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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, turning, 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.



X 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, UK., 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



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 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
the feature sizes as a function of the number of 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
of silicon to reveal the relative size of transistors that can be ac-
commodated on a piece of silicon.
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Fig. 1.1. Transistor count per chip as a function of time [1]
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Fig. 1.2. Scanning clectron 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

prr—— Apply thm ﬁlrn—~ Many deposition techniques

. * Clean
thhOg[' aphy/- Apply masking material
* Expose to pattemn
* Devel
Repeat ad + Cure mosking matera
nauseum Wet, plasma, etc. — Ftch * Inspect

Remove mask material—— Chemical or plastma

Clean
Characterization—— Micrascopy, elecrical,
} adhesion, etc.
Release / Separate

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



Principles of Micro- and Nanofabrication 5

The basics of microfabrication are shown in Figs. 1.4 — 1.6 and
show that fabrication at the microscale is made up of three basic re-
gimes, i.e., addition, multiplication, and subtraction. The addition
phase involves adding a thin film coating to the substrate material.
This can take the form of electroplating or spray coating a liquid
film to the substrate and allowing it to dry, or a thin film can be cre-
ated by oxidation or doping in an atmospheric chamber. Other
methods include fusion bonding a solid to the substrate, or using
low- and high-pressure vacuum techniques to bond a thin coating to
the substrate. The process of feature multiplication also takes many
forms and is a process step necessary to create microscale features,
particularly channeled features that are used in micro and nanoflu-
idic devices.

Basics of Microfabrication

Addition: ﬁ {}
) qulfld g * Vacuum
— Electroplating R Do
= Sheay codthg — Evaporation
» Atmospheric  PECUD
— Oxidation _ SHileiG
s v » Solids

~ Doping — Bonding/ joining

Fig. 1.4. Microfabrication by the addition of a thin solid film

Multiplication of features can be performed using a number
of processes such as direct writing of features using electron beam,
ion beam, and atomic force microscopic techniques. Contact lithog-
raphy is another popular technique for depositing features in addi-
tion to new methods of micro/nanoscale feature generation using
microstamping processes.
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Basics of Microfabrication

Multiplication: @ Jc?
/ Photoresist
f
* Photolithography * Microstamping
~ Comiact — Molecular films
= Eilecnon — Transfer of masking/
* Direct write structural layers
— E-beam, ion beam,
AFM

Fig. 1.5. Microfabrication by the multiplication of a thin solid film

Basics of Microfabrication

Subtraction:
A o o
- %
|

* Liquids _ * Plasma
= Chemical reactions — Plasma chemical etch,
* Gases sputter etch
— Chemical etchants — Reactive lon Etch
* Focused beams * Mechanical
— lon mill — Polishing/Chemical
— Excimer lasers mechanical polishing

Fig. 1.6. Microfabrication by the subtraction of parts of a thin solid film
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Subtraction of material to create features can be performed using a
variety of techniques shown in Fig. 1.6. In materials other than sili-
con, subtraction processes can include mechanical micromilling, la-
ser ablation, water micromachining, and a great number of other
processes. These processes can remove material at much higher ma-
terial removal rates and are discussed further in subsequent chapters
in this textbook. Combinations of all of these techniques can be used
to produce features of different size, shape, and scale. The standard
way of creating features on single pieces of silicon is being sur-
passed by new microfabrication processes that achieve improved
performance of individual devices. The standard way of producing
integrated circuits is shown in Fig. 1.7, which shows the process of
depositing a thin film on the surface of silicon, which is selectively
removed by etching processes that produce wells or channels with
known geometry owing to the texture of the silicon crystal.

Conventional IC Fabrication Process
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Source: Introduction to Microelectronics Fabrication, Volume V, Modular Series on Solid State Devices, by R.C Jaeger,
edited by G.W. Neudeck and R.F. Pierret. © 1988 by Addison-Wesley Publishing Company. Reprinted by permission.

Fig. 1.7. Typical fabrication process for an integrated circuit [2]
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Crystal Plane Effects on Etching

+ Example: (100): (110): (111) on Si
— Etch rates of 400:600:1 for KOH, depending on mixture

ANISOTROPIC WET ETCHING: (100) SURFACE
( 100) Surface Onentation

= T

ANISOTROPIC WET ETCHING: (110) SURFACE

(110} Surface Orientation | WL Front Side of
! avo o L 1C Substrute

Fig. 1.8. Crystal plane etching on (100), (110), and (111) planes of silicon using
KOH etchant. The figure shows the shape of the channel produced in silicon by
bulk micromachining [2]

The removal of silicon in certain directions of crystal planes is
known as bulk micromachining [2]. Figure 1.8 shows the character-
istic planes of silicon etched by using KOH etchant. The shape of
the channel, or trench, produced is fixed by the way atoms are ar-
ranged in known directions.

