connector panel which is located at the rear of the probe box. The control panel serves
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as an interface to connect the probe box with the capacitance measurement instrument by
means of calibrated leads BNC connectors and shielded cables which minimizes the eftect

of external fields are used as connectors

6.2 Experimental Procedure for Characterization of Tactile Imaging
Sensor

Two devices were fabricated for this project, the measurements taken for one of
the device is presented in this chapter for the characterization of tactile imaging sensors
fabricated using micromachining technology. For the selected device, it was observed that
sensor numbers 6,14 and 21 were not responding to the desired design due to errors
incurred during fabrication These sensors did not function satisfactorily mainly due to the
following reason’ (a) The masks prepared in the laboratory was not perfect and (b) the
fabrication process like etch time and photolithography were manually operated and
controlled. Due to the aforementioned problems the metal electrodes of these sensors
were not continuous. These problems can be solved once the technology is established and
the process becomes automated Therefore, the reading for these sensors were eliminated
in the following experimental data tables

The fabricated tactile array sensor is placed on the testing platform of the probe
box The vacuum pump is switched on, to hold the sensor to the platform Two probes,
one from each of the two parallel plates of the sensor are connected to the capacitance
measurement instrument through the leads in the probe box. Initially, the capacitance of
each sensor, at ambient conditions is measured using the capacitance measuring
instrument. This value gives the reference capacitance (zero deflection capacitance) for a
particular input signal frequency. The zero pressure capacitance of each sensor element

was tested at different signal frequency ranging from 20 Hz to 1 MHz and the
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experimental results tabulated in Table 6 1.

Table 6.1 Experimental results of zero pressure capacitance of each element in the
tactile array sensor with respect to different signal frequency.

Sensor Capacitance (pF) at different input frequency
No 20 Hz 100 H~ 1000 Hz | 100 kHz | 250 kHz | 500 kHz | 800 kHz { 1000 kHz
1 05722 {0.49112 | 034874 1034680 | 034640 | 0.34590 | 0.34589 | 034580

05619 | 048913 [ 033921 (03390 [033812 {0.3381 03374 0.3371

05912 | 05115 |0.3552 0.3550 ]0.3542 |035398 [0.35395 | 03538i

0.5662 | 0.4815 033128 | 033122 |03312 }0.33118 {033113 | 033105

05698 {05187 |03518 03511 03506 03503 | 03503 0.3502

05691 ] 05162 03559 0.3558 ]0.3553 [ 03551 |03550 03549

0 () W e W N

05661 | 05143 10.3533 0.3533 ] 0.3531 03528 03525 03525

9 (05817 |0.5016 ]03619 03618 |0.3615 03615 ]03614 0.3611

10 05689 | 05158 | 03551 03551 0.3548 | 63546 | 0.3541] 03541

11 0.5877 | 05044 03660 03655 0 3654 0 3651 0.3651 0 3365
12 (5629 | 04882 03388 0 3383 0.3383 0 3381 0.3379 03375

13 05699 | 04834 0.33955 | 033951 [ 037750 | 033950 | 033949 | 0.33947

15 05611 ]0.5072 033885 | 033881 [0.3879 | 033879 [ 033876 | 0.33872

16 05818 | 04812 03542 0 3541 03541 03539 |0.3538 0 3535

17 (5592 | 148112 103329 033281 103326 [03324 |0.332] 03321

18 0.5043 | 049002 | 03369 03369 03367 |0.3366 | 0336- 0.3361

19 05567 | 04942 03373 03371 03367 |0.3367 033665 [ 0.3366

20 (5593 ] 04985 03383 03380 103377 0.3377 03376 03375

22 (5834 | 05062 0.3671 033671 |0.33667 | 033665 | 033661 | 03366

23 05637 |0.4909 ]0.3347 0.3345 [0.3344 [0.3344 [0 3341 03341
24 05862 | 05073 | 03682 0.3682 10.36811 }0.36809 | 0.36805 | 0 368

25 0.5641 | 04911 03362 0.3361 0.33581 | 033579 | 0.33579 | 0.33578

Figure 6 4 illustrates a typical reading of the zero pressure capacitance of a sensor
element with respect to signal frequency. It was observed that at low frequency the noise

effects were predominant and therefore the reading was inconsistent. Once the frequency
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is increased the stray effects are reduced and the capacitance value is stable as illustrated
in Figure 6.4. Figure 6.5 shows the distribution of zero pressure capacitance of each
sensor in the array at 1 MHz frequency. It can be observed from the figure that the
variation of zero pressure capacitance of each sensor element from the mean value is less
than £5% of the mean value for the device. This variation in capacitance is most likely due
to the dimensional variations in the shape and diameter of the bottom electrodes of each

capacitor during the fabrication process.
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Figure 6.4 Experimental results of zero pressure capacitance as a function of signal
frequency for each sensor element (level = 1V, bias=no DC bias ).
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Figure 6.S. Distribution of zero pressure capacitance for each sensor element in the
array (frequency=1MHz, level=1V, bias=no DC bias).

The dissipation factor of the measuring instrument decreases with increase in signal
frequency and was equal to 0.0045 at 1 MHz. Therefore, at high frequency the quality of
the capacitance measurement is stable and consistent. Figure 6.6 illustrates the dissipation
factor as a function of signal frequency. After measuring the zero pressure capacitance of
each sensor element in the device, the geometrical shape identification and pressure
response characteristics tests were performed on the sensor chip. The experimental

procedure for these tests are presented below.
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Figure 6.6. Dissipation factor (D) of the measuring instrument as a function of signal
frequency. (semi-log scale).

6.2.1 Touch Understanding - Geometrical Shape Analysis

Touch understanding sensor basically consists of tactile sensing which extracts the
features of an object's surface when the sensor comes in contact with it[13]. Geometrical
shape analysis is an essential preliminary step in identifying three dimensional objects
during grasping, inspection and assembly operations. The design problem of these type of
sensors is related to the sensor structure and the sensing element which generally senses
three dimensional object partially at the point of contact.

In this project, the capacitance data obtained when different geometrically shaped
objects placed in contact with the sensor array is presented. The desirable feature of the
fabricated tactile sensor array at this stage of the research is to perform a low-level
processing of the objects placed on its surface by measuring the capacitance data of
sensor elements which have values above a preset threshold. The element readings below
the threshold (<0.5fF) are assumed to correspond to areas where there is no contact

between the sensor and the object. These data predicts the viability of the technology
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which can be developed so that the sensor identifies three dimensional object. The
capacitive response characteristics of the sensor chip with respect to applied load is
presented in this section.

Three objects with different geometrical shapes were sclected, to analyze the
response characteristics of the sensor when these objects are placed on the tactile sensor
Here, we have selected stainless steel material with geometric shapes of cube, cylinder
and sphere as the objects. The dimension of the selected objects is smaller than the sensor
chip which helps in analyzing its total load effect on the sensor chip in a single set of
reading The weight of these objects were determined using a sensitive digital balance.
The load acting on each sensor should be less than the rupture load of the touch sensitive
silicon membrane A layer of negative photoresist (~ 50pum thick) was used as the non-
conducting polymer which forms the elastic skin for the sensor. The purpose of the skin is
two fold, it serves as a mechanical protection to the pressure sensitive silicon membrane
and secondly it distributes the load on the sensor when it comes in contact with point
objects Table 6 2 presents the analytical value of sensor capacitance of each element in
the sensor array for different loads acting on it The capacitance due to the metal lining
connecting the contact pad and the bottom electrode also contribute to the zero pressure
capacitance The design calculation takes into account this value of capacitance which is
found to have a mean value of 9.5% of the zero pressure capacitance. This capacitance is
considered to be constant because the membrane deflects only in regions which lie above

the circular recessed parts of the glass substrate.

Table 6.2 Analytical capacitance of each element in the tactile sensor chip for

different loads placed on it.

