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Preface

When Nobel Laureate Richard Feynman presented his vision on minia-
turization at the California Institute of Technology in 1959, he promoted a
scientific curiosity in what is now known as “nanotechnology”. His revo-
lutionary vision was captured in a paper published in the February 1960 is-
sue of Caltech’s journal, “Engineering and Science”. In this paper, Feyn-
man speaks about controlling and manipulating atoms and constructing
products atom-by-atom, and molecule-by-molecule. Feynman described
the scaling down of lathes and drilling machines, and talks about drilling
holes, tumning, molding, stamping parts, and so forth. Even in 1959,
Feynman described the need for micro- and nanomanufacturing as the ba-
sis for creating a microscopic world that would benefit mankind. Since the
1960s, Feynman’s vision has created the basis for the foundation of the
semiconductor industry and within the last decade, has rapidly contributed
to the development of micro electro- mechanical systems (MEMS). At the
same institution, President Bill Clinton talked about the exciting promise
of nanotechnology in January 2000, and later announced an ambitious na-
tional nanotechnology initiative (NNI) that was enacted in 2001 with a
budget of $497 million to promote nanoscale research that would benefit
society. Nanotechnology encompasses technology performed at the nano-
scale that has real-world applications. Nanofabrication includes methods
that manipulate atoms and molecules to produce single artifacts to produce
sub micron-sized components and systems. Nanomanufacturing is a chal-
lenge presented to us to produce single-nanoscale artifacts in a mass pro-
duction fashion that obviously produces the accompanying economies of
scale. Nanotechnology will have a profound effect on our society that will
lead to breakthrough discoveries in materials and manufacturing, electron-
ics, medicine, healthcare, the environment, sustainability, energy, biotech-
nology, information technology, national security, and prevention of the
spread of global terrorism. Nanotechnology will lead the next industrial
revolution.

The purpose of this book is to present information and knowledge on the
emerging field of micro- and nanomanufacturing. The book is written in
the spirit of scientific endeavor outlined by Richard Feynman, who stated
that one of the greatest challenges to scientists in the field of miniaturiza-
tion is the manufacture of tiny objects using techniques such as turning,
molding, stamping, and drilling. The book presents information on sub-
Jects such as fabrication, molding, lithography, machining, milling, water
drop machining, self assembly, manipulation, cutting, to name but a few.



vi  Preface

The book should serve as a text for undergraduate and graduate courses in
micro- and nanomanufacturing in subject areas such as mechanical engi-
neering, materials science, physics, chemistry, and electrical and electronic
engineering. The structure of the book is based on matter provided by
many colleagues and the author wishes to thank Professor Waqar Ahmed,
University of Ulster, U.K., Htet Sein, Manchester Metropolitan University,
Grant Robinson, Purdue University, Luke Hyde, Purdue University, David
Tolfree, Daresbury Laboratory, U.K., Emeritus Professor Milton Shaw,
Arizona State University, Professor V. C. Venkatesh, Malaysia University
of Technology, Sam McSpadden, Oak Ridge National Laboratory, Profes-
sor Kai Cheng, Brunel University, U.K., and Dr. Xun Luo, Cranfield Uni-
versity, U.K., for helping construct a source of knowledge and information
on micro- and nanomanufacturing and for granting the author permission
to use such matter.

The author expects that the textbook will stimulate further interest in
this field of nanotechnology and hopes that there still is, “plenty of room at
the bottom”.

Mark J. Jackson
Purdue University
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1. Principles of Micro- and Nanofabrication

1.1 Introduction

Innovations in the area of micro and nanofabrication have created
opportunities to manufacture structures at the nanometer and milli-
meter scales. These opportunities can be used to fabricate elec-
tronic, optical, magnetic, and chemical/biological devices ranging
from sensors to computation and control systems. In this chapter,
we introduce the dominant micro and nanofabrication techniques
that are currently used to fabricate structures in the nanometer scale
up to the millimeter scale. The first part of this chapter focuses on
microfabrication of MEMS and semiconductor devices as an exam-
ple of microfabrication. Next, the chapter focuses on nanofabrica-
tion techniques including several top-down and bottom-up tech-
niques. Again, we use semiconductor devices as an example that
shows the promising techniques that can be used to manufacture
nanofabricated structures.