The process of bulk micromachining to produce electronic de-
vices such as capacitors is shown in Fig. 1.9. Here, (a) the feature is
cleaned to prepare the substrate for deposition of the mask, (b) the
mask is etched using KOH etchant, and (c) the substrate is etched to
produce a deep trench. Trenches for microfluidic devices made
from silicon can be produced in this way, but the shape of the trench
is controlled by the way atoms are arranged in crystallographic
planes.
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Bulk Micromachining— Capacitor

Top View Cross Sectional View

Top-side KOH etching

Y. Sun, H. van Zeijl, J.L. Tauritz and R.GF, Bacts, "5 ded M af and C: itors for Application in
Silicon MMICs," Microwave and Millimeter-wave Monolithic Circuits Sy!rwus:wnD!gcslofPaptu I'EEF'.. 1996, pp.
99-100

Bulk Micromachining

Sculpt wafer by anisotropic etching

(a) | waler

Elch Mas

(b) Waler

Etch Ma;
o | [
J /7
(c) ] Waler /

Fig. 1.9. Bulk micromachining by anisotropic etching to produce features such as
a capacitor [3]

Another method used for bonding thin films to silicon substrates
is fusion bonding. Figure 1.10 shows the basic principle used for
bonding silicon on an insulator material to create a voltage tunable,
piezo-electrically transduced SCS resonator (Fig. 1.11). Figure 1.11
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shows the basic construction of the resonator, and also shows how
etching a thin ZnO film can create a Q-enhanced resonating device.
This process can also be used for creating stepped features in micro-
fluidic devices and other micromachined products.

Fusion Bonding-Silicon-on-Insulator (SOX)

L[]

||
| g o ﬂ
| Handle Layer 3. Zn0is deposited froma Zinc Oxide target using
Tuning 34 RF sputtering
Capacilog— piw—8
\‘. | 4. 7n0is patterned by wet etching in NHAQ @55°C.

Sz 5 Aluminumitop electrodes are patterned by lifi-off.
s
st Esio;, @an A

1. 4umwide trenches are etched in the device layer.

2. Buffer oxide is etched in HF to create a cavity
undemeath the beam

-

Plaza, G, R Abdobvind, and F. Ay, Voltage Torable Plexdectniolly Trreduced Single-Crystal Silicon Resorotors on
SO Substrte,” 03 JEEE MEMS Comference, Kycto, Japan, Kyoto, Japan, Jamuary 19 - 23, 2008, pp 149-152,

Fig. 1.10. Fusion bonding of silicon on an insulator showing the various steps of
the process [4]

The formation of the trench in the previous application can take
a long time to produce when using wet etchants. One way of in-
creasing the aspect ratio of a trench to make it deeper is to reactively
ion etch the substrate to produce a deeper feature. This principle of
this process is shown in Fig. 1.12. The etching speed is typically 1 —
2 microns per minute, which is slow compared to mechanical mi-
cromilling processes and laser-based micromachining processes.
The formation of features in engineering materials such as steel,
copper, and aluminum alloys is usually achieved by using the afore-
mentioned processes.
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Voltage-tunable, piezoelectrically-transduced SCS resonators

Sense Electrode

(a) ZnO Film

(2) Basic configuration

/ Oxide

Handle Layer

Device Laver

Zn0 is etched away

(b) Q-enhanced configuration

Tuning Capacitor

Piazza, G., R. Abdolvand, and F. Ayazi, Voltage-Tunable Piezoelectrically-Transduced Single-Crystal Silicon Resonators on
SO Substrate,” 2003 JEEE MEMS Comference, Kyoto, Japan, Kyoto, Japan, January 19 - 23, 2003, pp 149-152,

Fig. 1.11. Voltage tunable, piezoelectrically-transduced SCS resonantor showing
the manufacturing process used to produce the Q-enhanced configuration [4]

Deep reactive ion etching is a way of producing masters for
manufacturing products on the mass scale. When coupled with mi-
cro molding techniques, a wide variety of microproducts can be pro-
duced. Deep reactive ion etching of deep trenches is used to produce
tunable capacitors. Figure 1.13 shows such an application. This
type of process is discussed in detail in Chapter 3.
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Deep Reactive Ion Etching

Robert Bosch GmbH, Patent 5501893, March 26, 1996

*Etch-resistant polymer in sidewalls allows bottom to be etched to achieve high aspect ratio

Etch Oxidize Etch
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= Aspect ratio > 200

+ Etch depth = 200 u m(through wafer)

* Fich speed 1-2um/ min

= Independent of arystallographic axis

» DRIE machine available from STS and Plasmatherm
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Fig. 1.12. Deep reactive ion etching of silicon substrate to produce trenches with
aspect ratios greater than 200 at an etching speed of 1 - 2um per minute [5]
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Deep Reactive Ion Fiching-Applications