Capacitance in pF at different loads

—

Opgmf ltemf [2gmf [3gmf [4gmf | Sgmf | 8gmf [ 10 gmf | 12 gmf | 15 gmf
0.3755 103767 | 0.3779 1 03791 | 03803 | 03816 | 0 38544 0.388 | 03907 | 0.3948
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Figure 6.7 Sensors below the hatched area are affected when the rectangular block
(12x12x40 mm) is placed on the sensor.
Table 6.3 Experimental data of capacitance when rectangular block is placed on
tactile imaging sensor for geometrical shape analysis.
AC = Change in capacitance, Mass-1 = Mass of steel block = 5 gmf/element
(" Sensors which showed major change in capacitance)

Sensor | No load | Mass-1 AC Sensor No Joad Mass-1 AC
No. eH (pb) (fF) § No (pF) (pF) (fF)

1 0.34580 | 034550 {-0.3 16" 0.35350_} 0.35870 | S.2

2 033710 | 0.33740 03 | 17 0.33210 {033250 |04

3" |o0.35381 | 0.35901 |52 | 18 033610 (033640 |03

4 033105 | 033135 [03 | 19 033660 |0.33620 |04
5" 1035020 | 0.3550 S0 | 20" 0.33750 | 0.34260 | 5.1

7 0.35490 } 0.35440 | 0.5 ] 22* 0.33660 | 0.34180 | 5.2

8 0.35250 | 0.35230 | -0.2 | 23 0.33410 [ 033430 Jo2

9* |0.36110 | 0.36610 |50 | 24" | 0.36800 | 0.37300 | 5.0

10 |o0.35410[ 035450 [04 | 25 033578 [ 033548 {03
11" 10.33650 | 0.34160 | 5.1

12 0.33750 | 0.33710 | 0.4

0.33947 | 0.34857 | 9.1

15 0 33872 | 033832 | -04
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The fabricated tactile sensor is placed on the testing platform of the probe box
and the vacuum pump is switched on, to hold the device tc the platform. The capacitance,
at an input signal frequency of 1 MHz, is measured when different objects are placed on
the sensor The response when a rectangular block is placed on the touch sensitive sensor
surface is tabulated in Table 6.3. Table 6.4 presents the sensor response when a
cylindrical block of known weight is placed on the sensor. Similarly, sphere balls of
different weights were placed on the sensor and the capacitance of each element in the
array measured and presented in Table 6.5. The response of those sensor elements which
were pressed by the objects showed a change in capacitance The change in capacitance
for sensor elements below 0.5 fF were considered negligible and tabulated as no change
It was observed that the sensors which lie below the objects showed a considerable change
in capacitance which indicates that the geometric profile of the object surface can be
identified using these observations Figure 6.7, Figure 6.8 and Figure 6.9 illustrates the
sensors which lie under the hatched area are affected when objects like cube, cylinder and
sphere respectively are placed on its surface The weights placed on the sensor skin

transmits an uniformly distributed load on the sensor elements which lie under it.
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Figure 6.8 Sensors lying beiow the hatched area are affected when the cylinder (12

mm radius and 12 mm long) is placed on the sensor.

Table 6.4 Experimental value of capacitance when cylindrical block is placed on

tactile imaging sensor for geometrical shape analysis.

AC = Change in capacitance, Mass-2 = Mass of steel cylinder = 4 gmf/element

(* Sensors which showed major change in capacitance)

Sensor | No load | Mass-2 AC Sensor No load Mass-2 AC
No (pF) (ph) (fF) No (pb) (pF) (fF)
1 | 034580 | 034520 | 06 16 03535 | 03533 02
2 [033710{ 03372 01 17 033210 | 033240 | 0.3
3" |0.35381 | 0.3811 1.3 18 033610 | 033660 | 035
4 |033105] 03312 | 015 19 033660 | 033640 | -0.2
5 ]035020 | 03503 01 20 0.33750 | 033720 | 03
7 035490 { 03544 | 05 22" | 0.3366 | 034050 | 3.9
8 |035250f 03521 | 04 23 033410 | 033440 | 0.3
9 |036110| 03614 03 24 036800 | 0.368300 | 03
10 | 035410 | 03541 00 25 033578 | 033524 | 054
11" | 0.3365 | 0.3106 | 4.1
12 (033750 | 03373 | -02
13 ]0.33947 | 033952 | 005
15 | 0.33872 | 0.33832 | -04
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Figure 6.9 Sensor lying below the hatched area is affected when the sphere is placed

on the chip.
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Table 6.5 Experimental results of each sensor element in the tactile imaging sensor
when spherical objects of different weights are placed on the sensor for geometrical
shape analysis.

Sensor | Capacitance in pF for different weights
No. Ogmf |20 gmf | 3gmf 4 gmf 5 gmf

1 034580 | 03477 | 0.3489 0.3503 3511

0.3371 103392 | 0.340] 03416 ] 0.3423

0.35381 | 0.35582 | 03569 03581 0.3588

0.33105 { 0.333 0.3342 0.3355 0.3364

0.3502 } 0.3519 | 0.3533 0.3543 ] 0.3556

03549 [ 03561 0 3578 0.3596 ] 03601

03525 [03544 ] 03557 0.3571 03578

O 0 [ e W N

03611 {03624 | 03644 0.3653 0.3664

10 0.3541 (03566 |0.3572 0.3596 | 0.3599

11 03365 10.3382 0.3396 0 3409 03414

12 0.3375 103394 ] 0.3401 03417 0.3422

13 033947 1 0.34145 | 03427 0.3438 0 3441

15 033872 1 03405 | 03412 03431 0 3439

16 03535 [ 03559 ]0.3566 0357 0 3583

17 03321 |0.3344 ]03354 0.3365 0.3371

18 03361 10.3384 ] 03389 0.3109 ] 0.3418

19 03366 03382 [03394 03411 03419

20 0.3375 | 03391 0 3408 03415 03424

22 03366 ]0.3387 |0.3394 0.3403 0.3417

23 0.3341 10.3360 | 03375 0.3383 0.3392

24 0.368 0.3698 |0.371 03726 03734

25 033578 | 0.3375 0.3389 03403 03416

6.2.2. Pressure Response Test
The fabricated tactile imaging array sensor is sensitive to both force and pressure
applied on the sensitive thin silicon membrane A pressure response test is conducted by

applying predetermined pressure on selected sensor elements on the chip The pressure
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measurement test ensures a uniform load on the selected sensor elements and therefore the
response characteristics of these elements can be studied. For this purpose, a plexi-glass
pressure chamber was constructed for testing the sensor chip. The fabricated sensor is
placed on the testing table of the probe box and the pressure chamber is glued air tight on
to the sensitive silicon surface. A pressure leakage test was conducted, for the
experimental setup, to ensure that the chamber is air tight. Two probes, one from each of
the two parallel plates of the sensor element are connected to the capacitance
measurement instrument. A compressed nitrogen cylinder is then connected to the

chamber

Table 6.6 Experimental and analytical response of capacitive tactile imaging sensor
with respect to applied pressure

Pressure 0 03445 | 0.689 1.034 1378 1723|2067 2412
(x 105 N /m2)
Analytical 03755 [ 0.3782 | 03809 |03837 |[03866 [03895 |03926 |o03957

Capacitance (pF)
3 03538 | 0.3563 | 0.3598 03623 | 03641 0.3659 | 03689 | 0.3708
Experimental | 5 0.3502 | 03528 | 0 3555 03590 | 03605 |0.3619 [0.3644 | 0.3664

value of 9 03611 | 03633 0 3658 0.3696 03710 0.3722 0.3749 | 0.3777
Capacitance | 11 03365 | 0.3391 0.342] 03455 0.3469 03482 0.3510 | 03540
for scnsor 13 10.3395 {03422 0 3455 03483 0.3498 0.3516 0.3541 0.3564
number 16 103535 § 0356] 0 3586 0.3616 0.3631 0.3646 03672 03703
(pF) 20 10.3375 | 03396 0 3418 0.3466 0 3468 0.3495 03524 | 0.3549

22 103366 | 03390 0 3414 0.3452 0.3471 0.3491 03512 0.3957
24 | 03680 j 0.3699 0.3725 03768 0.3786 0.3802 0.3831 0.3854

A regulated pressure from the nitrogen cylinder is fed into the chamber through the
pressure regulating valve. The two lead wires connected from the sensor to the pressure

LCR meter gives the capacitance of the sensor The pressure inside the chamber is
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increased gradually up to a pressure of about 2.41x 105 N/m2 (35 psig). The pressure
differential across the diaphragm induces a change in capacitance. The capacitance, at an
input signal frequency of 1 MHz, is measured for different pressures. The experimental
and analytical values are tabulated in Table 6.6. Figure 6.10 shows the experimental and
analytical pressure response results of the fabricated capacitive tactile imaging sensor.
The response of the each sensor element in the array is linear with respect to change in
pressure. In effect each sensitive site in the array is a separate force/pressure sensor.

Ideally, the performance of each element in the array should match every one of the other

but practically this is not the case.
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Figure 6.10 Capacitance as a function of pressure for selected sensor element
(frequency=1MHz, level=1V, bias=no DC bias).
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6.3 Statistical Analysis of Performance of Tactile Imaging Array Sensor

A statistical regression analysis was performed on the experimental data obtained
for the tactile imaging array sensor. The regression analysis provides a conceptual method
for investigating statistical relationship among variables, like pressure vs capacitance,
interdependence of capacitance variation between each element in the array and the
change in capacitance with respect to time This analysis helps in evaluating the
consistency of the fabrication process and the precision of measuring instrument. The
standard approach in this method is to use the measured data to compute an estimate of
the proposed relationship and evaluate the best fit using statistics It also helps in
understanding the interrelationship among the variables and the cunstants.

The zero pressure capacitance of each sensor element in the tactile array measured
at regular interval for 45 day is tabulated in Table 6.7 It is obvious from the table that the
variation in measurements are within the tolerable limits ( 5% ) of the mean value Table
6 8 presents the summary of statistical analysis of zero pressure capacitance of each
element taken at regular interval for 45 days The standard deviation of the measured
capacitance for the period covered by the experiment is below 0.1fF, which is within the
precision of the measuring instrument (0.5fF).