Most micro and nanofabrication techniques were developed
by the semiconductor industry. The semiconductor industry has
grown rapidly in the past 30 years, which is driven by the microelec-
tronics revolution. The desire to place many transistors on to a sili-
con wafer has demanded innovative ways to fabricate electronic cir-
cuits and to fit more and more electronic devices into a smaller
workable area. Early transistors were made from germanium but are
now predominantly silicon, with the remainder made from gallium
arsenide. While gallium arsenide has high electron mobility com-
pared to silicon, it has low hole mobility, a poor thermal oxide, less
stability during thermal processing, and much higher defect density
than silicon. Silicon is the material of choice for most electronic ap-
plication but gallium arsenide is useful for circuits that operate at
high speeds with low-to-moderate levels of integration. This type of
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material is used for analog circuits operating at

the feature sizes as a function of the number of

of silicon to reveal the relative size of transist
commodated on a piece of silicon.

speeds in excess of
10° Hz. The performance of integrated circuits can be increased by
placing transistors closer together and by depositing transistors in a
precise way. The minimum feature size has reduced at an astonish-
ing rate over the past thirty years. Figure 1.1 shows the reduction in
transistors per chip
using conventional lithographic techniques. Figure 1.2 shows a sin-
gle strand of human hair and an array of transistors on a single piece
ors that can be ac-
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Fig. 1.2. Scanning electron micrograph of an integrated circuit chip in the mid-
1980s. The human hair to the left of the image provides an indication of the rela-
tive size of the transistor wires [1]

Microfabrication begins when a set of photomasks are provided to
the integrated circuit fabricator. The photomasks are physical repre-
sentations of the design of the circuits to be manufactured in accor-
dance with the rules of layout. A silicon wafer provides the basis of
the integrated circuit. Wafers are processed using a grinding process
that produces a flat surface that is still conductive at this stage. The
wafer is insulated by growing a thermal oxide layer so that leakage
of current between transistors is prevented. A conducting layer is
deposited that will be used for producing transistors. Several tech-
niques have been developed for depositing insulating and conduct-
ing layers such as sputtering, physical vapor deposition using a
magnetron, chemical vapor deposition (CVD), and epitaxial growth
of layers using techniques such as metal oxide CVD, molecular
beam epitaxy, and chemical beam epitaxy. The conducting layer is
divided up into individual resistors. Individual resistors are depos-
ited to the wafer using photolithographic techniques. Further proc-
essing is required that forms the integrated circuit and uses tech-
niques such as pattern transfer, etching, deposition, and growth.
These same techniques have also been used to create a plethora of
microscale products in silicon-based materials for applications other
than integrated circuits.
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1.1.1 Microfabrication of MEMS and Semiconductor Devices

Traditionally, integrated circuits have been manufactured using mi-
crofabrication techniques that have been classified as machining
processes. Figure 1.3 shows the standard route followed to produce
an integrated circuit. The same flowchart can be used for producing
any microscale product produced using silicon-based materials. The
chart shows the basic functions that are composed of initially clean-
ing the substrate, applying a thin film using many deposition tech-
niques, applying lithographic techniques to apply mask material,
etching to form the required shape of the microscale features, re-
moval of the mask material using chemical or plasma etching, then
finally characterizing the nature of the created structure. The final
microstructures are then separated from the initial subtrate material
and released for quality control.

Standard Micromachining Flow

Substrate

Clean
—p Apply thm ﬁlm—Manydepcsilim techniques
. -Ql
thhograph}/ . A;ﬂ,mxdng material
' . D;E)?Te to pattem
Repeat ad b\
nauseum Wet, plastma, ete. — Eitch " Inspect

Remove mask material—Chemical or plasma

Clean
Characterization——Microscopy, electrical,
} adhesion, etc.
Release / Separate

Fig. 1.3. Standard micromachining flow chart showing various processing steps