Robert Bosch Grrbi, Patert 5501893, March 26, 1996

Interdigjtated Area-Tuning Variable Capacitor
* Increased capacitance
* Single crystal silicon>1ow-stress structures
* Large tuning range

1J. Yao, Topical Review: RE MEMS from a Divice Perspective, ] Micomech, Microeng, 10(2000) RO-R38

Fig. 1.13. Area tunable variable capacitors [6]

In the field of nanofabrication, microfabrication processes can be
used to make cantilever probes for atomic force microscopes that
can be used for multiplying features on silicon and other materials
by direct writing. The subsequent chapters of this book explain how
microfabrication techniques have been developed to produce single
products through fabrication, and also explain how multiple micro-
products can be produced through manufacturing. An example of
how microfabrication can produce nanofabrication tools is shown in
Fig. 1.14. A cantilever made from silicon and glass is etched to pro-
duce the features required to produce a probe that is required to di-
rectly write to the surface of the substrate. This type of cantilever
can be used to produce nanofabricated features that are discussed at
length in the next section.

When producing the cantilever, anisotropic etching is used to
form the pit into the (100) surface of the silicon wafer.
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Cantilever Probe Microfabrication
b g S 3. Aglass plate h‘ls
| 1. Anisotropic etching sl 3 S prepared with a
| 3)""‘1:" Bk i sedtocanea , , / g Swotadalr
; #[80)  pyramical pitinto the bond-inhibiting region.
" sufaceofaSi(100) 3, The glass is anodically
wafer bonded to the annealed
nitride surface
2. ASIN, fimis Olaga and
deposited over the surface
e i and fills in the pyrarridal pit. ] umdi¥ CUt (r rusond
I The filmis pattemed into the Lt
) 5 shape of a cantilever. | , , 0 ’:
' id- }" » ! 4. Asecond cut
: removes the bond
-inhibited part of
the glass and
exposes the
cantilever.

hitpe//www.physics.megill.ca/sprmyMagFM/microfab htrml

Fig. 1.14. Initial stages of fabrication of a cantilever probe

A silicon nitride film is deposited to the surface and fills the pit
created by etching. The beam of the tip is prepared by using a glass
plate from which the silicon is etched away to leave a silicon nitride
cantilever beam that is connected to a metal block.

In addition to producing nanofabrication tools for the manipula-
tion of single atoms or clusters of atoms and molecules, the semi-
conductor industry began producing field effect transistors with
nanoscale features in the year 2000. The Pentium 4 microprocessor
contains some 42 million transistors connected to each other on a
single piece of silicon. To do this, silicon grown via the Czochralski
process no longer produces a defect free substrate for the deposition
of nanoscale transistors. Producers of silicon wafers routinely de-
posit a defect free single crystal silicon layer using a gaseous deposi-
tion technique.
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Cantilever Probe Microfabrication

Matal 5. Silicon is etched away
leaving the Si;N,
microcantilever attached

to the edge of the glass block.
The reverse side of

the cantilever is coated

with a reflective metal

coating for the

deflection detector.

5.

Cantilever

 AEMFip =

AN

http:/fwww.physics. megill.ca/'spm/MagFM/microfab. html

Fig. 1.15. Cantilever probe used for direct writing to a substrate

Engineers also deposit an oxide layer with low capacitance prior
to the deposition of the thin silicon layer. This is known as silicon-
on-insulator technology, which increases the speed transistors can be
switched on and off. Another novel way of increasing the speed fur-
ther still is to slightly strain the silicon lattice by forming a silicon-
germanium blend that increases the mobility of electrons. To insu-
late the gate of the transistor, traditionally a thin layer of silicon di-
oxide has been deposited to conventional substrates. A material
with a high dielectric constant is being developed to replace the use
of silicon dioxide. Hafnium oxide and strontium titanate are likely
contenders that will allow the gate oxide layer to be slightly thicker
without compromising the switching ability of the transistor. This is
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achieved by atomic layer deposition. The first-generation nanoscale
field effect transistor is shown in Fig. 1.16.

.......