The correlation between each sensor element and the measured data for zero
pressure capacitance is presented in Table 6.9 The correlation helps in evaluating the
interrelation between the selected variable. For correlation coefficient |r] < 30%, indicates
a strong independence between the variables, 30% < |r] < 70% indicates a relationship
between the variables and |r] > 70% indicates a strong relationship between the variables
From Table 6 9, it is obvious that there is no relation (strong independence) between the
sensor capacitance with respect to time The summary of the statistical analysis from the
above mentioned tables indicates that the sensor chip was stable, during the
characterization period covered by the experiment, as illustrated in Figure 6 11.
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Table 6.7 Experimental results of zero pressure capacitance of tactile imaging

sensor measured at regular interval for 45 days.

Sensor Sensor capacitance in pF for the following days

No. 0 L] 10 15 20 25 30 3s 40 4%

1 03453 ] 03457 | 03451 03459 03448 [03454 |o03458 Jo03as2 Joaseo |oraswo
2 03363 | 03378 103374 103369 03377 03372 | 03378 Jo03zes Joaze o
3 03531 [ 03549 03539 03536 | 03532 |03s39 [o03s43 Jo03s38 Jo3isze |oanm
4 03314 [03312 03301 103317 o334 |o03319 fo33s Jo3nz Joang ]omnoes
s 03506 | 03502 | 03497 103504 03508 03493 |03498 ] 03503 Joisos |o3c2
7 03543 03548 [ 03557 03544 fo3sss Jo3sag | 03543 Jo3sss Joissy Lo
8 03520 lo3s21 lo3sis 03528 03522 fo3s3s fo03s20 03527 Joisar | oasas
9 03618 | 03616 | 03006 103613 | 03614 | 03604 [03615 |o3c12 Jossww  foien
10 03534 [03s543 [03548 103539 03549 | 03536 [03543 03542 fo3sas |oren
11 03369 033148 03365 0 3363 03372 03361 03157 03368 (031174 03164
12 03370103379 103368 0336 03379 lo33s8 [o0337a 03377 Joaiss Qo3vs
13 03397 | 03388 | 0339s | o03ms |o0337 Jo312 [o3ss [o0339s |omwx  forwar
15 03395 103383 ]03394 [0338s | 03396 Jo33x: {03387 [o0339s Jonss |okn
16 03531 | 03539 | 03528 | 03533 |o03598 03527 lo3sis fo3saw o3saz forsse
17 03328 03326 03312 03320 |03316 [03323 [o03324 fo3ze Joun2r Jon
18 03368 103362 03357 03365 03363 |03369 fo033s8 [o3366 Jonss Jori
19 03369 | 03362 | 03375 | 03366 l03363 {03374 Jo03363 03177 fo336s {03
20 03371 03374 03383 | 03377 103378 lo3381 [03379 [o33s2 Joiwe o3
22 02368 [ 03362 103375 | 03364 [03363 [o03369 [03372 [03374 Jo3es Jo3iies
23 03347 03338 [03348 | 03347 [03336 | o033as Jo3338 Jo03336 Jo3zas [0
24 03684 | 03678 103686 | 03673 | 03682 [o03675 [03683 f03675 Joiexs | o3ewo
25 03351 | 03363 J03359 | 03353 |03365 |o33s4 lo3362 [03363 Joizso [oiren
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Table 6.8 Summary of statistical analysis of zero pressure capacitance of each
sensor element taken at regular interval for 45 days.

Sensor No | Mean Median S Min Max. Ql Q3
1 034539 | 034535 | 0.00040 | 034480 | 0.34590 { 0 34505 | 0.34580
2 033724 {1 0.33730 | 0.00052 | 033630 |0.33780 | 0.33683 | 0.33773
3 0.35406 { 035385 | 000072 035310 |0.35540 | 0.35360 ] 035452
4 033132 ]033140 |0.00051 } 033010 [033190 | 0.33116 |0.33173
5 035017 | 035025 | 0.00045 | 0.34930 | 0.35080 | 034977 | 035045
7 035496 | 035485 | 000054 | 0.35430 | 0.35570 | 0.35438 | 035551
8 035265 | 035275 | 000050 |} 035180 | 035330 | 0.35217 | 0.35300
9 036118 [ 036125 | 000044 | 035040 | 0.36180 | 0.36083 | 0.36152
10 035414 | 035425 1000041 | 035340 {0.35480 | 035382 | 035440
11 033652 | 033650 | 000057 | 033570 | 033740 | 033602 | 0.33697
12 033706 | 033725 [ 000077 | 033580 033790 | 0.33643 ]0.33775
13 033926 | 033945 | 000045 | 033850 |0.33980 | 033878 |0.33955
15 033887 | 033870 | 000055 | 033820 033960 | 0338”2 |0.33942
16 034977 { 035305 | 000754 |[0.33510 | 035430 | 0 34850 | 035357
17 0332131033220 { 000053 033120 | 033280 [ 033160 |0.33263
18 033624 | 0.33625 [000047 | 033550 §033690 | 0.33577 10.33665
19 033680 | 033660 | 000055 [033620 033770 | G.33630 | 033742
20 033776 | 033775 | 0.00038 |[033710 |0.33830 | 0.33748 | 033812
22 033678 { 033670 | 000046 | 033620 | 033750 | 033637 |0.33725
23 033474 | 033460 | 000151 033360 | 033880 | 033375 |033480
24 0 36799 | 0 36810 | 000044 [ 036730 [ 036860 | 036750 | 0.36832
25 033588 1033590 | Q00048 [ 033510 033650 | 033537 [033632

Q1 = First quartile, Q3 = Third quartile and S = Standard deviation

Table 6.9 Correlation between each sensor element and the measured daua for zero
pressure capacitance taken at regular interval for 45 days

Sensor Correlation * | Sensor Correlation * | Sensor Correlation *
No No No
1 -0014 11 0201 22 0.111
2 0141 12 -0 133 23 -0 502
3 -0 153 13 0091 24 -0.137
4 0164 15 -0212 25 0.242
5 -0 102 16 0.204
7 0294 17 -C 059
8 0393 18 -0319
9 -0.357 19 0020
10 0196 20 0262

* correlation between zero pressure capacitance versus time.
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Figure 6.11. Zero pressure capacitance measured at regular interval for selected

sensor elements to verify long term stability of device (frequency=1MHz, level=1V,
bias=no dc bias),

A regression analysis was performed to study the variation of each sensor element
with respect to applied pressure. The summary of the regression analysis is presented in
Tables 6.10a. The correlation coefficients are used to calculate the regression equation,
C,, which is written as:

Cr=bo+b; (P) 6.1)
where, bg and by are the mean of the zero pressure capacitance and the slope of the
function curve respectively and P is the applied pressure.

The multiple coefficient of determination, R2, the adjusted multiple coefficient of
determination R2(adj) and the regression equation with respect to pressure is tabulated in

Table 6.10b. From this table it is obvious that the capacitance of the selected sensor
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elements have a strong relation with respect to applied pressure To substantiatz the
regression analysis a correlation between the sensor elements and the applied pressure was
performed and the results are presented in Table 6.11. It is obvious for Table 6.11 that
there is a strong correlation between each sensor elements and the applied pressure. This
correlation also establishes that each element can perform as an individual sensing element

with the same efficiency.

Table 6.10a. Summary of regression analysis of sensor element with respect to

applied pressure.
Sensor | Correlation co-efficient Standard deviation (S) | Standard deviation
No. Const. | Pressure Const Pressure of residuals (s )
{bg) (b))

3 0354317 | 000048119 | 0 000359 | 000001717 | 00005564

5 0350833 | 000045738 | 0.000444 | 000002124 | 0.0006882

9 0361333 | 000046381 | 0.000437 |0.00002087 | 0 0006764

11 0.337008 | 0.00048024 | 0 000460 |0 00010220 | 0.0004802

13 0340192 | 000047048 | 0 000403 | 000001927 | 00006245

16 0 353850 | 000045857 | 0000349 |000001668 | 00005405

20 0337425 10.00049786 | 0 000518 | 000002477 | 0 0008025

22 0.336508 | 000052310 | 0 000448 | 000002141 | © 0006939

24 036795 |0G0050643 | 0 000433 |0.00002068 | 0 0006702

Table 6.10b. Summary of regression analysis of sensor element with respect to
applied pressure.

Sensor R RZ (adj) | Regression equation of capacitance with

No (%) (%) pressure
3 99 2 99.1 C =0.354 +0.000481 Pressure
5 99 2 99.1 C =0 354 +0.000481 Pressure
9 98.8 98.6 C =0 361 +0.000464 Pressure
11 98 8 98.5 C=0.337 +0.006480 Pressure
13 990 98.8 C = 0.340 +0.000470 Pressure
16 99.2 991 C = 0.354 +0.000459 Pressure
20 98 5 98 3 C =0.337 +0.000498 Pressure
22 99.8 98.8 C=0.337 +0.000523 Pressure
24 99 0 08 8 C=0.368 +0 000506 Pressure

Y = multiple coeflicient of determination

R2(adj) = adjusted multiple coefficient of determination
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Table 6.11 Correlation between capacitance of sensor elements and applied pressure

Sensor | correlation correlation coefficient (capacitance Vs capacitance)
coefficient *
No. 3 5 9 11 13 16 20 22
3 0.996
5 0.994 0.998
9 0.994 0.996 | 0998
11 0.994 0.998 | 0.998 | 0.999
13 0.995 0.999 10.999 | 0.997 | 0.999
16 0.996 0.967 |0.997 10999 |[0.999 | 0.998
20 0.993 0993 10.995 10997 | 0995 |0.994 | 12.995
22 0.995 0.992 10.993 |1 0.997 {0996 | 0.993 | 0.998 | 0.994
24 0.995 0996 [0998 | 0999 [0997 |[0.996 | 0996 | 0997 | 0995

* correlation between capacitance Vs pressure.

6.4 Experimental Results of Tactile Imaging Sensor

The performance characteristics of these type of tactile imaging array sensors are
indeed encouraging The experimental mean value of no-load or zero load capacitance of
each element is about 0 3437 pF compared to the analytizal value of 03755 for the same
g :ometrical dimensions of the fabricated sensor. The sensor response to applied pressure
compared well with the analytical results Table-6 12 shows the analytical and
experimental performance characteristics of an element (Sensor-3) of the 5x5 array tactile

imaging sensor.

Table 6.12 Comparison of analytical and experimental performance characteristics
of an element (Sensor-3) in the 5 x 5§ array tactile imaging sensor.

Analytical Experimental results (for
Sensor numbe: - 3)
Zero Pressure Capacitance (Cp) 0.3755 pF 0.3538 pF
Max. Pressure Capacitance (Crjyay) | 0.3957 pF 0.3708 pF
Max. operating Pressure 4.32x10° (N/mz)/element 2 41x10° (N/mz)/elemem
Sensitivity (S) 8 375 fF/Bar 7.048 fF/Bar
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From the obtained experimental data it can be observed that Sensor-24 and
Sensor-4 has the lowest and highest sensitivity respectively The variation in sensitivity can
related to the changes in the geometrical dimension of each sensor element occurred
during the fabrication. To determine the range of dimensional variation of each sensor
element a simulation using different possible geometrical dimension was performed and
the summary of the results is presented in Table-6 13 Therefore it can be concluded that

the dimensional variation of the sensor is within the limit of 5%.

Table 6.13 Comparison of simulated results for different geometrical dimensions
with the experimental results.

For lower sensitivity For higher sensitivity
Analytical | Experimental | Analytical | Experimental
(Sensor -24) (Sensor-4)

Radius of membrane (um) 500 498 495 503
Thickness of membrane (um) | 16.5 15 15 15
Thickness of air gap (um) 15 15 17 16
Zero pressure capacitance 0 3755 03680 03240 03311
Co (pF)
Max. pressure capacitance 0.3960 0.3854 0.3612 03595
Cmax (pF)
Sensitivity (S) (fF/Bar) 713 722 15.44 11.81

6.5. Summary of Characterization of Tactile Imagiug Sensor

The response characteristics of the sensor is not dependent on the no-load
capacitance (C,) but in the change in capacitance of each element in the array. The
primary function of the device is to measure the displacement of touch sensitive material
into conveniently processed electrical signal rendering the impressions on the touch
surface. The summary of the experimental study performed on the tactile imaging sensor

are presented below.
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The fabricated sensor chip can be used as a geometrical shape recognition sensor.
The experimental results compared well with the analytical results. The measured
data of capacitance when different geometrically shaped objects are placed on the
sensor is very raw and therefore it should be further processed to get the exact

geometric shape of the object.

The sensitivity of the sensor, for the pressure range of 0-2.41 bar/element, is
found to be 7.048 fF/Bar compared to the analytical value of 8.375 fF/Bar. The
sensitivity of the device is lower than the theoretical value mainly because of the
variation in the geometry of the sensor incurred during fabrication and the

precision limit (0.5fF) of the measuring instrument

The non-linearity in the capacitance output is caused by the capacitance in the
non-active area (stray capacitance or parasitic capacitance - C,) of the variable
capacitor. Figure 6.12 shows the equivalent circuit of the tactile imaging sensor.
The stray capacitance reduces the sensitivity, contribute to higher non-linearity
and decrease the thermal stability. All 1zads must be shielded to reduce the effect
of stray capacitance. Errors like non-linearity and temperature co-efficients can be
compensated using integrated circuitry. Therefore the total capacitance ( C;) is
written as

C;=C,+C, (6.2)

where, C, is the active capacitance
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Figure 6.12. Equivalent circuit of the tactile imaging sensor.

4. The stability of the sensor chip for capacitance measurement with respect to
applied pressure for a full cycle is illustrated in Figure 6.13. From the figure it is
observed that the variation in capacitance is less than 5%, indicating low

hysteresis effect for the sensor chip
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Figure 6.13. Experimental results of capacitance Vs pressure for a full cycle for an
individual sensing element (frequency=1MHz, level=1V, bias=no dc bias).
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The dimensional repeatability of each element in the sensor array is less than =
5%. This error occurs during the fabrication process and can be eliminated once

the technology is established.

The repeatability of the sensor capacitance response with respect to applied
pressure measured for a span of 45 days was close to % 2%. Figure 6.14 shows a
typical repeatability curve of the sensor The upper curve represents the high
reading and the lower curve the low reading measured during the span of the
experiment The observed deviation is likely to be due to the effects of parasitic

capacitance of the measuring instruments and the surroundings

The results from the statistical and regression analysis performed on the

experimental data of the seasor chip is summarized as follows

(a.) The zero pressure capacitance of each sensor element is within 10% of the

(b)

mean value of the sensor chip The standard deviation is below 0.1fF which is

within the precision of the measuring instrument (0.5fF)

The correlation between sensor capacitance at zero pressure and the position
of the each sensor element shows that there is strong independence between
them. The range of correlation is from -0357 to 0.242 which indicates

negligible dependence and each element in the array acts as individual sensor

(c.) The regression analysis of capacitaiice versus pressure proves that their is a

strong dependence of capacitance with applied pressure. The multiple
coefficient of determination, R2, is about 99%
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(d.) The results of the analysis of correlation between capacitance with time shows
a very strong independence, for a period of 45 days. The very low multiple
coefficient of determination,R2, indicates the stability of the sensor chip for the

period of time covered by the experiment.

(e) There is a strong correlation between each sensor element with respect to
applied pressure. This indicates that all capacitor in the sensor array have the
same sensitivity. The correlation establishes that each element can perform as
an individual sensing element with the same efficiency. This also proves that

batch processing technique can be applied to achieve high density array sensor

chip.
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Figure 6.14. Experimental results of the high and low value of capacitance for an
individual sensing element measured at regular interval for 45 days
(frequency=1MHz, level=1V, bias=no dc bias).
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Chapter -7

Conclusions and Suggestions for Future Work

Two miniature capacitive pressure sensors one for pressure measurement and the
other for tactile sensing, have been designed and fabricated using micromachining
technology The fundamental performance of both sensors has been evaluated and the
sensor chips have demonstrated satisfactory sensitivity to applied pressure In addition,
several experiments were performed to study and characterize micromachining techniques
like anodic bonding, electrochemical glass drilling and anisotropic silicon etching using
KOH etchant. This chapter presents the conclusions of the research work performed for
this dissertation thesis and the suggestions for future work

The primary objective of this dissertation research is to contribute to the field of
Micromechatronics by presenting a novel method for the design and fabrication of
capacitive type miniature silicon/glass sensors The fabrication process is substantially
different from any previously reported capacitive sensors The highlights of the present
research work are summarized as follows
I. A 4 x5 array capacitive pressure measurement sensor have been designed, fabricated

and characterized. The designed pressure sensor has the following fabrication features
i. It has four non-aligning and two aligning masking steps
ii. Anodic bonding is used for bonding the silicon membrane with glass substrate
iii. The top silicon cover is also anodically bonded to the glass wafer
iv. Electrochemical discharge drilling technique is used to drill holes in glass substrate
for metal contacts and pressure inlet vent

I Anovel 5 x 5 array capacitive tactile imaging sensor has been designed, fabricated and
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characterized The fabricated capacitive tactile imaging sensor can be used as a touch
sensor to measure the force and pressure applied on it. The designed sensor has the
following fabrication features:
i. Prefabricated silicon thin wafer having uniform thickness (variation 0. 1um) is used
as the touch sensitive membrane. No masking steps are required for this membrane.
ii. The glass wafer has two masking steps, of which one is an alignment masking step
I Characterization of the boundary conditions of anodically bonded silicon-glass
structures.
IV. Design and realization of an electrochemical glass drilling apparatus and determining
the drilling time for glass with different thickness
V. Design and setting up of a constant temperature KOH etching apparatus and

experimentally determining the etch rate at different temperature and different KOH

concentration

7.1 Conclusions

The following conclusions are drawn from the analytical and experimental studies

performed in this dissertation research.