. "
B ARy Wy
g RS T

Gate electrode

Sidewall spacer

Fig. 1.16. The first generation of nanoscale field effect transistor [7]

After the gate insulators have been deposited, parts of the struc-
ture must be selectively removed to achieve the appropriate pattern
on the silicon wafer. The lithographic procedure developed so far is
needed to create transistors and their interconnections. The process
of lithography traditionally created difficulties when feature sizes
were smaller than the wavelength of light used to deposit small fea-
tures to the silicon substrate. Since 2000, features in the range of 70
nm have been created using ultraviolet light that has a wavelength of
248 nm. Figure 1.17 shows the basic manufacturing process for
producing microprocessors that employ nanoscale field effect tran-
sistors. To achieve this resolution, methods such as optical prox-
imity correction, phase-shifting masks, and excimer lasers have been
used to correct the aberrations. The latest technique employed using
light with a wavelength of 193 nm produces features in the range of
50 nm. The next step is to use ‘soft’ x- rays such as extreme ultra-
violet light, but difficulties occur using this technique because mate-
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rials absorb light at extreme ultraviolet wavelengths and lenses be-
come opaque; therefore projection would be aided by the use of mul-
tilayered mirrors. The solution to manufacturing at the nanoscale
lies in the ability to pattern using mechanical techniques such as soft
lithography and nanoimprint lithography.

Semiconductor manufacturers are also using a technique called
“immersion lithography” that was developed in 2004 to overcome
the diffraction limit imposed by optical lithography. Here, the proc-
ess works by channeling water through the gap between the imaging
machine and the photoresist that coats a semiconductor wafer,
thereby improving the resolution of features on the chip and the
depth of focus. As the stage that holds the wafer moves, the water
supply is channeled away from the surface of the wafer (Fig. 1.18).
Using this technology will reduce the resolution to 32 nm that will
be required for the 2011 generation of chips. The use of sapphire
lenses in the immersion lithographic technique is predicted to reduce
the resolution further to 25 nm, i.e., 25 nm distance between transis-
tors, for the 2015 generation of chips. Further advances to reduce
the resolution further will require the use of extreme ultra-violet li-
thography, which is projected to reduce the resolution to 13 nm.
However, the mechanical techniques provide great promise for fu-
ture generations of chips employing techniques such as soft lithog-
raphy and nanoimprinting. Figure 1.18 shows the principle of im-
mersion lithography as shown in Scientific American (July 2005).

This monograph presents fabrication and manufacturing proc-
esses that can be used for materials other than silicon. The purpose
of this book is to introduce the reader to micro- and nanoscale manu-
facturing processes so that an informed choice of selecting manufac-
turing processes can be made for products other than those used in
the semiconductor industry. This initial chapter introduces the
reader to micro- and nanofabrication processes that have already
been developed for the purpose of building micro- and nanoscale
products. Subsequent chapters will focus on emerging processes
that may prove useful for the manufacture of future micro- and
nanoscale products.
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BASIC CHIPMAKING PROCESS
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Fig. 1.17. Schematic diagram of the processing procedure required to manufacture
microprocessors with nanoscale features with resolutions of the order of 200
nm([7]
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Fig. 1.18. Schematic diagram of the immersion lithographic process: (a) water
drop showing change in resolution; (b) process showing the supply and extraction
of water between lens and silicon wafer; and (c) principle of light reflection be-
tween air gap and liquid drop showing position of focal point on chip and path of
reflected light waves. (Reproduced courtesy of Scientific American — “Shrinking
circuits with water” by G. Stix, July 2005.)
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1.1.2 Nanofabrication of Semiconductor Devices

Nanofabrication Using Soft Lithography

Nanofabrication has developed from a direct requirement to increase
the density of transistors to a single piece of silicon. However, nano-
fabrication can be used to develop products other than for the semi-
conductor industry. In the first instance, nanofabrication is being
developed to construct devices such as resonant tunneling diodes
and transistors, and single-electron transistors and carbon nanotube
transistors. The most common type of transistor being developed for
use at the nanoscale is the field effect transistor. Figure 1.19 shows
such a transistor and also its physical features such as source, drain,
and gate, and each component of the fabricated transistor in relation
to the substrate.
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Fig. 1.19. Schematic diagram of the field effect transistor 8]
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For very short channels of less than 100 nm, gate oxide tunnel-
ing effects occur where gate voltages no longer control the transis-
tor’s source-drain current flow. The challenge for nanofabrication
of these devices is to deposit materials in a physical way that will
faithfully reproduce device function. Figure 1.20 shows the physical
layout of different types of field effect transistor.
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Fig. 1.20. Physical layout of various field effect transistors [9]

A very simple and novel way of reproducing nanoscale features
is to use a technique known as soft lithography. In soft lithography,
a liquid known as polydimethylsiloxane is poured on a master pat-
tern of the feature to be produced. The liquid cures to form a “rub-
bery” solid that can be peeled over the master pattern to reveal a
very simple mold that can be attached to a stamp. Figure 1.21 shows
the basic principle of soft lithography. The basis of nanoelectronic
fabrication of field effect transistors using the soft lithographic tech-
nique has been demonstrated using a process known as microcontact
printing. In the self-assembly process, a stamp is coated with a solu-
tion of molecules known as thiols. Thiols then self-assemble on
contact with a thin gold film that has been deposited to the silicon
substrate.