1. The experimental and analytical results of the fabricated capacitive sensors reveals that
slight changes in the geometrical parameters of the sensor (thickness and diameter of
membrane) introduce large variations in the capacitance of the device. Therefore,
precision design and machining of micro-electro-mechanical-systems (MEMS) plays
an important role in realizing high accuracy measurement devices.

2. The sensitivity of the fabricated capacitive pressure measurement sensor is 1.935
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fF/Bar compared to the analytical value of 2.42 fF/bar for a pressure range of 0-6 2
Bar/element. The performance characteristics of the sensor chip showed good linearity
and low hysteresis value for the range of measured pressure. The yield and uniformity
in performance were satisfactory

3. The capacitive type micromachined pressure measurement sensor can be used for
measuring different ranges of pressure depending on the size of the sensor. The
pressure measurement sensor fabricated for this research work had a membrane
thickness of 22 um. Although the membrane thickness was not uniform, due to the
problems faced during fabrication, acceptable characteristics of the sensors have been
achieved.

4. The variable capacitive type tactile sensor can be used as a potential device for
providing force feedback signals and sensing information of the sensing element The
preliminary work demonstrates the feasibility of a micromachined tactile sensor The
fabricated capacitive tactile sensor is useful for pressure measurements within the
range of 0-2.41 bar for a membrane thickness of 15um. The first results of the silicon
tactile sensor looks promising, however, much research has to be done with respect to
yield and reliability.

5. The sensitivity of capacitive sensors can be increased by reducing the membrane
thickness and increasing the diameter of the membrane The surface of the membrane
should be flat and uniform to achieve optimum sensitivity.

6. The rupture pressure of the silicon membrane determines the operating pressure range
of the sensor. The rupture pressure increases with the diaphragm thickness and
decreases with the diaphragm diameter.

7 The sensor is very susceptible to environmental noise and their application is restricted
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to very well shielded environments. This effect is minimized by operating the sensor at

high signal frequency (>800 kHz).

8. Anodic bonding solves major problems like packaging and long term stability of

miniature pressure transducer. The optimal bonding parameters obtained from
experimental study is, 3500C (hot plate temperature) and 1000V (applied voltage)
The characterization of boundary conditions of anodically bonded silicon-glass
sandwich structures showed that this type of sealing is superior compared to epoxy
glued structures. Cantilever silicon strips anodically bonded to glass for different range
(22.2 - 3.4 mm) of bond length had the same natural frequency. However silicon
cantilever strips bonded to glass using epoxy bonding showed significant changes in
the natural frequency ( decrease of 4.5% for 12.2 mm decrease in bond length) with

change in bond length

9. The principle of electrochemical discharge drilling of glass can be used to make leak

10.

11.

free electrical contact points and vent holes for micromachined sensors. The
experimental study performed on the assembled drilling apparatus yielded the optimal
operating parameters and the time for drilling through holes in glass having different
thickness. The optimal process parameters for drilling are. (a) concentration of
electrolyte (NaOH) = 35% (weight), (b) applied voltage = 36V (DC), (c) force applied
on the needle = 0.2 N.

The experimental study of etch rate of HF on glass revealed that, for the first minute
the etch rate is 9 pm/min. and it gradually stabilizes to 4 pm/min. after 6 minutes of
etching.

The experimental results obtained for etching silicon in KOH, using the assembled

constant temperature etching apparatus, compared well with those from the literature.
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The etch rates were lower by 5% from those found in literature However, a uniform
etch rate was attained using the constant temperature apparatus (for example., a etch
rate of 1.6um/min at 850C) for different temperature and different KOH
concentration.

Silicon is an excellent sensing material from the electrical and mechanical point of
view. Therefore, it has been used in a wide assortment of sensing application. Due to the
increasing demand for silicon-compatible sensors and transducers, and the corresponding
success in demonstrating various micromachining techniques like bonding, drilling and
etching in this dissertation thesis, it is likely that silicon will be increasingly called upon not
only in its traditional electronic role, but also in a wide range of mechanical applications
where miniaturized, high precision, high reliability, and low-cost mechanical components
and devices are required, performing functions not ordinarily associated with silicon Thus
we begin to realize that silicon isn't just for circuits anymore

The main advantage of micromachining technology is that such sensors can be
fabricated using batch processing techniques. Batch processing helps in improving the
sensitivity characteristics and lowering the cost of the device Thus high density array
sensors with different geometrical shapes can be fabricated on a single chip using this
technique. The size of the sensor makes it suitable for a large range of applications like

bioengineering, space, robotics, automotive industry, etc.

7.2 Suggestions for Future Work
Future work to extend the results obtained in this thesis can be carried out in
several directions. Some of the possible directions are to improve the quality and

sensitivity of the sensor. The initial measured results indicate that the fabricated sensor
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output can be converted to a usable signal using off-chip electronics which can be housed
in close proximity to the sensor But, future sensors should be designed with on-chip
circuitry to minimize parasitic and improve the performance of the sensor. Micromachined
devices integrated with electronic circuitry results in high precision capacitance
measurement seasors The reliability of the device is expected to be high once the
technology is established

The future trends can also be directed to fabricate multiple devices like
temperature, pressure and flow devices in one package. Presently, microprocessors are
being designed into almost all the new appliances such as microwave oven, washing
machines and dish washers As the trend continues, these devices will require sensors to
get feedback from the analog world Another advantage is that, these products can be
made more efficient with lower power consumption by implementing micro mechatronic
devices into their operating system

The future trends for these type of sensors will be to improve the performance to
meet the practical requirements in space and robotics applications The process is simple
and reproducible and therefore the next generation of sensors will be constructed with on-
chip integrated circuitry. Proper packaging and protection of the tactile imager is very
important for its successful operation in environments that are often harsh or destructive.
The gap between the plates should be enclosed so that dust particles will not get in
between them these requirements can be achicved by covering the tactile imager with a
thin deformable insulating sheet that can be replaced when needed Although capacitive
sensors have a constant problem of stray capacitance, the problem can be minimized by
proper shielding and feedback techniques and by placing the measuring circuit in close

proximity to the sensor.
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The operating range of the sensor can be increased by covering the diaphragm area
with a boss. This design helps in keeping the two electrodes as parallel as possible. The
capacitive sensors with slip detectors offers the most encouraging field as miniature tactile
sensors to replace the lost touch sensation on human hand. If the glass thickness is
reduced, this approach is also expected to be compatible with curved array surfaces which
mimic the finger tip for robotics application The integration of sensors, computing
circuits, and actuators in a single fabrication process is a challenge that requires practical

thinking in all phases of production of a useful system [52].
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APPENDIX -1

Derivation of Relation Between Pressure and Capacitance

The pressure micro-transducer essentially consists of two circular parallel plates
separated by a gap d to form a variable capacitor. The lower plate is rigid while the upper
plate is flexible and clamped at the edge. Thus under a uniformly distributed load the top
plate is free to deflect downwards until it touches the lower plate. The bending of the
upper plate is considered to be axi-symmetric. The maximum deflection will be at the
center

The deflection at any point at a radial distance r from the center is

w =—I—)—(a2-r2)2 (Al.1)

where, w = deflection and
D = flexural rigidity of the plate written as

a= radius of the plate

EH?

D S rTEe) (Al1.2)

where, E = modulus of elasticity of the material
H = thickness of the plate
v = Poisson's ratio

Equation -Al.1 is derived from the relation [14 ]
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The boundary conditions are

w=0 atr=a

d
_—'{r=0 =0

dr

%V_Irn =0

r

Applying these conditions in Equation - A1.3, we get C.= 0 and

Pa’

C = -
8D

(A1.3)

(A1 4)

(A1.5)

(A1.6)

The deflection of the plate can be divided into two different regimes, REGIME |

and REGIME 11, the first being described by the expression Al.3, where the upper plate

bends until it touches the lower plate.
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The following expression describes the bending in the second regime (REGIME II):

4

w=C,+ C,logr + C,r* + C,r’logr + l:rD (ALD)

where, . is the distance of any point from the center of the plate. The area of contact has a
radius of b, which will depend on d, the gap between the plates, D the flexural rigidity of

the plate material and P is the applied pressure.

The constants of integration C,, C;, C,, C, are obtained by applying the boundary

conditions, which are given by

w =0, =0 at r=a
dr
dw
w =4, y =0, M].,=0 at, r=b
r

The parameters are normalized as follows:

- r
r= —
a

» |
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F
where, P, is the atmospheric pressure.

Using the normalized parameters in equation (A1.7) we obtain,

w(r) = C, + Cjlog(r) + C,r* +C,rlogfr) + :;1;

The boundary conditions, using the normalized parameters are

w()=0, w'(1)=0

w(b)=8, Ww(b)=0

W(E) = 0,where I\_4r = (Q"Jr-EV)
r
applying the boundary conditions in equation (4) we obtain

coc- - I
C,+2C,+C, = - &
: 16
C,+ C,logb + C,b? + C,b%logb = ":?(5) + 5
C S b’
Tz + 2C,b + C,b(2logb+1) = 'E(P)
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(A1.9)

(A1.10)

(AL11)
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+2C,(v+1)+C,[3+2log(b) +2 viog(b)+ vb]=-§%;-(3+ V) (A1.13)

C,(v-1)
b*

In order to find the stresses it is necessary to know the moments. The moments are given

by the relation,

M, = .p[d¥ , ¥dw (Al.14)
dr r dr
M, = .D[dw , dw (A1.15)
r\ dr dr*
The maximum stress at the center is given by
Opac = %M (Al.16)

—(—+ ——— Al.17
o.’(ma.‘) h‘ (dr- r dr) ( )

Substituting for D from Equation - A1.2, we get

Eh (d.W + —Vd—w) (A1.18)

dr’ r dr

o ;
- 2(1- V)

Normalizing the above expression we can write

a\| 2 I
o, = - (B2 jdw, rdv (A1.19)
2(1- )\ Da’ J| g2 r dr

135




(A1.20)

where,

Al.1 Capacitance calculation
C,, = 2meg, xdr
d

where,
g, is the vacuum permittivity = 8.854 x 10 =12 F/m

€, is the relative permittivity = €_,cna /€,
For the region not in contact the capacitance is given by the expression
136
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C., = 2me e, [—T—  for the air gap (A1.22)
d-w(r)
rdr ME €
C. =2 _— = r 2-R2 Al23
in neoE,JHm n, (a*-R%) ( )

where R is the radius of the area in contact and Hjj, is the thickness of the insulation layer

The effective capacitance C, of the area is given by

%
C, = ———g " (é (A1.24)

For the area in contact the capacitance C is given by

2
C, = 2neoer1}r{dr - ZER (A1.25)

H

n

Thus the total zero pressure (no load) capacitance is

C, =C.+C (A1.26)
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APPENDIX - 11

Cleaning Procedure for Silicon and Glass Wafer

Cleaning the wafers is performed before every micromachining or
photolithography process. This Appendix presents the standard cleaning procedure used
for silicon and glass wafers
1. Boil the wafer in a mixture of H2SO4 + H202 (1:1) for 5 minutes and then rinse in
de-ionized (DI) water having a resistivity 15 - 18 MQ-cm.

2. Boil the wafer in a mixture of HCI + H202 + H»0 (1-1:5) for 5 minutes and then rinse
in DI water.

3 Clean the wafer in HF + H20(1'50) (10 Sec) to remove the native oxides from the
silicon surface.

4. Clean the wafer (without boiling) in a mixture NH4OH + H202 + H20 (1 1:5) for §
Minutes and then rinse in DI water.

Note: (a) The steps 3 and 4 is performed only for clean _silicon wafers

(b) Silicon wafers with SiO as mask is not dipped in HF
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APPENDIX - III

Photolithography
Photolithography plays an important role in the fabrication of all micromechatronic
devices. It is conducted in a yellow room so that the exposure is not damaged by other
light sources. The photosensitive material is not influenced by the yellow light. In this
process, photoresist (PR) is applied on the wafer, spun on a chuck, dried in an oven,
exposed to UV light and then developed in the developer. The PR is a means to protect
chosen regions of the wafer for the subsequent micromachining processes. A schematic

diagram of the process of photolithography is shown in Figure A3.1

Exposing Radation

/— Irradiated
region

Photoresist —— |
Thin Film —>

Substrate —)&

Developing

Positive resist .
Negative resist

S
/
4

Figure A3.1 Photolithography {66].
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There are two types of photoresists namely:

(a) Positive photoresist, which when exposed to UV light through a mask, develops the

and,

region which are not opaque.

(b) Negative photoresist, which when exposed to UV light through a mask develops the

region which are opaque.

A3.1 The photolithography procedure

i.

ii.

ii.

iv.

The sample silicon wafer is centered on the spinner chuck and secured with vacuum
The dust particles are blown off with purified compressed N, Then using a syringe
equipped with "minisart" 0.45 micron filter, apply 2-3 drops of photoresist ("shipley”
type 1350J for positive photoresist and HNR-120 Resist-OCG-microelcetronics
materials Inc for negative photoresist) to the slice. The slice is then spun
immediately on the spinner (at 3000 rpm for 30 sec. for the positive photoresist and
for the negative photoresist initially at 500 rpm for 3 sec. then at 2000 rpm for 15
sec.)

The wafer is "Soft baked" in a forced air convection oven at 95°C for 30 min. for
positive photoresist or 20-25 minutes for negative photoresist. Then it is allowed to
cool in ambient for 15 min.

The wafer is placed on the mask aligning instrument and then aligned using the X-Y
table. The wafer is then exposed to UV-light ( for 10 seconds for positive
photoresist or 65 seconds for negative photoresist.) which is placed under the mask
The wafer is developed in the developer (for positive photoresist use a solution of
"microposit developer" concentrate and for negative photoresist use "negative resist
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developer") for 45 sec and then rinsed in DI water for positive photoresist or in
negative resist rinser for negative photoresist. Then the wafer is dried in purified,
filtered N, which is set at a pressure of 20 psi.

\2 The wafer is "Hard baked" in a forced air convection oven ( at 115°C for 30 min.
for positive photoresist or at 145°C for 10-20 minutes for negative photoresist).

vi.  The photolithography procedure is completed and the wafer is now ready for the

next processing step

A3.2 Stripping of Photoresist
i.  The negative photoresist is stripped off from the wafer by dipping it in a solution of
"microstrip negative resist remover" for some time (~ 5 minutes)

ii.  The positive photoresist is removed from the wafer by dipping it in acetone for ~1

minute.
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Appendix -1V

Mask Drawings for Micremachined Capacitive Pressure
Micro Sensor

The mask drawings for the micromachined capacitive pressure micro sensor is
presented in this Appendix. Mask -1 is used to etch cavity in the glass wafer The Mask-
2 isused to pattern the silicon wafer to realize the membrane. Mask-3 is used to pattern
the top silicon cover. Mask-4 is used to pattern a ring shaped structure in the top silicon
cover. Mask-5, the negative of Mask-3, patterns the top silicon cover to deposit SiO5 in
the already recessed region when the device is used as a static pressure measurement
sensor. Finally, Mask-6 helps in patterning the glass wafer to deposit metal for electrical

contact
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Figure Ad4.1 Mask -1 (Scale 1:5),
Diameter of larger circle = 1000;1m,

Diameter of smaller circle = 800um

Center to center distance between the alignment marks = 20mm .

Center to center distance between two adjacent sensors = § mm
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MAn

Figure A4.2 Mask - 2 (Scale 1:5),
Diameter of larger circle =1700um,

Diameter of smaller circle = 1500pm
Center to center distance between the alignment marks =20mm .
Center to center distance between two adjacent sensors =5 mm
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Figure A4.3 Mask - 3 (Scale 1:5),
( Mask -5 is the negative of Mask -3 )
Diameter of larger circle = 1900um,
Diameter of smaller circle = 17001m
Center to center distance between the alignment marks =20mm .

Center to center distance between t:vo adjacent sensors =5 mm
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Figure Ad.4 Mask - 4 (Scale 1:5),
Inner and outer diameter of larger ring =1900um and 1500um
Inner and outer diameter of smaller ring = 1700pm and 1200um
Center to center distance between the alignment marks = 20mm .
Center to center distance between two adjacent sensors =5 mm
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Figure A4.5 Mask - 6 (Scale 1:5),
Diameter of circle = 200um
Center to center distance between the alignment marks = 20mm .
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Appendix -V

Mask Drawings of Capacitive Tactile Sensor

The capacitive tactile imaging sensor has two masking steps, the mask
drawings of the sensor are presented in this Appendix. Figure AS5.1 illustrates the Mask-
1 which is used to paitern the chromium coated glass wafer in selected regions. Mask-2
(see Figure AS.2) patterns the glass wafer for metal deposition which forms the electric
contacts for the sensor. In this project, a single bottom electrode for each sensor element
in the array was used as the metallization mask. An alternate mask (see Figure A5 3) was
designed, having multiple (four) electrodes as bottom electrode for each sensor element.
The advantage of using multiple electrodes is to sense both normal and shear force acting
on the tactile sensor. This mask can be used for future improvement of the tactile sensor

performance.
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Figure AS.1 Mask - 1 (Scale 1:5),
Diameter of circle = 1000um
Thickness of channel = 100um
Length of side = 20mm (square)

Center to center distance between two adjacent sensors = 3.2mm
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Figure A5.2 Mask - 2 (Scale 1:5).
Diameter of circle = 900pum
Thickness of electrode = 90um
Length of side = 20mm (square)
Center to center distance between two adjacent sensors = 3.2mm
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Figure AS.3 Mask - 2 (Alternate) (Scale 1:5).
Diameter of circle enclosing all four electrodes of one sensor element = 900um
Thickness of electrode = 15um
Length of side = 20mm (square)
Center to center distance between two adjacent sensors = 3.2mm
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Appendix - VI
Anisotropic Silicon Etching Using KOH Etchant

Anisotropic etching is one of the major step in micromachining process to realize
thin silicon membrane. Wet chemical etching of semiconductor surface is the result of the
dissolution of the semiconductor in the etchant. The rate of etching is determined by the
type of semiconductor (Si or GaAs), type of crystal orientation (<100>, <110> or <111>),
type and concentration of impurity atoms (n-type or p-type), flow of etchant solution over
the semiconductor surface and the temperature of the etchant solution. This Appendix
presents the implementation of an apparatus which can be used as a constant temperature
bath for etching silicon using KOH etchant (anisotropic etchant) The experimental
results of the rate of silicon etching in KOH etchant using the designed etching apparatus

is also presented and compared with those found in literature

A6.1 Anisotropic Etching of silicon in KOH

The existence of selective and anisotropic etching of silicon has formed the basis
of many micromachining devices The anisotropic nature of wet chemical etchants helps
in etching silicon at a faster rate in one particular crystal plane than the other planes

[1,57,70] Figure A6.1 illustrates some examples of silicon crystallographic planes [69]

y y y
|
]
y X X —}-— X
z” <100> 2z’ <110> z” <111>

Figure AG6.1. Silicon crystallographic planes.
152




The etch action of the alkaline solution may be described by the equation proposed

by Palik et al. [12].
Si+20H- + 2Hp0 — Si(OH)2(07); + 2Hj (A6.1)
From the above equation it can be seen that the etch products are formed by the
reaction which is a product of the OH- ion and the free water molecule concentration
Seidel et al [57] performed extensive study of anisotropic etching of crystalline silicon in
alkaline solutions and their findings on KOH etchant are presented in Tables A6.1, A6.2
and A6 3 In KOH solution, <110> etches about 60% faster than <100>, with nearly
identicai activation energies of 0 61 eV and 0.59 eV respectively. The activation energy
of <111> is approximately 0 7 eV. The etch rate ratio of <110> - <100> - <111> was
found to vary from 50.30 1 at 1000C to about 160 100:1 at room temperature [S7] For
very high concentration exceeding 15 w/o (weight %) the silicon etch rate decreases with
the concentration For the full range of concentration the best fit for the temperature

dependence etch rate (Re) for KOH.H7O etchant was obtained as [57]

R = ko[Hzo]‘[KOH]ﬁe'TE? (A6 2)
Where, E, is the activation energy, k the Boltzmann's constant (8.62 x 10-3eV/K),

T is the temperature in Kelvin and kg is a constant
KOH . H,0 is an orientation dependent etchant which has a large differential etch
ratio. The principle feature of such etching behavior in silicon is that <111> surface is
attacked at a much slower rate than all other crystallographic planes [1]. Anisotropic
etching results in a uniform etch-rate ratio or each directions. The dangling bonds
available per surface unit cell depends on the crystal orientation of the exposed silicon
surface The dangling bond is lowest for a <111> surface with one bond per unit cell,
whereas there are two on <100> or <110> surfaces [58] It is especially useful for V-
grooves on <100> silicon or U-grooves on <110> silicon wafers since the large
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differential etch ratio permits deep, high aspect ratio grooves with minimal undercutting of
the masks. It is also useful as an boron etch stop etchant to realize heavily doped p-type.
thin membranes and beams in silicon. The high dopant concentration decreases the width
of space charge layer on the silicon surface. Price [60] reported a significant reduction of
the dissolution rate for boron doped silicon above 5 x 1018 cm=3 in KOH etchant and the
etch rate Rp) is expressed as

Re=25x1024 Ccg-i3 (A6.3)

where, Cp is the concentration of boron in silicon substrate.

Table A6.1 <100> silicon etch rates in (um/h) for various KOH concentrations and
etch temperatures as calculated from Eq. A6.2 by setting E3=0.595 eV and K,=2480
um/h. (molliter)-4-23,[57]

% Temperature (°C)
KOH 200 300 400 500 | 609 700 800 900 1000

10 1.49 3.2 67 133 25.2 |46 82 140 233

15 1.56 34 7.0 140 265 |49 86 147 245

20 157 34 7.1 14 0 267 |49 86 148 246

25 1.53 3.3 69 136 259 147 84 144 239

30 1.44 31 65 12 8 244 |45 79 135 225

35 132 29 59 118 223 4] 72 124 200

40 117 25 5.3 105 199 |36 64 110 184

45 1.01 22 46 90 171 31 55 95 158

50 0 84 1.8 38 7.5 142 |26 46 79 131

55 0.66 14 30 5.9 11.2 [ 21 36 62 104

60 0.50 1.1 2.2 44 8.4 15 27 47 78
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Table A6.2 <110> silicon etch rates in (um/h) for various KOH concentrations and
etch temperatures as calculated from Eq. A6.2 by setting E;=0.60 eV and K;=4500
um/h. (mol/liter)4-25 157

% Temperature (°C)

KOH | 200 | 300 400 500 | 600 700 800 900 1000
10 22 48 10.1 201 38 71 126 216 362
15 23 51 10 6 212 40 74 132 228 381
20 2.3 5.1 10.7 213 4] 75 133 229 383
25 23 50 104 206 39 73 129 222 372
30 21 47 08 19 4 37 68 121 209 350
35 20 43 g9 17 8 34 63 111 192 321

| 40 1.7 38 80 15.9 30 56 99 171 285

45 15 33 69 137 26 48 85 147 246
50 12 27 57 113 22 40 71 122 204
55 10 22 45 90 17 31 56 96 161
60 07 16 34 67 13 24 42 72 121

Table A6.3 Calculated silicon etch rates of thermally grown silicon dioxide in (nm/h)
for various KKOH concentrations and etch temperatures. E,=0.85 eV . [S7]

% Temperature (°C)

KOH | 200 300 400 500 | 609 700 800 900 1000
10 040 122 35 92 23 54 123 266 551
15 063 191 5.4 14.4 36 85 193 416 862
20 088 (266 1.5 20.0 50 118 268 578 1200
25 114 [346 9.8 260 65 154 348 752 1560
30 142 |4.32 122 325 81 193 435 940 1950
35 144 1437 12 4 32.8 82 195 440 949 1970
40 1.33 1403 114 303 76 180 406 876 1820
45 1.21 367 10.4 27.5 69 163 369 767 1650
50 1 08 328 93 246 62 146 330 713 1480
55 095 287 81 21 6 54 128 289 624 1290
60 081 245 69 18 4 46 109 246 532 1100
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A6.1.1 KOH Etching Apparatus

A constant temperature beaker-in-beaker apparatus was used for etching silicon in
KOH solution The schematic drawing of the etching apparatus is illustrated in Figure
A6.2. The apparatus consists of two beakers. a 250 ml. Pyrex beaker placed inside a 600
ml Pyrex beaker. The inner beaker is held on plexi-glass support placed inside the larger
beaker. The two beakers are placed in an enclosed zlectric heater. The heater is a constant
temperature heat bath with a temperature range from -90 SC to 900 ©C and a
controlling capability of +0.1°C.

A Teflon multiple wafer holder was fabricated to hold the wafers in a fixed
horizontal position inside the etchant Figure A6 3 illustrates the wafer holder used for
etching apparatus The wafers are placed inside the grooves of the holder and tightened
by means of the Teflon screws. The wafer holder is then placed inside the smaller beaher
and the etchant with predetermined concentration is poured into it The apparatus is now

ready for etching
., Wafer Holder
/ (Refer Figure A6 3)

— Hot Plate

~~ Silicon wafer

- Inside Beaker
~ Holder (I'lex1 Glass)

~— Hot Water Bath

— KOH H 20 Solution

- Outside Beaker

Power
Supply

Figure A6.2 Schematic representation of a constant temperature KOH etching
apparatus.
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Figure A6.3 Silicon wafer holder used for KOH etching apparatus.

A6.1.2 Experimental Procedure

The sample used for this study were p-type <100> silicon wafers Most
experiments were performed during the fabrication of the pressure measurement micro
sensor The samples were chemically cleaned as mentioned in Appendix-II and rinsed in
de-ionized water The etching experiments were carried out in the fabricated etching
apparatus The samples were etched from 0 5 to 2 hours in KOH solution After etching,
the sample surfaces were observed under an optical microscope to study the etch rate and
patterns formed on the wafer

The etchani was prepared by diluting electronic grade KOH solution with de-
ionized water The temperature of the bath was maintained at 8 9C. The concentration of
the etchant was varied from 10% to 60% and the etch rate was determined Figure A6 4
compares the experimental and theoretical results of silicon etch rate as a function of KOH
concentration at 85°C From the figure it is observed that the experimental etch rate is
slightly lower than the analytical value but closely relsted to it for the full range of

temperature Another experiment was performed to determine the silicon etch rate as a
157



function of temperature at 35% KOH concentration. The experimental and analytical

results of this experiment is presented in Figure A6.5.

A6.1.2 Experimental Results
The experimental results using the assembled constant temperature etching
apparatus compared well with the analytical results except that the etch rate was lower by
5% The disadvantage of KOH is that SiO, is etched at a rate (14 A/min.) which
precludes its use as a mask in many application. However a thick layer can be used to
overcome the aforementioned problem Generally, Si;N, is the preferred masking material
for KOH The experiments conducted using heavily boron doped silicon membranes were

not satisfactory because of the formation of brown stains on silicon while etching
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Figure A6.4 Silicon etch rate as a function of KOH concentration at 860C.
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Appendix - VII

Mask Making Using Photographic Techniques

A7.1. Preparation of Glass Masks

The mask patterns shown in Appendices IV & V are initially prepared on
computer using drafting software (Auto CAD) Computer aided drafting equipment
(printer) transfers these patterns onto transparency papers. The dimensions of the patterns
on the transparent sheets are 10 times larger than the actual size The patterns are then
transferred on to photosensitive glass masks with the help of a camera having | 10

reduction. The glass masks are processed as follows:

A7.1.1 Preparation of Developer

The developer consists of two parts i e part-A (Kodak super RT developer-net
weight 675 g) and part-B (Kodak super RT developer -net weight 657 g) Each of part-A
and part-B are mixed separately with 4000 ml of di-ionized (DI) water before the

developing process.

A7.1.2 Preparation of Fixer
The fixer consists of two parts. part-A (946 ml) and part-B (104 ml) Parts-A and

part-B are mixed with 1900 ml of DI water.

A7.1.3 Preparations for Taking Photograph of Masks
The glass masks are photographed in a dark room and therefore it is mandatory to
prepare the chemicals before the start of the process. Initially, three dishes (A.B and C)
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are cleaned in DI water. Dish A is filled with 1000 ml of developer, dish B with a mixture
1000 ml DI water + 500 ml fixer and dish C with 1000 ml of DI water.

A7.1.4 Process Technology for Mask Making

The transparency, with the mask drawing on it, is placed on an opaque glass at a
suitable distance (focal length) from the photographic lens. The distance between the
opaque glass and the lens is so adjusted that the pattern on the photographic film is
reduced four times. Now, the camera is loaded with a photographic film and exposed to
the transparent paper for a few seconds (~ 4-5 sec) The film is then taken out of the
camera and dipped first in dish A for 5 minutes and second in dish B for 5 minutes and
then finally in dish C for 5 minutes It should be noted that, the light inside the room
should not be turned on until the film is fully developed. The film is now dried in
atmosphere After drying, this film is now placed on the opaque glass and the above
procedure is repeated using a glass photosensitive film. The exposure for the glass film is
5-6 seconds Thus, the final mask obtained is reduced 10 times the original pattern The
glass mask is dried and stored in boxes in the clean room The above procedure is
repeated to prepare all the masks required for the capacitive pressure measurement sensor

and tactile imaging sensor
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Appendix - VIII

Thermal Oxidation Using Wet Oxidation Process

Thermal oxidation is a process of growing oxide on silicon surface at elevated
temperatures by reactive sputtering, anodic deposition or pyrolytic deposition of oxysilane
compounds The method used here is wet oxidation which invo!ves formation of an SiO,
layer on silicon by passing oxygen gas through a heated saturator filled with de-ionized
(DI) water which is maintained at a temperature (96-100°C) below the boiling point of
water to prevent undue depletion of water molecules on the surface of silicon wafer. For
the growth of an oxide film of thickness x5, a layer of silicon of thickness 0 45x, is
consumed. The saturator is connected to a heater located at the oxidation furnace inlet
which serves the purpose of vaporizing any liquid HyO from entering the furnace  The
chemical reaction undergoing during wet oxidation is written as

Si+2H,0 — Si0, +2H, (A8 1)

The silicon wafers are cleaned as mentioned in Appendix II, except for buffered
HF (HF NH4F) dip. The wafers are dried with purified nitrogen and loaded on the quartz
oxidation boat. The oxidation boat is placed at the mouth of the quartz oxidation furnace
for 5 minutes. The wafers are now slowly moved to the center of the furnace and the
oxidation time is started. At the end of the oxidation time, the furnace is allowed to cool
for one hour. The wafers are removed from the furnace and stored in DI water to prevent
atmospheric contamination until further processing

Oxidation of silicon is one of the important micromachining process steps where
Si0, is used as a mask for Si, while etching in etchants like KOH (potassium hydroxide)
or TMAH (tetra methyl ammonium hydroxide). In this project we have used KOH as the

etchant for etching silicon. However, KOH etches SiO, at a lower rate than it does for Si
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The etch rate of Si and SiO, in KOH is approximately 1.4 um/min and 14A/min
respectively [1] To overcome the aforementioned problem a thick layer of SiO, was
used to protect the areas where the etching is undesirable. A sample calculation to
determine the oxidation time is presented below.

Thickness of Silicon dioxide ( X, ) = 1 um

Temperature of the oxidation furnace ( T ) = 1100°C ( = 1373 K)

The oxidation time ('t ) is given by the following equation

t = -%+ X, (A8.2)

The parabolic reaction rate ( B ) is given by

-E,

B=CeT (A8.3)
where, C, =2 14 x 10" um’/hr
E, = Activation energy (0 71 eV )
k =862x10%eV/K
T =1373K

The linear reaction rate constant (B/A) is written as

~E,

= Cell (A8.4)

|

where,
C,=8.95x 10" um/hr
E, = Activation energy (2 eV/K )
T =1373K
Substituting equation (3.2) and equation (3.3) in equation (3.1) we get the oxidation time

(t) as t=2 hr 7 minutes
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Appendix - IX

Chromium Deposition Evaporator

The chromium film has a good adhesion on glass substrate This Appendix
presents the process parameters required for chromium deposition in a chromium
deposition evaporator. The experimental data on chromium-glass interface summarized by
Frieser [68] shows that the glass surface is oxidized during the evaporation process and
the chromium penetrates into the glass during this process Attempts to peel chromium
film (~ 1000 A or less) from the glass substrates invariably resulted in a layer of glass
coming off with the chromium [68] This property of chromium on glass can be used as a

mask and also as an electrode on glass substrate in micromachining processes
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Figure A9.1 Chromium Evaporator.,
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A schematic drawing of a chromium evaporator is shown in Figure A9.1. The
evaporator has two chambers a lower chamber and an upper chamber. The two
chambers are separated by a sliding valve which is opened only during evaporation
Generally, the diffusion pump A which runs continuously maintains the pressure of the
lower chamber at 50 mtorr The upper chamber is .:1d tightly below atmospheric pressure
so that it remains clean

Initially, the upper chamber is released by opening the air release valve and letting
in N2 gas N» gas is used because it is inert and does not contaminate the chamber. The
upper chamber is cleaned and the chromium pellets are placed on a tungsten boat The
glass wafers, on which chromium is to be deposited, are placed on a platform above the
tungsten boat A revolving flap is placed in between the glass wafers and the tungsten boat
which can be moved when the evaporator is ready for deposition. Now the upper
chamber is closed and the pressure inside is reduced to 50 mtorr using the primary pump
Liquid nitrogen is filled into the nitrogen tank which helps in maintaining the required
pressure inside the lower chamber Once the pressure in the upper chamber stabilizes to
50 mtorr the sliding valve is slowly opened Now the upper and lower chambers are
allowed to stabilize at a pressure of 2 x 10-6 torr The low pressure maintained inside the
chamber plays an important role for the metal deposition At low pressure (10-5 - 10-0
torr) the evaporated atoms undergo a collisionless transport towards the target substrate
and secondly, it avoids oxidizing the heated source material. Figure A9.2 shows the
photograph of a deposited film of chromium peeling off from the glass substrate during
subsequent micromachining process This phenomenon occurs due to high evaporation
pressure inside the evaporator The photograph in Figure A9.3 show the chromium
deposited at the appropriate evaporation pressure. therefore, it is mandatory to maintain
the required pressure (10-3 - 10-6 torr) inside the chamber to get good metal deposition

Once this pressure inside the chamber stabilize, an electric current of 50 A is
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supplied to the tungsten boat. The heat produced at this current combined with the low
pressure inside the chamber leads to the evaporation of chromium pellets. The flap
covering the glass wafers from the tungsten boat is moved aside when the evaporation rate
stabilizes to 4-5 A/sec. A computer connected to the sensor placed inside the chamber is
used to monitor the thickness of the deposited chromium film. The current supply is
turned off once th: required thickness of chromium is achieved. Now the evaporator is
allowed to cool for about 45 minutes and then the glass samples are removed from the

evaporator.
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Figure A9.2 Photograph showing defective chromium deposition due to high
evaporation pressure inside the evaporator (x 200 magnification),

Figure A9.3 Photograph showing a well deposited metal pad (chromium) on glass
wafer ( x 200 magnification).
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